Disorder-to-order transition of the amyloid-8 peptide upon lipid binding
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Abstract

There is mounting evidence that Alzheimer’s disease progression and severity are linked to neuronal membrane dam-
age caused by aggregates of the amyloid-8 (AB) peptide. However, the detailed mechanism behind the membrane
damage is not well understood yet. Recently, the lipid-chaperone hypothesis has been put forward, based on which
the formation of complexes between AS and free lipids enables an easy insertion of AS into membranes. In order
to test this hypothesis, we performed numerous all-atom molecular dynamics simulations. We studied the complex
formation between individual lipids, considering both POPC and DPPC, and AS and examined whether the resulting
complexes would be able to insert into lipid membranes. Complex formation at a one-to-one ratio was readily ob-
served, yet with minimal effects on AB’s characteristics. Most importantly, the peptide remains largely disordered in
1:1 complexes, and the complex does not insert into the membrane; instead, it is adsorbed to the membrane surface.
The results change considerably once AS forms a complex with a POPC cluster composed of three lipid molecules.
The hydrophobic interactions between AS and the lipid tails cause the peptide to fold into either a helical or a S-sheet
structure. These observations provide atomic insight into the disorder-to-order transition that is needed for membrane

insertion or amyloid aggregation to proceed.

1. Introduction

Intrinsically disordered proteins (IDPs) are a family
of proteins that are generally characterized by lacking a
well defined structure. Instead, they are disordered and
can adopt a variety of conformations in their physiolog-
ical environment [1, 2]. Interestingly, this disordered
nature is essential for IDPs in order to perform diverse
biological functions, such as regulation in cell cycling,
transcription, and translation [3, 4, 5, 6]. Several, if not
most, IDPs undergo a function-related disorder-to-order
transitions upon binding to a specific interaction partner,
allowing them to mediate multiple interactions with dif-
ferent partners in the cell [7, 8, 9, 10, 11, 12]. A recent
review discussed how such disorder-to-order transitions
can be characterized using molecular dynamics (MD)
simulations [13]. When misexpressed, mismodified,
misprocessed, and/or dysregulated, IDPs are connected
to the development of various diseases [14], including
amyloidosis [15], diabetes [16], and neurodegenerative
diseases[17, 18] in humans. Notably, many of these

Preprint submitted to Biophysical Chemistry

diseases are associated with amyloid forming proteins,
which are proteins that assemble into pathogenic, insol-
uble aggregates including oligomers, protofibrils, and
fibrils [19].

One member of the IDP and amyloid-protein fam-
ilies that gained particular attention is the amyloid-8
(Ap) peptide, which is strongly linked to the develop-
ment of Alzheimer’s disease (AD) [20, 21]. AB is gen-
erated through the cleavage of the transmembrane amy-
loid precursor protein [22, 23]. It ranges from 39 to
43 amino acids in length, with Af4, being the predom-
inant alloform in the amyloid fibrils that lead to senile
plaques. Moreover, ABy; is also more toxic than A4,
which is the most common alloform. Mounting ev-
idence suggests that the toxicity related to AS is ex-
erted via abnormal interactions of the AS aggregates
with the neuronal cell membrane [24, 25]. The small-
sized amyloid oligomers are found to be more toxic than
the mature fibrils [26, 27, 28]. Unfortunately, the de-
tailed molecular mechanism of the AG—membrane inter-
action is still not fully resolved. Therefore, further stud-

October 3, 2021



ies aiming to understand these interactions and the re-
sulting membrane-damaging mechanisms are warranted
and needed.

