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Abstract: Lipids that have two tails of different lengths are found throughout biomembranes in nature,
yet the effects of this asymmetry on the membrane properties are not well understood, especially
when it comes to the membrane dynamics. Here we study the nanoscale bending fluctuations in
model mixed-chain 14:0-18:0 PC (MSPC) and 18:0-14:0 PC (SMPC) lipid bilayers using neutron spin
echo (NSE) spectroscopy. We find that despite the partial interdigitation that is known to persist
in the fluid phase of these membranes, the collective fluctuations are enhanced on timescales of
tens of nanoseconds, and the chain-asymmetric lipid bilayers are softer than an analogous chain-
symmetric lipid bilayer with the same average number of carbons in the acyl tails, di-16:0 PC (DPPC).
Quantitative comparison of the NSE results suggests that the enhanced bending fluctuations at the
nanosecond timescales are consistent with experimental and computational studies that showed
the compressibility moduli of chain-asymmetric lipid membranes are 20% to 40% lower than chain-
symmetric lipid membranes. These studies add to growing evidence that the partial interdigitation in
mixed-chain lipid membranes is highly dynamic in the fluid phase and impacts membrane dynamic
processes from the molecular to mesoscopic length scales without significantly changing the bilayer
thickness or area per lipid.

Keywords: chain-asymmetric lipids; mixed-chain lipids; collective dynamics; bending fluctuations;
neutron spin echo (NSE)

1. Introduction

Subtle changes in the chemical structure of lipid molecules are known to significantly
affect the physical properties of biomembranes. Systematic studies of model systems have
revealed that changes in the number of carbons and degree of unsaturation in the lipid acyl
tails directly impact the properties of the resulting model membranes. For example, at a
given temperature, the bilayer thickness (dp), bending modulus (k) and membrane viscosity
all increase as the number of carbons in saturated lipid tails increases [1-6]. Meanwhile,
introducing a single degree of unsaturation reduces the melting temperature (T,,) and
disorders the tail packing while increasing the area per lipid (A} ) compared to a membrane
composed of a saturated lipid with the same number of carbons in the acyl tail [7].

While most lipids have two tails that are similar in chain length [8], an unusual and
historically less studied class of lipid molecules are those with mixed acyl tails that differ
in chain length by several carbons, often referred to as “tail-asymmetric’ or ‘'mixed-chain’
lipids. Many naturally occurring sphingolipids in mammalian cells are highly asymmetric,
with chain lengths ranging from 2 to 28 carbons [9-11]. Recent studies have shown that
some yeast strains also produce highly asymmetric glycerophospholipids with saturated
tails that differ in length by up to 6 or 8 carbons [12,13]. It is increasingly clear that such
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chain-asymmetric lipids are important for regulating biomembrane properties; however,
we are only starting to understand their effects.

Previous studies of phosopholipid membranes suggest there are primarily two ways
the large differences in tail lengths are accommodated in the membrane. The longer of the
tails either penetrate into the opposing leaflet to form interdigitated structures [14-16] or
fold back onto themselves into the host leaflet [17-19]. Literature suggests both mecha-
nisms are at play in chain-asymmetric lipid bilayers, and while these lipids form partially
interdigitated bilayers in the fluid phase, the longer acyl tails remain highly dynamic and
rapidly sample both their own and the opposing leaflet [19-25].

Both means of accommodating the chain length mismatch could significantly impact
the membrane dynamics and elastic properties, but would likely have opposite effects.
Simulations by den Otter and Shkulipa showed that the increased interdigiation in mem-
branes composed of asymmetric lipids increased the friction (b) between the two bilayer
leaflets [26]. The magnitude of b dictates both the energy required for the two bilayer leaflets
to slide past one another as well as the timescales of these motion, and increasing b should
slow down dynamic processes ranging from membrane fluctuations to rapid changes in cell
shape [27-30]. On the other hand, the rapid movements of the longer acyl chain as it moves
between the bilayer midplane and its host leaflet would lead to the formation of transient
voids in the membrane that could influence the membrane elastic properties. To this end,
recent simulation results by Frewein et al. suggested that the backbent tails and associated
packing defects near the lipid backbone significantly impacted the lateral pressure profile
of the bilayer, which in turn could have a larger effect on the membrane elastic properties
and associated dynamic processes [19]. Moreover, both experimental and computational
studies suggest that chain-asymmetric membranes are more compressible than analogous
chain-symmetric lipid membranes [23-25]. This increased compressibility as well as the
suggested formation of transient defects in chain-asymmetric lipid membranes should
enhance the bending fluctuation dynamics.

