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Hexagonal Substructure and Hydrogen Bonding in Liquid-Ordered Phases
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ABSTRACT All-atom simulation data are presented for ternary mixtures of palmitoyl sphingomyelin (PSM), cholesterol, and
either palmitoyl oleoyl phosphatidyl choline or dioleoyl phosphatidyl choline (DOPC). For comparison, data for a mixture of
dipalmitoyl phosphatidyl choline (DPPC), cholesterol, and DOPC are also presented. Compositions corresponding to the
liquid-ordered phase, the liquid-disordered phase, and coexistence of the two phases are simulated for each mixture. Within
the liquid-ordered phase, cholesterol is preferentially solvated by DOPC if it is available, but if DOPC is replaced by POPC,
cholesterol is preferentially solvated by PSM. In the DPPC mixtures, cholesterol interacts preferentially with the saturated chains
via its smooth face, whereas in the PSM mixtures, cholesterol interacts preferentially with PSM via its rough face. Interactions
between cholesterol and PSM have a very particular character: hydrogen bonding between cholesterol and the amide of PSM
rotates the tilt of the amide plane, which primes it for more robust hydrogen bonding with other PSM. Cholesterol-PSM hydrogen

bonding also locally modifies the hexagonal packing of hydrocarbon chains in the liquid-ordered phase of PSM mixtures.

INTRODUCTION

It has been recognized since at least the early 1970s that the
plasma membrane of eukaryotic cells is heterogeneous
(1,2). In later experiments, lateral heterogeneity was incor-
porated into a model for functional domains in the plasma
membrane, termed rafts, which are hypothesized to organize
membrane components for signaling, trafficking, and other
purposes (3). However, the raft hypothesis remains contro-
versial, in part due to the difficulty of performing controlled
experiments in live cells to probe organization on nanometer
length scales. Nevertheless, experiments by Eggeling et al.
(4) and Honigmann et al. (5,6) indicated nanoscale hetero-
geneity in live cells, and Sanchez et al. (7) demonstrated
that these heterogeneities are characterized by tightly
packed lipids (8), as may be induced by cholesterol (Chol).

Lipid bilayers containing Chol and one or more other
lipids are frequently used as models for laterally heteroge-
neous cell membranes (9,10). The putative raft fraction of
cell membranes is reported to be enriched in sphingolipids
and Chol (11). At low concentrations, Chol increases the
order of the hydrocarbon chains of fluid-phase, saturated-
chain phospholipids, whereas at higher concentrations it
induces the liquid-ordered (L,) phase (12,13). Adding a
third component with a lower melting temperature (T,,),
such as dioleoyl phosphatidylcholine (DOPC), supports
the coexistence of the L, phase with the conventional
disordered-chain fluid phase (here called Ly for liquid
disordered). Phase diagrams and insights into the chain
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order for such mixtures have been obtained by various
experimental methods, including NMR (14-17), neutron
(18) and x-ray (19) diffraction, Forster resonance energy
transfer (FRET) (20), and fluorescence microscopy (21).
(For comprehensive reviews of binary and ternary phase di-
agrams, see Marsh (22,23).) However, the extent to which
these systems serve as good models of cell membranes
remains an open question.

The length scale of L, domains in the two-phase region
depends strongly on composition (18,24,25). DOPC/
dipalmitoyl phosphatidylcholine (DPPC)/Chol, perhaps the
best-studied ternary mixture, forms micron-scale domains
that are observable by diffraction-limited fluorescence
microscopy in giant unilamellar vesicles (GUVs) (26).
Replacing DOPC by palmitoyloleoyl phosphatidylcholine
(POPC) renders the composition more physiological and
reduces the length scale of L, domains to tens of nanometers
(18,24). Feigenson and co-workers have described the
former mixture as a type II mixture and the latter as a
type I mixture (9).

