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Abstract. The self-assembly of peptides into supramolecular fibril structures has been linked to
neurodegenerative diseases such as Alzheimer’s disease but has also been observed in functional
roles. Peptides are physiologically exposed to crowded environments of biomacromolecules, and
particularly membrane lipids, within a cellular milieu. Previous research has shown that
membranes can both accelerate and inhibit peptide self-assembly. Here, we studied the impact of
biomimetic membranes that mimic cellular oxidative stress and compared this to mammalian and
bacterial membranes. Using molecular dynamics simulations and experiments, we propose a model
that explains how changes in peptide-membrane binding, electrostatics, and peptide secondary
structure stabilization determine the nature of peptide self-assembly. We explored the influence of
zwitterionic (POPC), anionic (POPG) and oxidized (PazePC) phospholipids, as well as cholesterol,
and mixtures thereof, on the self-assembly kinetics of the amyloid  (1-40) peptide (A4o), linked
to Alzheimer’s disease, and the amyloid-forming antimicrobial peptide uperin 3.5 (U3.5). We show
that the presence of an oxidized lipid had similar effects on peptide self-assembly as the bacterial
mimetic membrane. While A4 fibril formation was accelerated, U3.5 aggregation was inhibited
by the same lipids at the same peptide-to-lipid ratio. We attribute these findings and peptide-
specific effects to differences in peptide-membrane adsorption with U3.5 being more strongly
bound to the membrane surface and stabilized in an a-helical conformation compared to APao.
Different peptide-to-lipid ratios resulted in different effects. Molecular dynamics simulations
provided detailed mechanistic insights into the peptide-lipid interactions and secondary structure
stability. We found that electrostatic interactions are a primary driving force for peptide-membrane
interaction, enabling us to propose a model for predictions how cellular changes might impact

peptide self-assembly in vivo, and potentially impact related diseases.
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Introduction

The self-assembly of peptides in a physiological environment into supramolecular fibril
structures has been implicated in ageing-related and neurodegenerative diseases.! One example is
amyloid B peptide (AP) that aggregates in the brains of patients diagnosed with Alzheimer’s
disease.”* However, peptide fibrils have not only been related to disease but were identified as
functional, non-pathological states, and have developed structural advantages as functional
materials, such as found in spider silk.** The fibril-forming peptide uperin 3.5 (U3.5) was first
isolated as an antimicrobial peptide (AMP) and may be related to the innate immune system of the
Australian toadlet Uperoleia mjobergii.®® Peptide fibrils are typically water-insoluble and form a
common cross-P sheet structure, as observed by electron microscopy and X-ray diffraction.”!°
Recent cryoEM studies also identified cross-a fibril structures for a number of peptides.!! !4

The formation of peptide fibrils follows typical nucleation-elongation kinetics with a slow
nucleation phase followed by a fast elongation and growth of the peptide oligomers into fibrillar
aggregates (see Figure 1a).!>!¢ Several studies suggested an a-helical peptide conformation as an
intermediate toward B-sheet rich fibrils.!”2° However, the physiological role of amyloid peptides
and the biochemical processes that cause aggregation and disease are still under investigation.?!-*2
Since antimicrobial properties have not only been found for U3.5 but also for the Alzheimer-related
AP peptide,?® studies suggested links between the antimicrobial activity of peptides and their

aggregation into amyloid fibrils.®*3%
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Figure 1. Overview of the impact of lipids on peptide self-assembly into fibrils. (a) Typical nucleation-elongation
kinetics of fibril formation with the slow formation of critical nuclei and subsequent rapid fibril growth. The presence
of lipids accelerates or inhibits peptide fibril formation, resulting in shorter or longer times for the nucleation phase,
respectively. (b) Peptide sequences of APs and U3.5 in one-letter code (acidic groups: red and bold italics, basic
groups: blue and bold). (¢) Phospholipids with hydrophilic head groups and hydrophobic tails typically spontaneously
self-assemble into lipid bilayers, micelles or liposomes. (d) The chemical structures of the studied phospholipids
POPC, POPG and PazePC as well as of cholesterol are shown. The carboxyl group of PazePC may be (partially)

deprotonated under experimental condition.