Here we study the nanoscale bending dynamics in mixed-chain lipid membranes in the
biologically relevant fluid phase using neutron spin echo spectroscopy (NSE). Because NSE
is a time domain measurement, it is uniquely suited to measuring the membrane dynamics
on the nanometer length scale and nanosecond time scale that can be affected by changes
in interleaflet interactions, such as the friction between leaflets, as well as the presence of
packing defects and changes in the membrane elasticity. We measure the bending dynamics
of bilayers prepared with 1-myrisotyl-2-stearoyl-sn-glycerol-3-phosphocholine (14:0-18:0
PC, MSPC) and 1-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine (18:0-14:0 PC, SMPC),
whose tails differ in length by 4 carbons, and compare the dynamics with those measured
for a chain-symmetric lipid with the same average number of carbons in the acyl tail, 1,2-
dipalmitoyl-sn-glycerco-3-phosphophocholine (di 16:0 PC, DPPC). We chose these model
lipids as recent studies by Frewein et al. showed that these chain-asymmetric and analogous
chain-symmetric lipids formed membranes with almost identical thicknesses and areas per
lipids at the same temperature [19], allowing us to compare the effects of the chain length
mismatch and degree of leaflet interdigitation on the nanoscale membrane dynamics with
minimal competing effects from differences in dg and Aj that are also known to impact the
properties of interest. Moreover, these experiments allow us to compare the effects of not
only the difference in chain lengths, but also how the tails are connected to the hydrophilic
headgroup, on the dynamics of model chain-asymmetric lipid membranes.

2. Materials and Methods
2.1. Materials

Lipids, including 1,2-dipalmitoyl-sn-glycerco-3-phosphophochloine (di 16:0 PC, DPPC),
1-myrisotyl-2-stearoyl-sn-glycerol-3-phosphocholine (14:0-18:0 PC, MSPC) and 1-stearoyl-2-
myristoyl-sn-glycero-3-phosphocholine (18:0-14:0 PC, SMPC) were purchased from Avanti
Polar Lipids as powders and used as received. Deuterium oxide (99.9% D) was purchased
from Cambridge Isotopes.
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2.2. Vesicle Preparation

Unilamellar vesicle solutions were prepared by extrusion through polycarbonate filters
with a nominal pore diameter of 50 nm following well established procedures [31]. The final
solution contained 50 mg of lipid per mL of D,O, corresponding to a vesicle volume fraction
(¢y) ranging from =~20.15 to 0.17. Samples measured at IN15 were extruded using a 100 nm
filter and diluted to a concentration (cjjpiq) of 20 mg/mL. Small angle neutron scattering
(SANS) data were collected to ensure that the vesicles were predominately unilamellar
(>95%) and there was not a significant population of paucilamellar vesicles that could affect
the interpretation of the dynamics results. A summary of the vesicles sizes and volume
fractions is given in Table 1.

Table 1. Summary of sample properties.