Numerous studies that explored AB—membrane inter-
actions focused on AB in a water-membrane environ-
ment. They typically aimed to identify the key play-
ers, such as AB oligomers or fibrils, and the membrane-
damage mechanisms, such as membrane pore forma-
tion or detergent-like membrane thinning [29, 30, 31].
Common to these studies is that they investigate the be-
havior of Ag in a lipid-rich phase, i.e., in the presence
of a lipid membrane. However, recent studies demon-
strated the crucial role of free lipids, which exist at
nanomolar to micromolar concentration in equilibrium
with the membrane, in the formation of AS-lipid com-
plexes, which enabled an easy membrane insertion for
ApB and also other amyloid proteins [32, 33]. Based
on these results, La Rosa and coworkers proposed a
lipid-chaperone hypothesis as a unifying framework for
amyloid-membrane poration [34]. Some experimental
and MD studies reported on the stability of peptide-lipid
complexes in solution and their role in assisting protein
transport into membranes [34, 32, 35]. In general, lipid-
assisted protein transport is overlooked compared to the
well documented lipid-carriage by proteins [36, 37, 38].

In this study, we perform all-atom MD simulations
to investigate two aspects of the lipid-chaperone hy-
pothesis: (i) complex formation between A4, and lipid
molecules in 1:1 and 1:3 ratios in solution, (ii) inter-
action of the AB4,-lipid complexes with pre-assembled
lipid membranes. As lipids we chose the most abundant
lipids in mammalian cells: 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) (Fig. 1). We
find that AB4, forms stable complexes with both lipid
molecules. While the peptide remains largely disor-
dered in the 1:1 complexes, it undergoes disordered-
to-ordered transitions upon interaction with three lipid
molecules. However, on the microsecond timescale of
our simulation no membrane insertion is observed for
the AB4,-lipid complexes, while a single lipid can read-
ily integrate into an existing membrane on the same
timescale.

2. Methods

2.1. System setup

We performed all-atom MD simulations for three
ABsp-lipid systems: 1:1 complexes in solution, 1:3
complexes in solution, and 1:1 complexes in a mem-
brane environment. For the systems involving 1:1 com-

Figure 1: Chemical 2D-structure of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phophocholine (POPC, top) and 1-2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, bottom).

plexes, we performed two sets of simulations: a refer-
ence set and a target set, as described below and sum-
marized in Table 1.

Table 1: Summary of simulations performed in this work.

System Runs x length
1 Aﬂ42 3x1 MS
1:1 AB4,—DPPC 3x1pus
1:1 AB4»—POPC 3x1us
1:3 AB4»—POPC 3x2us

1:1 AB4,—POPC + POPC membrane 3x2us

1 AB4; + POPC membrane 1X2us

1 POPC + POPC membrane 1x2us
Total simulation time 25 us

1:1 AByr—lipids complexes. We followed the complex
formation between AB4, and a single lipid molecule, ei-
ther POPC or DPPC, in solution by placing them in a
simulation box with an initial minimal distance of 4 nm
between them, which was realized with Packmol [39].
This setup defines the target state for the 1:1 complexes,
while the reference is a single AB4, peptide in solution.
As starting structure for AB4, a random-coil conforma-
tion was used. It was retrieved from a 30 us MD simula-
tion of Af4 that employed the Amber99SB-UCB force
field [40, 41]. The two C-terminal residues Ile41 and
Ala42 were added to obtain AB4,. Each simulation was
run for 1 us and in triplicate using different initial veloc-
ities. The total number of atoms in these systems was
N =~ 50, 000 and the simulation box volume V measured
8.0 x 8.0 x 8.0 nm>,

1:3 AB4p—POPC complexes. To study the behavior of
APy, in the presence of three POPC lipids, we identified
the most populated conformation of the 1:1 AB4,—POPC



complex and added two more POPC lipids to it. The
two additional POPC molecules were placed randomly
using Packmol, with a minimum distance of 4 nm from
the existing 1:1 complex and between each other. For
this setup, 2 us MD simulations were performed in trip-
licate with different initial velocities. The total number
of atoms in these systems was N = 50, 000 and the sim-
ulation box volume V measured 8.0 X 8.0 x 8.0 nm®.

