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ABSTRACT

Antimicrobial peptides are one of the most promising classes of antibiotic agents for drug-resistant
bacteria. Although the mechanisms of their action are not fully understood, many of them are
found to interact with the target bacterial membrane, causing different degrees of perturbations. In
this work, we directly observed a short peptide disturbs membranes by inducing lateral segregation
of lipids without forming pores or destroying membranes. Aurein 1.2 (aurein) is a 13-amino acid
antimicrobial peptide discovered in the frog Litoria genus that exhibits high antibiotic efficacy.
Being cationic and amphiphilic, it binds spontaneously to a membrane surface with or without
charged lipids. With a small-angle neutron scattering contrast matching technique that is sensitive
to lateral heterogeneity in membrane, we found aurein induces significant lateral segregation in an
initially uniform lipid bilayer composed of zwitterionic lipid and anionic lipid. More intriguingly,
the lateral segregation was similar to the domain formed below the order-disorder phase transition
temperature. To our knowledge, this is the first direct observation of lateral segregation caused by
a peptide. With quasielastic neutron scattering, we indeed found that the lipid lateral motion in the
fluid phase was reduced even at low aurein concentrations. The reduced lateral mobility makes the
membrane prone to additional stresses and defects that change membrane properties and impede
membrane-related biological processes. Our results provide insights on how a short peptide kills
bacteria at low concentrations without forming pores or destroying membranes. With a better
understanding of the interaction, more effective and economically antimicrobial peptides may be

designed.



INTRODUCTION

Antibiotic resistance has become one of the biggest threats to human health, as we are on
the brink of losing the battle against ever-increasing drug-resistance microbials.! Antimicrobial
peptides (AMPs), as part of the innate immune system in many species, have shown effectiveness
against a broad spectrum of pathogens, including both gram-positive and gram-negative bacteria.
Many AMPs have been identified so far from different living organisms.? Many of them are
effective antibiotics that can overcome bacterial resistance; therefore, great effort has been exerted
to identify biogenesis AMPs from different species, as well as to engineer AMPs of improved
efficacy by applying the motifs learned from the natural peptides. Aurein 1.2 peptide (aurein) is a
small AMP with only 13 amino acids that was discovered in the Australian frog Litoria genus.>*
This short peptide is a very potent AMP with broad-spectrum antibiotic and anticancer activities.?
More intriguingly, it has been found to be an analog to a sequence of human AMP LL-37, LLAA
peptide.>® The similarity between aurein and LLAA peptide in connection with full length LL-37
makes aurein extremely useful as a model system for gaining general knowledge of effective
bacteria-killing AMPs. The understanding of such short, yet potent peptides that reproduce
antimicrobial functions of much longer-length AMPs will help greatly in designing new and more
effective AMPs. Moreover, short peptides are less expensive and easier to produce and dispense;
therefore, the insights gained from aurein will aid peptide design suitable for real-world

applications.

Although the exact mechanism of AMPs is still under investigation, the membrane is
known to be closely associated with AMP function. First, the membrane is an extraordinary barrier
for AMPs to overcome to reach any intracellular target to inhibit key biological processes.’

Another prospect, which has been studied extensively, is that the membrane itself is a target of



AMPs.3? As the enclosures and boundaries of cells and organelles, membranes consist of
semipermeable bilayers formed by different lipids, integral/peripheral proteins performing
essential functions, and other important molecules such as carbohydrates. The membrane is
thought to exist in very fluid phases, decorated by lateral heterogeneity with functional domains
that embed certain proteins and lipids.!®!! Disturbances of membranes caused by AMPs, in many
ways, hinder normal biological functions hence cause trouble for cells. Even worse, some AMPs
can compromise the integrity of a membrane by forming membrane pores '? or disintegrating the
lipid bilayers, as in the carpet model.'*'* A major difference between bacterial membranes and
mammalian membranes is the composition: first, bacterial membranes do not contain cholesterol,
but mammalian membranes do; second, all bacterial membranes contain a significant portion of
anionic lipids, whereas mammalian membranes are made of mostly zwitterionic lipids.!>-!7 The
majority of AMPs carry positive charges, which enable a preferential interaction with anionic
lipids in membranes as a selectivity mechanism.!> The interaction may cause a detrimental
rearrangement of anionic lipids. '® Aurein is also a cationic AMP. In previous studies, aurein was
found to bind and interact with membranes composed of anionic or zwitterionic lipids, but to have
a higher affinity with and be more disruptive on bilayers containing anionic lipids.'*?! Aurein can
form a loose bundle as an a-helix over a concentration threshold in the lipid membrane and form
peptide/lipid micelles detaching from the membrane.?® Other studies suggest that aurein interacts
with lipid membranes primarily on the surface and disrupts the membrane via the carpet model
mechanism. 2224 Our previous study shows that aurein doesn’t form membrane pores in bilayers,
unlike many other AMPs studied, such as alamethicin and melittin.>> But it causes significant
uneven distribution of anionic and zwitterionic lipids between the bilayer leaflets, similar to

