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S1.0.1 Sample Preparation

1,2-dimyristoyl -sn-glycero -3-phosphocholine (DMPC) and 1,2-
dimyristoyl -sn-glycero -3-phospho -L-serine (DMPS) were pur-
chased from Avanti Polar Lipids in lyophilized state and used as
recieved. The peptide amyloid-β consisting of residues 22-40 (H-
Glu- Asp- Val- Gly- Ser- Asn- Lys- Gly- Ala- Ile- Ile- Gly- Leu- Met-
Val- Gly- Gly- Val- Val- OH) was purchased from Anaspec, USA
(purity>95%) also in lyophilized form. The purity of the pep-
tide was determined by high performance liquid chromatography
and mass spectrometry as guaranteed by the certificate of analysis
from Anaspec.

The zwitterionic lipid DMPC undergoes a main phase tran-
sition at ∼23◦C, and the anionic lipid DMPS at 35◦CS1. This
DMPC/DMPS mixture is well suited for biophysical experiments
because the phase transition temperatures fall into a range eas-
ily realizable in the laboratory. Our group has previously shown
that a DMPC/DMPS (92:8 mol%) lipid mixture undergoes a phase
transition at ∼ 29◦C, 98% relative humidity and the addition of
3 mol% Aβ(25-35) shifts this phase transition up to ∼ 32◦CS2. In
previous measurements, a peptide concentration of only ∼3 mol%
has been shown to change membrane dynamics and also influ-
ence the phase transitions of the samplesS2.

The composition of each sample is listed in Table S1. The lipids
were dissolved into 2 mL of solvent solution (80% chloroform,
20% methanol by volume). For the sample containing amyloid-
β, the peptide was dissolved into 1 mL of trifluoroacetic acid
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sample DMPC DMPS Aβ (22-40)
lipid 92 mg 8 mg -

92 mol% 8 mol% -
amyloid-β 92 mg 8 mg 4 mg

91 mol% 7.5 mol% 1.5 mol%

Table S1 Composition of samples.

(TFA) which renders the peptide monomeric and prevents pre-
aggregation before interaction with the membraneS3. The TFA
was evaporated in an Argon atmosphere for ten minutes. Follow-
ing the TFA evaporation in the Aβ sample, the lipid solution was
added. The solutions were sonicated for two minutes in a bath
sonicator and vortexed to ensure complete mixing. This 2 mL so-
lution containing either lipids or lipids and peptide was split into
two 1 mL aliquots and deposited slowly onto 25 mm x 55 mm
x 0.3 mm quartz or silicon slides using an artist’s airbrush, re-
sulting in bilayers oriented parallel to the supporting solid wafer.
The mosaicity was determined to be ∼1◦ for the pure lipid sam-
ple, and ∼4◦ for the sample doped with the peptide fragment. A
larger mosaicity was also observed by Dante et al. for a membrane
doped with Aβ(25-35)S4. After the central region of both sides
of the solid supports were coated with 1 mL of solution (∼50 mg
of sample material per side), the slides were placed into vacuum
dessicator overnight (∼12 h, pressure of ∼1 mbar) to allow sol-
vents to evaporate. The use of quartz as a solid support material
worked for higher resolution scans, but resulted in a large elastic
peak centered around 1.4 Å−1. For the measurements exceeding
1.4 Å−1, silicon proved to be a more suitable material. The elas-
tic contributions from quartz were fit from blank slide data, and
subtracted from the sample data.

Past membrane diffraction results involving the amyloid-β(25-
35) peptide fragment have shown that the position of the pep-
tide in the membrane is comparable for samples prepared by the
method described aboveS5 and also by an external peptide ap-
plicationS4, an approach which may be more physiologically rel-
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evant. The assumption has been made that the intercalation of
amyloid-β(22-40) peptide, and thus the dynamic changes to the
system, will be the same for both sample preparation techniques,
and thus the more straight-forward procedure was used.