Under physiological conditions, peptides are surrounded by other biomacromolecules in crowded
environments and cell membranes play an important role.?2° This is particularly relevant as the
pathology of amyloidogenic peptides has been linked to their peptide membrane activity.’* > Both
the impact of membranes on peptide structure and self-assembly kinetics as well as the action of
peptides on membranes have been studied extensively.?*34433542 The membrane damage caused

by amyloidogenic peptides has been attributed to different oligomeric species as well as the fibril
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growth process.*** Previous work either proposed the disruption of membranes by peptides or the
modulation of peptide self-assembly by membranes as the initial process in relation to disease, or
considered both processes as concomitant.?->264647 Sparr and Linse emphasized the important
role of membrane properties, and particularly the protein-to-lipid ratio, among the factors
contributing to lipid-protein interactions in amyloid formation.*®

In this work, we focused our attention on the role of the oxidized membrane lipid PazePC on the
structure and self-assembly kinetics of the amyloid B (1—40) peptide (APs0)**>* and the
antimicrobial peptide uperin 3.5 (U3.5) (Figure 1b), aggregating near model membranes.®® While
ABao is a widely studied peptide related to Alzheimer’s disease,? U3.5 has originally been identified
as an AMP. AMPs are generally cationic and known to adopt an a-helical conformation when in
contact with membranes surfaces, stabilizing either intermediates toward peptide fibrils or oft-
pathway oligomers.!”%3 Interestingly, the membrane disruption activity of antimicrobial and
amyloidogenic peptides have been linked recently.”#?*3* There have also been reports on the
relation between fibril formation and environmental factors, such as oxidative stress and viral
infections.>®

Membranes constitute barriers and interfaces of complex composition and varying surface
geometry.**?762 Along with sphingolipids, sterols, and membrane proteins, phospholipids are the
major components of membranes that self-assemble into micelles, liposomes and bilayers
(Figure 1¢).> Numerous studies identified a large impact of membrane composition on peptide
self-assembly, ranging from acceleration to inhibition of the process.!”3%71:7263-70 Here, we studied
membrane compositions consisting of zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) as a major lipid bilayer component (Figure 1d). Phosphatidylcholine (PC)
lipids, such as POPC, are the main component of mammalian and bacterial cell membranes,®* and

are typically used for biomimetic membrane studies.” In addition to POPC, our model membranes
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and liposomes consisted of cholesterol, a typical and major component of mammalian membranes,
as well as anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), a typical
component of bacterial membranes.®’*” Furthermore, we studied the role of oxidative stress on
peptide self-assembly by including the oxidized lipid 1-palmitoyl-2-azelaoyl-sn-glycero-3-
phosphocholine (PazePC).”¢"® Oxidative stress has previously been linked to ageing and
neurodegenerative diseases.””*" We used biophysical techniques to follow peptide self-assembly
kinetics in the absence and presence of various lipid mixtures and peptide-to-lipid ratios to
understand the impact on peptide secondary structure and peptide-membrane adsorption.
Molecular dynamics (MD) simulations revealed molecular insights into the peptide-membrane
interactions.

We observed differential effects of lipids on peptide self-assembly, depending on membrane
composition and peptide-to-lipid ratio, with larger effects for the anionic POPG and the oxidized
PazePC lipids, particularly for the U3.5 peptide. POPG and PazePC attracted the peptides onto
their surface, driven by electrostatic interactions, and thereby influenced peptide secondary
structure, leading to a large impact on peptide self-assembly.®! Interestingly, the same lipids and
lipid mixtures, and peptide-to-lipid ratios led to differential effects for ABso and U3.5 peptide,
resulting from varying peptide-membrane attraction, hence secondary structure stabilization. Our
results support the hypothesis that cellular changes, such as oxidative stress, could trigger peptide

self-assembly processes and thus influence the onset and progression of related diseases.

RESULTS AND DISCUSSION

To understand the influence of changes in the (cellular) membrane environment, namely the
impact of an oxidized lipid, on the self-assembly of peptides into fibril structures, we initially

performed experiments to follow the kinetics for the two peptides, amyloid B (1—40) (AP40) and
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uperin 3.5 (U3.5). We chose those peptides because of their similarity in forming fibrils as well as
showing antimicrobial properties,®®2*4° but also their difference in overall charge, with A4 being
overall negatively charged and U3.5 positively charged (see Table 1). As membrane models, we
used bilayers and liposomes or micelles (see Figure 1¢) with the phospholipid POPC as the major
component. Mixtures of POPC with cholesterol were used to model mammalian cells, mixtures of
POPC with anionic POPG to mimic bacterial cells, and mixtures of POPC with PazePC to mimic
oxidized membranes.®’*"> PazePC has previously been identified as a major product of oxidative

processes, and may be protonated or deprotonated at physiological pH (see Table 1).7578

Table 1. Charges of the Peptides and Lipids at pH 7.4.

