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Collective dynamics in lipid membranes containing trans-
membrane peptides

Elizabeth G. Kelley,∗a Paul D. Butler,a,b,c and Michihiro Nagaoa,d,e

Biological membranes are composed of complex mixtures of lipids and proteins that influence each
other’s structure and function. The biological activities of many channel-forming peptides and pro-
teins are known to depend on the material properties of the surrounding lipid bilayer. However, less is
known about how membrane-spanning channels affect the lipid bilayer properties, and in particular,
their collective fluctuation dynamics. Here we use neutron spin echo spectroscopy (NSE) to mea-
sure the collective bending and thickness fluctuation dynamics in dimyristoylphosphatidylcholine (di
14:0 PC, DMPC) lipid membranes containing two different antimicrobial peptides, alamethicin Ala
and gramicidin (gD). Ala and gD are both well-studied antimicrobial peptides that form oligomeric
membrane-spanning channels with different structures. At low concentrations, the peptides did not
have a measurable effect on the average bilayer structure, yet significantly changed the collective
membrane dynamics. Despite both peptides forming transmembrane channels, they had opposite
effects on the relaxation time of the collective bending fluctuations and associated effective bending
modulus, where gD addition stiffened membrane while Ala addition softened the membrane. Mean-
while, the lowest gD concentrations enhanced the collective thickness fluctuation dynamics, while the
higher gD concentrations and all studied Ala concentrations dampened these dynamics. The results
highlight the synergy between lipids and proteins in determining the collective membrane dynamics
and that not all peptides can be universally treated as rigid bodies when considering their effects on
the lipid bilayer fluctuations.

1 Introduction
Lipid bilayers were once thought to be a passive matrix for mem-
brane proteins that performed the wide variety of functions es-
sential to life. However, it has become increasing apparent over
the past 40 years or so that the activity of many membrane-
embedded proteins critically depends on physical properties of
the surrounding lipid matrix. A lipid membrane has a thickness,
elasticity, and viscosity that influence processes from protein con-
formation changes and folding,1,2 to the energetic penalty for
protein-induced membrane curvature,3–5 and the time required
for protein diffusion through the two dimensional membrane.6–8

From the lipid membrane perspective, the absorption and in-
sertion of large rigid proteins can have a significant effect on the
structure and dynamics of the soft lipid bilayer. Proteins are any-
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where from 100 to 1000 times more rigid than the surrounding
lipid matrix, meaning the soft lipid bilayer will locally deform
to accommodate the protein.9–11 Depending on the relative hy-
drophobic thicknesses of the protein versus the lipid bilayer as
well as the protein concentration in the membrane, reports have
shown that the lipid bilayer can deform by as much as 0.3 nm
to 0.4 nm, upwards of 10 % of its unperturbed equilibrium thick-
ness.9,10,12 Proteins and peptides also have been shown to induce
membrane curvature13–15 as well as change the membrane stiff-
ness, often quantified as the bending modulus κ.16–25

Fewer studies have looked at the effects of peptides on
the membrane dynamic fluctuations, despite growing evidence
that these dynamics are also essential to protein conforma-
tion changes, protein-protein interactions, and membrane adhe-
sion.26–29 Lipid bilayers undergo dynamic conformation changes
over many orders of magnitude in length scale and time scale.
Arguably, the mesoscale collective dynamics on the length scale
of the membrane itself are the most biologically relevant for lo-
cal processes.30 These collective lipid dynamics on the nanome-
ter length scale and nanosecond time scale are synergistic with
the thermal motions of the individual atoms and domains in pro-
teins that drive the larger scale conformation changes between
kinetically distinct protein states.31,32 Helfrich and Jackobsson
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also suggested that collective membrane dynamics, and in par-
ticular, the peristaltic-like thickness fluctuations would help pep-
tide monomers in each leaflet find each other to form membrane
spanning channels.33 But on the other hand, one can also imag-
ine that the formation of a rigid membrane-spanning channel
could inhibit these dynamics and effectively pin the two mem-
brane leaflets together.

Here we measured the effects of two well-studied membrane-
spanning peptides, gramicidin (gD) and alamethicin (Ala), on
the collective dynamics of model dimyristoylphophatidylcholine
(14:0 PC, DMPC) phospholipid membranes. Both gD and Ala are
prototypical model peptides known to form membrane-spanning
channels with different structures. gD is a hydrophobic 15
amino acid peptide that forms ion channels specific to monova-
lent cations. At low concentrations, gD monomers are incorpo-
rated in each membrane leaflet and adopt a β 6.3 helical struc-
ture (Fig. 1a).10,34 At higher peptide concentrations, the gD
monomers are in equilibrium with antiparallel dimers that are sta-
bilized by 6 intermolecular hydrogen bonds and form the active
membrane-spanning channel.35,36 Meanwhile, Ala is a hydropho-
bic 20 amino acid peptide that forms α-helices on the surface of
lipid membranes at low concentrations, often referred to as the
S-state in literature.37–39 Above its critical concentration thresh-
old, Ala inserts into the membrane (the so-called I-state). At even
higher concentrations, Ala forms oligomeric peptide-lined pores
containing between 6 and 8 peptide monomers that are referred
to as barrel-stave pores in literature (Fig. 1b).40–42