The saturated-chain, high-T,, phospholipids that one
usually finds in the outer leaflet of the mammalian plasma
membrane are not glycerolipids like DPPC, but rather
are sphingolipids. For example, palmitoyl sphingomyelin
(PSM) is the most abundant sphingolipid in the Maden-
Darby canine kidney cell line, comprising roughly 50% by
mole (27). Like DPPC, PSM will also form an L, phase in
collaboration with Chol, and has a gel-to-fluid-phase transi-
tion temperature very similar to that of DPPC (~41.4°C for
PSM compared with 41.5°C for DPPC (28)). Unlike DPPC,
PSM has an amide group in the backbone, and thus is well
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positioned to hydrogen bond with Chol. Accordingly, the L,
phases formed by saturated glycerolipids may well be
different from those formed by sphingolipids, with conse-
quences for the length scale of L, domains and partitioning
of integral membrane proteins between the two phases.
Indeed, a mixture of POPC/PSM/Chol forms domains that
are large enough to be observed by diffraction-limited fluo-
rescence microscopy, in contrast to DPPC/POPC/Chol
(21,28,29). (FRET experiments on brain sphingomyelin
(SM), however, revealed nanodomains (25).) This is of
particular interest in light of our recently published study
regarding lateral heterogeneity within the L, phase formed
by DPPC/DOPC/Chol, in which simulations yielded regions
of hexagonally ordered, mostly trans chains of DPPC
separated by interstitial regions enriched in Chol and
DOPC (30).

Coarse-grained simulations of ternary mixtures (31,32)
and all-atom simulation data for mixtures of PSM with
Chol (including ternary mixtures) have been reported previ-
ously (33-35). However, recent advances in force-field
development for SMs (36) (driven by recent experimental
data (37)) and the availability of specialized hardware that
allows simulations of up to 10 us (the Anton computer
(38)) motivated us to revisit the problem. Here, we present
all-atom simulation data for ternary mixtures of PSM/
POPC/Chol, PSM/DOPC/Chol, and DPPC/DOPC/Chol.
Compositions corresponding to the L, and L4 phases, as
well as the L,/Ly coexistence regime, are studied for all
cases. A detailed analysis of the lipid-lipid interactions in
each phase for all three mixtures reveals significant differ-
ences between the DPPC and PSM mixtures. A molecular
view of the interactions reveals a special role for hydrogen
bonding between the amide of SM and Chol, such that the
amide plane of PSM is primed for a particular hydrogen-
bonding configuration. This in turn modifies the local hex-
agonal order in the L, phase as compared with a mixture
of DPPC/DOPC/Chol.

MATERIALS AND METHODS

A total of nine different systems were prepared for three different ternary
mixtures: PSM/DOPC/CHOL, PSM/POPC/CHOL, and DPPC/DOPC/
CHOL. In each case, compositions were selected for the L, and L4 phase
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from the endpoints of an experimentally determined tie-line as published
by Veatch et al. (26) for the DOPC mixture, or from unpublished data for
PSM mixtures (Gerald Feigenson, Cornell University, personal communi-
cation, 2014). Initial configurations were generated by CHARMM-GUI
(39,40) and checked for ring penetration artifacts. A third system was
simulated for each tie-line, in which roughly equal areas of each phase
(after equilibration of the total areas) were combined into a single system
to yield a model of the interfacial region. A summary of the nine systems
is presented in Table 1.

The total number of lipids in each system ranged from 380 to 560, and the
lipids were solvated with at least 30 TIP3P waters per lipid. The lipids were
modeled with the CHARMM?36 force field (36,41), and Chol was modeled
with Pitman et al.’s (42) original Chol parameters. (The more recent update
of Chol includes NBFIX corrections between atoms in the hydrocarbon
region, resulting in a large number of NBFIX corrections, which degrades
the performance of Anton.)

Each system was minimized, heated, and equilibrated by velocity re-
scaling, and then integrated under NPT conditions using a Langevin ther-
mostat (0.5 ps~' coupling frequency) and piston (200 fs period, 100 fs
decay time) with NAMD v2.9 on local resources. The NPT simulations
were performed for at least 40 ns, with a 2.0 fs timestep and hydrogen
positions constrained by SHAKE with a tolerance of 10>, Long-range
electrostatics were computed using particle-mesh Ewald with a tolerance
of 10’6, 4th-order spline interpolation, and a mesh size of 1.0 A, and
van der Waals potentials and forces were shifted smoothly to zero between
10 and 12 A.