Charge Charged Residues
at pH
7.4
Peptides
ABao -2.9 6 x -1 (3 x Asp, 3 x Glu),
3 x +1 (Arg, 2 x Lys),
+0.1 (His), -1 (C-terminus),
+1 (N-terminus)
u3.s +3 -1 (Asp),
3x+1 (Arg, 2 x Lys),
+1 (N-terminus)
Lipids
POPC =0 -1 (phosphate),
+1 (choline)
Cholesterol +0 neutral
POPG -1 -1 (phosphate)

PazePC -1to 0 -1 (phosphate), +1 (choline),
-1 (if azelaoyl carboxyl group
is deprotonated)’%?

To probe the influence of the oxidized lipid PazePC on peptide self-assembly, we used
thioflavin T (ThT) fluorescence assays. ThT is a commonly used dye to detect peptide self-

assembly into amyloid fibrils, as it shows an enhanced fluorescence upon fibril binding.*>%* We
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studied the peptides AP4o and U3.5 without and with different amounts of lipids present (Figure 2).
The peptide-to-lipid ratio was varied in order to study the situation with equal (molar) amounts of
peptide and lipid (1:1) and excess of lipids (1:9). The lipids were added to the peptide solutions as
liposomes, with the exception of POPC-PazePC and pure PazePC, which were present as micelles
under the conditions used in this study, since PazePC has a relatively high critical micelle
concentration (CMC) of ~20 pM compared to POPC, POPG or cholesterol with CMC values in the
nM range (see dynamic light scattering (DLS) measurements in SI Figure S2).82858% The
fluorescence assays consistently showed the greatest effects for ratios where lipids were in excess
(shown in Figure 2, and SI Figure S3 for additional lipids and lipid mixtures). While Ao
aggregation was accelerated in the presence of all lipids (i.e. shorter lag times) (Figure 2a, c-¢ and
SI Figure S3a, ¢, e, g), the aggregation of U3.5 was only minimally affected by POPC or cholesterol
containing liposomes (POPC, cholesterol, POPC-cholesterol, 4:1) (Figure 2b, f and Si Figure S3b,
h). If POPG or PazePC lipids were present (POPG, PazePC, POPC-POPG, 4:1, and POPC-PazePC,

7:3) (Figure 2b, g-h, SI Figure S3d, f), U3.5 aggregation was completely inhibited.

The acceleration of APB4o aggregation in the presence of membrane surfaces is in agreement with
previous studies®® while an enhanced B-sheet formation of the related ABs> peptide has been
observed on oxidatively damaged surfaces, in particular.®” The inhibition of U3.5 aggregation in
the presence of POPG containing liposomes (POPG, POPC-POPG, 4:1) is also in agreement with
our prior work when DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) lipid
systems were studied.!” In this work, we show that micelles containing the oxidized lipid PazePC
have similar effects on peptide aggregation (Figure 2h and Si Figure S3f). Clearly, AP4o and U3.5
peptide aggregation were influenced by anionic lipids, albeit in a different direction, requiring us

to consider the physicochemical properties of the peptides as illustrated above (Table 1).
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Figure 2. ThT fluorescence assays were performed to follow the kinetics of fibril formation. The peptides A 4o
(100 pM) and U3.5 (50 uM) were studied in PBS buffer at pH 7.4 at 37°C. (a, b) Peptides were studied without and
with different amounts of lipids present (peptide-to-lipid molar ratio: 1:1, 1:9). (c-h) The largest impact of the lipids
on peptide aggregation was observed when lipid was added in excess (1:9). When peptide and lipid had the same
concentration in the sample (1:1), smaller effects were observed. Data for pure POPC and lipid mixtures consisting of
POPC-POPG (4:1) and POPC-PazePC (7:3) are shown. Additional data can be found in SI Figure S3. The data for
U3.5 (b) without lipid present was previously reported and is included as a reference to all other lipids and AB4o.!” The
lines refer to the mean and the shadow areas to the SEM (standard error of the mean) of the replicates. Data were

