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S1. Lipid mixtures

Table S1. Composition of protiated lipid samples. xpspc refers to the mole fraction of DSPC in the

protiated lipid mixtures.

XDSPC mass fraction
DMPC DSPC

0 1 0

0.3 0.67 0.33

0.5 0.46 0.54

0.6 0.36 0.64

0.7 0.27 0.73
1 0 1

Table S2. Composition of tail-deuterated lipid samples. Xpspc-d7o refers to the total mole fraction

of DSPC in the tail-deuterated lipid mixtures.

XDSPC-d70 mass fraction
DMPC DMPC-ds4 DSPC DSPC-d7o

0 0.098 0.902 - -
0.3 0.065 0.600 0.035 0.300
0.5 0.045 0.415 0.056 0.484
0.6 0.050 0.420 0.060 0.480
0.7 0.026 0.241 0.080 0.660

1 - - 0.104 0.896
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S2. Lipid volume

Densitometry data analysis
The partial specific volume (vs) was determined from measurements of the lipid solution density

according to

b = %(1 B Ps—c Po) (1)

in which po is the solvent density, ps is the solution density, and c is the lipid concentration.(1, 2)

The volume per lipid molecule (VL) was then calculated according to

V—VSZM S2
L=, l_xii (52)

in which Na is Avogadro’s number and X; and M; are the component lipid mole fractions and
molecular weights, respectively. The measured fluid phase volume per lipid were compared to

values calculated according to
Vi(T) = E xVi(T) (53)
2

in which V;(T) are the molecular lipid volumes calculated according to work by Koenig and
Gawrisch.(3) Data for the lipid mixtures are presented in Supplementary Table S3. The critical
temperatures for the different samples, corresponding to the melting temperature in the pure lipid
membrane and the onset of gel-fluid coexistence in the mixed lipid bilayers, were determined
from the derivative of the measured volume vs. temperature curve and are listed in Table S3.(4,

5)
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Table S3. Measured (VL) and calculated (V.") lipid volumes at T = 60°C. Ty, for the mixtures were

determined from density measurements or DSC experiments. Experimental values for the lipid

volume were determined from density measurements according to Eq. S2 and the calculated values

were determined according to Koenig and Gawrisch, Eq. S3.(3) The calculated values are within

1 % of the measured values.

T=60°C
Xpspc-d70 | Tm (°C) Vi VL'

(nm3) (nm?)

0 20.5 1.123 1.123
0.3 36 1.205 1.192
0.5 45 1.233 1.238
0.6 46 1.269 1.261
0.7 48 1.286 1.284

1 50.5 1.353 1.353
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S3. Bilayer structure

S3.1 SANS and SAXS data analysis

The bilayer thickness and area per lipid (A.) were determined from small angle neutron
(SANS) and X-ray (SAXS) scattering measurements; however, it is important to note that the
different techniques are sensitive to different bilayer thicknesses. The high contrast between the
protiated lipid headgroups and deuterated water measured with SANS defines the overall bilayer
thickness (dg), also known as the Luzzati thickness.(6-8) The thickness measured in SAXS is
defined between the peaks in the electron density profile and corresponds to the distance between
the lipid headgroup phosphates (dpp). (6, 7) ds is on average ~ 0.16 nm larger than dpp.(6)

Extracting the bilayer thickness requires an appropriate model of the scattering length
density profile, which is determined by the volume probability profiles of the different components
and their respective scattering contrasts. We use simplified form factor models from literature to
fit the data at a single contrast.(9-11) We also compare Dg values determined from SANS
measurements at two different contrasts; protiated lipids in D20 and tail-deuterated lipids in DO
analyzed with different models to ensure that our assumptions in data analysis were not affecting
the results. Importantly, the bilayer thicknesses from both data series are in excellent agreement

(Figure S1).

