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ABSTRACT: Lateral organization of lipids in the cell membrane appears to be an
ancient feature of the cell, given the existence of lipid rafts in both eukaryotic and
prokaryotic cells. Currently seen as platforms for protein partitioning, we posit that lipid 24+ P ¥
rafts are capable of playing another role: stabilizing membrane physical properties over
varying temperatures and other environmental conditions. Membrane composition
defines the mechanical and viscous properties of the bilayer. The composition also
varies strongly with temperature, with systematic changes in the partitioning of high
and low melting temperature membrane components. In this way, rafts function as
buffers of membrane physical properties, progressively counteracting environmental -26-
changes via compositional changes; i.e.,, more high melting lipids partition to the fluid

Compositional changes buffer mechanical and
viscous properties in phase-separated bilayers
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thermal effects decrease these same properties. To provide an example of this
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phenomenon, we have performed neutron scattering experiments and atomistic

molecular dynamics simulations on a phase separated model membrane. The results demonstrate a buffering effect in both the
lateral diffusion coefficient and the bending modulus of the fluid phase upon changing temperature. This demonstration
highlights the potentially advantageous stabilizing effect of complex lipid compositions in response to temperature and
potentially other membrane destabilizing environmental conditions.

Bl INTRODUCTION

The emergent picture of the cell membrane as a composition-
ally rich' and laterally organized structure has now largely
replaced the classical view of a homogeneous fluid mosaic.”
The lipid raft hypothesis® frequently comes to mind when
contextualizing the complex mixture of molecules of lipids,
sterols, and membrane proteins found in the cell membrane.
The hypothesis® invokes the existence of nanoscopic™ and
transient”” lateral structures composed of membrane lipids
and proteins into distinct domains in the plane of the
membrane to facilitate the organization, assembly, and
regulation of multimolecular protein complexes. Indeed, this
concept provides a compelling rationale for numerous
observations relating to complex biological functions such as
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membrane trafficking, endocytosis, signal transduction, and
other biological processes.”""

Lipid rafts are often thought to be rich in cholesterol and
sphingolipids, due to the investigation of these structures in
eukaryotic (predominantly mammalian) cell membranes and
membrane mimics. This is an incomplete view, as lipid rafts, or
raft-like lipid heterogeneities, have been observed in micro-

organisms such as B. subtilis”'>"* and S. aureus."* Beyond
offering valuable opportunities for in vivo research of rafts,
these observations emphasize the deep evolutionary history of

complex cell membrane compositions; as stated by Lopez and
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Figure 1. DMPC/DSPC mixtures exhibit well-studied phase separation. (A) The phase diagram compiled here from DSC measurements of

DMPC/DSPC conforms closely with prior literature.”' ™

* (B) DSC thermograms for increasing mole fractions of DSPC. (C) Small angle X-ray

scattering (SAXS) also demonstrates phase coexistence, in the 0.45 mol percent of the DSPC system. The bifurcation and shift of the main peak
around 0.09 A~ indicate the coexistence of multiple phases in the temperature range from below 30 to 45 °C.
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Kolter, > “Their conservation across the two most divergent

domains of life argues strongly that these membrane microdomains
are an ancient feature of cells”. We concur and note that there
are many ways that proteins and lipids mutually interact™
which involve lipid heterogeneity.

We propose another potential advantage of lateral lipid
organization relating to the maintenance of a consistent
membrane fluidity and transport and mechanical properties
across a range of biologically relevant temperatures. We
demonstrate this “buffering” effect by monitoring membrane
physical properties as a function of temperature using
complementary experimental measurements and all-atom
molecular dynamics simulations in a model lipid mixture
(1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC). The sig-
nificance of the buffering effect emerges from the fact that cells
actively regulate their membrane fluidity in response to
temperature changes via the membrane composition in what
is called the homeoviscous adaptation,'® a metabolic response
that takes both time and energy to implement. Compositional
diversity, leading to phase separation, on the other hand
provides a rapid buffering effect upon membrane fluidity and
other physical properties as the fluid phase becomes
progressively enriched in high melting lipid components
upon temperature increases.