Sample T (°C) Clipia (mg/mL) Ry (nm) Pv
MSPC 40 20 54 0.089
50 39 0.15
SMPC 30 20 58 0.095
50 44 0.17
DPPC 41 50 36 0.15

2.3. Small Angle Neutron Scattering (SANS)

SANS data were collected on the NG3 vSANS instrument at the National Institute of
Standards and Technology (NIST) Center for Neutron Research (NCNR) [32]. Data were
collected over a combined g range of 0.01 nm~! < g < 4 nm~!, where q is the magnitude
of the scattering vector and is defined as ¢ = 471/ A sin(6/2) with scattering angle, 0, using
neutron wavelengths (1) of 0.6 nm or 1.1 nm with a wavelength distribution (AA/A) of
0.12. The front and middle detector carriages were positioned at 1 m and 5 m or 4.5 m and
18.5 m, for the 0.6 nm and 1.1 nm wavelength configurations, respectively. SANS data were
reduced using the macros provided by NIST [33] and analysed with a vesicle form factor
that includes potential contributions from a small population of paucilamellar vesicles [31].

2.4. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) measurements were performed with a Wyatt NanoStar
Pro to determine the vesicle diffusion coefficient at infinite dilution (Dy). The samples
were diluted 100x with D,0 to a concentration of 0.5 mg/mL corresponding to ¢y ~ 0.02.
DLS data were collected at 45 °C, and the samples were equilibrated at the measurement
temperature for at least 15 min before the data were collected. The resulting Dy values
were used in the NSE data analysis as well as to calculate the hydrodynamic radius (Ry) of
t}}e Ve-sicles according to the Stokes-Einstein equation, Ry = 67];’;7%0, where 7 is the solvent
viscosity.

2.5. Neutron Spin Echo Spectroscopy (NSE)

NSE measurements were performed on the NGA NSE Instrument at the NCNR
with A of 0.8 nm or 1.1 nm and AA/A ~ 0.2 to access a g-values ranging from 0.4 nm~!
< g < 1.1 nm~! and Fourier times (t) ranging from 0.01 ns to 100 ns [34]. The temperature
was controlled within 0.5 °C using a recirculating bath. Samples were equilibrated at
the desired temperatures for 30 min before the data collection. Data were corrected for
the instrument resolution and the dynamic contributions from the D,O solvent to give
the normalized intermediate scattering function (I(g,t)/1(g,0)) using the DAVE software
package [35]. Additional NSE measurements were carried out on the IN15 spin-echo
spectrometer at Institut Laue-Langevin (ILL), Grenoble, France [36]. Intermediate scattering
functions were measured in the range of scattering vectors 4 = 0.2 nm~! to 1.11 nm !
using incoming neutron wavelengths of 0.8 nm, 1.0 nm and 1.2 nm. The accessed Fourier
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time range was 0.01 ns to 300 ns. Samples were kept in quartz-cells of 1 mm pathlength
and heated to 50 °C using a bath circulator.

3. Results

NSE is a quasielastic scattering technique that measures relaxation dynamics at
nanometer length scales over time scales from picosecond to hundreds of nanoseconds
and has been used to study collective dynamics on the length scale of the membrane itself
in a number of model systems [37-40]. The measured intermediate scattering functions
(I(g,t)/1(g,0)) for MSPC (14:0-18:0 PC), SMPC (18:0-14:0 PC) and DPPC (16:0-16:0 PC) at
the same temperature relative to their melting temperature, T — T};, = 10 °C, are shown in
Figure 1 for a range of scattering vector (g) values from 0.37 nm ! < g < 1.3 nm™!. These
g-values correspond to length scales of ~17 nm to 5 nm.
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Figure 1. NSE data measured for tail-asymmetric lipid vesicles ~ 80 nm in diameter measured on
the NGA-NSE at approximately the same relative temperature. Intermediate scattering functions
measured for (a) MSPC, (b) SMPC, and (c) DPPC (points) and fits to Equation (1) (lines). Numbers
in the legends of plots (a—c) indicate values of g with units of nm~!. Corresponding relaxation
rates (I'zg) versus q for (d) MSPC, (e) SMPC and (f) DPPC (points) with fits to Equation (3) (lines).
Experiments were performed at T — T, = 10 °C. Error bars represent one standard deviation and in
some cases are smaller than the symbols.