The systems were then transferred for production simulation to Anton,
and input files from the NAMD restart files were generated using a
python script available on the Anton wiki. On Anton, the multigrator
was used to integrate the equations of motion, with the use of a Mar-
tyna-Tobias-Klein (43) barostat and Nosé-Hoover (44,45) temperature
control. The long-range cutoff varied by simulation, but in every case
was at least 11.5 A. Electrostatics were computed by the Gaussian-split
Ewald (46) method, with parameters chosen by the Anton preprocessing
scripts.

RESULTS

L, phases contain a locally hexagonal
substructure

Images of the final configurations are shown in Fig. 1, and
movies for the PSM/POPC/Chol systems are included in
the Supporting Material. In the L,/L4 coexistence systems,
the state of each lipid is determined by a previously pub-
lished hidden Markov model (30). The locally hexagonal
substructure in the L, phase, previously reported for a
mixture of DPPC/DOPC/Chol (30), is readily apparent in
the PSM L, phase as well. The PSM L, phases presented

TABLE 1 List of Simulations

Mixture Composition Phase Duration (us) Temp (K) Total Lipids Area/Lipid (Az)
PSM/POPC/Chol 0.61/0.08/0.31 L, 9.08 295 560 40.5(0.2)
PSM/POPC/Chol 0.23/0.69/0.08 Lqg 1.14 295 560 54.8(0.5)
PSM/POPC/Chol 0.47/0.32/0.21 Lo/Lqg 6.88 295 506 N/A
PSM/DOPC/Chol 0.64/0.03/0.33 L, 0.95 295 560 40.4(0.2)
PSM/DOPC/Chol 0.15/0.82/0.03 Lqg 0.81 295 574 62.7(0.6)
PSM/DOPC/Chol 0.43/0.38/0.19 Lo/Lqg 4.54 295 452 N/A
DPPC/DOPC/Chol 0.55/0.15/0.30 L, 5.05 298 512 40.9(0.2)
DPPC/DOPC/Chol 0.29/0.6/0.11 Lqg 2.02 298 400 57.1(0.8)
DPPC/DOPC/Chol 0.37/0.36/0.27 Lo/Lg 943 298 380 N/A
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here contain a similar fraction of Chol but fewer unsaturated
chains than the DPPC case (Table 1); nonetheless, the Chol
is effective in generating defects that prevent the formation
of the longer-range hexagonal order that would be observed
in the gel. The tightly packed nature of the L, phase leads to
a slow, collective dynamics, which, likely due to hydrogen
bonding of the amide PSM (discussed in detail below), is
even slower in the PSM L, phase (36).

Comparison of lipid interactions in ternary
mixtures

A central question in efforts to understand L/L4 coexistence
is, how do lipid-lipid interactions drive phase separation
(47-52)? A favorable interaction between a lipid pair would
tend to enhance the frequency of contacts between those
lipids, which ought to be reflected in the simulation data.
Therefore, we posed the following question: compared
with a random mixture, in a given pair of lipids, are the
lipids more or less likely to be neighbors? We addressed
this issue by 1) generating a Voronoi polyhedral around
the centers of mass of each lipid in each configuration, 2)
computing the length of the boundary between each lipid
pair, and 3) randomizing the labels and recalculating the
boundary lengths (see Fig. S2). Enhancements or reductions
of boundary lengths are reported as percentages in Tables 2,
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FIGURE 1 Lateral chain ordering in L, and L4
phases. The final configurations of nine simulations
are shown. A single leaflet is shown with the center
of mass of hydrocarbon chains and Chol rendered
as discs. A white border indicates an L, phase lipid
and a black border indicates an Ly phase lipid, with
phases determined in the coexistence systems by
the hidden Markov model. Red indicates PSM or
DPPC, blue indicates DOPC or POPC, and yellow
indicates Chol. Column order: L, phases (left), Lq
phases (middle), and coexistence systems (right).
Row order: PSM/POPC/Chol (top), PSM/DOPC/
Chol (middle), and DPPC/DOPC/Chol (bottom).
The same configurations are rendered in space-
filling representation in Fig. S1. To see this figure
in color, go online.

3, and 4 for all nine lipid mixtures, with the « (smooth) and
B (rough) faces of Chol treated separately. A value that is not
statistically different from zero indicates that the pair
behaved as it would in an ideal mixture.