SANS data for the protiated lipid vesicles were fit with a vesicle form factor in the SasView
Program.(12) The model describes the bilayer as a single slab with a thickness that was assumed
to represent ds. The scattering length density (SLD) of the lipid bilayer was calculated from
tabulated scattering factors and the measured lipid volumes. The only fit parameter in the analysis

was the bilayer thickness.
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SANS data for the tail-deuterated lipid bilayer were analyzed using a form factor model
described in literature that uses a symmetric six-slab volume probability distribution with separate
components for the lipid headgroups, CH2 groups of the hydrocarbon chains, and terminal CH3
groups at the bilayer midplane.(10, 11) The volume probability profile was convoluted with a
Gaussian with a width of 2.8 A to account for the effects of thermal disorder. (10, 11) The lipid
volumes (VL) were constrained to the measured values (Table S3, other data not shown), and the
volume of the headgroup (0.331 nm®) and terminal methyl groups (0.053 nm?) were constrained
to reported values to minimize the number of fitting parameters. (11) We note that recent results
show that V. and the volume of the terminal methyl group change with temperature; however, our
results were not sensitive to changes within the reported range.(13) The only fit parameter was the
area per lipid (AL), which was used to calculate the Luzzati bilayer thickness, ds = 2V /AL.

SAXS data were analyzed with a form factor for lipid bilayers that described the lipid
bilayer scattering length density as the sum of three Gaussians, representing each headgroup and
the hydrophobic tail region.(14) The scattering length densities of the dry lipid headgroups and
lipid tails were calculated from the respective lipid volumes listed in Supplementary Table S3.
The number of waters associated with each headgroup were fit and ranged from approximately 6
to 10 waters per headgroup in good agreement with results in literature.(7, 15, 16)

Data fits were restricted to a g > 0.05 A for the SANS data and g > 0.03 A for the SAXS
data, at which the contributions from the vesicle form factor and any intervesicle interactions were
negligible and the scattered intensity was solely from the lipid bilayer.(8, 17)

As seen in Figure S1, the data were well fit by the simplified form factor models. While

we are not able to extract the detailed volume probability profiles of the individual components as
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in other methods, the values determined for dg (and correspondingly, AL) are in good agreement

with values reported from more detailed analysis methods (Figure S1 d).(8, 18)

For calculations at temperatures for which SANS data were not collected, the bilayer
thickness was estimated from the measured bilayer expansivity, ay; = (1/dg)(8dg/0T)
(Supplementary Table S4), and the presented error represents the propagated uncertainty in the

calculated value.
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Figure S1. Representative SANS data for (a) tail-deuterated and (b) tail-protiated
DMPC bilayers, as well as (c) SAXS for tail-deuterated DMPC bilayers, all
measured at 50 °C. Solid lines are the form factor fits described in the supplementary
text. (d) Summary of Luzzati thicknesses (ds) from SANS and phosphate-to-
phosphate thicknesses (dep) from SAXS as a function of temperature for the samples
measured in the present work compared to the values reported by Kucerka et al.(8)
and Nagle et al.(18) Open symbols correspond to dg values measured for tail-
deuterated bilayers and closed symbols correspond to tail-protiated bilayers.
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Figure S2. Measured bilayer thickness versus temperatures for the pure component
and mixed lipid bilayers in the fluid phase. The bilayer composition is given by the
text label on the plot. Open and closed symbols correspond to bilayers composed of
tail-deuterated and protiated lipids, respectively. The stars and crosses on the plots
for DMPC and DSPC are values taken from literature from Kucerka et al.(8) and
Nagle et al.(18) as indicated in the legend. Bilayer thicknesses were determined from
SANS data analysis as described in the supplementary text.
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S3.3 Fluid phase expansivities

The thermal expansion coefficients were determined from a linear fit to the measured bilayer

thickness versus temperature. The temperature dependence of the thickness changes for the pure

components and mixtures ranged from (-0.04 to -0.07) A/°C which is consistent with the average
value reported for saturated phospholipids of -0.059 A/°C.(8, 19) Reported in Table S4 are the

calculated thermal expansivities aq, = (1/dg)(ddp/AT) from the neutron scattering fit results.

Table S4. Calculated thermal expansivities, ay, = (1/dg)(0dp/0dT), at T = 60 °C obtained
from the neutron scattering fitting results. The presented uncertainty is the propagated uncertainty

from the fit results.

T=60°C
XDSPC-d70
ds (nm) @ (°C?)