The solid lines are fits to the data considering the contributions from both the vesicle
diffusion and membrane fluctuations that have been shown to contribute to the dynamics
measured at the length scales and time scales accessible with NSE [37,41-43]

I(q,£)/1(q,0) = exp (—Dsg?t) exp (— (T z6t)*?) )

where the first term accounts for the self diffusion of the vesicles with diffusion coefficient
D; that takes into account the hydrodynamic interactions between vesicles at relatively high
volume fractions [30,44] and the second term describes the membrane bending fluctuations
following the Zilman-Granek formalism with relaxation rate 'z [41,45].

Values for Ds; were calculated based on the diffusion coefficient at infinite dilution
(Do) determined from independent DLS measurements on diluted samples and the volume
fraction of vesicles (¢y) in the NSE sample calculated based on the known lipid masses and
volumes and the hydrodynamic radii (Ry) of the vesicles that are reported in Table 1,
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%; =1-1.832¢y — 0.219¢3, + O(¢y). @)
Equation (2) was originally developed to describe diffusion in concentrated hard sphere
solutions and has been shown to be accurate for hard sphere volume fractions < 0.3
and work well for relatively concentrated lipid vesicle solutions such as those studied
here [30,46,47].

The neutron scattering length density contrast between the lipid membranes and
deuterated solvent used here made the NSE measurements most sensitive to the membrane
height fluctuations dynamics that are also referred to as bending fluctuations. These dynam-
ics were fit assuming that the measured relaxation rate is determined by a balance of the
effective membrane rigidity () and viscosity of the surrounding solvent, (1) [41,42,45,48].

Tzc = 0025527 kBJf 3)
U
It is important to note that the effective rigidity, &, in Equation (3) is different from the
bending modulus (k) extracted from techniques like diffuse X-ray scattering or flicker
spectroscopy that measure the equal-time average amplitude of the membrane height
fluctuations. & includes effects from dissipation within the bilayer that need to be con-
sidered in the time domain, i.e., measurements of the membrane fluctuation relaxation
dynamics [27,37,48,49].

As seen in Figure 1, the data were well fit with Equation (1) for § < 1 nm~!. The
corresponding values of Tz also scaled with ¢° as predicted by Equation (3). These
trends suggest that the dynamics measured for the tail-asymmetric lipid membranes at
lower g-values were following the scaling seen in vesicles composed of chain-symmetric
lipids [5,30,50] as well as compositionally asymmetric bilayers [51] reported in literature.

The data at the highest g values, g > 1.0 nm !, that correspond to the length scales of
~5 nm deviated from the predicted scaling at short time scales, t < 20 ns. The measured
I(g,t)/1(g,0) did not approach 1 at short time scales, suggesting that faster dynamic
processes were contributing to the NSE data and were not captured by the current analysis.

The values for & extracted from the NSE data for the chain-asymmetric lipids are
compared with the results for a chain-symmetric lipid containing the same average number
of CH; groups, DPPC, in Figure 2. The & values for MSPC and SMPC were similar and
notably less than the value for DPPC. The ~30% to 40% reduction in & values highlights
that the nanoscale dynamics were enhanced in chain-asymmetric lipid membranes.
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Figure 2. Comparison of & values for asymmetric and symmetric lipids with the same average
number of carbons in the tails at the same relative temperature, T — T); =~ 10 °C. Error bars represent
the 95% confidence intervals on best fit value of % from plots 'z vs. 4> using Equation (3).

