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Lipids and proteins, as essential components of biological cell membranes, exhibit a
significant degree of freedom for different kinds of motions including lateral long-range
mobility. Due to their interactions, they not only preserve the cellular membrane but also
contribute to many important cellular functions as e.g., signal transport or molecular
exchange of the cell with its surrounding. Many of these processes take place on
a short time (up to some nanoseconds) and length scale (up to some nanometers)
which is perfectly accessible by quasielastic neutron scattering (QENS) experiments and
molecular dynamics (MD) simulations. In order to probe the influence of a peptide, a
transmembrane sequence of the transferrin receptor (TFRC) protein, on the dynamics of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) large unilamellar vesicles (LUVS)
on a nanosecond time scale, high-resolution QENS experiments and complementary
MD simulations have been utilized. By using different scattering contrasts in the
experiment (chain-deuterated lipids and protonated lipids, respectively), a model could
be developed which allows to examine the lipid and peptide dynamics separately. The
experimental results revealed a restricted lipid lateral mobility in the presence of the
TFRC transmembrane peptides. Also the apparent self-diffusion coefficient of the lateral
movement of the peptide molecules could be determined quantitatively for the probed
short-time regime. The findings could be confirmed very precisely by MD simulations.
Furthermore, the article presents an estimation for the radius of influence of the peptides
on the lipid long-range dynamics which could be determined by consistently combining
results from experiment and simulation.

Keywords: quasielastic neutron scattering, lipid dynamics, protein dynamics, lipid-protein interactions, MD
simulations, membrane domains

1. INTRODUCTION

The interactions between lipids and proteins in biological membranes play an important role in
e.g., cellular signal transport as well as the exchange of molecules or ions between the cell and the
cellular environment. A lateral long-range mobility of these membrane components is an essential
precondition for many cellular functions, which are initialized by dimerization, formation of
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lipid-protein-complexes and membrane rafts (Hirsch-
Kauffmann et al, 2009). Thereby, membrane dynamics
cover a large range of length and time scales. Many biological
relevant processes take place on the nanometer length scale
(Ramadurai et al., 2009; Busch et al., 2010) and at short times
of a few nanoseconds. Consequently, it is not surprising that
the complementary methods, quasielastic neutron scattering
(QENS) experiments and molecular dynamics (MD) simulations,
which cover these short time (from picoseconds up to several
nanoseconds) and length (from Angstrem up to nanometers)
scales, are perfectly suited to observe dynamical processes in
membranes (Heller et al., 1993; Niemeli et al., 2010; Jeon et al.,
2012; Pluhackova and Béckmann, 2015; Pluhackova et al., 2016b;
Lautner et al., 2017; Srinivasan et al., 2019).

Early QENS studies revealed fast localized motions of lipid
molecules over short distances (nanometers) and times (a few
tens of picoseconds) (Tabony and Perly, 1991; Konig et al., 1992).
These motions differ significantly from the slower long-range
diffusion observed by macroscopic methods as e.g., fluorescence
recovery after photobleaching (FRAP) (Axelrod et al.,, 1976;
Almeida et al.,, 1992) or single particle tracking (SPT) (Hsieh
et al., 2014). In order to explain these discrepancies, Galla et al.
(1979) assigned the concept of the free volume theory (Cohen
and Turnbull, 1959; Turnbull and Cohen, 1961, 1970) which
originates from glass physics to membranes. They assumed to
observe a shaking of lipid molecules in their cage of neighboring
lipid molecules in the short-time regime of QENS measurements.
The first step of a long-range diffusive motion was thereby
explained by the hopping of a lipid molecule out of its cage
position between the nearest lipid neighbors into a neighbored
vacancy created by thermal heterogeneities (Vaz and Almeida,
1991; Almeida et al., 1992). For many years this so-called free
volume theory was able to successfully explain the discrepancies
between the diffusion coeflicients measured by microscopic and
macroscopic methods, respectively. Doubts about the simple
mechanistic interpretation of the free volume theory aroused,
when realizing by MD simulations and experimental studies
that molecular jumps into vacancies could not be observed and
neighbored lipid molecules perform highly correlated motions
over distances up to the nanometer range (Ayton and Voth, 2004;
Gambin et al., 2006; Rheinstidter et al., 2008; Roark and Feller,
2009; Busch, 2012).

In this respect, a new approach to explain the differences
between short and long-term dynamics of membrane
components was provided by MD simulations. Falck et al. (2008)
used atomistic MD simulations of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) bilayers in the liquid-crystalline
phase and examined the movements of individual lipids in
the bilayer, as well as the movements of their neighboring
lipid molecules, as a function of time. It was observed, that
always when an individual lipid molecule moves very fast into
a certain direction its neighboring molecules move essentially
into the same direction leading to lipid clusters drifting into
the same direction for a certain time. These clusters form,
persist for a short time [up to nanoseconds (Falck et al., 2008;
Busch et al., 2010)], disintegrate, and randomly rearrange to
show up somewhere else again. The resulting movement is

referred to as collective flow-like motions of the lipid molecules
in a membrane.

Such flow-like lipid motions could also be detected by
QENS experiments. Busch et al. (2010); Busch (2012) studied
pure multilamellar 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) phospholipid membranes in the liquid-crystalline
phase by using various instrumental time resolutions and thus
observation times (on the pico to nanosecond time scale). The
experiment revealed that the experimentally determined flow
velocities match those from the simulation (Busch, 2012). The
influence of small molecules as additives and the shape of
the phospholipid layer (lamellar, vesicular, monolayers) on the
lipid short-time dynamics has also been studied (Busch and
Unruh, 2011a; Busch et al., 2012; Pluhackova et al., 2015). At
short observation times the collective flow-like motions of the
membrane lipids resemble the atomic and molecular movements
in liquids (Kegel and van Blaaderen, 2000; Angelini et al., 2011;
Cisneros et al., 2011; Zhang et al., 2011; Morhenn et al,, 2012,
2013).