0 3.45 -0.0024
= 0.06 +0.0001
3.65 -0.0023

0.3
+0.01 + 0.0001
3.57 -0.0028

0.5
+0.06 + 0.0006
3.75 -0.0026

0.6
+0.05 +0.0001
3.82 -0.0022

0.7
+0.06 +0.0001
. 4.21 -0.0037
+0.02 +0.0009
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S4. Bilayer dynamics

NSE data analysis

NSE is a quasielastic scattering technique that probes dynamics on nanometer length scales and
nanosecond time scales, making it a well-suited technique to study bilayer fluctuation dynamics.
NSE data are reported as the intermediate scattering function (ISF), 1(q,t)/1(q,0), which represents
the probability of finding atomic correlations at a given distance (measured as q in reciprocal space,
which corresponds to 2z/q in real space) after a given amount of time (Fourier time, t). Thus, the
value of the intermediate scattering function decays with increasing Fourier time as the bilayer
fluctuates and the correlations decrease. The data are described by a decay rate, I', which, for
single membrane bending fluctuations, are well described by a stretched-exponential as developed

by Zilman and Granek(20)

= exp[- (" (@)0)*"?] (54)

The decay rate is q dependent and, for single membrane bending fluctuations, as shown by Zilman
and Granek (20), follows a g® dependence with a slope that is inversely proportional to the
membrane stiffness with effective bending modulus, ¥. Watson and Brown suggested that ¥ =
x + d?Kj,,, where the first term accounts for the contribution of the membrane elastic properties
to the measured membrane undulations and the second term accounts for the contribution from the
dissipation within the membrane itself. (21) « is the intrinsic bending modulus measured with
techniques such as diffuse X-ray scattering or micropipette aspiration, d is the height of the neutral
surface, and Kam is the monolayer compressibility modulus. Using published relationships
between Kam and x, and assuming that the neutral surface lies at the interface of the hydrophilic

headgroups and the hydrophobic tails gives the following expression for T’
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kyT |kgT
['=0.0069 —— |[—2—¢3 (S5)
Np,o K

in which kg is the Boltzmann constant, T is the temperature, 1y, is the viscosity of the D20
surrounding medium. (22) All variables in this expression for the measured NSE decay constant
are known quantities with exception of k, allowing direct determination of the bending modulus
from the slope of the 7" versus g plot (Figure S3b). We note that here we have adopted the widely-
used Zilman-Granek formalism to extract k from the NSE measurements as well as made
assumptions about the values of Kam and d. While there may be other approaches to determining
k from NSE data, we emphasize the extracted I" values from the NSE data are inversely related to
the membrane stiffness regardless of the assumptions as exemplified in Figure S7. Changing the
relationship between & and « or values of d and/or Kam would systematically shift all of the values
of k but would not change the main result that the dynamics and associated membrane properties

scale with AL.
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Figure S3. Neutron spin echo data (NSE) for bending fluctuations measurements of
Xpspc =0.6at at T =70 °C (T - T, = 21 °C). (a) Measured intermediate scattering
function (points) and fits to a stretched exponential according to Eqg. S4 (lines) (b)
Corresponding relaxation rates (1) extracted from the fits to the ISF (points) and the
fit (solid line) to the modified Zilman-Granek model given in Eq. S5 showing a ¢®
scaling. (c) Schematic illustration of the scattering length density contrast between
protiated lipids in D,O used to measure collective membrane bending fluctuations.

K (kgT)

Xpspc
Figure S4. Bending modulus versus composition determined from NSE
measurements at T = 65 °C. The points are measure data and the solid and dashed
lines correspond to the linear and arithmetic average of the pure component

properties, respectively.
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Recent experimental works have also measured collective thickness fluctuations out of the plane
of the membrane using NSE.(23-26) The thickness fluctuations were seen as excess dynamics at
length scales corresponding to the bilayer thickness, characterized by a deviation from the I' o
q3 behavior predicted from single membrane bending fluctuations (Figure S5b). The excess

dynamics were characterized using two additive decay constants

I'= Thenat Tthickness (56)

which are given by the empirical expression

kgT |kgT (1q03)~*
I = 0.0069 /— 3 4 3 S7
Mp,0+ K T I (q — qo)*¢~2 1 (57)

in which the first term describes the contributions from the bending fluctuations discussed above

and the second term is an empirical description for the contributions from the thickness
fluctuations. The thickness fluctuations were modeled as a Lorentzian peak in which 7 is related
to the relaxation time of the thickness fluctuations, qo is the peak position, and  is the half-width
at half-maximum of the peak and is related to the fluctuation amplitude. Here we present the
fractional amplitude, o4, as o4 = 2(Edo)?, or the full width half max of the peak in dynamics
normalized by the peak position. (27, 28) Also, we note that the fitting did not account for the NSE
instrument resolution and therefore the Ka values calculated from oq will be off by a

proportionality constant. (22)
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Figure S5. Neutron spin echo data (NSE) for thickness fluctuations measurements
for Xpspc = 0.6 at T =65 °C (T - T, = 20 °C). (a) Measured intermediate scattering
function (points) and fits to a stretched exponential (lines) as well as the
corresponding relaxation rates versus g in (b). The dashed line in (b) is the fit with
Eq.S7 and the solid line is the calculated scaling for only bending fluctuations. The
peak at ¢ = 1 nm™ is attributed to the collective thickness fluctuations. (c) Cartoon
illustration of the scattering length density contrast between the tail-matched lipid
bilayer and D,0 solvent used to measure collective thickness fluctuations