Bl RESULTS AND DISCUSSION

This simple model has long been employed in the study of
lipid domains'”~*” and has specific experimental advantages in
terms of the commercial availability of deuterated lipids. The
model “raft” phase is a solid ordered (S,) phase, enriched in
DSPC, and the “sea” phase will be represented by the liquid
disordered (L) phase, richer in the lower melting temperature
membrane component, DMPC. This is illustrated in Figure 1,
where we have used both differential scanning calorimetry,
Figure 1B, and small-angle X-ray scattering (multilamellar
vesicles in H,O at a concentration of 20 mg/mL), Figure 1C,

to show the S,/Ly coexistence region between 10 and 90 mol
percent DSPC in the temperature range from 25 to 5SS °C, in
close agreement with previous literature.”' ~**

We chose the 45 mol % mixture of DSPC with DMPC as the
model composition with which to monitor the bilayer physical
properties. We focus on the Ly phase, as specific molecular
motions of interest exist within our experimental and
simulation windows and ordered phases would require far
longer simulation times to equilibrate ordered phases
accurately.”® Selected mixtures of DSPC/DMPC were
simulated, matching the Ly composition at the phase boundary
composition (the left-hand boundary in Figure 1). As indicated
in Figure 2a, simulations were performed on bilayer patches
containing 400 lipid DSPC/DMPC mixtures at temperatures
of 45, 50, 55, and 60 °C along with 15, 28, and 36% DSPC/
DMPC mixtures at temperatures of 33, 38, and 40 °C,
respectively. All-atom molecular dynamics simulations were
also performed for membranes consisting entirely of DMPC as
a control for a single component bilayer, at temperatures of 25,
30, 35, 40, 45, 50, and 60 °C. Figure 2A and Supporting Tables
S1 and S2 summarize the simulation conditions and the
simulation lengths. Simulation boxes were constructed using
the CHARMM-GUI*>~*® online interface with a total of 400
lipids (200 lipids per leaflet), and all simulations were
performed using the GROMACS (2016.3) simulation pack-
age.”” Analysis (using only the last 100 ns) of the simulations
was performed using a combination of internal GROMACS
utilities, in-house VMD?° scripts, and the SASSENA®!
molecular dynamics neutron/X-ray analysis software package.
Further details of the simulations are provided in the
Supporting Information,”>™>*

The area per lipid, or APL, is an important structural
parameter which, in combination with molecular volume and
elemental composition (and hydration state), provides a
description of the z-profile and bilayer thickness of lipid
bilayers.”” We have obtained the APL from our simulations. In
a single component bilayer, the APL increases rapidly upon
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Figure 2. MD simulations were performed on a series of DMPC/
DSPC lipid mixtures matching the fluid phase component for a range
of temperatures from 25 to 60 °C. (A) The mole fraction of DSPC in
the fluid phase increases with increasing temperature, shown on the
left axis, while the right axis shows the area per lipid for the fluid phase
composition at each temperature. (B) The area per lipid, compared to
a single component DMPC bilayer, increases more gradually at the
fluid phase boundary of the Ly/S, coexistence regime.

melting to the fluid phase and then increases in a roughly linear
temperature dependence, as described by the thermal
expansion coeflicient. Indeed, this is what we observe for
DMPC bilayers in Figure 2B, where the APL for DMPC

rapidly increases near the melting temperature, before
continuing to increase linearly. The 0.45 mole fraction
DSPC/DMPC systems show a similar linear increase above
the phase miscibility temperature. However, below 45 °C,
there appears to be a plateau in the area per lipid for the Ly
composition. This plateau in APL is a demonstration of the
buffering of membrane structure through the phase coexistence
temperature range by the continuous addition of the higher
melting temperature component to the Ly phase. The structure
of the bilayer matters greatly for the proper functioning of
membrane proteins.”’”** Indeed, the hydrophobic thickness
matching is thought to be one of the driving forces for
partitioning of membrane proteins between the raft and “sea”
phases.’