We focus on low concentrations where the peptides are ex-
pected to form membrane-spanning channels, but not so high in
concentration that the peptides perturb the average membrane
structure. Even at these low concentrations, we see that the mem-
brane spanning channels have a significant effect on the collective
bending and thickness fluctuation dynamics measured with neu-
tron spin echo (NSE) spectroscopy. Gramidicin incorporation sig-
nificantly slowed the bending fluctuations, suggesting an approx-
imate 2× increase in the effective bending modulus at concen-
trations as low as a mole fraction of 1.2 % (mol%). Meanwhile,
Ala increased the relaxation rate of the same dynamics and lead
to almost a 2× decrease in the effective bending modulus over
the same concentration range. Quite interestingly, low concen-
trations of gD enhanced the collective thickness fluctuation dy-
namics. Yet higher gD concentrations and all the studied Ala
concentrations dampened the out of plane thickness fluctuation
dynamics. Together, the NSE data show that even low concentra-
tions of a transmembrane peptide can have a significant effect on
the collective lipid membrane dynamics that will also depend on
the peptide structure and local interactions with the surrounding
lipids.

2 Materials and Methods

2.1 Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dimyristoyl-d54-sn-glycero-3-phosphocholine (DMPC-d54) were
purchased from Avanti Polar Lipids. Deuterium oxide (99.5%D)
was purchased from Cambridge Isotopes. All other chemicals, in-

cluding gramicidin from Bacilius brevis and alamethicin from Tri-
choderma virde, were obtained from Sigma Aldrich. All materials
were used without further purification.

2.2 Sample preparation

A unique advantage of neutron scattering is that neutrons inter-
act differently with hydrogen (H) and deuterium (D), allowing for
specific structural and/or dynamical features to be highlighted by
tuning the H/D ratio in the samples. As such, unilamellar vesicles
containing the desired H/D contrast and amount of peptide were
prepared using established protocols. The desired amount of gD
and DMPC or DMPC-d54 were mixed gravimetrically and then dis-
solved in trifluoroethanol (TFE) at 35 ◦C. For DMPC-Ala mixtures,
the desired amount of DMPC was added to a vial gravimetrically,
and then the corresponding amount of an Ala in methanol stock
solution was added to the lipid powder. The DMPC-Ala mixtures
were then codissolved in a TFE/methanol mixture at 35 ◦C. Once
all the lipid-peptide mixtures were dissolved and the solutions
were homogeneous by eye, the organic solvents were removed
under a stream of nitrogen at ≈ 50 ◦ C and then under vacuum
at a temperature ≥ 30 ◦ C overnight. The dry films were hy-
drated with D2O to a concentration of 100 mg of lipid to 1 mL
of solvent above the main transition temperature (Tm) of DMPC
to form a multilamellar vesicle (MLV) suspension. Subsequently,
the MLV suspension was sequentially extruded though 400 nm
(21×), 200 nm (21×), and finally 100 nm (41×) filters at tem-
peratures ≥ 35 ◦C to produce homogeneous solutions of relatively
monodisperse unilamllaer vesicles. Small angle neutron scatter-
ing (SANS) data were collected on all solutions to ensure that the
samples contained ≥ 90 % unilamellar vesicles (ULVs) prior to
additional characterization.43

2.3 UV-Vis Spectroscopy

UV-Vis measurements were performed using a Thermo Scientific
Evolution 201 UV Vis Spectrophotometer. All lipid vesicle solu-
tions were diluted 5X with a mass fraction of 6 % solution of
sodium dodecyl sulfate (SDS) in D2O to break apart the vesicles.
The solutions were briefly vortex mixed until transparent by eye
and then loaded into a 1 mm quartz cuvette. UV Vis spectra were
recorded between 200 nm and 400 nm. The background signal
from the pure vesicle solution was subtracted and the measured
absorbance at 280 nm was used to calculate the concentration
of gD in solution using a molar extinction coefficient of 20,700
(mol/L)−1 cm−1.44

2.4 Circular Dichroism Spectroscopy

Circular Dichroism (CD) measurements were performed using a
Chira-Scan CD spectrometer. Samples were loaded into a 1 mm
quartz cuvette and equilibrated at 35 ◦C for at least 15 minutes
prior to starting the data collection. Data were collected between
195 nm and 280 nm with a 1 nm step size with 5 s averaging
per point. The samples were diluted with D2O such that the pep-
tide concentration was between 0.02 mmol/L and 0.6 mmol/L.
The background signal from the corresponding lipid vesicle solu-
tion was subtracted from the peptide-containing samples in the
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software provided with the instrument.

2.5 Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments were performed
on the 12-ID-B beamline at the Advanced Photon Source at Ar-
gonne National Laboratory. Samples were run using a flow cell
and the temperature was maintained within ± 2 ◦C. Data were
collected using a X-ray wavelength (λ) of 0.09 nm and a sam-
ple to detector to distance of 2 m to measure a scattering vec-
tor (q) range of 0.04 nm−1 ≤ q ≤ 10 nm−1. q is defined as
q = (4π/λ )sin(θ/2) in which θ is the scattering angle. Data were
collected using 2 s acquisition times and averaged over 30 acqui-
sitions. The data were reduced and the background scattering
from D2O was subtracted using the software packages provided
by the beamline.