Only two parameters were fit during the analysis of the thickness fluctuation data, T and & The
peak position, qo, was determined from SANS measurements and the bending modulus was
determined from measurements of protiated lipids in D,O at the same relative temperature
(T —Tm), in which Tr is the main transition temperature for the pure component bilayers and the
temperature onset of gel-fluid coexistence in the mixed lipid bilayers.(29) Representative NSE
data and fits to Eq. S7 are shown in Figures S5 and S6, and the corresponding fit parameters are

summarized in Table S5.
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Figure S6. g-dependence of the NSE decay rate (/) normalized by g for DMPC and the lipid
mixtures at T — T, = 20 °C. Solid lines represent the fits to the data according to Eq.
S7. The peak in the plots at q = 0.1 A is attributed to the membrane thickness
fluctuations with a characteristic time scale determined by the peak height and a
characteristic length scale determined by the peak width.

Table S5. Fit parameters for the NSE data in Figure S5at T — Tm = 20 °C.

XDSPC-d70 T (ns) 6d = 2(Eqo) ™
0 100.5+12.3 0.26 £ 0.06

0.3 76.8+5.5 0.32+£0.02
0.5 68.3+5.1 0.36 +£0.04
0.6 50.5+2.8 0.32+£0.02
0.7 62.1+4.8 0.34 £0.04
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Importantly, the NSE data showed that the mixed lipid membranes are more dynamic than the
constituent pure component membranes, independent of any model assumptions. Shown in Figure
S7 are the characteristic parameters extracted from the NSE data on a linear-linear scale and the
corresponding elastic and viscous properties plotted on log-log and log-linear scales, respectively.

The solid lines are the best fits to the scaling relationships presented in the main text.

Figure S7a is the average [(F/q3) . nDZO]Z which is proportional to € per Eq. S5. The 1, term

accounts for the temperature dependence of the viscosity of D>O which dictates the dissipation
through the solvent. The solid line is the predicted scaling for k o< A;7 as discussed in the main

text.

Figure S7b is the thickness fluctuation amplitude from the NSE data, 64 = 2(£qo) %, where & is the
Lorentzian peak width in Eq. S7. The fluctuation amplitude is greater for the mixtures than the
pure component membranes (Table S5) and increase with increasing area per lipid, supporting that
the membranes become more dynamic as they become less ordered. From the main text, o; «

K; 1, and the solid line corresponds to o, o A3.

Figure S7c is the thickness fluctuation relaxation time (t) in Eq. S7 determined from the height of
the Lorentzian peak. The relaxation time is = 20% to 40% faster in the mixtures compared to pure
DMPC membranes (Table S5) and decreases with increasing AL (Figure S7c). As discussed in the
text, T = n,,/K,, and the solid line in Figure S6c¢ is the best fit scaling to Eq. 2 in the text with

Ao = 0.48 nm? which was also used to predict the scaling for nm.
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Figure S7. (top) Variables extracted from the NSE data for bending (a) and
thickness (b and c) fluctuations plotted on linear-linear scales as a function of area
per lipid and (bottom) corresponding membrane elastic and viscous properties. (a)
Average decay rate normalized by ¢® determined from fits to the intermediate
scattering function. (b) Thickness fluctuation amplitude and (c) relaxation time
extracted from the peak width and height of the Lorentzian in Eq. S7, respectively.
The corresponding elastic properties in panels (d) and (e) are plotted on log-log
scales and the membrane viscosity data in (f) are plotted as log-linear scale. The
points are the measured values for the different membrane compositions and
temperatures while the solid lines are the scaling relationships from the
corresponding elastic and viscous properties indicated in the legend and discussed
in the main text. The shaded areas are the 95% confidence intervals. All points were
weighted equally while fitting the scaling relationship.
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