normalized to a maximum fluorescence of 1 (except in cases with inhibition of peptide aggregation).
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If lipids were present at the same concentration as the peptide (1:1), ABso aggregation was
accelerated to a smaller extent compared to if lipids were present in an excess (1:9) (Figure 2c-e).
For U3.5, lower lipid molar ratios (peptide-to-lipid ratio 1:1) had either no effect on peptide
aggregation, or, interestingly, aggregation was accelerated, particularly when POPG liposomes
were present (SI Figure S3d). When POPG or PazePC containing liposomes and micelles (POPG,
PazePC, POPC-POPG, 4:1, and POPC-PazePC, 7:3) were present in excess (peptide-to-lipid molar
ratio 1:9), U3.5 aggregation was completely inhibited (Figure 2b, g, h, SI Figure S3d,f). Liposomes
and micelles present large surface-to-volume ratios in the nanometer size range (see SI Figure
$2).61:9991 In the presence of strong electrostatic surface attraction, the absorption of peptides onto
micelles and liposomes can inhibit the formation of amyloid fibrils by depleting the free
concentration of monomers in solution thereby reducing peptide mobility and flexibility. In the
presence of weak surface attraction, micelle and liposome surfaces may act as potential adsorption
and nucleation points for peptides and can seed aggregation.®**2% Similarly, if a small amount of
surfaces with strong electrostatic attraction is present, surfaces can initiate the local concentration
of peptide oligomers and thus accelerate peptide self-assembly.!”** This may explain why U3.5
peptide aggregation was accelerated when POPG liposomes or PazePC micelles were present at
low concentration (peptide-to-lipid molar ratio 1:1), but completely inhibited for ratios with lipid
excess (1:9) (SI Figure S3d, f). The change in peptide-to-lipid ratio is also related a switch from

peptide-rich to lipid-rich co-assemblies. 3

Ao peptide was influenced in a similar manner by all lipids and lipid mixtures and thus a similar
adsorption mechanism of the peptide to the liposomes is expected. While Af4o has an overall
negative charge, it has both positively and negatively charged side chains as well as many
hydrophobic residues that may all provide potential points of attraction to membrane surfaces. In

contrast, U3.5 peptide has an overall positive charge and thus attraction to negatively charged lipid

10
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headgroups is expected, leading to a strong influence of POPG and PazePC containing liposomes
and micelles (POPG, PazePC, POPC-POPG, 4:1, and POPC-PazePC, 7.3). Uncharged POPC and
cholesterol as well as POPC-cholesterol (4:1) liposomes did not significantly interact with U3.5
showing similar fluorescence profiles as without lipids present (Figure 2f, SI Figure S3b, h). While
lower POPG liposome amounts (peptide-to-lipid molar ratio 1:1) may have provided a nucleation
point leading to acceleration (Figure S3d), the inhibition of U3.5 aggregation at a peptide-to-lipid
molar ratio of 1:9 was likely caused by trapping of all the U3.5 monomers at the micelle and
liposome surfaces. Thus, these fluorescence results indicate a competition between oligomer seed
formation and the inhibition of aggregation through the binding of available peptide monomers to
the membrane surface.

To better understand the distinct effects of the membrane components on peptide self-assembly,
we studied peptide secondary structure changes of AB4o and U3.5 using circular dichroism (CD)
spectroscopy (Figure 3). The peptides were studied in the absence and presence of POPC,

cholesterol, POPG and PazePC. The CD spectra show that the ABso peptide aggregated and thus
adapted a B-sheet conformation (Amin at 215 nm) both in the absence and in the presence of lipids
after two days of incubation. In contrast, U3.5 peptide showed [-sheet formation in the presence
of POPC or cholesterol liposomes and without any lipid present (Amin at 219 nm); however, the
peptide was stabilized in an a-helical conformation (Amin at 208 nm and 222 nm) when POPG

liposomes or PazePC micelles were present;” thus preventing p-sheet formation. The role of a-
helical peptide conformations as potential intermediates toward fibrils and their high abundance at
membrane surfaces has been discussed in the literature.'>!”->* It has previously been shown that
peptides adopt a transmembrane conformation within membranes when the peptides are present in

high concentration on the surface, resulting in an a-helical structure.’®

11
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Figure 3. CD spectra of (a) AP and (b) U3.5 without and with excess of lipid (peptide-to-lipid molar ratio 1:9) in
PBS buffer at pH 7.4 at 37°C. AP4o aggregation was studied at 100 pM with 900 uM of lipid present (for CD, it was
diluted to 20 pM peptide and 180 puM lipid) and U3.5 peptide was studied at 50 uM with 450 uM lipid present. Samples
were measured after 2 days or 15 hours, respectively. Note that the data for U3.5 (b) without lipid present and with
cholesterol were previously reported and are included here as reference to all other lipids and Aso.!” Note that the

symbols are used to distinguish the data sets and data were recorded every 0.5 nm.