alamethicin and melittin.?%?” With uneven distribution of lipids, can aurein also promote lateral



segregation of anionic lipids and zwitterionic lipids? In this study, we took advantage of a contrast
matching technique in small-angle neutron scattering (SANS) to detect the lateral heterogeneity
caused by aurein in anionic/zwitterionic lipid compositions.?®?° A lipid bilayer composed of
uniformly mixed protiated anionic lipids and deuterated zwitterionic lipids was carefully contrast-
matched using certain ratios of a D,O/H,0O solution. Any deviation from a laterally uniform
mixture would create contrasting regions that could be captured by SANS. Our results show that
aurein induces lateral segregation of lipids in the fluid phase, similar to the heterogeneity observed
at the lipid gel phase, as if aurein induces a phase change. To our knowledge, this is the first direct
observation of such lateral segregation induced by an antimicrobial peptide in membranes. This
indicates a significant interaction between the peptide and lipid from the perspectives of lipid
molecular dynamics. To further understand it, we used quasielastic neutron scattering (QENS) to
investigate the effect of aurein on the dynamics of lipid bilayers. We found that, in the fluid phase,
the lateral motion of the lipid within the leaflet becomes significantly restricted even with
relatively low concentrations of aurein. Our study provides new molecular-level insights into an
AMP’s interaction with lipid membrane. Aurein affords us an opportunity to learn from nature
how to design effective antibiotic agents that can be used at low concentrations, not to disintegrate

membranes but to change the membrane lipid dynamics and promote membrane heterogeneity.

MATERIALS AND METHODS

Materials and Sample Preparation
Aurein peptide (>95% purity) was synthesized by GenScript USA Inc. (Piscataway, NJ,

USA). 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (d54-DMPC), 1,2-dimyristoyl-sn-



glycero-3-phosphocholine (DMPC), and 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(DMPG) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, U.S.A.). All materials
were used as delivered. Unilamellar vesicles (ULVs) were prepared using the extrusion method as
described previously. 2630 Briefly, required amount of lipid in appropriate molar ratio was taken
in a glass vial and co-dissolved in chloroform, which results a transparent solution. Chloroform
was evaporated using the gentle stream of nitrogen gas to obtain lipid films. To remove the residual
organic solvent, the lipid films were dried by placing the samples under vacuum for about 10 hours
at room temperature. Dry lipid films were suspended in the desired amount of D,0O/H,0 at 320K
and went through at least 3 freeze-thaw cycles by alternately placing the lipid suspension in a warm
water bath (330K) and in a freezer (253K). ULVs were prepared by extrusion method in which
lipid suspension went through a mini-extruder from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA) with a porous polycarbonate membrane (pore diameter ~100 nm) more than 20 times.
During the extrusion process, the temperature of extruder was kept at ~320 K to ensure that lipids
were in the fluid phase. The stock solution of aurein 10mg/ml was prepared by dissolving it in
appropriate D,O/H,O. For SANS experiment, the ULVs solution were made in 2% (w/w)
concentration. All SANS samples were stored at 283K before use and were used within 72 hours
after preparation. Aurein stock solution was titrated into the vesicle solution to achieve 10 mol%.
For QENS, which require more sample amount, the final samples of 7% (w/w) DMPC ULVs
solution were prepared by titrating the 100mg/ml lipid stock ULV solution with appropriate
amount of aurein stock solution and D,0, to obtain DMPC with aurein in different molar ratios.