1:1 AByr—lipids complexes plus membrane. A lipid bi-
layer composed of 154 POPC lipids was generated us-
ing the CHARMM-GUI interface [42]. The reference
set includes two setups: one involving a single AB4,
peptide plus the membrane, the other one including a
single POPC lipid plus the membrane. The target sys-
tem is a 1:1 AB4—POPC complex plus the membrane.
The peptide, lipid or complex were placed at a minimal
distance of 1.0 nm above the bilayer surface in the wa-
ter layer. All systems were simulated for 2 us, and in
the case of the target system, the system was simulated
in triplicate with different initial velocities. The total
number of atoms in these systems was N ~ 134,000
atoms and and the simulation box volume measured
10.0 x 10.0 x 14.0 nm?.

2.2. Simulation details

The MD simulations were performed using GRO-
MACS version 2018 [43]. ApB4 was modeled using
the CHARMM36mW force field [44], as this force
field provides acceptable results for the amyloid-8 pep-
tide [41] and was identified as the currently most suited
force field for simulating amyloid aggregation [45].
The CHARMM36 force field [46] was applied to the
lipids. All systems were solvated using the TIP3P water
model [47, 48] and NaCl was added at a physiologi-
cal concentration of 150 mM. Each system was first en-
ergy minimized using the steepest decent algorithm to
remove atomic clashes. This was followed by equilibra-
tion MD simulations of 0.1 ns length and under NVT
conditions where the temperature 7 was kept at 310 K
using a velocity-rescaling thermostat [49]. Next, the
systems were equilibrated for 1 ns under NpT condi-
tions to obtain a pressure p of 1.0 bar. The pressure was
regulated using the isotropic (for the simulations with-
out a lipid membrane) or semi-isotropic (for the simu-
lations involving a lipid membrane) Parrinello-Rahman
pressure coupling scheme [50]. Periodic boundary con-
ditions were applied in all directions and the parti-
cle mesh Ewald method [51] was used for calculat-
ing the electrostatic interactions. Both the short-range
Coulomb interactions and the van der Waals interactions
were cut at 1.2 nm in real space.

2.3. Analysis

The analysis of the simulations was performed using
a combination of GROMACS tools and the MDTraj li-
brary. We calculated the root mean square fluctuations
(RMSF) of the AB4; residues using the GROMACS tool
rmsf. The secondary structure of the peptide was deter-
mined using the DSSP algorithm [52] and time-averages
calculated, which are provided as secondary structure
propensities. Here, we collectively present a-, 7- and
3 0-helices as helical propensity, §-bridges are included
in the B-strand propensities, and bends and S-turns are
collectively shown as turn propensities. The solvent ac-
cessible surface area (SASA) of AB4, was determined
using the GROMACS tool sasa. We calculated the num-
ber of contacts between AB4, and the lipids, which ei-
ther form a complex with the peptide or are part of the
membrane, using a 0.5 nm distance cutoff between the
protein backbone atoms and the lipid atoms (excluding
lipid hydrogen atoms). We provide contact probabil-
ities, which are the ratio between the number of MD
snapshots with AB4,-lipid contacts being present and
the number of snapshots in the corresponding MD tra-
jectory.

3. Results

3.1. Complex formation between ABy and soluble
lipids

3.1.1. 1:1 ABy-lipid complexes

We investigate the interactions between AB4, and sin-
gle POPC or DPPC lipids using unbiased all-atom MD
simulations using three distinct systems: a single AB4,
peptide in solution, a single AB4, peptide with one sol-
uble POPC lipid, and a single AB4, peptide with one
soluble DPPC lipid. For each system, we run three in-
dependent simulations, each of which was 1 us long.
The single AB4, peptide serves as a reference, to unravel
the effects of a POPC or DPPC lipid on the structure of

AByr.