2.6 Small-angle neutron scattering

Small-angle neutron scattering (SANS) data were collected on the
NGB30 SANS and NG3 VSANS instruments at the NIST Center
for Neutron Research (NCNR, Gaithersburg, MD). Scattering data
on the NGB30 SANS instrument were collected with a neutron
wavelength (λ) of 0.6 nm and a nominal wavelength distribution
(∆λ/λ) of 0.12. Sample to detector distances (SDD) of 1m, 4m,
and 13 m were used to provide access to a q-range of 0.04 nm−1 ≤
q ≤ 4 nm −1. Scattering data on the NG3 VSANS instrument
were collected with λ = 0.6 nm and ∆λ/λ = 0.12 with the two
movable carriages positioned at either 1 m and 5 m or 4.5 m and
18 m to provide access to a combined q range of 0.04 nm−1 ≤ q ≤
5 nm −1. All SANS data were collected at 35 ◦ C and reduced to
absolute intensity using the macros provided by NIST.45

2.7 Neutron spin echo spectroscopy (NSE)

Neutron Spin Echo Spectroscopy (NSE) measurements were per-
formed on the NG5 and NGA NSE spectrometers at the NCNR.46

The experiments on the NG5-NSE used incident neutron wave-
lengths, λ , of 0.6 nm and 0.8 nm to access timescales of 0.05 ns
to 15 ns for λ = 0.6 nm and 0.1 ns to 40 ns for λ = 0.8 nm. The
measured q-range was from 0.4 nm−1 to 2 nm−1 for the thickness
fluctuation measurements. The NGA-NSE was utilized to mea-
sure bending fluctuations using λ = 0.8 nm and 1.1 nm to access
q-range from 0.4 nm−1 to 1 nm−1 and Fourier times from 0.1 ns
to 100 ns.46

Data were collected on both the NG5 and NGA-NSE spectrome-
ters at a constant temperature of T = 35 ◦C. The data for the lipid
samples were corrected for the instrument resolution and solvent
background using the DAVE software package to give the inter-
mediate scattering function, I(q, t)/I(q,0).47 The NSE data for
the peptide-containing membranes are compared to previously
published data for pure DMPC that were collected on the IN15
NSE spectrometer at the Institut Laue-Langevin (ILL, Grenoble,
France).48

The NSE data for all temperatures were fit with a stretched
exponential function for single membrane fluctuation dynamics

as described by Zilman and Granek,

I(q, t)/I(q,0) = exp [−(Γ(q)t)2/3] (1)

where Γ(q) is the q-dependent relaxation rate of the membrane
dynamics.49

For protiated lipids in D2O, the neutron scattering length den-
sity contrast between the lipid membrane and the surrounding
solvent makes NSE sensitive to the local height (i.e. predom-
inantly bending) fluctuations normal to the plane of the mem-
brane. The relaxation rate corresponding to these fluctuations
is determined by a balance between the membrane stiffness and
the viscosity of the surrounding solvent. The work by Zilman and
Granek predicted that the Γ scales with q3 and is inversely related
membrane bending modulus, κ. However, subsequent work by
Watson and Brown showed that the membrane dynamics mea-
sured on the nanoscale with NSE are governed by an effective
bending modulus, κ̃,50 as originally proposed in theoretical work
by Seifert and Langer.51 In the Watson-Brown refinement to the
NSE data analysis framework for lipid membranes, the relaxation
rate still scales with q3, but is inversely related to the effective
bending modulus, κ̃,

Γb = 0.025
kbT
η

√
kbT
κ̃

q3 (2)

where η is the solvent viscosity, T is temperature, and kb is Boltz-
mann’s constant. The effective bending modulus is defined as
κ̃ = κ + 2d2km.50,51 The first term in the κ̃ expression describes
the contributions from the bending modulus, κ, and the second
term accounts for the dissipation within the bilayer from the re-
distribution of the individual lipids where d is the height of the
neutral surface above the bilayer midplane and Km is the mono-
layer compressibilty modulus. The added term in the κ̃ expres-
sion accounts for the source of dissipation within the bilayer that
comes into play on the nanoscale because the local changes in
lipid density caused by the membrane deformation cannot fully
relax in the finite time scale, effectively leading to an increased
energy penalty for deforming the membrane on the nanoscale.

In the present work, it is not clear if and how adding the
membrane-spanning peptides affects the bending modulus or the
dissipation within the bilayer given by 2d2km in the expression
above. As such, we will focus on relative changes in the effec-
tive stiffness compared to a pure lipid membrane containing no
peptide, κ̃/κ̃0. The reported changes reflect the peptide-induced
effects on the measured relaxation rate and the effective mem-
brane stiffness on the nanoscale.

Contrast matching the lipid tails to the surrounding aqueous
solvent using tail-deuterated lipids emphasizes the coherent dy-
namics of the headgroup regions of the inner and outer leaflets
of the bilayer. The NSE data collected using this contrast scheme
show an excess in dynamics at q-values corresponding to the bi-
layer thickness, and these dynamics are attributed to the collec-
tive thickness fluctuations.48,52–55 The dynamics were character-
ized using two additive decay constants,

Γ = Γb +Γt (3)
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where Γb is the decay constant for the bending fluctuations, Eq. 2,
and Γt is the additional dynamics due to the collective thickness
fluctuations and were fit to the empirical expression,

Γt =
(τq3

0)
−1

1+(q−q0)2ξ 2 q3 (4)

The Γt expression fits the measured peak due to the thickness
fluctuation dynamics to a Lorentzian function where the peak
height is related to τ, the relaxation time of the thickness fluc-
tuations, q0 is the peak position, and ξ−1 is the half-width at
half maximum (HWHM) of the peak and is related to the fluc-
tuation amplitude.48,55 We present the fractional amplitude, σd ,
as σd = 2(ξ q0)

−1, or the peak full width half max (FWHM) nor-
malized by the peak position. Both the amplitude and relaxation
time for the peptide-containing membranes are normalized by the
pure lipid membrane to emphasize the relative changes.