Furthermore, Armstrong et al. (2010, 2011) used QENS
to study the pico- to nanosecond dynamics of DMPC lipid
molecules in D,O-hydrated single as well as multilamellar lipid
bilayers on silicon wafers. Thereby, a large length scale from
1.3 A up to 22 A was covered, which corresponds to about 3 lipid
to lipid distances. Their results indicated a continuous diffusion
of the lipid molecules, which changed at distances, shorter than
the nearest neighbor distance (< 2.37 A), into short-range flow-
like ballistic motions.

While lipid dynamics in membranes is fairly well-understood,
the short-time motions of proteins and peptides, respectively,
also their influence on lipid dynamics are still unclear
despite their relevance for initiating cellular processes. On one
hand, various neutron scattering studies are published about
antimicrobial peptides as e.g., the bee venom melittin (Sharma
et al., 2015, 2016a; Buck et al., 2018) or the so-called Alzheimer
peptide amyloid-3 (Buchsteiner et al, 2010, 2012; Barrett
et al., 2016; Rai et al.,, 2016) as well as about amyloid fibrils
of «-Synuclein (Fujiwara et al., 2019) (Parkinson’s disease),
which all three tend to damage cell membranes. On the other
hand very little is known about the short-time transmembrane
dynamics of proteins and peptides in membranes. Niemeli et al.
(2010) used MD simulations to study the dynamics of a single
Kv1.2 protein embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) lipid bilayer in the liquid-crystalline
phase. They observed a kind of transient complex formed by
the protein and its neighboring lipids which diffuses laterally
in the plane of the membrane. The direct neighboring lipids
move together with the protein but are not directly bound
to the protein. Diffusion coefficients could be determined for
the direct neighboring lipids (D ~ 0.6 - 1078 cm?/s), the
other lipids (D ~ 9 - 107% cm?/s) and the protein itself
(D ~ 03 - 1078 cm?/s). In the simulation, the protein
significantly influenced the dynamics of the surrounding lipids
at a distance of about 1-2 nm around the protein. But proteins
do not only influence lipid dynamics in their vicinity, they
also influence the dynamics of proteins in their neighborhood.
MD simulations of a transmembrane receptor CXCR4 have
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original sequence - - KPKRCSGCS IEYGTIAVIVEFLIGEMIGYDCYCKCVEPKTE

SS CCCCCCCCCHHHHHHHHHHHHHHHHHHHHCECCCCCCCCC

alignment * K Kk EERERRERERELERREAEREEE_* *

modified sequence NKKPKR- - - - - EYCTTAVIVFFLIGEMIGYLGYSKTESEK - -
ss ccccecee HHHHHHHHHHHHHHHHHHHHCEECCCCCC

FIGURE 1 | Transferrin transmembrane sequence. Comparison and alignment of the original and the here utilized sequences of the transferrin peptide as well as the

prediction of their secondary structure. Sequence alignment was done on the ExPASy webpage using the tool SIM (Miller and Huang, 1991). In order to guide the eye
the insertions or deletions are colored blue, substitutions for unsimilar residues are colored magenta and substitutions for similar residues in purpleblue and highlighted
in bold. The secondary structure of the peptides was determined using PEP2D (http://crdd.osdd.net/raghava/pep2d/index.html). The part of the peptide predicted to

be helical was highlighted by a red background.

shown that while individual proteins slow down lipids they
speed up the dynamics of surrounding proteins prior their
dimerization. The fact that this fastening was most significant at
low cholesterol concentrations indicate a fascinating complexity
in the mutual influence of membrane components on their
dynamic properties (Pluhackova et al., 2016b).

In this contribution we present a combined QENS experiment
and MD simulation study of the influence of a peptide, more
precisely a transmembrane sequence of the transferrin receptor
(TFRC) protein, on the dynamics of DMPC lipids in large
unilamellar vesicles (LUVs) in the liquid crystalline phase. TFRC
plays an important role in the transport of iron into the cell
(Moos and Morgan, 2000) as well as in the regulation of the
cell iron balance (Gatter et al., 1983; Ponka and Lok, 1999).
The receptors, coupled with apotransferrin, accumulate in special
membrane areas and can deliver the iron ions to the cell by
receptor-mediated endocytosis (Harding et al., 1983). To enable
protein accumulation in certain membrane areas, the proteins
must be mobile in the lateral plane of the membrane. In order
to observe the protein dynamics, vesicles with chain-deuterated
DMPC-d54 were studied by QENS in addition to the DMPC
lipid vesicles both with and without 6mol% of the TFRC
peptide. This allowed the experimental determination of the
lateral self-diffusion coefficient of lipid molecules in absence
and presence of the TFRC peptides but also the calculation of
the self-diffusion coefficient of the TFRC peptides. Finally, we
introduce an estimation of the radius of the peptide influence
on the lipid dynamics. Our experimental results of TFRC
in DMPC membranes coincide with the findings of Kvl1.2
protein embedded in POPC by MD simulations supporting the
formation of transient complexes formed by the proteins and its
neighboring lipids (Niemeld et al., 2010).