In nearly every single case, Chol-Chol interactions are
disfavored quite strongly; however, in the few exceptions
to this rule (in 3 out of 27 cases), these interactions are
neutral. This result is consistent with the disulfide cross-
linking experiments of Wang et al. (53), which directly re-
ported the neighbor frequencies of a chemically modified
Chol probe. In every single case, a strongly favorable
interaction is found between the high-T,, lipid and Chol.

TABLE 2 Lipid Interactions in PSM/DOPC/Chol
PSM/DOPC/Chol Lo/Ly L, Lq

Chol(S)-SAT +56.8(3.3) +14.9(0.8) +59.4(10.8)
Chol(S)-USAT —65.3(2.6) +21.14.7) —4.4(1.9)
Chol(R)-SAT +65.1(1.8) 121.1(0.9) +533(8.2)
Chol(R)-USAT —62.9(1.2) +49.6(5.2) —2.9(1.8)
Chol(S)-Chol(S) —0.0(7.0) —33.3(3.9) —51.7(12.7)
Chol(S)-Chol(R) +0.5(5.4) ~36.3(3.5) —31.9(13.0)
Chol(R)-Chol(R) —40.5(3.9) —61.4(2.5) —24.8(20.1)
SAT-SAT +17.7(0.5) —6.6(0.1) 126.7(5.9)
SAT-USAT —49.1(0.4) ~14.7(0.3) —7.5(L.1)
USAT-USAT +88.4(0.7) +57.5(16.2) +1.8(0.2)

R and S indicate the rough and smooth faces of Chol, respectively.
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TABLE 3 Lipid Interactions in PSM/POPC/Chol

PSM/POPC/Chol Lo/Ly L, Lq
Chol(S)-SAT +27.9(1.7) +16.8(0.9) +26.0(3.2)
Chol(S)-USAT —34.02.2) +10.9(3.0) +1.7(1.1)
Chol(R)-SAT +46.7(1.1) +23.6(0.8) +16.7(3.8)
Chol(R)-USAT —37.2(1.6) —0.8(2.9) +5.4(1.0)
Chol(S)-Chol(S) +9.4(8.6) —36.7(2.3) —35.1(11.3)
Chol(S)-Chol(R) —11.3(4.0) —39.5(2.6) —54.4(3.3)
Chol(R)-Chol(R) —63.73.1) ~50.02.1) ~50.3(9.2)
SAT-SAT +7.2(0.2) —6.7(0.2) +17.7(3.0)
SAT-USAT —31.40.6) —5.7(0.6) ~7.1(0.9)
USAT-USAT +68.4(2.0) +13.0(3.0) +2.3(0.3)

However, PSM favors the rough face, whereas DPPC favors
the smooth one.

The interactions between Chol and the low-T,, lipid
(DOPC or POPC) are more complicated. In the L,/L4 coex-
istence systems, interactions between Chol and the low-T,
lipid are strongly disfavored (except for one case in which
the interaction is neutral), consistent with the observation
that Chol is more likely to be solvated by saturated chains
(42). This observation generally holds true in the L4 phase
as well, where Chol is significantly more likely to neighbor
saturated chains. The L, phases, however, display a different
trend. Within L,, the two mixtures containing DOPC are
similar to each other: all four possible interactions between
Chol and the lipids are favorable, with the most favorable
interaction occurring between DOPC and the rough face
of Chol. In contrast, in the POPC L, phase, this interaction
is neutral, and overall the interactions with PSM are favored
over an interaction with POPC. In other words, in the DOPC
L, phases (with either PSM or DPPC), Chol is more likely to
be solvated by DOPC, whereas in the PSM/POPC L,, phase,
it is more likely to be solvated by PSM.

The interactions between (non-Chol) lipids in the L,/L4
coexistence systems are consistent with expectation, hold-
ing to the rule that like solvates like. This also holds true
(but to a lesser extent) for the Ly phase. Within the L,
phases, it is also true that the low T, lipids have a favorable
interaction with one another, and the unlike lipids have un-
favorable interactions. The high T, lipids differ, however:
within the PSM L, phases, these interactions are in fact dis-
favored relative to a randomly mixed control, whereas in the