Experiments with 2,2,2-trifluoroethanol (TFE) were performed to confirm that the solution
environment has a distinct effect on AP4o secondary structure compared to U3.5. TFE is commonly
used to enhance helical secondary structure.!” Our data show that while 40% TFE influenced the
secondary structure of AP4o initially, the peptide aggregated after two days similarly to the AB4o

samples with lipids (SI Figure S4). This is in contrast to U3.5 which was stabilized in its a-helical
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conformation for at least five days when 40% TFE was present, as previously reported®’ (see Table
S2 for quantitative secondary structure estimations from the experimental spectra). Bokvist et al.
have shown that A 4o fibril formation is accelerated at membrane surfaces (for DMPC and DMPG)
but prevented when the peptide was anchored in an a-helical conformation as a transmembrane
peptide.”® In our study, we added liposomes and micelles to the peptides and thus an accelerating
effect for AP4o was expected.

The stabilization of U3.5 in an a-helical conformation in the presence of excess POPG liposomes
or PazePC micelles (Figure 3) is thus linked to the inhibitory effects on peptide aggregation
observed in the ThT assays (SI Figure S3d, f), while an intermediate stabilization may accelerate
peptide self-assembly. Since POPG and partially PazePC lipids are negatively charged and U3.5
positively charged, it seems that electrostatic attraction and thus strong adsorption of U3.5 to the
membrane surface could be the cause for the inhibitory effects on fibril formation while stabilizing
the peptide in an a-helical conformation. To probe differences in peptide-membrane binding, we
performed quartz crystal microbalance (QCM) measurements (Figure 4). This technique enables
monitoring of nanogram binding events to membrane surfaces using a surface-modified quartz
crystal sensor.” 102

The QCM curves show a transient decrease in frequency and thus transient peptide binding for
both peptides when interacting with POPC lipid bilayers (around 5 min), while only Af40 shows
this behavior when interacting with POPC-POPG (4:1). In contrast, the U3.5 peptide remained
bound within the POPC-POPG membrane over time until the measurement cell was rinsed with
buffer. It can also be seen that both peptides showed greater mass binding with the POPC-POPG
lipid bilayers (Figure 4c, d) compared to pure POPC (Figure 4a, b). While the peptide-membrane
interaction mechanism requires a more detailed study for its elucidation, we used QCM

measurements here for the purpose to probe differences in interaction affinity of the peptides to the
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membrane surfaces. Our results confirm the hypothesis that the peptides bind more strongly to
negatively charged lipids, shown here for POPC-POPG due to its stability in liposome and

membrane formation, and particularly true for the net positively charged U3.5 peptide.

10 T T T T T
| @ ABy at POPC

i

-10+ 110+
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Figure 4. QCM changes in frequency of (a, ¢) APao and (b, d) U3.5 peptide (25 uM) interacting with (a, b) POPC and
(c, d) POPC-POPG (4:1) lipid bilayers in PBS buffer at pH 7.4 at 22°C. The larger the negative change in frequency,
the stronger the peptide mass binding to the membrane. A lipid bilayer is first deposited on the sensor surface before
the peptide is introduced (0-15 min), kept incubating (15-60 min), and finally rinsed with buffer (60-70 min). The solid

lines refer to the mean and the shadow areas to the SEM (standard error of the mean) of the replicates.

Molecular dynamics (MD) simulations were performed to obtain detailed insight into peptide-
membrane interactions.’®!%719 Both AB4 and U3.5 adsorbed to the lipid membranes within a few
nanoseconds of simulation time. Representative snapshots of the most dominant structures of the
simulations show a strong adsorption of particularly the U3.5 peptide to the membrane surface
(Figure 5), while AB4o was less tightly bound. AP and U3.5 were studied with both an a-helical
and unstructured (random) initial structure since many peptides are unstructured in solution and
tend to form helices near membranes.!”!% Moreover, our atomistic MD simulations can only
sample limited time scales and we thus considered both conformations as starting structures.