This mixture was kept at 310K for about 4 hours for equilibration and then used for experiments.

Small-Angle Neutron Scattering experiment



SANS measurements were performed at the Bio-SANS instrument of Oak Ridge
National Laboratory.3! For the contrast variation series and bilayer structure study, the Bio-
SANS is set to 6 A and a wavelength spread AWM\ ~ 0.15 with an effective g-range of 0.003 to
0.8 A™!. For the domain measurement, the instrument was configured to 18 A (AMA ~ 0.15) to
provide an effective g-range of ~0.001-0.2 A~!, which can cover the large structure of the
interest. The SANS data from the position sensitive 2D detector was reduced to 1-D profiles 1(g)
vs. ¢, by using facility supplied data reduction software Mantid that corrects for detector
sensitivity, instrument dark current, sample transmission and solvent background. 32 A further
constant representing the incoherent background was subtracted from the curves. The
temperature was controlled remotely by a water circulation bath with a temperature probe at the

sample position.
QOENS experiment

QENS measurements were carried out using high energy resolution backscattering
spectrometer BASIS at the Spallation Neutron Source (SNS) of ORNL. 33 For the selected
experimental setup, the spectrometer has an energy resolution of 3.4 peV (full width at half-
maximum for the O-averaged resolution value) and a range of accessible energy transfers of
100 peV suitable for data analysis. The available Q range in the chosen setup was 0.3 A1 to 1.9
A-'. For QENS experiments, the vesicles samples (~2.5 ml) were placed in an annular aluminum
sample holder with 0.5 mm internal spacing. These sample holders were selected to give no more
than 10% scattering from the samples, thereby minimizing multiple scattering effects. QENS
measurements have also been carried out on pure D,O at the same temperatures as a reference

sample. In addition, to obtain the spectrometer resolution data, QENS measurements were



performed on standard vanadium. MANTID software was used to carry out standard data

reduction, which included background subtraction and detector efficiency corrections. 32
QENS data analysis

QENS spectra corresponding to the DMPC bilayer are obtained by subtracting the
contribution of solvent (D,0) from the ULV solution. The scattered intensity from the lipid
membrane, /,,., (Q,®), can be obtained as,

Linem(Q,0) = Isotion(Q,w) — ¢Ip,0(Q,w) &)
where ¢ is the volume fraction of D,O. High energy resolution the BASIS spectrometer (AE~ 3.4
peV) of the Spallation Neutron Source (SNS) is a well-suited spectrometer to study lateral (~ns)
and internal motions (~ps) of the lipid , 337 which is of the current interest. Assuming both
motions are independent of each other, scattering law for the membrane can be written as

Smem(Q,0) = Siat(Qw) @ Sine(Q,w) 2
where Sy, (Q,w) and S;,; (Q,®) are the scattering functions corresponding to lateral and internal
motions of the lipid molecules, respectively. The lateral motion of lipids is expected to be
characterized by continuous diffusion 3438, In that case, scattering law corresponding to lateral
motion, Sy, (Q,®), would be a Lorentzian function,L;q(I"j4¢,w), With I, as the half width at half-
maximum (HWHM).

The internal motion of lipids is instead localized in nature.3*-3¢ This gives rise to the elastic

contribution in the scattering law. Thus, the scattering law for internal motions can be written as

39

Sint(Qw) = A(Q)6(w) + (1 = A(@) Lint(I'inesw) 3)



where the first term represents the elastic part and the second term represents the quasielastic
component, which is approximated by a single Lorentzian function. Here A(Q) is Elastic
Incoherent Structure Factor (EISF) and I’y is the HWHM of the Lorentzian corresponding to
internal motion. Hence, the total scattering law for the membrane can be written as