TABLE 4 Lipid Interactions in DPPC/DOPC/Chol

DPPC/DOPC/Chol Lo/Ly L, Ly
Chol(S)-SAT +25.9(1.5) +14.9(1.5) +27.0(1.2)
Chol(S)-USAT ~16.9(0.9) +7.8(2.4) —4.4(1.2)
Chol(R)-SAT +24.8(1.4) +7.9(1.5) +21.7(1.5)
Chol(R)-USAT 12.6(1.1) +46.0(3.5) +5.5(0.7)
Chol(S)-Chol(S) ~7.5(2.0) ~29.8(2.0) —203(8.1)
Chol(S)-Chol(R) —162(1.1) —32.02.1) ~34.9(3.0)
Chol(R)-Chol(R) —41.3(0.9) —41.2(1.8) —61.7(4.2)
SAT-SAT +11.8(1.8) +0.6(0.8) +2.1(1.6)
SAT-USAT ~29.1(1.3) ~20.4(1.0) —4.7(0.8)
USAT-USAT +35.3(1.3) +23.03.2) +2.6(0.4)
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DPPC L, phase, these interactions are neutral. In other
words, given the composition of PSM L, phases, one would
expect to see even more PSM-PSM interactions than are
observed. This appears to be because Chol competes for
PSM amide hydrogen bonds, resulting in a stronger PSM-
Chol interaction. Amide hydrogen bonding is discussed in
the following sections. The focus is on hydrogen bonding
in the L, phase of PSM/POPC/Chol, which is expected to
the most relevant to the raft fraction of the outer leaflet of
the mammalian plasma membrane.

Amide hydrogen bonding among SMs
in the L, phase

The structure of the ceramide backbone lends itself to
hydrogen bonding between SMs. The amide of the back-
bone can both donate and accept a hydrogen bond, and these
hydrogen bonds are located deep in the interfacial region,
almost in the hydrocarbon core. As such, they tend to be
long-lived hydrogen bonds (36) and may well contribute
to the stability of SM L, phases. It is therefore of interest
to examine the structure of hydrogen bonding among the
SM amides and how it is modified in the presence of Chol.

To form tight hydrogen bonds, SM must tilt the bulky and
negatively charged phosphocholine group to the side. This
results in a pattern of back-and-forth tilting of the amide
plane in a chain of hydrogen-bonded SMs (for details, see
Figs. 2 and S3). In the simulations of ternary mixtures re-
ported here, hydrogen-bonded chains of SMs ranging in
length from two to nine lipids were observed. In the pure
fluid phase, chains of up to 12 SMs were observed in a
100 ns simulation with 324 lipids per leaflet.

In addition to the back-and-forth pattern of amide plane
tilting, there is a bias in the orientation of the amide plane

FIGURE 2 Amide plane hydrogen bonding in the SM L, phase. An illus-
tration of how the amide plane tilts during hydrogen bonding between PSM
when the amide accepts or donates a hydrogen bond is shown in (A). Purple
arrows show the tilt of the plane away from the membrane normal (black
arrow), approximately looking down the path of hydrogen bonding.
Chol-PSM hydrogen bonding is similar; an example is shown at right in
(B). Histograms of these angles are shown in Fig. 3. To see this figure in
color, go online.
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depending on whether the amide is donating or accepting a
hydrogen bond. This is shown by the dashed curves in
Fig. 3, A and B, which show a clear shift in the distribution
of the angle that the amide plane normal makes relative to
the bilayer normal. When PSM donates an amide hydrogen
bond, the distribution shifts to the right (Fig. 3 A); when it
accepts a hydrogen bond, the distribution is shifted to the
left (Fig. 3 B).

Chol primes the amide plane for strong hydrogen
bonding among SMs

The hydroxyl group of Chol is also well positioned to
hydrogen bond with the amide of SMs. In a mixture contain-
ing both Chol and SM, there are three possibilities for
hydrogen bonding between the amide of a particular SM
and Chol: the SM may not form a hydrogen bond with
Chol, it might donate a hydrogen bond to a Chol, or it might
accept a hydrogen bond from Chol. How each possibility
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FIGURE 3 SM amide plane angle in the L, phase. Histograms of the
angle formed between the normal to the SM plane and the bilayer normal
for different amide hydrogen-bonding scenarios are shown. A comparison
of the dashed curves and their solid counterparts shows how the distribution
shifts when the amide plane forms a hydrogen bond with Chol (dashed line:
no-Chol hydrogen bond). (A and B) The distributions shift to the right when
the amide accepts a hydrogen bond from Chol (A), and to the left when it
donates a hydrogen bond to Chol (B). These shifts are enhanced further
when the PSM amide then donates a hydrogen bond (blue curves, A) or
accepts (red curves, B) a hydrogen bond to or from another PSM amide.
The percentages are the fraction contributed by that class to the total pop-
ulation. To see this figure in color, go online.
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influences the distribution of amide plane angles is shown
by the solid curves in Fig. 3, A and B.