Given the stabilizing effect in the APL, we anticipate a
similar effect in the elastic and viscous properties of the bilayer.
In the liquid disordered state, the membrane behaves as a two-
dimensional fluid which can be characterized by physical
parameters such as the lateral diffusion coefficient of the
constituent lipids. Fundamental molecular relaxations occur-
ring in the acyl region govern diffusion through the viscosity.**
The same relaxations govern the elastic properties of the
bilayer, such as the bending modulus through the area
compressibility.** The frequency of these fundamental
molecular relaxations increases rapidly with increasing temper-
ature following an Arrhenius dependence,45 suggesting that the
viscosity and bending moduli will decrease rapidly, while the
lateral diffusion coeflicient will increase rapidly. In Figure 3A,
we plot the lateral diffusion coefficient evaluated from MD
simulations for both the single component DMPC bilayer and
the L, phase boundary of the 45% DSPC/55% DMPC system.
The lateral diffusion coeflicient was obtained by a linear fitting
of the slope of the lateral (x/y) mean-squared displacement of
the phosphate atoms from the lipid head-groups. In the single
component DMPC bilayer, we observe a monotonic increase
as a function of temperature, as expected for a pure DMPC
bilayer. In the coexisting system on the other hand, there is a
plateau in the temperature range of phase coexistence,
comparable to that seen for the APL.

In Figure 3A, a plateau in the values of the lateral diffusion
coefficient, D, is apparent for the 45% DSPC/55% DMPC
system along the Ly phase boundary, in agreement with
experimental measurement of the lateral diffusion coefficient
discussed later in this work. The solid ordered region would
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Figure 3. Lateral diffusion coefficient and bending modulus obtained from MD simulations for DMPC and DMPC/DSPC mixtures representing
the fluid phase boundary composition. (A) The lateral diffusion coefficient, D, exhibits a plateau in D between 3S and 45 °C. (B) An Arrhenius plot
reveals a 1/T dependence in the single component bilayer, while the data from the phase boundary compositions demonstrates the added effect of
compositional changes. (C) The bending modulus exhibits a steady decrease as a function of temperature for the single component bilayer and a
plateau for the temperature range of phase coexistence. The plateau in both physical parameters within the S,—L4 coexistence regime illustrates the

thermal buffering effect of phase separated lipid bilayers.
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Figure 4. Lateral diffusion was measured using neutron spin echo spectroscopy. (A) Experiments where conducted on D,O hydrated, supported
lipid bilayer stacks composed aligned such that the scattering wave vector was parallel, g, with respect to the plane of the lipid bilayers. (B) NSE
measures the dynamic structure factor, S(q”, 7)/ S(q”, 0), over a range of scattering wave vectors, q, and Fourier times, 7, shown here for 40 °C.
Solid lines are a fit of a single exponential decay to the data. (C) The lateral diffusion coefficient, D, is obtained from the decay constants, I'(q), and
the probe length associated with the scattering wave vector, g, as, D = (27)*I'/q% In this || configuration, the decreasing values of S(g, 7)/S(g, 0)
with increasing 7 are related to diffusional motions in the plane of the bilayer; confirmed via the q* dependence implied by a consistent value of D as
a function of g. The inverse deuteration scheme (DSPC/d54-DMPC) demonstrates the observed value of D is independent of which lipid is
labeled, consistent with prior reports.46 (D) D was measured as a function of temperature, plotted here in Arrhenius format. The deviation from the
Arrhenius temperature dependence below the miscibility temperature is consistent with the plateau observed in our MD simulations and the

proposed buffering effect.

exhibit a rapid reduction in the lateral diffusion coefficient.*
An Arrhenius plot of D from the simulations is shown in Figure
3B. A linear trend is observed for DMPC, from which an
activation energy of 48.7 kJ/mol can be estimated, slightly
higher when compared to experimentally determined values
but clearly demonstrating the expected Arrhenius temperature
dependence of a single component lipid bilayer. The plateau
region 45% DSPC/55% DMPC system along the L, phase
boundary is visible in this presentation as a dislocation and
region of more shallow slope. This deviation quantitatively
demonstrates the stabilizing effect of compositional changes
upon the lateral diffusion coeflicient.