Smem(Q,w) = [A(Q)Llat(Flat:w) + (1 —A@)Ltot(liat + Tine, w)] 4)
For data fitting, Eq. (4) was convoluted with the instrumental resolution function as measured
with a vanadium standard, and A(Q), I'1,, and [';,; were determined by the least squares fitting of
the measured spectra. DAVE software developed at the NIST Center for Neutron Research was

used for QENS data analysis.*

RESULTS AND DISCUSSION
Aurein promotes lateral segregation of lipids

In our previous study of aurein on liposomes containing anionic lipids, we found that aurein
modified the lipid distribution significantly by drawing an anionic lipid, 1,2-dimyristoyl-sn-
glycero-3-phosphoglycerol (DMPG), to the outer leaflet of the bilayer. At relatively high aurein
concentrations, we have found additional feature that cannot be explained by the transversal
bilayer structure but was indicative of lateral organization.?> Therefore, we applied the contrast
matching SANS in this study to examine it. To take advantage of the neutron scattering contrast
between deuterium and hydrogen, we used ULVs made of chain per-deuterated 1,2-dimyristoyl-
d-54-sn-glycero-3-phosphocholine (d54-DMPC) and protiated anionic lipid DMPG (3/1 and 1/1
in molar ratio). The contrast in the sample is tunable by titrating the solution with different D,O

ratios. Assuming the two lipids were homogenous in lipid bilayers, in a solution of an appropriate



D,0 ratio such that the neutron scattering length density (NSLD) of the solution matched the
average NSLD of the lipid bilayer, there would be no coherent scattering intensity except an
incoherent flat signal. However, if the lateral homogeneity were disturbed, with the segregation of
two lipids in the plane of the lipid bilayer, the contrast between the deuterated and the protiated
domains would raise a coherent non-flat scattering intensity. This technique has been successful

in detecting nanodomains in model membranes?® and live cell membranes.?’

The lipid bilayer contrast matching points of d54-DMPC/DMPG=3/1 and 1/1 were determined
to be 66% D,0 and 50% D,0, respectively, based on contrast variation measurements at different
D,O0 ratios (see the SI for details). With the determined D,O ratios, we were able to annihilate the
characteristic bilayer scattering signal for each lipid composition. As shown by the blue dots in
Fig. 1(a, b), the scattering intensity from the lipid-only samples at 313K, above the gel-fluid phase
transition temperature of the lipids (~297K), shows an essentially flat signal. It indicates a
homogenous mix of d54-DMPC and DMPG in the plane of the membrane in both d54-
DMPC/DMPG=3/1 and 1/1 compositions. To confirm the integrity of the lipid bilayer in ULVs,
we performed small-angle x-ray scattering (SAXS) with the same samples (Fig. S2 in the SI), as
the electron density variations between the bilayer and solution could still be probed by X-ray. The
SAXS data showed excellent scattering curves from the ULV lipid bilayer structures. The SAXS
curves from both lipid compositions were almost identical, as the electron densities from H/D

isotopes were the same.

At the same temperature in the fluid phase, the addition of aurein (10 mol%) caused the
signal below scattering vector Q~0.004 A-! to exceed the flat lipid-only scattering signal (313 K,
shown as red dots in Fig.1a, b). The significant deviations in scattering intensity can be seen more

clearly if the signal for the lipid-only scattering at 313K is subtracted from the signal of the lipid-
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with-aurein sample for both compositions (Fig. 1c, d). The increase in the scattering intensity
originated from the lateral heterogeneity as d54-DMPC and DMPG de-mixed under the influence
of aurein. In other words, the anionic lipid was separated from the zwitterionic lipid to form
clusters. Aurein promoted the lateral domain in the lipid membrane containing anionic lipid. Based
on the Q range of the signal, the size of the lateral domain was estimated to be larger than 70nm
(~m/0.004 A-1). We could not tell whether the lateral domain was symmetric across the bilayer
leaflets. But based on our previous results on the asymmetric distribution of lipids, it is likely that
the domains differed in size between the leaflets. The SAXS data (Fig. S2 in the SI) showed the
bilayer with aurein added was still intact, and the addition of aurein shifted the peaks of the curves
to the right, indicating a thinning of the lipid bilayer that is consistent with other AMPs 264142
From the peak positions, the membrane thickness changed from 45.86A-1 (Q=0.137A-!) in the

lipid-only samples to 43.6 A (Q=0.14 A-!) with aurein added.