In the absence of a hydrogen bond to Chol, the amide
plane distribution looks much like that observed in the
pure SM case: the plane tilts one way or the other, depend-
ing on whether the SM accepts or donates a hydrogen bond
to another SM. However, when SM donates a hydrogen
bond to Chol, its amide plane angle shifts to the left,
readying it to accept a hydrogen bond from another SM.
Conversely, when SM accepts a hydrogen bond from
Chol, the distribution of the amide plane angles shifts to
the right, readying the SM to donate a hydrogen bond to
another SM. We refer to this shifting of the amide plane
tilt distribution by Chol as priming of the amide plane. An
example is shown in Fig. 2 B.

These shifts are quite dramatic and suggest that the SM-
SM hydrogen-bonding propensities depend on these interac-
tions with Chol. The likelihood of SM donating a hydrogen
bond to another SM is unchanged when the amide plane is
primed by Chol, as shown in the first column of Table 5.
In marked contrast, SM is 30% more likely to accept a
hydrogen bond from another SM when it is primed by
donating a hydrogen bond to Chol. Thus, despite competi-
tion with Chol for a hydrogen bond that might form between
SM and SM, once the bond is formed, it then dramatically
increases the likelihood that other SM-SM hydrogen bonds
will form.

Chol perturbs local hexagonal order

Chol breaks the hexagonal order of the PSM chains in the L,
phase, as shown in Fig. 4. The balance between hexagonal
regions and Chol-rich interstitial regions varies according
to the composition, with the size of local hexagonal regions
varying from a few lipids to as many as 40 (see Fig. S4 for
the distribution of chains per cluster).

In a locally hexagonal region of the PSM L, phase, the
two saturated chains of a lipid occupy neighboring lattice
sites, with a peak in the chain-chain distance distribution
at 4.88 A (Fig. S5). Interaction with Chol locally disrupts
this packing. When PSM forms an amide hydrogen bond
with Chol, it tends to displace one of the chains, introducing
a new peak in the chain-chain distance distribution at a sep-
aration of 8.18 A (Fig. S5), with a more pronounced effect
when PSM donates a hydrogen bond to Chol.

Local chain ordering is also disrupted by Chol in mixtures
containing DPPC, as shown in Fig. 4 B. In this case, the
mechanism is different (although the weaker DPPC-Chol
hydrogen-bonding mode can still be found perturbing the

TABLE 5 PSM-PSM Amide Hydrogen-Bonding Propensities

PSM to PSM PSM from PSM
Not Chol primed 0.25 0.26
Chol primed 0.26 0.34
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FIGURE 4 (A and B) Hexagonal substructure in PSM/POPC/Chol (A)
and DPPC/DOPC/Chol (B) L, phases. Each saturated chain is placed on
a local hexagonal lattice (see Supporting Materials and Methods), with
distinct lattices indicated by an arbitrary color scheme. The centers of
mass of the saturated chains are indicated by filled circles. Unsaturated
chains are rendered as gray sticks and Chol is shown as black sticks. To
see this figure in color, go online.

lattice; Fig. 4 D), as DPPC lacks the amide of PSM. In the
PSM L, phase, hydrogen bonding to Chol limits hexagonal
clusters to smaller sizes, as indicated by a shift in the peak in
cluster size distribution (Fig. S4). Instead, significantly
more DOPC is found in the DPPC/Chol L, phase. We hy-
pothesize that in the absence of hydrogen bonding to
PSM, Chol is available to mediate interactions between
DPPC and DOPC by means of its two faces. This gives a
distinctly different character to the interstitial regions be-
tween hexagonal substructures, with consequences for par-
titioning of transmembrane segments, as discussed below.