Peptide-membrane adsorption appears particularly tight for the U3.5 peptide near POPC-POPG
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(4:1) and POPC-PazePC (7:3) membranes (see Figure 5 and SI Figures S5-S12 for simulation
snapshots and mass density profiles). The tighter membrane binding of U3.5 compared to AB4o is
consistent with our experimental QCM results (Figure 4) and is likely related to stronger
electrostatic interactions, as it has been previously demonstrated for different charged surfaces.®’
Analysis of the average distances between the phosphate headgroups of POPC in the outer
membrane leaflet and the peptide C, atoms confirmed the tighter binding of U3.5 peptide compared
to AP4o to the membranes (Figure S13).

When analyzing the secondary structure of the peptide conformations in the simulations, we
observed a greater -sheet/bridge formation when the initial peptide structure was random coil,
while the a-helical starting structure remained more stable overall. Significantly, our MD
simulations confirmed a strong o-helix stabilization for the U3.5 peptide (helical starting structure)
in the presence of POPC-POPG (4:1) and POPC-PazePC (7:3) membranes (see Figure 5, secondary
structure content for U3.5 helical). Note that we studied membranes containing both protonated as
well as deprotonated PazePC due to the potential presence of both under experimental conditions
(pH 7.4). This agrees with our observation that fibril formation was completely inhibited for U3.5
peptide when POPG or PazePC containing membranes were present in excess (Figure 2). In
contrast, APB4o secondary structure was not significantly influenced by the presence of the
membranes, confirming our CD spectroscopy experiments (Figure 3), where we observed
aggregation into B-sheet rich structures for AB4o in all cases. The MD simulations are in overall
agreement with our experimental observations with a tighter membrane binding and secondary
structure stabilization (see Figure 5) and thus larger influence on peptide aggregation for the U3.5
peptide. The relevance of the environmental conditions on the U3.5 peptide conformation has
recently also been reported by Landau ef al. who have determined an cross-a helical structure when

1,12

in an environment of a polyether based on polypropylene glycol, < and a cross-f fibril structure in
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aqueous solution.!”” Previous studies also found that the related ABa> peptide is influenced in

oligomer structure formation depending on the membrane composition and its environment.!%

I. Representative Structures of Peptide-Membrane Simulations
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Figure 5. I) Representative structures of the peptide-membrane simulations at 303.15 K and with 0.15 mM NaCl in
water. The central structure of the largest structural cluster during the last 10 ns simulation time of all replicates for
each peptide is shown when studied near POPC, POPC-POPG (4:1), and POPC-PazePC (protonated) (7:3) membranes.
IT) The average secondary structure content of the peptides during the last 10 ns simulation time of all replicates is

shown. MD simulation snapshots were visualized in VMD 1.93.1%°
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Analysis of the closest interactions between the peptides and the membrane components
confirmed our suggestion that differences in the charge between both peptides caused the
differential impact caused by POPC, anionic POPG and oxidized PazePC lipids (Figure 6). The
cationic amino acids arginine and lysine in positions 5, 16 and 28 in A4, and in positions 7, 8 and
14 in U3.5 showed minima in peptide-membrane distance, and thus indicate the most dominant
peptide-membrane interactions. Electrostatic attraction was particularly observed for the U3.5
peptide. In previous work, we already demonstrated the high relevance of position 7 (arginine) in
U3.5 for peptide aggregation and membrane interactions.>!” Our MD simulations show that
positions 8 and 14 were of high relevance for the initial membrane interactions for the U3.5 peptide,
for both the simulations with an o-helical and random starting structure. We note that longer
simulation time scales would be required to study more detailed effects on the membrane integrity.

However, our study here focused on the effects on peptide adsorption and self-assembly.