Figure 3 compares & values determined from two separate NSE experiments performed
on MSPC and SMPC vesicles that were prepared by extrusion through either 50 nm or
100 nm filters. The ~100 nm vesicles also contained a small amount of charged lipid to
ensure they were unilamellar. The vesicle sizes and lipid concentrations used for the NSE
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experiments are summarized in Table 1. The data from both SMPC samples were in good
agreement and showed that & decreased with increasing temperature. It is not clear why
there was a greater discrepancy in the & values for the different MSPC samples. The added
charge and larger size of the vesicles extruded through the 100 nm filters (Table 1) would be
expected to stiffen the membrane [52-54] or result in apparently slower dynamics [43,55],
the opposite of the experimentally observed trends. The NSE data also suggested that the
bending dynamics of the MSPC samples had a different temperature dependence than the
SMPC samples. Estimates for the temperature dependence of & as az = & ! (dk/dT) gave
wz ~ —0.02 £0.001 for SMPC at T;, + 10 °C and az ~ 0 for MSPC.
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Figure 3. Temperature dependence of # measured for MSPC and SMPC lipid membranes. The dashed
lines are linear fits to the data. Open symbols correspond to data for vesicles extruded through 50 nm
filters measured on the NGA-NSE at the NCNR. Closed symbols correspond to vesicles extruded
through 100 nm filters measured on the IN15 NSE at the ILL. Additional sample information is
provided in Table 1. Error bars represent the 95% confidence intervals on best fit value of & and in
some cases are smaller than the symbols.

4. Discussion

The NSE data show that membrane bending dynamics are enhanced in chain-asymmetric
lipid bilayers compared to bilayers containing a chain-symmetric lipid with the same
average number of carbons in the tails in the studied range of length scales and time scales.
While these faster dynamics are seemingly counterintutive to what is expected based on
structural studies that show chain-asymmetric lipids form more interdigitated bilayers,
even in the fluid phase, the results offer some evidence as to why yeast have been shown to
compensate for a lack unsaturated fatty acids by synthesizing saturated chain-asymmetric
lipids [13,56]. It is well known that unsaturated chains, such as oleates, are more dynamic
than their saturated counterparts and form softer membranes at a given temperature [57,58].
The present NSE data suggest that chain-asymmetric lipids also increase the membrane
dynamics, indicating that the dynamics at the studied time scales are not significantly
affected by the increased interdigiation [14,16,19] and computationally-predicted increase
in friction between the leaflets [26].

An intriguing difference between tail unsaturation and asymmetry in length is their
effects on the melting transition temperature of the lipids. The melting transition of
unsaturated lipids typically occurs well below the freezing point of water (T, < 0 °C) [59].
As such, physiological temperature corresponds to a relative temperature (T — T};;) on the
order of 40 °C or more. Because the membrane dynamics increase with temperature above
Ty, it is not surprising that an unsaturated lipid membrane is much more flexible at a given
temperature than an analogous saturated lipid membrane with a much higher T,,. However,
work by Nanda et al. showed that when the lipid dynamics were compared at the same
relative temperature, the atoms in a saturated DMPC membrane were more mobile than in
an unsaturated DOPC membrane [60]. Chain length asymmetry is also known to decrease
T [61], yet the effects are not nearly as pronounced as unsaturation, and the results in
Figure 2 clearly show that the chain asymmetric lipid membranes are more dynamic than
the analogous symmetric lipid at the same T — T;,. This thought-provoking difference
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perhaps suggests that chain length asymmetry is important for tuning membrane properties
without significantly altering the phase transition temperatures in biomembranes.

A more quantitative comparison suggests that the ~40% decrease in & seen in the NSE
data is consistent with previously reported decreases in the compressibility modulus of
chain-asymmetric lipid membranes. As shown in Equation (3), the relaxation rate measured
in NSE is determined by a balance of the viscosity of the surrounding solvent and the
effective membrane rigidity, & = x + 2h%k,,, where « is the bending modulus as defined by
the traditional Helfrich framework [62], /1 is the height of the neutral surface of the bilayer,
and k, is the monolayer compressibility modulus. The effective rigidity was first defined
in work by Seifert and Langer, where the second term in the & expression accounts for the
dissipation within the bilayer as the lipids need to rearrange to accommodate the local lipid
density change at short length scales and fast time scales, such as those measured with
NSE [27]. While the expression for & describes dynamic processes in the membrane, it can
be rewritten in terms of the bilayer compressibility using well established relationships
for the monolayer (k;,) and bilayer (K 4) compressibility moduli, K4 = 2k;;, and x and Ky,
Kk = Bd?K 4 [3], such that & = [h? + Bd?]K 4. Here, f is a constant that describes the degree
of coupling between the bilayer leaflets ranging from 1/12 for completely coupled leaflets
to 1/48 for completely uncoupled leaflets and d; is the thickness of the hydrophobic region
of the bilayer.