3 Results

The secondary structure of both gD and Ala peptides34–37,39–42

as well as their effects on the structure and elasticity of model
lipid membranes are well studied in literature.9,12,56–60 Circular
dichroism (CD) data were collected to confirm that the gD and
Ala peptides were incorporated into the membranes with their
characteristic β 6.3- and α- helical structures, respectively, that can
form transmembrane pores (Fig. 1c.) The membrane structure
and dynamics measurements were performed at low peptide con-
centrations where gD is expected to predominately form dimers
and Ala is thought to be inserted into the membrane. While
the local lipid membrane structure is likely affected by the pep-
tides, the peptide concentration range is low enough that these ef-
fects have not propagated over the entire membrane surface and
changed the global membrane structure. At these concentrations,
we are able to study the effects of the membrane-spanning chan-
nels on the collective bending and thickness fluctuations without
competing effects from long-range structural deformations of the
membranes.

3.1 Average membrane structure

Shown in Fig. 2 are representative SANS data and fits to the
appropriate form factor models for DMPC lipid membranes con-
taining gD or Ala. The different contrast conditions in the SANS
data for DMPC + gD (Fig. 2c) and DMPC + Ala (Fig. 2d) also
illustrate the different contrast conditions used in the NSE ex-
periments. The data in Fig. 2c are for gD in lipid membranes
composed of a mixture of tail-deuterated DMPC-d54 and proti-
ated DMPC to match the lipid tail region to the surrounding D2O
solvent as schematically shown in Fig. 2 a, the same contrast con-
ditions used for NSE measurements of thickness fluctuations. The
solid lines through the points are fits to a form factor model that
describes the membrane scattering length density (δρ) as three
layers: one layer each for the inner and outer headgoup regions
and one layer for the hydrophobic tail region (inset in Fig. 2c).
The data in Fig. 2d are for Ala in protiated DMPC in D2O, where
the lipid headgroups and hydrogphic tails both have contrast with
the surrounding solvent as illustrated in Fig. 2b, and are the same

Fig. 1 Cartoon illustration of transmembrane channel formation by (a)
gD and (b) Ala. Corresponding circular dichroism spectroscopy (CD)
data showing the β 6.3-helical and α-helical structures for gD and Ala in
DMPC lipid membranes at 35◦C ± 2 ◦C at a peptide to lipid ratio (P/L)
of 1/130 and 1/150, respectively.

contrast conditions used to measure the collective bending fluc-
tuations with NSE. The similar scattering length densities of the
head and tail regions of the bilayer gives a simpler scattering pat-
tern without minima and maxima at high q. The SANS data were
fit with a simpler form factor model that treats the membrane as
a single layer (inset in Fig. 2d). The different lipid scattering
length density contrasts and their respective form factor models
both give values for the bilayer thickness (db) for pure DMPC at
35 ◦C that are consistent with other reports in literature, db ≈ 3.6
nm.61,62

Comparing the SANS data for the different peptides showed
no measurable changes with increasing concentration, which was
further supported by the data modeling. As seen in Fig. 2e, the
relative changes in bilayer thickness, db/db,0 ≈ 1 were within the
uncertainty of the measurements up to 1.1 mol% peptide, which
corresponds to a peptide to lipid molar ratio (P/L) of ≈ 1/80.

3.2 Collective height fluctuation dynamics

While the SANS data showed no measurable change in the av-
erage membrane thickness, the NSE measurements revealed an
almost two-fold change in the relaxation rates of the collective
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Fig. 2 Cartoon illustration of a lipid membrane containing the channel-
forming peptides gramicidin (gD) and alamethicin (Ala) studied here,
and SANS data for the peptide-containing DMPC membranes. Cartoon
illustration of the reported membrane-spanning peptide structure for (a)
gramicidin and (b) alamethicin. SANS data for DMPC membranes with
(c) deuterated tails containing gD and (d) protiated tails containing Ala.
Points are the measured SANS data and solid lines are fits to the bi-
layer form factors described in the text. Insets in (c) and (d) show the
scattering length density contrast profiles (∆ρ(r)) used to fit the SANS
data, where ∆ρ = 0 corresponds to the scattering length density of the
surrounding solvent. (e) Fit results for the relative changes in the bi-
layer thickness (db) with increasing peptide concentration compared to
the pure lipid membranes (db,0). Error bars represent one standard devi-
ation throughout the manuscript and in some cases are smaller than the
symbols.

bending fluctuations over the same peptide concentration range.
NSE measurements were made on protiated lipid vesicles in D2O
over a q-range of 0.3 nm−1 ≤ q ≤ 1 nm−1 and Fourier times up
to 100 ns. These experimental conditions were selected to be
sensitive to the membrane height fluctuations at length scales of
≈ 6 nm to 20 nm, which corresponds to length scales that are
greater than the bilayer thickness, but less than the vesicle radius
as illustrated in the cartoon in Fig. 3a. The relaxation rates of
the membrane bending fluctuations on the nanoscale measured
with NSE are inversely related to the effective bending modulus,
κ̃ = κ+2d2Km, meaning a larger value of κ̃ for a stiffer membrane
results in a slower measured decay in NSE.