2. MATERIALS AND METHODS
2.1. Materials

Dry DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)
powder was purchased from Lipoid GmbH (>98%,
Ludwigshafen, Germany). Dry chain-deuterated DMPC-

d54 powder was purchased from Avanti Polar Lipids, Inc
(>99%, Alabama, United States). The transmembrane

sequence of the transferrin receptor (KPKRC SGSIC
YGTIAVIVFFLIGFMIGYLGY C KGVEP KTE) turned out
to be highly hydrophobic and could not be purified. Thus,
the C- and N-termini were slightly modified (NKKPKRS
YGTITAVIVFFLIGFMIGYLGY SKTESEK) to increase the
solubility and enable purification to > 85% by PSL GmbH
(Heidelberg, Germany). The sequence of the transmembrane
helix (TMH) was conserved except for a small replacement at
its N terminus of a cysteine for a serine, which did not result in
a change of the hydrophobic properties of the transmembrane
helix. In Figure 1, both, the original and the modified sequence
are displayed in order to elucidate the differences. Thereby,
the total hydrophobicity of the peptide reduced from 0.653 to
0.460 [as determined by HELIQUEST (Gautier et al., 2008)] and
the charge increased from +3 to +4. Charged residues, which
act as membrane anchors and ensure a stable transmembrane
orientation, were still present on both ends of the peptide and
additionally the transmembrane domain was mostly unchanged.
These conditions should ensure, that the transmembrane
orientation is supposed to be preserved for the new sequence.
Potentially, the aggregation behavior of the peptides could be
influenced by the deletion of the patch of the polar residues (5-
CSGSI-9), however, a peptide aggregation was not observed on
the simulation time scale (Figure 2 bottom). This peptide was
used for the experiments reported here. Additionally, for vesicle
preparation, chloroform (CHCl;, > 99%) from Carl Roth GmbH
(Karlsruhe, Germany) and deuterated water (D,0, > 99.9%)
from Euriso-Top (Saarbriicken, Germany) was utilized.

2.2. Sample Preparation

Two samples containing pure lipid vesicles (DMPC and DMPC-
d54, respectively) and two analogous samples with additional
6mol % (with respect to the lipid concentration) of the TFRC
peptide sequence were prepared.

For the lipid vesicle preparation, 20 mg chloroform (CHCI,)
were added to 1 mg dry phospholipid powder. The solution was
vortexed for at least 3 min until a macroscopically transparent
liquid phase formed. The solvent was removed by using a rotary
evaporator yielding a lipid film at the surface of the round bottom
flask. To remove remaining traces of the solvent, the flask was
evacuated for at least 12 h. Subsequently, the dry lipid film was
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FIGURE 2 | Transferrin transmembrane sequence and structure. (Top) Wheel projection of the transmembrane helices (TMH) and the corresponding helicity (H) and
hydrophobic moment (H) for both sequences (please note the only substitution of the N terminal cysteine for serine) as determined by HELIQUEST (Gautier et al.,
2008). (Bottom) Visualization of the secondary structure of the membrane embedded transferrin TMHs after 500 ns of the MD simulation. The membrane is
represented as gray sticks with phosphates highlighted as spheres, the helical part of the peptide is shown in red and the unstructured part in green. The N termini of
all peptides are at the bottom and the C termini at the top. On average, transferrin contained 24 helical residues.

TM Hon‘g. seq.
H=1.183 uH=0.294

TMHmod.seq.
H=1.105 nH=0.245

hydrated with 90wt % D,O relative to the lipid weight at T =
40 °C and vortexed for 3 min. The lipid-water-mixture was stored
in a hot cabinet at 40°C for 2 h to enable swelling of the lipid.
Finally, three freeze-thaw cycles were performed by alternately
storing the sample for 10 min at —20°C in a fridge and for 15 min
at 50°C in the hot cabinet.

LUVs were produced by 21 repeated extrusion cycles using
an extruder from Avestin Europe GmbH (Mannheim, Germany)
and 1 ml syringes from Hamilton Germany GmbH (Gréfelfing,
Germany). During the extrusion process, the extruder was placed
on a heating plate (at 50°C) to ensure that the temperature
of the lipid-water-mixture remains above the gel/fluid phase
transition temperature. For the extrusion a filter with a pore
diameter of 100 nm was used yielding LUVs with diameters of
about 120 nm (determined by photon correlation spectroscopy,
PCS). For preparing lipid-peptide vesicles, the 6 mol % of peptide
relative to the lipid concentration was added as a powder to
the lipid vesicle solution. The amount of 6 mol% of TFRC
was chosen to guarantee a sufficient scattering contribution
of the peptides and therefore enable to study not only the
influence of peptides on the lipid dynamics but also the peptide
dynamics itself.

2.3. Quasielastic Neutron Scattering
QENS experiments (Lautner et al., 2015) were performed at the
backscattering spectrometer IN16B (Frick et al., 2010; Henning
etal, 2011) at Institut Laue-Langevin (ILL) in Grenoble, France.
For the experiments, an instrumental resolution (full width
at half maximum) of AE = 0.75pueV, an elastic wavelength
of 6.271A [Si(111)], and a sinus Doppler velocity profile
with a maximum speed of 4.55 m/s was chosen. During the
measurement, the sample temperature was controlled and set
to 310K using a cryofurnace. Approximately 1ml of sample
was needed to fill the hollow cylindrical aluminum container
with a gap distance of 0.2mm. The corresponding effective
sample thickness of about 0.63 mm has been demonstrated to
result in experimental data with negligible multiple scattering
effects (Busch and Unruh, 2011b). Each sample as well as pure
D, 0 and the empty can was measured for 5 h. For determination
of instrument resolution and detector sensitivity, a vanadium
foil with a thickness of 0.2 mm placed inside another aluminum
hollow cylinder sample holder was measured for 5 h.