The bending modulus of the fluid phase boundary
compositions was also investigated. It describes the out-of-
plane flexibility of membranes and is an important physical
parameter for the fusion of vesicles and bilayer stability.*” This
is also important for the case of laterally heterogeneous
bilayers, where curvature coupling™® and efficient dissipation of
thermal energy via thermal fluctuations* are potential driving
forces for phase separation. Here, the bending moduli were
also obtained from the simulation trajectories using a VMD/tcl
implementation of the splay/tilt based method proposed by
Khelashvili et al.’® The resulting values of the bending
modulus have been plotted in Figure 3C.

The bending modulus for the single component DMPC
system shows a steadily decreasing value as a function of
increasing temperature, while the liquid phase boundary of the
45% DSPC/55% DMPC demonstrates a plateau in the phase
coexistence regime between ~30 and 45 °C. This data is
consistent with the argument of a thermal buffering effect. It is
not unexpected that the progressively increasing content of
DSPC in the fluid phase would counteract the effects of
increasing temperature. It is well-known that longer tail length
increases the bending modulus® while the increase in
temperature increases the frequency of fundamental molecular
relaxations following an Arrhenius dependence.” Thickness
fluctuations are another out of plane dynamical mode that
show a strong temperature dependence in single component
systems. A decoupling of the relaxation times of thickness
flucuations from temperature was reported for DMPC/DSPC
systems, seemingly consistent with our results.”

Experimental observations of the lateral diffusion coefficient
have also been obtained. Neutron spin echo (NSE) spectros-
copy was performed on aligned, supported lipid bilayers at
45:55 mol percent d70-DSPC/DMPC, analogous to the
simulations. The tail deuterated version of DSPC (d70-
DMPC) was used to enhance the scattering signal. NSE is
being utilized here as a coherent inelastic neutron scattering
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technique by which we can observe collective motions of the
bilayer structure and/or the constituent lipids. The aligned
model membranes were prepared on undoped silicon
substrates by deposition of dissolved lipids from 1:1
chloroform:trifluoroethanol.” Solvent was allowed to evapo-
rate and dried under a vacuum. Samples were then hydrated
with D,O to 1.1:1 hydration by mass (an equivalent of 1:1
hydration using H,O) and annealed in a sealed container at 60
°C for 8 h. As shown in Figure 4A, a “stack” of 10 such aligned
lipid bilayer samples were prepared to arrive at approximately
50 mg of lipid content which were then sealed in an aluminum
sample holder and mounted on the instrument.

Observations were made in the plane of the bilayer by
aligning the scattering wave vector, Q, parallel to the direction
of sample alignment, Figure 4A. Diffraction measurements, see
Figure S2, demonstrate the scattering from both a parallel, g,
and perpendicular, q;, geometry, with the orientations
confirmed via a rocking curve. The perpendicular orientation
results in scattering dominated by the transverse structural
contributions such as the intermembrane distance. We mitigate
any spurious contributions from transverse structure by
performing our NSE measurements at g-values which are less
influenced by out of plane contributions. The observed
quantity of NSE measurements, shown in Figure 4B, is the
intermediate scattering function, S(g, 7)/S(q, 0). It reflects the
fraction of pair correlations still in existence after a given time
interval, 7, for a given length scale (equal to 27 divided by the
scattering wave vector q). This length scale is systematically
varied by measuring g-values from 0.06 A™' < g < 022 A7},
corresponding to distances smaller than domain sizes.”” S(g,
7)/S(g, 0) typically takes the shape of an exponential decay as
a lower number of correlations persist as longer times are
probed, and similarly as longer length scales are probed.
Observations were made over the time range from 100 ps to
100 ns. A range of temperatures—20, 32, 40, 45, 50, and 60
°C—were used to probe the temperature dependence of the
lateral diffusion. The dynamics of the solid ordered phase will
be outside of our observational window for experiments using
the neutron spin echo technique (NSE).