Here we focus on relative changes in the effective bending
modulus with added peptide compared the pure lipid membrane,

Fig. 3 (a) Cartoon illustration of a lipid vesicle and the neutron scat-
tering length density contrast used to measure the collective bending
(height) fluctuations with NSE. The green and purple boxes correspond
to approximately the minimum and maximum length scales measured
with NSE, respectively. (b) Corresponding plot of the relative changes in
the effective bending modulus, κ̃, with increasing peptide concentration
compared to the pure lipid membrane, κ̃0.

κ̃/κ̃0. These changes reflect the measured change in the relax-
ation rate of the bending dynamics independent of any assump-
tions of how κ̃ and κ are quantitatively related. Quite inter-
estingly, while both peptides led to an approximately two fold
change in κ̃, they had the opposite effect (Fig. 3 b). The effec-
tive bending modulus monotonically increased with increasing gD
concentration, indicating that the membrane became stiffer with
increasing peptide concentration and κ̃/κ̃0 ≈ 1.9 at 1.2 mol% gD
(P/L ≈ 1/80). Meanwhile, Ala incorporation reduced the effec-
tive bending modulus to κ̃/κ̃0 ≈ 0.6 at concentrations as low as
0.25 mol% (P/L ≈ 1/400) and only varied slightly with a further
increase in peptide concentration.

3.3 Collective thickness fluctuation dynamics
In addition to collective bending fluctuations, lipid membranes
also undergo collective thickness fluctuations out of the mem-
brane plane on the nanoscale. While thickness fluctuations have
been considered theoretically for more than 30 years,12,63,64 they
have only become experimentally accessible over the past decade
or so by taking advantage of contrast variation in neutron scatter-
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ing and the unique dynamic range accessible with NSE.30,48,53,55

Here we extend the use of NSE to measure the effects of peptide
addition on the lipid membrane thickness fluctuations.

Shown in Fig. 4 (a) is a cartoon illustration of the neutron
scattering length density contrast needed to measure the thick-
ness fluctuations with NSE. Contrast matching the lipid tail re-
gion to the surrounding solvent using tail-deuterated lipids both
reduced the incoherent background signal in the sample and em-
phasized the dynamics of the headgroups regions relative to one
another. NSE data measured at these contrast conditions show
excess dynamics in addition to what is expected for pure bending
fluctuations discussed above.30,48,53,55 The excess in dynamics is
at the length scale of the bilayer thickness (i.e. the dip in the
form factor in Fig. 2c) and is most clearly seen in a plot of Γ/q3

versus q where Γ is the relaxation rate measured with NSE. The
q3 normalization accounts for the contributions from the bending
fluctuations. In other words, data for pure bending fluctuations
would appear as a constant, flat line in a plot of Γ/q3 versus q.
The data in Fig. 4 (b) and (c) show a peak at q ≈ 1 nm−1 that we
attribute to the collective thickness fluctuations.

The NSE data indicate that there are noticeable effects of the
added peptides that depend on the peptide chemistry and con-
centration within the membranes. Most notably, the data for the
low gD concentrations with P/L of 1/400 and 1/130 (correspond-
ing to mol% values of 0.25 % and 0.76 %, respectively), showed
clear peaks that were more pronounced and the peak maxima are
at greater Γ/q3 values than in the pure DMPC membrane, sug-
gesting that the thickness fluctuation dynamics were faster at low
gD concentrations. In contrast, the peaks in the NSE data for
Ala at the same peptide concentrations are comparable in height,
but narrower in width compared to pure DMPC, suggesting that
Ala reduced the thickness fluctuation amplitude and suppressed
the out-of-plane dynamics. What is more, the data measured for
the highest gD concentrations (gD P/L= 1/80) suggested that the
dynamics are almost completely suppressed.

Fitting the NSE data with the empirical model given by Eq. 4
quantified the relative changes in the thickness fluctuation am-
plitude and relaxation time given in 4 (d) and (e), respectively.
Only the peak half width at half maximum (ξ−1) and relaxation
time (τ) in Eq. 4 were fit during the analysis. The thickness
fluctuation amplitude was calculated as σd = 2(ξ q0)

−1, and all
other parameters were determined from either the corresponding
SANS data or the NSE results for the collective bending fluctua-
tions. The fits in Figs. 4 b and c were constrained to the q-range
of 0.5 nm−1 ≤ q ≤ 1.5 nm−1, the q-range where there was a clear
peak in the NSE data for the pure DMPC membranes. Parame-
ters from fits to the data in which there were clear peaks for pure
DMPC or for the low gD concentrations (P/L = 1/400 and 1/80)
were the same regardless of whether or not the q-range was con-
strained to the peak region during the fit. However, the thickness
fluctuation data without clear peaks for the highest gD concentra-
tion (gD 1/80) and both studied Ala concentrations (Ala 1/400
and 1/130) were equally well fit by a narrow peak over the con-
strained q-range as shown in Figs. 4 b and c, or by a broad, shorter
peak over the entire q-range.