The raw data were treated using the program LAMP (LAMP,
2018) for summing up consecutive measurement files,
normalizing to primary beam intensity, and removing defect
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detector signals. For sample, vanadium, and D,O measurements,
absorption correction and subtraction of the empty can
measurement were performed, respectively. The intensity of
the vanadium elastic line was integrated, corrected for the
Debye-Waller factor, and used for normalization of the detector
sensitivities. The corrected spectra were converted to scattering
functions S(Q,®) while binning the energy transfer data to
equidistant steps of 0.1 ueV. Finally, the D,O spectrum scaled
according to the amount of D,O in the sample was subtracted
from the sample data.

For data analysis the program FABADA (Pardo et al., 2011,
2014) has been used which is based on a Bayesian analysis.
This program performs a convolution of a theoretical model
function with the experimental instrument resolution function
when fitting the parameters of the model function to the
experimental data. The algorithm performed 1,000,000 cycles
with an automatic adjustment of the step size every 100,000 cycles
with a convergence factor of 0.66. The advantage of the Monte
Carlo based approach is that the probability distribution function
(PDF) of the figure of merit (here x?) is determined for each
optimization allowing to identify the quality of two models with
respect to each other.

The theoretical model function describes the molecular
dynamics in pure lipid vesicles by localized slow and fast intra-
molecular motions and a long-range mobility (Bée, 1988; Busch
et al., 2010; Busch, 2012). The long-range mobility can be either
described by a Lorentzian L(T'}piq, @) characterizing a diffusive
lipid motion or by a Gaussian G(0jjpig, @) describing a flow-like
motion. The fast localized motion has been found to be too fast to
be distinguished from a constant contribution ¢ to S(Q, w) within
the narrow dynamic range of the measurement whereas the slow
localized motion is characterized by the Lorentzian half width at
half maximum (HWHM) TI';. For diffusive long-range motions,
the scattering function Sg;(Q, w) can be modeled as

Saifi(Q @) = a(Q) - L(Tjipig, @) ® [A5(Q) - 8(w)
+ (1-A(Q) - LTs,0)] + ¢, (1)

with delta functions §(w), the Lorentzians

L(Fs, lipid> w) = (2)

1
5
T 1-‘s,lipid_i_w

the elastic incoherent structure factor (EISF) A¢(Q) of the
respective slow localized motion, and a prefactor a(Q) containing
the Debye-Waller factor. The EISF provides insight into the
amplitude and geometry of the localized motion (Busch et al.,
2010). From the HWHM TI;,q(Q) = hDQ? the apparent
self-diffusion coefficient D of the lipids can be calculated. It
characterizes the lateral motion of the lipid molecules within the
membrane within the observation time given by the resolution of
the spectrometer.

Accordingly, for a flow-like motion, the scattering function
Stow (Q, @) can be modeled as

Sow(Q @) = a(Q) - G(0npia, @) ® [As(Q) - §(w)
+ (1-A(Q) - LTs,0)] + ¢, 3)

with the Gaussian

1 2
Glonpid: @) = ——— exp | ——— @)
lpl > - >
Olipid v/ 27 zal%pid

the standard deviation oj,;¢ = fvpQ, and the most probable
flow velocity vo.

For vesicles with incorporated peptides, the peptide dynamics
is modeled by a fast localized motion, reflecting CH; group
rotations and other fast internal movements and a long-range
diffusive motion [Lorentzian L(Ipeptide> )] It is assumed that
the peptide spans both membrane leaflets which should lead to
slower long-range self-diffusion compared to the lipid molecules
as well as disturbing and not participating in the collective lipid
molecular flows within the single lipid monolayers.

Combining the additive scattering functions of the lipid
(assuming flow-like long-range motion) and peptide diffusion
leads to

Sow(Q @) = p - b(Q) - L(T peptide> @) ® [Bo(Q) - 8(w)
+ (1 = Bs(Q)) - L(Ts peptider @) | +
(1—p) - a(Q) - Goyipia ) ® [As(Q) - 8(w)
+ (1 = A(Q) - L(Tgjipia» @) ] + ¢ (5)

The leading coefficients p and (1 — p) represent the scattering
contributions of the peptides and lipids, respectively. Bs(Q)
represents the EISF of the peptides and b(Q) denotes a coefficient
for the local peptide motion according to a(Q) for the lipids. All
localized internal motions that are too fast to be distinguished
from a scattering contribution constant in Q are summed in
constant c.
For long-range lipid diffusion one gets accordingly.

S4ifi(Q @) = p - b(Q) - L(Tpeptider @) ® [Bs(Q) - 8(w)
+ (1 = B5(Q)) - L(Ts peptide> @) ] +
(1= p) - a(Q) - LTipid» ) ® [As(Q) - 8(w)
+ (1 = As(Q) - L(Tgjipia> @)] + . (6)

2.4. Molecular Dynamics Simulations

Molecular dynamics (MD) simulations of a DMPC phospholipid
bilayer with and without 6 mol% of the TFRC transmembrane
sequence, respectively, were performed using the software
package GROMACS (van der Spoel et al., 2005; Pronk et al,
2013) and the CHARMM36 force field (Klauda et al., 2010; Best
etal,, 2012). The pure DMPC membrane was simulated for 300 ns
and mixed DMPC/TRFC systems for 500 ns. The simulated box
sizes amount to 15 x 15 x 9 nm (DMPC bilayers) and 15 x 15
x 8nm (DMPC/TFRC bilayer), respectively, containing either
790 DMPC molecules (pure DMPC system) or 576 (768) DMPC
molecules plus 36 (16) TFRC transmembrane peptides which
corresponds to a ratio of 16 and 48 lipids per peptide molecule,
respectively. The systems were equilibrated at 310 K meeting
the temperatures of the corresponding QENS experiments. A
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DMPC data:

o Q=0.19 A" 2
101k o Q=029 A" o°
o Q=044 A"
A Q=057 A1
Q=0.70 A"
Q=0.82 §'1
Ll < Q=095A
107 . Q=1.06A"

A

S(Q,w) [a.u.]