17


https://doi.org/10.1101/2022.08.02.502408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.02.502408; this version posted August 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

a) AP, helical starting structure
T T T

¢) U3.5 helical starting structure
T T T T T

3.0 T T T T T T
25 1k
IS
c
o 2.0 1k
(8]
c
8
X Jb
A L5
IS
>
£1.0 Jb
= .
= il
0.5 -
00 1 1 1
30 b) AB,, random starting structure d) U3.5 random starting structure
. T T T T T T T T T T T T T T T
POPC —&— (averaged over all)
Cholesterol —y— (POPC-Cholesterol, 4:1)
25 POPG —— (POPC-POPG, 4:1) [
E PazePC (protonated) —4— (POPC-PazePC, 7:3)
=55 PazePC (deprotonated) —»— (POPC-PazePC, 7:3)
g2
c
8
]
AL5
IS
=}
g 1.0
=
=
0.5 gl "
1
00 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18
Residue Residue

Figure 6. Average minimum distances between the peptides (a, b) APs and (¢, d) U3.5 and the lipid bilayer
components POPC, cholesterol, POPG, and PazePC during the last 10 ns simulation time of all replicates. The vertical
lines at residues 5 (arginine), 16 (lysine) and 28 (lysine) for AP4o and at residues 7 (arginine), 8 (arginine) and 14
(lysine) for U3.5 indicate the positively charged residues in both peptides to guide identifying the closest peptide-

membrane interactions. Note that the symbols are used to distinguish the data sets and each residue has a data point.

In summary, our data have shown that membrane lipid composition modulates the effect of
membranes on peptide self-assembly. For the overall negatively charged and highly hydrophobic
APao peptide, peptide aggregation was accelerated by all membranes at the peptide-to-lipid ratios
that we tested, especially by POPC and PazePC containing membranes. In contrast, the net
positively charged U3.5 peptide was not significantly influenced by POPC or cholesterol but
showed some acceleration at low amounts of POPG and PazePC containing membranes, and

complete inhibition when POPG and PazePC lipids were present in excess. Our QCM experiments
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and MD simulations confirmed a strong binding of U3.5 to POPG and PazePC containing
membranes, with stabilization of the peptide in the o-helical conformation, revealed by CD
spectroscopy. The impact of membrane lipids on peptide aggregation, as well as changes in
membrane composition, must therefore be considered to be peptide-specific. The peptide sequence
as well as the peptide aggregation propensity are important factors next to the peptide-membrane
surface attraction.'' The membrane composition, influenced by oxidation processes, results in

distinct physical properties of the membranes,’ 111114

which in turn impact the effects on peptide
aggregation.'!'® In our study, we have investigated the effects for the net negatively charged APao
peptide and the net positively charged U3.5 peptide. Electrostatic interactions mediated by the
presence of charged peptide residues were highly relevant for the U3.5 peptide, while AB4o peptide
experienced intermediate affinity to all membranes. This is in agreement with previous work that
identified electrostatic interactions to be particularly important for cationic peptides and
hydrophobic peptide residues to drive the interactions of nonpolar residues with membranes. %116
The sequence and number of positively charged residues in peptides, such as arginine and lysine,

may thus have important influence on the degree and direction in which anionic and oxidized lipids

affect peptide aggregation.

CONCLUSIONS

This work suggests the importance of (cellular) lipid membranes, particularly their biochemical
composition, for biologically relevant processes, such as peptide adsorption, secondary structure
stabilization and aggregation. Changes in the membrane structure due to oxidative reactions or the
infection with bacteria and thus the exposure to new and distinctly modified cell surfaces may lead
to enhanced peptide adsorption to membrane surfaces, resulting in the acceleration or inhibition of

peptide aggregation, and in turn amyloid fibril formation as shown in our work. It seems obvious
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that these effects may have implications for the link between amyloidogenic peptides and the
development of neurodegenerative diseases. The strong effect of the anionic, bacteria-mimicking,
and oxidized membrane lipids on the antimicrobial peptide U3.5 emphasize our hypotheses about
existing links between antimicrobial and amyloidogenic peptides, as well as to infection and
(oxidative) stress. Both AB4o and U3.5 may have a functional role in organisms and their self-
assembly into a-helical or B-sheet rich conformations be linked to functional or disease-related
states. Changes in the cellular membrane and peptide conformation due to stress could thus trigger

functional loss of peptides and proteins.
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AB4o, amyloid B (1-40); AMP, antimicrobial peptide; CD, circular dichroism; CMC, critical
micelle concentration; DLS, dynamic light scattering; DMPG, 1,2-dimyristoyl-sn-glycero-3-
phospho-(1'-rac-glycerol); MD, molecular dynamics; PazePC, 1-palmitoyl-2-azelaoyl-sn-glycero-
3-phosphocholine; PBS, phosphate-buffered saline: POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol); QCM,

quartz crystal microbalance; TFE, 2,2 2-trifluoroethanol; ThT, thioflavin T; U3.5, uperin 3.5
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