The fits to the clear peaks in the thickness fluctuation data for

Fig. 4 (a) Cartoon illustration of a lipid vesicle with the hydrophobic
tails contrast-matched to the surrounding solvent, the contrast condition
used to measure the collective thickness fluctuations with NSE. Plots of
the relaxation rates fit to the NSE data, Γ, normalized by the scattering
vector, q, cubed (Γ/q3) versus q measured for DMPC lipid membranes
containing (b) gramidicin and (c) alamethicin at the indicated P/L ratios.
The q3 normalization accounts for the contribution from the pure bending
fluctuations and emphasizes the excess in dynamics that are attribute to
the collective thickness fluctuations, seen as the peak at q ≈ 1.0 nm−1.
The solid lines are fits to the data with the empirical expression given by
Eq. 3. Corresponding normalized amplitude (d) and relaxation times (e)
determined from the fits to the thickness fluctuations. The amplitude
and relaxation time are normalized by the values for the pure DMPC
lipid membrane, σd0 and τ0, respectively, to emphasize the changes in
the dynamics upon peptide incorporation.

gD at P/L ratios of 1/400 and 1/130 suggested that gD addition
had little effect on the thickness fluctuation amplitude but de-
creased the relaxation time almost two fold compared to pure
DMPC lipid membranes at these low concentrations. Meanwhile,
the fit results in Fig. 4 c and d for gD 1/80 and Ala 1/400 and
1/130 over the constrained q-range suggested that the thickness
fluctuation amplitude decreased without significantly affecting
the relaxation rate (i.e. a narrow peak with a similar height),
what we might naively expect to see if the presence of membrane-
spanning peptides effectively pinned the two leaflets together.
Though as discussed above, the experimental data could also be
fit assuming that the fluctuations had a larger thickness fluctu-
ation amplitude and were much slower (i.e. a very broad and
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shorter peak).

4 Discussion
The wealth of literature on both gD and Ala provides a solid foun-
dation for the present studies on the effects of transmembrane
peptides on the collective membrane dynamics. The CD data in
Fig. 1 show the characteristic helical structures of gD and Ala in-
teracting with a lipid membranes. While the CD spectra show that
the peptides are incorporated in the membrane, the data cannot
confirm whether or not the peptides are in their transmembrane
states. The secondary structure of the monomeric and conducting
dimeric form of gD (Fig. 1a) as well as the absorbed and inserted
states of Ala (Fig. 1 b) are the same. As such, we cannot say
anything about pore formation from the CD data alone, though
comparing the conditions studied here with results in literature
suggests that both gD and Ala predominantly form transmem-
brane pores at the studied conditions.

Previous studies of the gD dimerization equilibrium in diphy-
tanoylphosphatidylcholine (DPhPC) lipid membranes give associ-
ation (kA) and dissociation (kD) rate constants of kA = 4.6 X 1013

cm2s−1mol−1 and kD = 0.48 s−1, respectively.56 Accordingly, the
dimer concentration [D] can be estimated as [D] = kA/kD[M]2 >
95 %, where [M] is the peptide monomer concentration added
to the lipid membranes. Moreover, DMPC is thinner than DPhPC
membranes, which should increase kA and further favor dimer
formation. A number of studies have shown that P/L* for Ala to
transition from the bound state to the inserted state is quite low in
dioleoylphosphatidylcholine (DOPC), < 1/200.12,39 The fully sat-
urated DMPC lipid membranes studied here have a smaller area
per headgroup (AL) than unsaturated DOPC membranes and even
less room in their headgroups to accommodate a bound peptide,
which should favor peptide insertion at even lower P/L*.12 As
such, we expect that Ala is inserted into the membrane at the
studied P/L of 1/130 and 1/80. The thinner DMPC membranes
with a smaller AL should further reduce P/L* compare to pure
DMPC, suggesting P/L* << 1/200; however, it is not clear how
much it would be reduced and Ala at P/L = 1/400 may be below
the transition.

Quite interestingly, incorporation of these low peptide concen-
trations significantly affected the collective membrane dynamics
despite not changing the overall membrane structure. The col-
lective dynamics measured with NSE are thermally-driven, equi-
librium processes, a direct consequence of the membrane being
soft. As such, the timescales of these dynamics are governed by
a balance of the membrane elastic and transport properties, such
as the membrane bending modulus (κ) and viscosity (ηm). Typi-
cally changes in the membrane elastic and viscous properties are
directly linked to changes in the membrane structure. For ex-
ample, the well-known polymer brush model shows that κ scales
with the membrane thickness squared, i.e. a thicker membrane is
more rigid.19 Several works have shown that an increase or de-
crease in κ due to a change in the membrane composition, envi-
ronment changes, or incorporating other small molecules such as
small molecule drugs or peptide can be directly correlated to the
corresponding changes in the bilayer structure. We also recently
showed that both the membrane elastic and viscous properties

scale with the area per lipid in mixed lipid membranes, directly
linking the membrane structure and dynamics.65 In the context
of these previous results, we would not expect to see any changes
in the membrane dynamics based on the lack in overall struc-
tural changes in Fig. 2, especially not to the extent measured for
the bending and thickness fluctuations with added gD and Ala.
Together the results seem to suggest that the peptides are influ-
encing the membrane dynamics through some other mechanism.