More interestingly, the lipid bilayer with aurein was similar to that without aurein at 283
K, where the lipid was in a gel phase (Fig. 1(a, b), black dots). The deviations from the flat
scattering are shown in Fig. 1 (c, d). It appears that aurein induces clustering of anionic lipids,
effectively reducing the lipid rearrangement mobility into a gel-like phase even above the main
phase transition temperature of the lipids. A functional membrane should be in the fluid phase
overall, as lipid molecules are constant reshuffling with molecules such as proteins for different
functionalities. The fluidity also reduces the tension caused by different molecules to maintain a
“defect-free” working mode. If the binding of AMPs, such as aurein, curbs fluidity to promote
more defects, the membrane may become vulnerable.!¥* To understand the origin of the limited
mobility imposed by aurein in lipids, we studied the dynamics of lipids with and without aurein

using the QENS technique.

11
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Figure 1. The SANS scattering intensity from (a) d54-DMPC/DMPG=3/1 without (283 K, 313

K) and with aurein (10 mol %, 313K) in its contrast matching solution with 66% D,0O; (b) d54-

d54-DMPC/DMPG=1/1
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the lipid-only sample at 313K (almost flat and close to zero at the contrast matching conditions,

as shown in (a, b)) from the respective data set (c) d54-DMPC/DMPG=3/1 samples; (d) d54-

DMPC/DMPG=1/1 samples.

Aurein significantly affects the dynamics of lipid bilayers
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We systematically studied the effects of aurein on the dynamics of DMPC membranes at
different temperatures with QENS to understand how aurein changes the phase behavior of
lipids. QENS is one of the most suitable techniques for studying the microscopic dynamics of
lipid membranes on picosecond-to-nanosecond time scales and on length scales from angstroms
to a few nanometers?*3744, The DMPC membrane showed a rather weak transition from the gel
to the ripple phase at 287K and a strong main (ripple to fluid) phase transition at ~297K.37-43:46
QENS experiments were carried out on DMPC ULV at four distinct temperatures, two below
and two above the main phase transition temperature: 280K (gel phase), 293K (ripple phase),
310K and 320K (fluid phase). To investigate the effects of aurein peptide on the dynamics of the
membrane, QENS experiments were also carried out on a DMPC membrane with 1.7 mol%
aurein at those temperatures and with two additional concentrations of aurein (1 mol% and 2.5

mol%) at 320K.

To verify the binding of the peptide to the lipid bilayer, we measured the circular dichroism
(CD) spectra of aurein in DMPC ULVs at the same concentrations and temperatures as in the
QENS experiment. The CD spectra show aurein is a-helical with little change below and above
the main phase transition temperature (297 K) within the experimental uncertainties (Fig. S4 in
the SI). This finding indicates that aurein significantly binds a lipid bilayer composed of only
zwitterionic lipids.4” This is consistent with the finding in a previous study that aurein, as a well-
defined amphipathic peptide, was able to partition a lipid bilayer well without the presence of
charged lipids.*’*® Additionally, SANS experiments were performed to check the DMPC bilayer
structure under the influence of aurein. The SANS results showed that aurein thinned the DMPC
bilayer in a concentration-dependent manner (see the SI for details). For example, in the gel phase

(280K), the total membrane thickness was reduced from 56.3 £0.6A to 52.5 £0.6A once 1 mol%
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of aurein was added. In the fluid phase (313K), the membrane thinning effect was lesser: the
thickness dropped from 48.6 +£0.6A to 45.2+0.5A with 2.5 mol % of aurein added. At the
concentrations of aurein used (up to 2.5 mol %), the lipid bilayer was intact as the bilayer structure

shown by SANS.

QENS spectra corresponding to the DMPC bilayer were obtained by subtracting the
contribution of the solvent (D,0) from that of the ULV solution. The resultant subtracted spectra
for the DMPC bilayer with and without 1.7 mol % aurein are shown in Fig. 2 at 280 K, 293 K, 310
K, and 320 K. Instrument resolution as measured from a standard vanadium sample is also shown
in Fig 2. For direct comparison, spectra are normalized to peak amplitude. Significant quasielastic
(QE) broadening is observed for the DMPC bilayer with and without aurein, indicating the
presence of stochastic motion of the lipid molecules. It is clear from Fig. 2 that there is a sudden
large jump in the QE broadening as the temperature rises from 293 K to 310 K, which is due to
the main phase transition temperature (297 K) of DMPC. It is evident that adding aurein into the
DMPC bilayer leads to a decrease in the QE broadening, especially in the fluid phase of the
membrane (310 K and 320 K). This indicates that incorporation of 1.7 mol % aurein affects the
microscopic dynamics of the DMPC bilayer.