-20 -10 0 10 20

FIGURE 3 | QENS spectra of DMPC (left) and DMPC/TFRC (right) LUVs plotted for different Q-values.

DMPC/TFRC data:
o Q=019 A"
107k o Q=0.29 A"
o Q=044 A

A Q=057 A4
Q=070 A
Q=0.82 §-1
Q=095A"
10 . Q=106 A

A

S(Q,w) [a.u.]

-20 -10 0 10 20

detailed description of the parameters and simulation setups can
be found in Pluhackova et al. (2016a) and Sandoval-Perez et al.
(2017), respectively.

For the determination of the lipid and peptide self-diffusion
coefficients, the mean square displacement (MSD) of the lipid
and peptide atoms, respectively, was calculated as a function of
time. To compute the MSD, the simulations were splitted into
time intervals of 60ns. The linear range of the MSD vs. time
curve was selected (2-5 ns) and the diffusion coefficient was
determined from the slope of the corresponding linear regression
line (B6ckmann et al., 2003).

3. RESULTS

3.1. Lipid and Peptide Dynamics Within
DMPC and DMPC-d54 LUVs

In order to study the lipid and peptide dynamics in bilayers,
LUVs consisting of DMPC and chain-deuterated DMPC-d54,
respectively, were measured in the fluid phase, each with and
without 6mol% of TFRC. The deuterated DMPC-d54 was
chosen to reduce the scattering signal of the lipids to study
the peptide dynamics. Since the peptide diffusion was expected
to be rather slow, the QENS experiments were performed at
the backscattering spectrometer IN16B which provides a high
energy resolution (AEpwum =~ 0.75 peV) corresponding to an
observation time t,, of about 5 ns.

QENS spectra of pure DMPC and DMPC/TFRC LUVs
are visualized in Figure 3. Comparing the broadening of
the elastic line for corresponding Q-values with the pure
DMPC LUVs, it can be observed that the peptide loaded
LUVs (right panel) exhibit a significantly reduced line width.
This clearly indicates a slowdown of the overall molecular
dynamics in the peptide loaded vesicles. The question arises
whether this slowdown can be attributed solely to the slow
peptide dynamics or whether the presence of the peptides

also induces a
lipid molecules.
To answer this question, it is necessary to test if the lipid long-
range motions exhibit either a diffusive or a flow-like behavior on
the studied time-scale. For this purpose the QENS data for pure
DMPC and deuterated DMPC-d54 lipids haven been analyzed.

The left hand plot of Figure 4 represents the QENS spectra of
the measurement of pure DMPC LU Vs fitted with the flow model
(cf. Equation 3) for Q = 0.29 A~1, The best fit to the data is
plotted (red line) including the individual additive components
of Equation (3). Three additional spectra for Q = 0.29 A-L
Q = 057A71, and Q = 0.95A7! are displayed in the right
hand panel of Figure 4 with the corresponding best fits. The
model of flow-like motions correctly describes the data over the
whole observed Q-range. The same applies for the model of
diffusive movements. The long-range lipid dynamics in DMPC
LUVs can therefore be modeled by both, flow-like and diffusive
motions. For a better comparison of the fit results, the respective
PDFs of the two models are displayed in the Figure 5 with the
corresponding standard deviations and half-widths of the DMPC
and DMPC-d54 spectra. From the PDFs it is obvious that the
model of diffusive motions fits the DMPC and the DMPC-d54
data better than the flow model. For both sample systems, the
maximum and the center of mass of the PDF is found for the
diffusive model at smaller x2. From this result, it is concluded
that for an observation time as short as f,,s &~ 5ns the lipid
long-range motion is described best by a diffusion process.

The results of the calculated most probable velocities as well
as the apparent self-diffusion coefficients obtained from the fits
to the data described above are listed in Table 1. From the data
it can be extracted that the deuteration of the lipid chains has
no influence on the long-range dynamics of the lipids molecules.
This applies to both tested models, the diffusion and the flow
model (Equations 1 and 3). The calculated diffusion coefficients
for lipid molecules in both, pure DMPC and DMPC-d54 vesicles,
amount to about 20 - 1078 cm?/s. Diffusion coefficients of nearly

reduction of the lateral dynamics of the
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represents the long-range lipid dynamics which can be seen by the PDF
maxima at smaller x2-values. Furthermore, the standard deviations and
HWHM are plotted as functions of Q.

comparable systems are found to be more than two times
the value presented here. In a system of multilamellar DMPC
bilayers at 303K, measured at an instrumental resolution of
about 4 peV, the calculated diffusion coeflicients for the lipid
molecules was found to be 44 - 1078 cm?/s (Busch et al., 2010).
Another system of DMPC lipid vesicles at 310 K (instrumental
resolution of about 3.4 pueV) indicated a diffusion coeflicient

TABLE 1 | Results of the neutron backscattering measurements of DMPC and
chain-deuterated DMPC-d54 vesicles, with and without the respective amount of
6mol% of TFRC.