Perhaps even more surprisingly, gD and Ala had opposite ef-
fects on the effective membrane rigidity (κ̃) despite both peptides
forming membrane-spanning pores. The slowed dynamics and
increase in κ̃ with increasing gD concentration follows the trend
one might expect upon adding rigid peptide inclusions to a soft
lipid membrane. In fact, a number of theoretical works predict
that the membrane rigidity will directly scale with the area frac-
tion of rigid phase (φ) in inhomogeneous membranes.66–68 We
showed that these theories worked well in describing the mea-
sured dynamics and associated order of magnitude increase in ef-
fective membrane stiffness in phase separated lipid membranes,
where φ ranged from ≈ 0.1 to ≈ 0.8.69 However, considering
the relative molecular sizes of the DMPC lipids61 and gramacidin
channels34 suggests that here φ for gD is < 0.05, even at the high-
est peptide concentration studied. These small area fractions are
much lower than expected for the measured 2 × increase in κ̃,
even assuming that the peptides are 100× to 1000× more rigid
than the surrounding lipid membrane.9,10

A number of experimental and computational studies suggest
that several lipids are bound to each gD monomer.70–74 Inter-
estingly, simulation results by Kim et al. showed that the lipids
bound to the gD peptide were harder to compress (i.e. more
rigid) than the bulk lipid membrane.73 If we instead assume that
the rigid phase is made up of the gD dimers and a layer of bound
lipids, then the effective rigid area fraction (φ) would increase by
a factor of 3 and the theoretically predicted value of κ̃/κ̃0 ≈ 1.2
at the highest gD concentration. Estimating φ from the measured
increase in κ̃/κ̃0 would require that the rigid clusters were made
of gD + 2 to 3 layers of bound lipids. While this estimate is larger
than results in literature that suggest there is only one layer of
DMPC lipids bound to gD,70,71,73 the NSE data do seem to indi-
cate that treating the peptide and the bound lipids as rigid clus-
ters may be important for understanding the collective dynamics
in lipid membranes.

Meanwhile, the scaling theories discussed above do not even
allow for the decrease in κ̃ measured with added Ala, yet several
other studies have reported peptide-induced softening in lipid
membranes.16–18,22,39,75–78 In many of these reports, the soften-
ing was at least in part attributed to local thinning of the mem-
brane.22,77,78 However, Ala is actually slightly longer than the hy-
drophobic thickness of the DMPC bilayer, which is likely compen-
sated for by a slight thickening in the membrane around the in-
serted peptide, not a local membrane thinning.58,59 Other studies
also suggest that Ala is slightly tilted in DMPC membranes to com-
pensate for the slight hydrophobic mismatch.57,60 In either case,
the present results suggest that the measured changes in κ̃ would
be due to a local disruption of the bilayer structure that did not
propagate over the entire vesicle surface. Similarly, simulations
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by Argawal suggested that Ala-induced membrane softening re-
ported for dioleoylphosphatidylcholine (DOPC) membranes,17,39

was due to local rearrangements of the lipid molecules immedi-
ately surrounding the peptide and depended on the protein-lipid
interactions.24

An alternative explanation may be that the asymmetric shape of
Ala affects the nanoscale membrane dynamics. The simple scaling
theories discussed above in the context of the gD results assume
that the rigid inclusions are symmetric and embedded in equal
numbers on each side of the bilayer.66–68 However, Ala is actu-
ally better represented as a kinked cylinder due to the kink in
the helix at the proline residue,79 and as a result, the oligomeric
barrel-stave pores are also asymmetric in shape.42 In fact, theo-
retical work by Dan and Safran80 suggested that the aysmmet-
ric Ala pore shape couples to the local membrane curvature and
results in the experimentally measured dependence of the Ala
conduction state on the spontaneous curvatures of the surround-
ing lipid membrane.41 There are also several experimental and
theoretical works that suggest that the addition of asymmetri-
cally shaped proteins and peptides, such as magainin18 or Ca2+-
ATPase16, could lead to a softening in the membrane because the
protein can couple to local curvature changes in the bilayer. Like-
wise, coupling of the non-cylindrical alamethicin channel shape
with the membrane curvature may lead to the enhanced dynam-
ics seen here.

Addition of the low concentration of gD and Ala also had op-
posite effects on the collective thickness fluctuations. As seen in
Fig. 4, the NSE data for the pure DMPC membranes show a clear
peak near q ≈ 1 nm−1, where the peak width is associated with
the fluctuation amplitude and the peak height is associated with
the fluctuation relaxation time. A pronounced peak is also seen
in the data for the two lowest gD concentrations (gD 1/400 and
1/130) that is similar in width but taller than seen in the pure
DMPC lipid membrane. The quantitative fit results in Fig. 4d and
e show that the thickness fluctuation amplitude was comparable
to the pure lipid membrane at low gD concentrations, but the
relaxation time decreased ≈ 2×. In other words, the thickness
fluctuations dynamics were faster at low gramicidin concentra-
tion, with a characteristic timescale on the order of 80 ns to 90
ns. The timescale of the nanoscale thickness fluctuation dynam-
ics is orders of magnitude faster than the gD channel lifetimes (≈
10 ms),81 suggesting that the enhanced dynamics at low peptide
concentrations may help facilitate gramidicin dimer formation by
bringing the monomers in each leaflet in close contact as sug-
gested in theoretical work by Helfrich and Jakobsson.33

In contrast, the Ala at the two concentrations studied and
the highest gD concentration studied (P/L = 1/80) lessened the
collective thickness fluctuations. The diminished peaks in the
NSE data suggest that the collective fluctuation dynamics for gD
1/80 and Ala 1/400 and 1/130 were either smaller in amplitude
and beyond the spatial resolution of the measurements, or much
slower and beyond the temporal resolution of the measurement.
Either way, the thickness fluctuations are clearly damped.