The measured 30% to 40% reduction in & suggests a comparable decrease in K4
term and is in good agreement with previous results that have shown mixed-chain lipid
membranes are more compressible that comparable symmetric lipids. Ali et al. previously
showed that the in-plane compressibility modulus of chain-asymmetric lipid monolayers
at the air-water interface was ~20% to 25% lower than corresponding chain-symmetric
lipid [23]. Similarly, Illya et al. also reproduced this finding in dissipative particle dynamics
simulations, where changing the chains from symmetric to asymmetric with the same total
number of beads reduced the compressibility modulus of the bilayer by up to 40% [24].
However, it is important to note that it is currently unknown if and how the chain-length
asymmetry affects the values of h and/or f compared to values known for chain symmetric
lipid membranes. Future experimental and computational studies of x, K4, h, and by
extension, §, will provide further insights into how chain length asymmetry not only affects
the mechanical properties of the bilayers, but also how stresses are transferred between
the leaflets.

In addition to the bending mode discussed above, Seifert and Langer predict that there
is also a second, slower mode due to the slipping of the two leaflets past each other that
contributes to the membrane height fluctuations at short length scales, and the relaxation
rate of the slow slipping mode is related to the interleaflet friction, b [27]. Monroy and
colleagues also reported evidence of two relaxation modes in NSE data for some lipid
systems, where the relaxation rate of what they called the hybrid, slipping mode was related
to b [63,64]. While we did not see evidence of a slow slipping mode in the present NSE data,
it would be highly interesting to extend studies of the asymmetric lipid membrane dynamics
to even longer time scales using techniques like dynamic light scattering [65], dynamic
optical displacement spectroscopy [66], or x-ray photon correlation spectroscopy [67] that
are sensitive to the membrane dynamics on the microsecond time scale. Given that b has
been shown to increase in mixed-chain lipid membranes [26], it is likely that chain length
asymmetry will have different effects on the membrane dynamics at the microsecond
timescales than at the nanosecond time scales studied here.

While the NSE data at long times were well described by a single stretched exponential
for bending fluctuations (Equation (3)), the data at high g and short times (f < 20 ns)
deviated from the predicted scaling. As seen in Figure 1, the measured I(q,t)/1(g,0) # 1
as t — 0 which may suggest the presence of a faster dynamic process not described by
the model used to fit the data. Previous work by Gupta and colleagues noted similar
deviations in NSE data for some lipid systems [50,68] that have been attributed to confined
motions of the lipid acyl tails [50,68] or potential peristaltic thickness fluctuations or so
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called Brochard-Lennon “red blood cell” modes [69]. We also emphasize that NSE data
interpretation and background subtraction become more challenging at these high g values,
as shown by Hoffman [43], where the coherent and incoherent scattering signals are
comparable in magnitude. As such, this work can not distinguish between the potential
reasons for the discrepancy between the measured data and well-established models for the
collective bending fluctuations at high g and short ¢, but does suggest that further studies
of the coherent and incoherent dynamics in mixed-chain lipid membranes are not only
needed, but will be highly interesting.