The data can be modeled as an exponential decay at each g-
value where the resulting decay constants, I'(g), reflect the
average relaxation time for a given scattering wave vector, or
length scale of the molecular motions. The diffusion coeflicient
is obtained from the decay constant multiplied by the square of
the length scale probed (D = I'(q) X P, where | = 27/q). In
Figure 4C, we plot D as a function of q at 40 °C; the constant
value of D as a function of q illustrates the q* dependence (i.e.,
diffusive nature) of these motions. A reversed case of dS4-
DMPC/DSPC was also used as a control for one temperature
(40 °C), showing that the dynamics observed were not specific
to either lipid but to the fluid phase. This is consistent with
pulsed field gradient NMR experiments.*®

The experimental observations of the diffusion coefficient
were performed as a function of temperature. We plot the
natural logarithm of the observed relaxation time against the
reciprocal temperature in Figure 4D to illustrate both the
Arrhenius dependence seen above the miscibility temperature
and the deviation from that trend upon crossing the phase
coexistence boundary. This presentation emphasizes the
Arrhenius temperature dependence of the fully mixed
membrane at high temperature as a straight line, as expected
due to the Arrhenius temperature dependence of the viscosity
of fluid phase membranes.>® For the fully mixed fluid phase at

temperatures above the phase coexistence regime, the
activation energy for this process was found to be 25.2 + 4.1
kJ/mol, in good agreement with the value of ~27 kJ/mol
reported in the literature,>® though reported values do vary
substantially between experimental methods and lipid meas-
ured.**>

At temperatures coinciding with the temperature range of
phase separation (<45 °C), there is a deviation from the
Arrhenius temperature dependence. Similar to what has been
observed in the simulations, there is an apparent change in the
effective activation energy of the structural relaxations which
govern viscosity”® and consequently in the lateral diffusion.*
Lipid phase separation is driven by the balance of enthalpic
gain and entropic penalty (along with other effects such as
curvature matching, dipolar orientations, and bending moduli
distribution).”” It is the competition between this thermody-
namic cost of lipid exchange (ie., partitioning progressively
larger content of high melting temperature lipid (DSPC) in the
fluid phase) and the structural relaxation rate, which is the
physical origin of the observed stability of the lateral diffusion
coefficient, area per lipid, and bending modulus.

B CONCLUSIONS

The classical view of a homogeneous fluid mosaic” cell
membrane has evolved into a vision of a structurally complex®
and compositionally diverse® membrane that is still being
unraveled in terms of emergent structures, biophysics, and
biochemistry. In this work, we have put forward the hypothesis
that lipid rafts, or lateral lipid heterogeneities rich in high
melting lipids, function not only as functional platforms for
membrane proteins but also as reservoirs of high melting lipids
that act as thermal buffers of membrane physical properties.
Our experimental observations and MD simulations of a
simple model membrane demonstrate this concept. We can
speculate that this buffering effect provides a biological
advantage by maintaining a more consistent physical environ-
ment than would be possible with single component
membranes which undergo rapid phase transitions. Such
changes in a single phase bilayer could potentially arrest
membrane associated biochemistry by changing protein
function or localization. Our hypothesis suggests that complex
membrane compositions offer a simple buffering effect upon
membrane physical properties based on the thermodynamics
of phase separation which is far more responsive than the
metabolic response in composition described by the
homeoviscous adaptation.'® The purely physical advantage of
lipid rafts might be envisioned at the ancient origins of lipid
rafts, providing a platform which later found use in “functional”
activities which are seen as the role of lipid rafts today.
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