During the experiment, both the lipid and amyloid-β samples
were placed vertically into sealed (air-tight) aluminum cylinders.
Teflon troughs were added below the samples. These troughs
were partially filled with 100% D2O and K2SO4 saturated salt so-
lution, providing 98% relative humidity. Tissue paper saturated
with this solution was also added to the troughs to increase the
exchange surface area between the water and the air, decreasing
equilibration time.

S1.0.2 Quasi-Elastic Neutron Scattering

Quasi-elastic neutron scattering spectra were obtained from the
instruments outlined in the main text, with four energy resolu-
tions, allowing access to dynamics in the picosecond and nanosec-
ond range. A visual description of the experimentally accessible
ranges (from Table S2) is given in Figure 8.

Scans of both the lipid and amyloid-β samples were performed
with the membrane normal oriented at 45◦ and 135◦ relative to
the incoming neutron beam (see Figure 2 in the main text). These
two sample orientations allowed for the observation of the out-of-
plane motions of the sample (45◦ - with scattering vector ~Q par-
allel to the membrane normal) and the in-plane motions (135◦

- with scattering vector ~Q perpendicular to the membrane nor-
mal), as seen in Figure 2 in the main text. An effect of partial
powder-averaging is expected, since the exact in-plane and out-
of-plane scattering strictly holds only for one particular Q-value.
The lipid and amyloid-β samples were scanned at both angles at
two different temperatures, 15◦C and 30◦C. Blank solid support
data to determine background and vanadium data to determine
instrumental resolution were also collected. The contribution of
the amyloid-β peptides to the scattering is less than 2%, due to
the low molar presence of the peptide. Thus, the data points
obtained are primarily incoherent scattering from the hydrogen
atoms in the lipid molecules (>85% of total signal)S6.

The data from each of the four experiments were reduced and
treated using the standard procedures for each spectrometer us-
ing LAMPS7, which includes corrections for detector efficiency.
The data obtained at each resolution were Fourier transformed
from the energy (frequency) domain into the time domain us-
ing DAVES8. The intermediate scattering function was divided by
the transformed instrumental resolution. The normalized inter-
mediate scattering function relating to the various instrumental
resolutions were then scaled, to account for instrumental effects
between various detectors, and plotted together. The complete
theoretical intermediate scattering function for a sample which
undergoes various relaxation processes on well separated time
scales can be described by the product of the individual interme-
diate scattering function of each dynamical processS9. It was nec-
essary to use the product of three intermediate scattering function
contributions to fit the entire time-range of the data, as shown in
Equation 1 of the main text. The intermediate scattering func-
tions each possess an elastic contribution and a quasi-elastic con-
tribution. The elastic contribution arises from immobile scatterers

in the system, or from motions which occur with relatively long
relaxation times which fall outside of the observable time win-
dow of the measurement. Within the constraints of the present
experimental accuracy, the quasi-elastic contribution of the com-
plex behaviour of a lipid model can be modeled by an exponential
decay.

The accessible Q-range of different instruments is not neces-
sarily the same, due to geometrical factors. This treatment of
the data in the time domain for all four resolutions was thus
only possible for an intermediate Q-range, with information for
Q=0.8 Å−1 and Q=1.0 Å−1. For this reason, the analysis of the
intermediate scattering function does not allow for information
on the Q-dependence of the relaxations, but does allow for a pre-
cise construction of theoretical fit functions to the individual data
sets in the energy (frequency) domain.

The next step of the analysis involves fits to the incoherent scat-
tering function for each particular energy resolution. Equation S1
describes the total theoretical scattering function. The Γ term is
the full width at half maximum (FWHM) of a Lorentzian func-
tion, and is related to the relaxation times from the intermediate
structure factor in the time-domain by Γ = h̄/τ. Depending on the
energy resolution used, only certain relaxations contribute to the
measured spectra. The observable contributions are described in
Equations 3 and 4 in the main text.

The structure factor measured is the convolution of the theo-
retical structure factor with the instrumental resolution, as pre-
sented in Equation S2. With F a normalization factor.