Quite surprisingly, the present NSE data, as well as previous results in the literature,
suggest that chain-length asymmetry can soften the membrane but does not significantly
alter the overall membrane thickness or area per lipid [19]. Direct links between the
structure and elastic and viscous properties of membranes have been established for chain-
symmetric lipids where faster dynamics and lower « values are usually reported for more
disordered and thinner bilayers [3,70-72]. We recently showed that mixing symmetric di
14:0 PC (DMPC) and di 18:0 PC (DSPC) lipids with a 4 carbon mismatch in tail lengths
enhanced the dynamics compared to either of the pure component membranes, similar to
the results seen for the chain-asymmetric lipids studied here where a 14:0 and 18:0 chain
are attached to the same headgroup [72]. However, the enhanced dynamics in the binary
mixtures of symmetric lipids were directly related to changes in the area per lipid (A7),
where %, the compressibility modulus, and membrane viscosity collapsed on to respective
scaling plots with Aj. The structures of MSPC, SMPC, and DPPC have been reported to
vary by less than 1% at the same temperature [19], yet here we see that the membrane
dynamics and effective rigidity vary by upwards of 40%. Likewise, the 40% change in the
compressibility modulus reported by Illya et al. for chain-asymmetric lipid membranes was
associated with a less than 1% change in the bilayer thickness [24]. Schram and Thompson
also reported unusual disparity between the diffusion coefficient of chain-asymmetric
lipids (D) and changes in lipid packing and/or Ay and suggested that increased dynamics
of the longer acyl tail compensated for any difference (or lack there of) in the molecular
packing and Ay [22].

The lack of temperature dependence seen in & for MSPC was also unexpected. The
bending rigidity and area compressibility modulus of several symmetric lipid membranes
have been shown to modestly decrease with increasing temperature well above T}, [5,73,74].
The value of az ~ —0.020 £ 0.001 for SMPC was also in good agreement with values
estimated from previous NSE studies of chain-symmetric bilayers with 14 carbon (DMPC)
and 18 carbon (DSPC) tails that were ~—0.015 and —0.018, respectively, [5]. These changes
in the membrane dynamics and associated elastic properties are related to the increased
trans-gauche isomerization of the lipid acyl tails with increasing temperature [74], perhaps
suggesting that the changes in the MSPC lipid tail dynamics with temperature are less
pronounced than typically seen in chain-symmetric lipid bilayers. This speculation for the
observed trends in MSPC is consistent by previous NMR studies that suggested changes in
the order parameter (Scp) with temperature were less pronounced in chain-asymmetric
lipid bilayers than typically seen in chain-symmetric lipids bilayers [20].

The striking difference in temperature trends of MSPC and SMPC could be also due to
the configuration of the glycerol-backbone of the lipids. Recent SAXS/SANS experiments
and simulations [19] showed that SMPC has a higher degree of chain interdigitation than
MSPC at 50 °C, suggesting that its sn-1 position is located closer to the bilayer center
than sn-2. If the glycerol configuration changes with temperature, this has necessarily
opposite effects on interdigitation for these lipids, as for SMPC the longer stearoyl-chain
is attached at the sn-1 position, while for MSPC at sn-2. If an increase in temperature
further pushes the sn-1 chain towards the bilayer center, the difference in effective chain
length of MSPC decreases, making the membrane more rigid. This effect is countered by a
temperature-induced softening due to bilayer thinning and increase in hydrocarbon chain
disorder. On the contrary, chain length asymmetry in SMPC would be increased by this
effect, and therefore, SMPC behaves in a similar way as a chain-symmetric lipid. Further
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SAXS measurements could give insight into the temperature trend of interdigitation, and
therefore, the corresponding glycerol-configuration of these lipids.

5. Conclusions

Here we studied the nanoscale bending fluctuations in mixed-chain lipid membranes
using NSE. Quite interestingly, the chain-asymmetric lipid bilayers were more dynamic than
an analogous chain symmetric lipid bilayer with the same average number of carbons in
the tail despite reports of chain-asymmetric lipid bilayers being more interdigitated. These
results add to the evidence that the interdigitation in fluid mixed-chain lipid membranes is
highly dynamic and suggest that the effects of previously reported rapid motions of the
longer acyl tails propagate to the collective membrane motions involving tens to hundreds
of lipids on the nanosecond time scales. Future studies aimed at understanding how
the degree of asymmetry affects dynamic processes ranging from the acyl tail motions to
the collective bending and thickness fluctuations will further bridge the molecular and
macroscopic scales and may help further reveal the biological importance of this unusual
class of lipids.
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