The thickness fluctuation data alone cannot rule out one possi-
bility or the other. In fact, considering both the height and thick-
ness fluctuation data may even suggest that gD and Ala also have

opposite effects on the thickness fluctuations despite both pep-
tides damping the dynamics. In pure lipid membranes, the thick-
ness fluctuation amplitude (σd) is inversely related to the mem-
brane combressibility modulus (KA ∼ σ

−2
d ) while the time scale is

related to the membrane viscosity (τ ∼ ηm). Both membrane elas-
tic properties, κ and Km, are related according to the expression
κ = βKAd2 where β is a numerical value that describes the degree
of coupling between the leaflets and d is the effective mechanical
thickness of the membrane.

The opposite trends in κ̃ in Fig. 3 may suggest that the pep-
tide also have opposite effects on KA and therefore σd , with gD
decreasing the thickness fluctuation amplitude and Ala increas-
ing the amplitude. However, it is also unclear as to how the
presence of a transmembrane peptide would affect the value of
β or d. Work by Shchelokovskyy et al. suggested that the FP23
HIV fusion peptide reduced the interactions between leaflets and
shifted β closer to the value expected for freely sliding leaflets.77

Meanwhile, studies of cholesterol-containing membranes have
suggested that rigid inclusions affect the mechanical thickness of
the membrane. (i.e. d in the expression above).82,83 While it
is clear that the presence of transmembrane peptides can have
a significant effect on the collective thickness fluctuations, fur-
ther studies are needed to better understand the mechanism of
these effects and the synergy in lipid and peptides in determining
biomembrane dynamics. The present results may suggest that
β or d are changing upon incorporation of gD and Ala, and the
changes are opposite for the two peptides. Studies aimed at bet-
ter understanding these effects are on going and will be discussed
in a future publication.

The present results highlight that peptides can affect the col-
lective membrane dynamics even when there are no measurable
changes in the average structure. Moreover, the present results
suggest transmembrane proteins can not be treated universally
as rigid bodies when considering the collective fluctuations, and
that the effects of embedded proteins on the surrounding mem-
brane dynamics can be much more complicated than predicted by
simple scaling theories. The results also emphasize that it is im-
portant to take a more holistic view of both the structure and dy-
namics of complex membrane systems. For example, recent work
had also started to reveal that antimicrobial peptides can signifi-
cantly alter lipid exchange and flip-flop kinetics at lower concen-
trations than needed to form oligomeric pores and without caus-
ing significant changes in the overall membrane structure.83–86

Similarly, the sub-micromolar (<10−6 mol/L) Ala concentrations
studied here have been shown to kill several strains of bacteria
despite not affecting the overall membrane structure.87,88 The
present studies suggest that low antimicrobial peptide concentra-
tions can significantly impact the collective membrane dynamics
in model membranes and may instead impact the corresponding
elastic properties that influence membrane-related cell processes
such as cell budding or endocytosis. Given the highly dynamic
and non-equilibrium nature of many biological processes, it is
perhaps unsurprising that the motions of biomolecules are inti-
mately linked to their structure and function.

The present experiments were designed specifically to look at
the effects of well-studied transmembrane peptides on collective
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membrane dynamics; nevertheless, we hope that the results from
these simple models can inform investigations into more complex
membrane systems. Biological membranes are far more complex
than the systems studied here. Transmembrane protein domains
can account for upwards of 20 % to 30 % of the area of cell mem-
brane.89–91 These different proteins likely have coupled and com-
pounded effects on the membrane properties. Moreover, proteins
and peptides are highly dynamics entities on their own.31,32,38,73

Future experimental and computational studies of the protein dy-
namics may provide insights into how they couple with the lipid
membrane dynamics as well. Given that the function of many
membrane-embedded proteins is sensitive to the properties of the
surrounding lipid matrix, it is likely that the reverse is also true,
where the structure and dynamics of the surrounding lipid mem-
brane are influenced by the properties of the embedded proteins
as seen in the simple model systems studied here.

5 Conclusions
Here we measured the effects of two well-studied transmembrane
peptides, gD and Ala, on the structure and dynamics of model
lipid membranes. While there were no measurable changes in
the average membrane structure, the collective fluctuations on
the nanometer length scale and nanosecond timescale were sig-
nificantly affected. Added peptide concentrations as low as 1.25
mol% (P/L ≈ 1/80) led to an almost two fold change in the effec-
tive bending modulus, κ̃, with gD stiffening and Ala softening the
membrane. Meanwhile, low gD concentrations enhanced the col-
lective thickness fluctuations, while the same Ala concentrations
dampened the out of plane thickness fluctuations measured with
NSE. The present results underscore how the synergies between
membrane structure and dynamics as well as between protein
structure and local protein-lipid interactions may help determine
the physical properties of biomembranes.
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