DMPC DMPC-d54 DMPC/TFRC DMPC-d54/TFRC
Lipid vo [m/s] 0.27 0.27 0.13 0.13
TFRC D [cm?/s] - - 0.410°8 0.5-1078
Lipid D [cm?/s]  21.10°8 201078 8108 81078
TFRC D [cm?/s] - - 0.5-10°8 0.5-1078

The resulting parameters for using Equation (5) (flow model for the lipids, upper two rows)
and Equation (6) (diffusion model for the lipids, lower two rows). The long range diffusion of
the peptide sequence is hardly affected by neither the evaluation model nor the deuteration
of the lipids.

of about 50 - 1078 cm?/s (Sharma et al., 2016b). It has to be
clarified, that diffusion coefficients determined by measurements
at different neutron scattering instruments, and thus different
instrumental resolutions, are not directly comparable. But it
is known, that with decreasing instrumental resolution, and
therefore increasing observation times, the diffusion coefficients
tend to slow down (Barrett et al., 2016; Lautner et al., 2017).
However, the reported DMPC diffusion coefficient of 20 -
1078 cm?/s in this article is still more than two times the long-
range diffusion coeflicient of macroscopic measurements [e.g.,
FRAP 8.4 - 1078 cm?/s (Cevc, 1993)].

For the evaluation of the QENS data of the peptide loaded
LUVs the corresponding flow (Equation 5) and diffusion
(subsection 2.3) models for the lipid motion have been used.
For DMPC LUVs (6 mol% TFRC), the scattering contribution
of the peptide with respect to the total scattering of the sample
is about 20%. For the chain-deuterated DMPC-d54 LUVs, this
scattering contribution amounts to almost 50%. The respective
PDFs as functions of x? are displayed in Figure 6 for each
model (Gaussian and Lorentzian) and for both, the DMPC/TFRC

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 579388


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Ebersberger et al.

Lipid Dynamics in Membranes

0.025 T T T
DMPC/TFRC
— Gaussian model
— Lorentzian model
0.02f i
~0.015F E
N |
=
i
o
& .01} ]
0.005} / \ .
0 Il 1
450 500 550 600
X2

FIGURE 6 | PDFs as a function of x2 for both fit models (Gaussian and Lorentzian model) of the respective DMPC/TFRC (light blue/dark blue) (left figure) and
DMPC-d54/TFRC (magenta/red) (right figure) data. Regarding the DMPC/TFRC data, the diffusion (Lorentzian) model, again, slightly better represents the long-range

lipid dynamics compared to the flow (Gaussian) model.

0.025 T T
DMPC-d54/TFRC
— Gaussian model
— Lorentzian model
0.02f
~0.015F
N
25
.
o
& po1f
0.005F
O 1 1
400 450 500 550
X2

data as well as the DMPC-d54/TFRC data. A careful analysis of
both data sets allowed the extraction of the peptide dynamics.
The DMPC/TERC spectra are plotted for different Q-values in
Figure 7 with fitting curves for both analytical models. The
o-values of the lipid long-range flow motion resulting from
the analysis of the QENS data of pure DMPC LUVs and
DMPC/TFRC LUVs with the flow model are plotted as a function
of Q in the left hand panel of Figure 8. In the right hand part of
this figure the I"-values of the lipid long-range diffusive motion
acquired from the analysis with the diffusion model for the same
samples are plotted as a function of Q*. From the slopes of
the respective linear regression to the data, the most probable
velocities v and the self-diffusion coefficients D of the lipids in
the presence of peptides and the D-values for the peptides have
been determined and are summarized in Table 1.

The results clearly indicate that the long-range lipid dynamics
is more than halved in presence of TFRC peptides compared
to the lipid mobility in pure lipid vesicles. The most probable
velocity of lateral lipid motions slows down from 0.27 to 0.13 m/s
in the presence of the peptides and the observed apparent self-
diffusion coefficient decreases from 21 - 1078 to 8 - 1078 cm?/s.
Although it has been demonstrated above that the lipid diffusion
model represents the data slightly better than the flow model,
both pictures essentially characterize the long-range lipid motion
consistently well. A reduced lipid mobility in the presence of
the TFRC peptide results for both models. It is assumed that
the transmembrane peptides are hindered in their diffusion not
only by their larger mass compared to the lipids but also by the
anchoring in both membrane leaflets. Thus, a certain amount of
lipid molecules neighbored to the peptides is likely to also be
hindered in their long-range mobility which leads to the decrease
of their self-diffusion coeflicient.

It is remarkable that no difference in the results for the
DMPC and chain-interpreted DMPC-d54 dynamics could be

detected (cf. Table 1). It is also interesting that the relatively
small scattering contribution of the peptides of about 20% in the
non-deuterated DMPC vesicles is already sufficient to analyze the
peptide dynamics satisfactorily. The self-diffusion coefficient of
the peptides could be determined and amounts to Dpeptide =
0.5-10~% cm?/s. This value is about 40 times smaller than the self-
diffusion coeflicients of the lipids and supports the interpretation
of the observed reduced lipid long-range mobility in presence of
TFRC. The observed small value of the self-diffusion coefficient
of the peptide is not only independent of the model used to
describe the lipid long-range motion but also of the contrast
variation by deuteration of the lipid chains. This illustrates
very nicely the excellent reproducibility and reliability of the
QENS measurements.