The dynamics of the lipid molecules within the bilayer involve a combination of various
motions such as lateral, flip-flop, vibration, conformation, reorientation of individual lipids, and
bending or thickness fluctuations of the whole bilayer, encompassing a broad range of time and
length scales.*+4349-52 The QENS spectra with the used configuration (AE~ 3.4 ueV and available
energy transfer £ 100 peV) can be successfully described with a model in which lipid molecules
undergo two distinct motions: (1) lateral motion of the lipid molecule within the leaflet and (2)

localized internal motion of the lipid as described in Eq. (4). 3437
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Figure 2 Peak-normalized QENS spectra at 0 =1.1 A-! for the neat DMPC bilayer (filled symbols)

and DMPC bilayer with 1.7 mol % aurein (open symbols) at 280 K (black pentagon), 293 K (red
triangle), 310 K (blue square), and 320 K (green circle). QENS spectra observed from a vanadium

standard as a resolution is also shown by a dashed line.

It was found that the above scattering law described the QENS spectra quite well for DMPC
bilayers with and without aurein at all the measured temperatures and Q values. Typical fitted
spectra for the DMPC bilayer with and without 2.5 mol % aurein at 320K at Q=1.1 A-! are shown
in Fig. 3 (a) and (b). To gain more insight into the two dynamical processes, the parameters

obtained from the fit were analyzed as a function of Q.
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Figure 3 Typical fitted QENS spectra at 320K at O=1.1 A-! for the (a) neat DMPC bilayer and (b)

DMPC bilayer with 2.5 mol % aurein.

Lateral motion of lipids was severely restricted: Lateral motion of lipids has paramount
importance in many physiological processes, such as cell signaling, permeability, membrane
trafficking, membrane fusion, and others. Variations of the HWHM corresponding to lateral
motion of the lipid, I'},, are shown in Fig. 4. It is evident that at all the temperatures, I'},; increases
linearly with Q2, indicating continuous diffusion described by a simple Brownian motion using

Fick’s law, I',; = D1,Q?, as shown by lines in Fig. 4. Here, Dy, the diffusion coefficient for lateral
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motion of DMPC lipid molecules, can be obtained from the slope of the linear fit and is shown in
Fig. 5. It was found that aurein significantly affected the lateral motion of the lipid particularly in
the fluid phase, which is physiologically relevant. Results are found to be consistent with the
fluorescence correlation spectroscopy study which indicated that lateral motion of lipid is
restricted due to insertion of antimicrobial peptides.>? In ordered phases (gel and ripple), aurein
did not significantly affect the lateral motion of the lipid, as it was already restricted. For example,
at 293 K, Dy, for DMPC was found to be 1.6+£0.1x10"7 cm?/s, which remained almost the same
with the inclusion of 1.7 mol % peptide. However, in the fluid phase, the addition of aurein
restricted the lateral motion of the lipid significantly. At 310 K, Dy, for lipid was reduced from
6.01£0.2x107 cm?/s to 4.7£0.2x10”7 cm?/s by the addition of 1.7 mol % aurein. The variation of
D¢ with the concentration of aurein at 320 K is shown in the inset of Fig. 5. It shows that the
lateral diffusion coefficient of lipids decreases monotonously with the increasing concentration of
aurein. At 320 K, Dy, for the DMPC membrane is 8.7+0.3x107 c¢cm?/s, which decreases to

5.440.2x10"7 cm?/s with the addition of 2.5 mol % aurein.
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Figure 4 Variation of HWHMs corresponding to lateral motion of lipids for (a) the DMPC bilayer
with and without 1.7 mol % aurein at 280 K, 293 K, and 310 K. (b) The DMPC bilayer with

different concentrations of aurein at 320 K.
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Figure 5 Lateral diffusion coefficient, Dy, for the DMPC bilayer with and without 1.7 mol %
aurein at different temperatures. It is evident that the stiffening effect of aurein is more prominent
in the fluid phase (310, 320 K). The variation of Dy, with different concentrations of aurein at 320

K is shown in the inset.