DISCUSSION

The outer leaflet of the plasma membrane is rich in SM,
which has been proposed to collaborate with Chol in orga-
nizing the membrane into functional domains of differing
composition (54). Favorable interactions between Chol
and PSM are found, as expected. This is true also for the
interaction between Chol and DPPC, a saturated lipid with
a T,, similar to that of PSM, and is in general agreement
with a previous combined Monte Carlo/FRET study (29).
However, the detailed nature of the interaction between
PSM and Chol is very different from that of the DPPC-
Chol interaction, due to hydrogen bonding between the
amide of PSM and Chol. The amide is located significantly
deeper in the bilayer than other hydrogen-bonding moieties,
and therefore forms more robust hydrogen bonds with Chol
and other PSMs. In fact, the presence of Chol dramatically
enhances the hydrogen bonding of PSM with other PSMs by
priming the tilt of the amide for optimal hydrogen bonding
to other PSMs. This observation contradicts the interpreta-
tion of recently published NMR data obtained for PSM/
Chol mixtures by Matsumori et al. (55). These authors
observed a similar average amide orientation in PSM and
PSM/Chol systems, and concluded that PSM does not
form hydrogen bonds with Chol. This conclusion is based
on a model in which heterogeneity in the amide plane angle
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is assigned to wobble of the plane around a well-defined
average value, and the assumption that Chol-PSM hydrogen
bonding should strongly perturb the amide orientation into a
new ensemble. Our data suggest instead that the amide plane
adopts two distinct orientations, as shown in Fig. 3. Robust
hydrogen bonding very likely enhances the stability of the
PSM L, phases relative to the same mixtures with DPPC
instead of PSM, consistent with a reduced miscibility tem-
perature of the latter mixtures (21). Investigators should
also consider these results when designing fluorescent lipid
analogs to be used as probes of lipid structure and dynamics,
as such probes should not perturb the amide hydrogen
bonding of SM.

Recent reports (56-58) are consistent with local order in
the L, phase. In these studies, quasi-Bragg scattering from
oriented bilayer stacks was observed, but only when the
coherence length of the neutron source was reduced to
~30 A by means of a low-resolution source. The results
were interpreted as indicating that the ordering that pro-
duces sharp features at well-defined wavevectors is local
and thus appears only when the signal has accumulated
over a relatively small area. Our data are consistent with
this proposal of local order, but differ in the details. The
neutron data indicate a monoclinic unit cell for the lipid
tails, with a lattice spacing of 5.2 A and v = 130.7°. Our
data indicate local hexagonal ordering with a lattice spacing
of 4.88 A and v = 120°. We stress that these are different
systems: the neutron diffraction was performed on binary
mixtures of DPPC and Chol in a ratio of 2:1, whereas our
simulations involved three component L, mixtures. It will
be interesting to see whether accounting for lattice distor-
tions by, for example, in silico scattering can reconcile the
data, considering that a relatively small deformation of a
monoclinic lattice yields a hexagonal lattice. In the simula-
tions, the hexagonal lattice spacing is fairly insensitive to
composition, as it simply represents close packing of or-
dered hydrocarbon chains. The hexagonal packing is quite
dynamic, and therefore may be best understood as a hexag-
onal lattice plus disorder, with the details of the disorder
depending on composition and especially the SM amide.

The hexagonal substructure previously reported for the
L, phase of DPPC/DOPC/Chol is also observed in the
PSM L, phase, but is locally modified by hydrogen bonding
of the amide plane. These Chol-mediated local defects have
the effect of modulating the lateral organization within the
L, phase. We hypothesize that the balance between Chol-
rich interstitial regions and hexagonally packed hydrocar-
bon chain controls the partitioning of integral membrane
proteins. Mechanisms that modulate the balance of intersti-
tial and hexagonally packed areas within L, regions would
therefore influence partitioning. This possibility is particu-
larly interesting in the light of recent experiments by
Diaz-Rohrer et al. (59), which demonstrated partitioning
into L, of the linker for activation of T cells in giant plasma
membrane vesicles, but not in ternary GUVs. Our data are
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consistent with the notion that a larger interstitial area is
available in more physiological mixtures (PSM/POPC/
Chol) than in less physiological ones (PSM/DOPC/Chol
and DPPC/DOPC/Chol). Simulations of more physiological
L,-like mixtures, with a significantly greater diversity of
lipids, might provide a direct test of this idea.