These results demonstrate for the first time, that QENS
combined with an observation time of ) &~ 5 ns is capable
to determine the self-diffusion coeflicient of TFRC in a DMPC
membrane. In comparison, the diffusion of TFRC peptides has
been studied before by other methods like FRAP and SPT.
Srivastava and Petersen (1998) studied the lateral diffusive
motion of labeled TFRC monomers in 3T3 fibroblasts as well as
in HEp2 carcinoma cells by using FRAP experiments at 298 K.
The resulting TFRC diffusion coefficients in 3T3 amounts to
0.68 + 2.1 -1078cm?/s and in HEp2 0.29 £ 1.3 - 1078 cm?/s,
respectively. Thereby, a free Brownian motion of the proteins can
be observed in the lateral plane of the membrane as long as their
mobility is not hindered by interactions with slower membrane
components or immobile molecules. The diffusion coefficient
of TFRC has also been determined by SPT measurements in a
plasma membrane (Sako and Kusumi, 1994, 1995). A value of
~ 1072 cm?/s has been reported.

In conclusion, it can be stated that the values for the self-
diffusion coefficient of the TFRC peptide observed by QENS
on short time scales are in the same range as those observed
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by FRAP and SPT under similar conditions on extended time
scales. Obviously, the long-range mobility of the peptide reaches
its long-time diffusion limit already within an observation time
as short as 5 ns.

3.2. Complementing the QENS Results by

MD Simulations

A more detailed analysis of the QENS data can be achieved
using the results of MD simulations which in turn can be
validated by a comparison with QENS data. Thus, state-of-
the-art MD simulations have been performed for DMPC lipid
bilayers with 2, 6 mol%, and without TFRC. The self-diffusion
coeflicients of the DMPC lipids and the peptides have been
determined. The corresponding results are listed in Table 2. The
diffusion coefficients of the lipids are in excellent agreement
with the respective QENS results. This holds for pure DMPC

membranes (DQENS, pmpc = 21 - 1078 sz/s) and for DMPC
membranes loaded with 6 mol% TFRC (DqgnNs, DMPC, TFRC =
8- 1078 cm?/s).

However, in the MD simulation the transmembrane peptides
exhibit a significantly faster lateral diffusion than observed
experimentally (Dqgns, Trrc = 0.5- 1078 cm?/s). The low peptide
mobility observed experimentally in the peptide-dense system
(6 mol% TFRC) suggests peptide-lipid domain formation as a
possible reason for this discrepancy. A corresponding formation
of TFRC clusters has been reported before by Srivastava and
Petersen (1998). The formation of domains with large peptide
concentration is unlikely to be observed in atomistic MD
simulations on the submillisecond timescale. On the basis of the
QENS data, such a domain formation can, however, not easily be
distinguished from the more local demixing of the lipids around
each peptide in the membrane as assumed by our QENS data
fitting model.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 579388


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Ebersberger et al.

Lipid Dynamics in Membranes

2.5 LA A A L T L T T 0.05
Pure DMPC vesicles:
¢ DMPC w =0.27 m/s o [
DMPC/TFRC vesicles: 1
[+ DMPCw=0.13m/s 1004
TFRC D =0.4-10% cm?/s
=150 {0035
() |
=1 =
5 1t X - {0.02 &
<
<o 4
0.5F 10.01
A A 4
=
O =11 | TV (W I N MU TN T VI NI 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
QA"
2.5 T T T T T T 0.06

[ Pure DMPC-d54 vesicles:

[ o DMPC v =0.27 m/s R 1

L DMPC-d54/TFRC vesicles: 1o0.05

2[ v DMPC v =0.13 m/s ]

| © TFRC D =0.5108cm%s ]

i 40.04
S1.5F =
g 1 3
g 10.03 ¢
E- [ o y Y ] %
6 1r 1 s

i 10.02

0.5-_ ]
L v 10.01
[} 4 1
v
0 T | il n n 1 n 1 n 1 1 1 n ] 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

QA1

FIGURE 8 | Left figures (lipid flow model): o-values for the lipid flow motion resulting from QENS data of pure DMPC LUVs and DMPC/TFRC LUVs (top) as well as
DMPC-d54 LUVs and DMPC-d54/TFRC LUVs (bottom) and T'"-values of the diffusive motion of the TFRC peptide sequence (green and orange curves, right scale) as
a function of Q, right figures (lipid diffusion model): T'-values for the lipid and the peptide, respectively, of the same samples as a function of Q2.

2.5—mm "1 T 1 _008
Pure DMPC vesicles: ]
+ DMPC D =21-10% cm?s . . 1007
DMPC/TFRC vesicles: ]
[ 4 DMPCD=8108cm?s ]
« TFRCD = 0.510° cm?s 40.08
~ Joos
=1.5F / @ S
) 1 ()
3 . . 1 =
E = i
8 1 g
2 ] <}
=1t ] s

'\
*
>
1
o
o
w

:/ A J10.02
. A ]

0.5+
o Jo.01
< ]
N ]
0 L L I I I 1 1 1 '0
0 02 04 06 08 1 12 14 16 18
Q2[A7
2.5 T T T T T T T T 0.08
Pure DMPC-d54 vesicles:
e DMPC D = 20-108 cm?/s 1007
DMPC-d54/TFRC vesicles: :
2F v DMPC D = 8:108 cm?/s
= TFRC D =0.5:10 cm? ¢ 10.06
S1.5) / J008 s
(0] ° g_
s 18 o]
" 10.04 ¢
he] 2
2 5
= T . Joo3 =
. J0.02
05k '/ v v
N J0.01
o,
0 P |

n 1 ro I PR 1 L 1 L 1 1 0
0 02 04 06 08 1 12 14 16 18

QZ [AZ]

TABLE 2 | Lateral molecular self-diffusion coefficients of DMPC and TFRC derived
from MD simulations of DMPC lipid membranes with 2, 6 mol%, and without
TFRC, respectively.