Stheo(~Q, h̄ω) = S1(~Q, h̄ω)⊗S2(~Q, h̄ω)⊗S3(~Q, h̄ω) (S1)

with

Si(~Q, h̄ω) = [Aiδ (h̄ω)+(1−Ai)Li(Γi, h̄ω)]

and

Li(Γi, h̄ω) =
1
π

Γi/2
(h̄ω)2 +(Γi/2)2

When observed in the energy domain, the individual interme-
diate scattering functions found in Equation 1 of the main text are
transformed to a sum of the Ai factor multiplied by the Dirac delta
function and a Lorentzian function, Li. This produces the theoreti-
cal structure factor shown in Equation S1. The three terms, repre-
senting three time-separated relaxations present in the sample are
convoluted rather than multiplied together, according to convolu-
tion theoremS10. The approach to analyze the data by a convolu-
tion of structure factors has been used recently in the literature to
describe lipid dynamics as studied by quasi-elastic neutron scat-
tering, with the number of dynamical processes visible depending
on the instrumental resolution of the measurementS11,S12.

Smeasured(~Q, h̄ω) = F ·
[
Stheo(~Q, h̄ω)⊗Sresol(~Q, h̄ω)

]
(S2)

The wide range of instrumental resolutions used in the mea-
surements (from 1 µeV to 100 µeV) was chosen to allow the ob-
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Fig. S1 Exemplary QENS spectra and fits. For comparison, the Q∼1
Å−1 data from the four experimental resolutions are shown. a)IN16:
∆E=1µeV, b)IN5: ∆E=15µeV, c)ToFToF 8Å: ∆E=25µeV and d)ToFToF 5
Å: ∆E=100µeV. Data are shown on a logarithmic intensity axis with
respective error values in green circles. This data set was fit using
Equation S2, with Equations 3 and 4 of the main text as the theoretical
scattering function. The data collected using IN16 were fit using
Equation 3 with a single Lorentzian peak (pink), whereas two Lorentzian
peaks (pink and red solid lines) as in Equation 4 were used to fit the IN5
(b) and ToFToF (c, d) data. The theoretical scattering functions were
constructed by comparing the instrumental observation range to the
relaxation times found using Equation 1.

servation of the range of lipid dynamics occurring over multiple
orders of magnitude in time.

To determine the Q-dependence of the dynamical processes ob-

served, fits to the broadening of the incoherent structure factor,

Sinc(~Q,ω), were performed. The reduced data were binned (to in-
crease statistics) and fit using the “lsqcurvefit” fitting procedure in
MATLABS13. The vanadium curves were fit to Gaussians to yield
the instrumental resolution function. Example fits for each energy
resolution used are presented in Figure S1. The widths of the fit-
ted Lorentzian contributions were plotted against the scattering
vector Q2, which can be interpreted with dynamical models. In
particular, the backscattering data from IN16 (1 µeV resolution)
describe a long-range diffusion, and the time-of-flight data (15,
25 and 100 µeV resolution) describe restricted local lipid dynam-
icsS14.

A statistical analysis was performed to test whether the differ-
ences between the samples with and without peptide were statis-
tically significant. This was performed as an unpaired t-test (also
known as Welch’s unequal variances t-testS15,S16). The statistic t
and the degree of freedom of the test were determined for each
diffusion coefficient and its respective uncertainty and evaluated
at the 95% confidence limit.
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Spectrometer ∆E (µeV) λ(Å) Qrange (Å−1) twindow (ps)
IN16 (ILL) 1 6.3 0.6-1.9 400-1240
IN5 (ILL) 15 10 0.3-1.1 10-83

ToFToF (FRM-II) 25 8 0.5-1.3 4-50
ToFToF (FRM-II) 100 5 0.7-1.7 1-12.4

Table S2 Spectrometers used and their respective elastic energy resolution (∆E), wavelength (λ ), Q-range and resolution time (twindow). Conversion
from energy to time was calculated using tresolution=1.24 µeV·ns/∆EFWHM

S17. An estimate of the lower limit of the time window was given by the
dynamic range, determined from the spectrometer’s characteristics, the upper limit is estimated from the instrumental resolution, characterized with a
vanadium standard.
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