The formation of ABsy—lipid complexes reduces the pep-
tide flexibility. In all of our simulations involving both
a ABy peptide and a lipid molecule, a stable protein-
lipid complex formed within the first 100 ns and did
not dissociate in the rest of the simulations (Fig. S1).
This indicates that the lifetimes of these complexes
is longer than microseconds. Representative complex
snapshots are shown in Fig. 2a and b. To investigate
how the complex formation affects the peptide flexibil-
ity, we calculated the RMSF of each peptide residue af-
ter the AB4—lipid complex had formed, and compare



these results to the case of a single ABs, in solution
(Fig. 2¢). For most residues we observe a reduction
in the RMSF upon complex formation. The increase
in peptide rigidity is especially pronounced for the hy-
drophobic regions of AB4,, which are the central hy-
drophobic core involving residues Leul7-Ala21 and the
C-terminal residues Ala30-Ala42. The formation of
AB4»—DPPC complexes imposes more rigidity on AB4»
than complexation with POPC, particularly in the region
Aspl-Val24. Furthermore, the calculation of the SASA
indicates that the complex formation reduces the pep-
tide’s accessibility to the solvent. The SASA values of
ABy are 45.7 £ 1.3,43.9 + 1.2 and 40.6 = 1.2 nm? for
an individual A4, peptide, for AB4, in complex with a
POPC molecule and in complex with a DPPC molecule,
respectively. The larger reductions in peptide flexibility
and SASA in the case of DPPC as compared to POPC
suggest that the interactions between AB4, and DPPC
are stronger and/or involve more AB,, residues.

Small increase in B-sheet but no helix upon 1:1 com-
plex formation. To characterize the effect of the com-
plex formation on the peptide secondary structure, we
calculated both the evolution of the secondary structure
per residue (Fig. S2) and the time-averaged secondary
structure for the whole peptide (Fig. 2d) and compare
the results to the findings for the individual A4, pep-
tide. The time-averaged data reveal an increase in turn
structures upon complex formation with either lipid.
Furthermore, the binding to DPPC, but not POPC, en-
couraged more S-strands to be formed, which happened
at the expense of random coil structures. Afs, shows
a very small propensity for helix formation, which al-
most completey disappears following binding to DPPC.
Only the time-evolution plots of the secondary struc-
ture shown for each MD simulation (Fig. S2) reveals
that also in the presence of DPPC some helical struc-
tures existed, yet only for short amounts of time. These
plots further disclose that the B-strands that formed in
the case of the AB4,—DPPC complexes are part of a -
sheet that was established in the N-terminal half of the
peptide, mainly involving residues Ser§—Phe20 with a
turn at His13/His14. This B-sheet was established in
all three simulations involving DPPC and in one of the
simulations with POPC. However, it was not present in
the other two AB4,—POPC simulations and also not in
the simulations of the isolated AB,, peptide. In the lat-
ter, some helix formation is observed in the N-terminal
region of AB4,, which disappears upon complex for-
mation with either lipid. In summary, while the time-
averaged secondary structure does not indicate large ef-
fects on the AB4, structure, the detailed analysis does

show that the AB4,-lipid interactions change the pep-
tide’s structural preferences.

The lipid tails dominate the interaction with AB42. To
elucidate the dominant peptide—lipid interactions, we
calculated the contacts between ABy, residues and the
POPC or DPPC lipid. The results in Fig. 2e reflect
that the tails of the lipid molecules contribute more
to the the peptide—lipid contacts than the headgroups.
Moreover, both lipid tails of either lipid are involved in
contact formation with AB4,. In particular, the oleoyl
and the palmitoyl chain of POPC contribute similarly
in driving AB4—POPC interactions. POPC interacts
with many of the ABy; residues, yet with most of them
with a rather low probability, whereas the interaction
with DPPC is mainly established by a few but prevail-
ing contacts. In either case, the region Glu22-Gly29,
which contains several charged and polar residues and
has a tendency to lead to a turn in A conformations,
has a very low tendency to interact with the lipids, nei-
ther with their headgroups nor the tails. A4, binds
POPC preferably through residues Ala2—Phe4, Gly9—
Glull, Leul7-Phe30, and Ile31-Val40, while the bind-
ing to DPPC is concentrated on Phe4, GInl5, Vall8—
Phe20, and Ala30-Ile32. Apart from GInl5, these are
all hydrophobic residues, indicating that in the binding
with DPPC hydrophobic interactions are more impor-
tant than in the interaction with the monounsaturated
POPC lipid. The ABi, regions involved in binding to
POPC or DPPC are the same residues that exhibit a re-
duced flexibility.