Pure DMPC DMPC with 2mol% TFRC DMPC with 6 mol% TFRC

DMPC TFRC DMPC TFRC

D[cm?/s] 18.95-1078 13.30-10% 6.02-10°8 7.89.108 3.98.10°8
+£0.09- 1078 +£0.06 - 10~8 40.15-10-% +0.04-10~8 +0.07-10-8

3.3. Lipid-Peptide Interaction Length

The self-diffusion coeflicients determined by QENS characterize
the average mobility of the corresponding molecular species. To
which degree is the dynamics of lipid molecules influenced by the
peptide? Up to what distance does the peptide influence the lipid

dynamics? In order to estimate this averaged interaction radius
of the peptide influence on the lipid dynamics, the flow model
represented by Equation (5) has been extended by replacing the
scattering function of the lipid motions by two additional terms:

Sow(Q @) = p - b(Q) - L(Tpeptide> @) ® [Bs(Q) - 8(w)
+ (1 = By(Q) - L(Ts peptide> )] +
(1—=p)-1-a(Q) - Gotipia,1> @) ® [A5(Q) - ()
+ (1 = Ay(Q)) - LT jipia» @) ] +
(1=p)-(1=D-a(Q) - Gonpia2 ) ® [As(Q) - 8(w)
+ (1 - A(Q) - L(Tgipia» @) ] + ¢ (7)
The first of these additive terms (second term in Equation 7)

describes the proportion [ of non-interacting lipids. The
parameters of this term are adopted from the fits to the QENS
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data of pure DMPC vesicles. The second term represents the
proportion (1 — [) of lipids with dynamics slowed down by
interaction with the peptide. The parameters describing the
peptide dynamics within this term were fixed to the values
of the previous results. A fit to the data allows to determine
the proportion [ of the affected lipids and their average
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FIGURE 9 | PDFs as a function of x? for both fit models of the respective
DMPC/TFRC data. The PDF of the fit of the Gaussian model is displayed in
orange, the one of the Lorentzian model is displayed in green.

velocity vy by using ojp, = HAvQ. The diffusion model
(subsection 2.3) can be extended analogously by replacing the
Gaussians G(0yipig,1, @) and G(oipiq2, @) in Equation (7) by
the corresponding Lorentzians L(I'jpig,1, @) and L(Tjipig .2, ). In
order to calculate a lipid-peptide interaction length, both, the
Gaussian and the Lorentzian model for the lipid dynamics were
tested. In both analysis, the protein dynamics were described by
the Lorentzian model. The corresponding PDFs of the fits are
displayed as a function of x2 in Figure 9.

The extended models can nicely be fitted to the QENS data.
The results of both tested models indicate that the dynamics
of about 80% of the lipids are influenced by the peptides and
exhibit a reduced lateral long-range dynamics. Assuming an
effective area Apmpc 60 A% of a DMPC molecule and
an effective area ATprc 66 A% of a TFRC peptide in the
membrane as calculated from our MD atomistic structures, an
average peptide-lipid interaction radius between 1 and 1.5 nm
around the peptide can be estimated. Based on this knowledge,
the peptide-lipid interaction length has been visualized by a
schematic representation of a single lipid layer in top view in
Figure 10. In the scheme it becomes obvious that the dynamics
of nearest lipid neighbors of a peptide but also some second
next neighbors are influenced by the peptide. Beyond that, at the
relatively high peptide concentration of 6 mol% most of the lipids
are within the peptide-lipid interaction radius of about 1.5nm
(cf. Figure 11A).

In order to further quantify the interaction radius of TFRC,
an additional 500 ns atomistic MD simulation of a DMPC/TFRC
system has been performed at a reduced TFRC density of
2mol%. Despite the smaller peptide concentration, the lipid
diffusion coefficient was reduced by about 30% with respect

~
~

~
~

Area per lipid: ~ 60 A?
Area per peptide: ~ 66 A2

In one lipid layer:
~ 8 lipids per 1 peptide

Peptides:‘
Lipids, o

Lipids,.: .
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FIGURE 10 | Schematic representation of a fraction of a lipid layer with peptides in top view. The peptides are colored green, the lipids interacting with the peptides
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to the pure DMPC (cf. Table 2). The mobility of the lipids in
close vicinity (phosphate within distance d < 0.35 nm) of the
peptides was found to be drastically reduced (Figure 11B). For
short times (t < 10 ns) lipids within the first shells moved
together with the transmembrane peptides (Figure 11C). Overall,
the simulations confirm an interaction radius of 1-1.5 nm
around transmembrane peptides. A similar interaction radius
was reported before for the Kv1.2 protein (Niemeld et al., 2010).

4. CONCLUSION

QENS experiments and MD simulations have been performed to
study the long-range molecular motions (covering several lipid-
lipid distances) within a DMPC membrane loaded with TFRC
peptides in transmembrane orientation. The results demonstrate
that QENS is capable to separately explore the lipid and peptide
long-range motions and to quantify both the peptide lateral
self-diffusion coeflicient and its influence on the lipid long-
range mobility. The calculated self-diffusion coefficients for the
lipids are in excellent agreement with the results of state-of-the-
art MD simulations and other experimental investigations. The
significantly lower diffusion coefficients for TFRC as compared
to our simulations further hints to the formation of peptide-
rich domains harboring also most of the lipids (~ 80%) that
are characterized by slow dynamics and possibly also increased
ordering. Using a consistent fitting model for the QENS data,
it was possible to determine the peptide-lipid interaction length
within the membrane to be about 1-1.5 nm. This finding is in
perfect agreement with results from MD simulations of TFRC
molecules embedded in a DMPC bilayer.
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