Internal motion of lipids was not affected: The internal motion of lipids is complex and comprises
various motions, such as rotational, conformational change, torsional motion, and others. EISF,
A(Q) and HWHM of the Lorentzian, I';,, corresponding to the internal motion of the DMPC with
and without 1.7 mol % aurein at 280K, 293K, 310K and 320 K are shown in Fig. 6. A(Q) and I'i

for the DMPC only and with two peptide concentrations, 1 mol % and 2.5 mol %, at 320K are
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shown in the inset. The internal motion of lipids at 280 K (gel phase) and at all the other
temperatures (293 K, 310 K, and 320 K) was described very well using the uniaxial rotational
diffusion (URD) and localized translational diffusion (LTD) models, respectively. Details for the
URD and LTD models are discussed in the SI. In URD model, it is assumed that a fraction of

hydrogen atoms of the lipids undergoes uniaxial rotation around the molecular axes. In this case,

1

resultant EISF can be written as pxﬁzgz Jo(2Qrsin %) +(1 — p,) where p, is the fraction of

mobile hydrogen atoms and r is the radius of circle on which hydrogen atoms rotates. It is found
that URD model describes the data well as shown by lines in Fig. 6 and the fitting parameters are
listed in Table 1. The results show that in gel phase, 53% of hydrogens in the lipid molecule
undergo a uniaxial rotation on a circle of radius 1.7 A with a rotational diffusion coefficient of
11.4 peV. The addition of aurein does not change the parameters significantly; indicating, it has a

little impact on internal motion of DMPC in gel phase.

LTD model has been used to describe the dynamics of DMPC bilayer at 293 and 310K with and
without aurein. In this model, hydrogen atoms undergo localized translational diffusion within
spheres of different sizes and associated diffusivities. We have assumed a simple linear distribution
of the size and diffusivity along the alkyl chain. Hydrogen atoms in first CH, unit nearest the head
group faces maximum constrained hence has smallest radius of sphere, Ry, and diffusivity Dy;,.
Size and diffusivity increase with the alkyl chain and it would be maximum at the last CH; unit of
the alkyl chain. It is found that LTD model describes the data well as shown by lines in Fig. 6 and
the fitting parameters are listed in Table 2. For DMPC only at 320K, the localized motions of the
hydrogen atoms along the acyl chains are restricted to spheres of radii varying between 0.3 to 5.2

A, with corresponding diffusion coefficient ranging from 1.7 to 78x10-7 cm?/s. Small values of
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Rinin and Dy, should be taken with reservation; they merely reflect the negligible movement of the

hydrogens in the first carbon position held by the headgroup. It is evident that the addition of aurein

do not significantly affect the internal motions of the membrane except at 320 K, where a modest

hindrance in the internal motion is observed.
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Figure 6 Variation of (a) EISF and (b) HWHM corresponding to internal motion of lipid in DMPC

only (filled symbols) and DMPC with 1.7 mol % aurein (empty symbols) at 280 (square), 293

(circle), 310 (triangle) and 320 K (diamond). EISF and HWHM corresponding to internal motion

of DMPC with aurein at 320K at concentrations of 1 mol % (bottom half filled diamond) and 2.5

mol % (top half-filled diamond) are shown in the inset. Lines correspond to the model fits as

described in text.
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Table 1 Fraction of mobile hydrogen, radius of circle and rotational diffusion coefficient as

obtained from the least square fitting of EISF and HWHM, T, at 280K, assuming uniaxial

rotational diffusion model.

DMPC only | DMPC+ 1.7 mol % aurein
p, (fraction of mobile hydrogens) 5343 % 5242 %
r (radius of circle) 1.740.1 A 1.6£0.1 A
Dr (rotational diffusion coefficient) | 11.440.6 eV 11.7£ 0.7 peV

Table 2 Maximum confining radius (R,,.x) and associated diffusion coefficient (D,,x) as obtained

from the least square fitting of EISF and HWHM, I';;,; at 293K, 310K and 320K, assuming localized

translational diffusion model.