In summary, our extensive simulation of ternary lipid
systems reveals important differences between mixtures
that incorporate SM as the high-T, lipid instead of saturated
glycerolipids such as DPPC, and POPC rather than DOPC
as the low-T,, lipid. Changes in lipid-lipid interactions
imply that different molecular mechanisms drive phase sep-
aration, with amide hydrogen bonding in the sphingolipid
mixtures disrupting the steric-driven interaction between
the smooth face of Chol and ordered saturated chains.
This leads to changes in the packing structure of the L,
phase, which in turn may control the partitioning of protein
anchors between lipid phases.
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SUPPLEMENTAL METHODS AND RESULTS

Figure S1. Final configuration of each simulation shown in Fig. 1 of the main text, but in
space filling representation. Only one leaflet is shown, and the head groups are removed to
reveal the packing in the hydrocarbon chain region. Column order is: L, phases (left), La
phases (middle), coexistence systems (right). Row order is: PSM/POPC/Chol (top),
PSM/DOPC/Chol (middle); DPPC/DOPC/Chol (bottom). Red indicates PSM or DPPC, blue
indicates DOPC or POPC, yellow indicates cholesterol.

Definition of local hexagonal lattices. For each saturated chain lipid, a best-fit local
hexagonal lattice was selected. The local lattice was parameterized by its center (in two
dimensions) and an angle that determined the orientation of the lattice in the plane. The
lattice length constant was fixed at the average chain-chain spacing selected from the
histogram in Fig. S3.

Forming clusters. A cluster here is a contiguous set of lipids that use one of the cluster
members' local lattice as the best-fit lattice for the group. The lattice selected is that one
that minimizes the sum of squared distances of each member from its site on the lattice
(the lattice chi-squared value). Clusters are formed using a Monte Carlo algorithm to
minimize the sum of lattice chi-squared values. In addition to the sum of lattice chi-squared
values, a biasing constant is added to the sum for each lipid which is in the same cluster as
its neighbor. At zero bias each lipid will belong to its own best-fit local lattice. At large



negative bias a cluster of all lipids will be formed. For this qualitative analysis, an
intermediate low, negative bias was selected that overcame noise in the local lattices, but
that did not make egregious errors assigning poor matches. Given that the L, phase
contains both order and significant disorder there is no unique definition of the local
lattice, and therefore cluster sizes.

Original Randomized

]

Figure S2. On the left is a Voronoi tessellation of a DPPC (blue), DOPC (green), and Chol
(red) configuration. On the right is the same configuration, but with the labels randomly
swapped. The randomization will, in general, change the total length of the borders
between each pair of colors/lipids. For example, the cholesterol polygons indicated by the
arrow are changed to DPPC on the right. This change decreases the red/blue length
boundary, giving a negative contribution to the change in boundary length between
cholesterol and DPPC. In this example, randomization therefore indicates that there are
more DPPC/Chol neighbors than would be expected for an ideal mixture. In Tables 2-4, the
sign of these contributions are flipped, so that positive contributions indicate favorable
interactions. Lipid borders are scaled by factors (near one) computed to keep the average
border length of, for example, cholesterol the same even after randomization.
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Figure S3. Orientation of the amide plane along a chain of hydrogen bonded
sphingomyelin. Each curve is the average of a set of chains with the same number of PSMs
linked by hydrogen bonds between the amide planes. Each point is the average angle (in
radians) that the amide plane makes relative to the bilayer normal, with one point per PSM
amide plane. The longest chain is 9 PSM in length.
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Cluster size

Figure S4. Hexagonal cluster size distributions for the DPPC/DOPC/Chol (solid black line)
and PSM/POPC/Chol (dashed line) L, phases. The peak in the PSM distribution is shifted to
a smaller number of chains, relative to the DPPC case, indicating that PSM forms more
small clusters. There is a slight enrichment of large clusters in PSM as well. Cluster sizes are
based on counting hydrocarbon chains (not lipids); the first sharp peak is comprised of
single chains not part of any cluster.
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Figure S5. Histograms of chain-chain center of mass distances for PSM in a L, mixture of
PSM/POPC/Chol. Each set is normalized individually. The data are parsed according to
hydrogen bonding interactions of the amide plane of PSM . The numerical values are the
location of the peak.
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