T DMPC only DMPC+1.7 mol % DMPC+1 mol % DMPC+2.5 mol %
(K) aurein aurein aurein
Rmax DmaX Rmax Dmax Rmax Dmax Rmax Dmax
(A) (107 (A) (107 (A) (107 (A) (107
cm?/s) cm?/s) cm?/s) cm?/s)
293K | 2.9+0.1 25+1 2.940.1 26x1 - - - -
310K | 5.040.2 | 56+2 | 5.0£0.2 5613 - - - -
320K | 5.240.2 78+3 5.3+0.2 7512 5.2+0.2 76+3 5.3+0.3 7212
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While aurein interacts more strongly with charged lipids, as shown by our previous study
and other studies, 232548 there is still considerable interaction with zwitterionic lipids, a finding
sustained by our results from SANS, CD, and QENS on membranes composed of a single
zwitterionic lipid. The phenylalanine within aurein favors anchoring to the membrane %2934, and
the hydrophobicity of the peptide drives it to integrate into the bilayer. The different phases of
DMPC didn’t affect the binding, as the CD data showed essentially no change in aurein’s helicity
below and above the main phase transition temperature. Once aurein bound to the lipid bilayer,
presumably mostly at the headgroup-chain interface region at the concentrations in our QENS
experiment, 2025 it significantly altered the dynamics of the membrane, especially in the fluid
phase. This indicates that aurein, like many other AMPs, binds and modulates the lipid dynamics
regardless of lipid charge.!?3>37 While aurein causes the membrane thinning as shown by SAXS
and SANS, the effect is limited as aurein doesn’t induce membrane pore.>> Compared to bilayers
with charged lipid, the restriction on the lateral motion might not be as antagonistic in zwitterionic
lipid bilayers, since there is no charged lipid to interact cooperatively with aurein into further

destruction.

There are more implications for membranes with charged lipids. The QENS results showed
that the addition of aurein restricted mainly the lipid lateral motion, not the internal motion. In the
fluid phase, we saw a concentration dependence of the restriction, i.e., as the concentration of
aurein increased, the lateral diffusion slowed gradually. The slowdown has a few consequences.
First, in a membrane composed of different types of lipids, the homogeneity decreases, with
possible de-mixing of charged lipids or coexistence of phases. The preferable interaction of
charged lipid and peptide can exacerbate this effect. This could cause the nanoscopic lateral

domains we saw in the contrast matching SANS experiment.’> Second, the membrane became
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more prone to defect even above the main phase transition temperature, as the slower lateral motion
restricted the membrane from recovering from any stresses or defects caused by intruding agents,
or even normal cell processes. All these changes have adverse effects on bacterial membranes and

their membrane proteins that rely on a proper membrane environment to function normally.

CONCLUSIONS

The present study provides new molecular-level insights into the mechanism of an AMP
on lipid membrane. This mechanism requires no membrane pore formation or membrane
disintegration. With or without charged lipids, aurein readily binds to a lipid membrane
spontaneously with well-defined hydrophobic and hydrophilic sides. Phenylalanine residues and
electrostatic interaction with the anionic lipid both can further promote binding.?° The
amphiphilic aurein stays at the headgroup-chain interfacial region, with different orientations at
different concentrations. 2> With shorter lengths compared with other AMPs, transmembrane
pore formation is hardly possible, as shown in our previous study. 2> But short peptides can
assemble into different oligomers, 2° which are adaptable to different sizes to interact with
charged lipids within certain ranges laterally on a membrane. '® Such electrostatic interactions
promote a preferable interaction of aurein with an anionic lipid in the form of asymmetric
bilayers and lateral segregation of charged and zwitterionic lipids, evident from the direct
structural results from contrast-matching SANS. As aurein reduces the lateral diffusion of lipid
in the membrane, it hinders the ability of lipids to rearrange to accommodate increased
membrane tension and other physical properties required by normal membrane functions.
Moreover, the higher concentration of aurein associated with charged lipids settles the charged-
lipid rich domain that is different from the surrounding lipid bilayer. This may create a highly

stressed phase boundary defect that increases permeability in a way disastrous to the membrane.
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18.48,56 Such defects also enable aurein to penetrate through membranes. This finding explains

why aurein is a good “cargo carrier,” as shown in a previous study. >’
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