3.1.2. 1:3 ABy—lipids complexes

Since the single lipid molecules seem to have no pro-
nounced effects on AB4,, we decided to test whether a
few more lipids, which are still in solution and not part
of a membrane, can induce structural changes in ABs;.
To this end, we added two more POPC lipid molecules
to the 1:1 AB4—POPC lipid complex, using the most
stable 1:1 complex encountered in our simulations as
a starting point, and simulated this system three times
2 us.

Complex formation with 3 POPC molecules triggers a
disorder-to-order transition of AB4. Similar as for the
1:1 systems, association between the existing 1:1 com-
plex and the two additional POPC molecules is read-
ily observed within the first 50 ns, as revealed by the
evolution of the minimal distance between AfB4; and the
lipids (Fig. S3). These 1:3 complexes are stable and
did not disintegrate in the remainder of the simulations.
A major difference between the 1:1 and 1:3 complexes
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is that in the latter AB4, underwent a random coil-to-
helix transition (in MD run 1) or a random coil-to-8-
sheet transition (in MD runs 2 and 3), as the evolution
of these structural elements in Fig. 3a shows. In run 1
we observe a high a-helix content, where about 45%
of the AfB4, residues adopt a helical conformation after
~800 ns of simulation time. Inspection of the helical
conformation that formed reveals that it is a helix-kink-
helix structure (Fig. 3b), which was stable in the last
200 ns of the simulation. In the other two runs, transient
helix formation was observed too, especially in the first
500 ns of run 2, yet in the end the dominating secondary
structure were S-sheets. In both run 2 and run 3, at cer-
tain times more than 30% of the Af4, residues are part
of a B-sheet. The corresponding structures are shown in
Fig. 3b. We can thus conclude that, when ABy, is sur-
rounded by a sufficient number of lipids, it undergoes a
disorder-to-order transition. This is a characteristic of
IDPs, which commonly adopt more ordered states upon
binding with their targets, which is also known as a cou-
pled binding-and-folding process.

Hydrophobic ABy—lipid interactions drive the binding-
and-folding process. In order to understand the driving
force behind the folding of AB4; into the helix-kink-
helix structure, we calculated the number of contacts
formed between the peptide and POPC lipids. The num-
ber of these contacts is correlated with the a-helical con-
tent (Fig. 3¢). For run 1 one can clearly see that the more
residues adopt a helical structure, the more contacts be-
tween ABy, and the lipids exist. However, a large num-
ber of AB4-POPC contacts is not a guarantee for an
a-helix to be formed, as for the other two runs, where
the helical content did not increase beyond 20%, a sim-
ilar amount of peptide-lipid contacts were formed. We
thus reason that the a-helix content is likely to be cor-
related with specific residue-POPC contacts, rather than
the total number of contacts. In order to test this idea,
we calculated the correlation coefficient between the a-
helix content and the ABy; residue-POPC contacts, con-
sidering residue singlets, duplets, triplets etc. We in-
creased the number of residue groups until the correla-
tion coefficient did not further improve. For run 1 we
find that the contacts between POPC lipids and residues
Leul7, Ala21, Ile32, and Val36 have a correlation co-
efficient of 0.8 with the a-helix content. For run 2, this
contact-helix correlation is the highest for the residue
pair Leul7 and Ser26, reaching a value of 0.5. Only for
run 3, we did not observe any significant correlation (all
coefficients < 0.2).

When inspecting the residue-resolved secondary
structure evolution, one observes that all the POPC-

contacting residues leading to a high correlation coeffi-
cient are also part of a helix. This is also highlighted
in the representative helix-kink-helix structure that is
shown in Fig. 3b. One can see that the helical conforma-
tion is stabilized by hydrophobic interactions between
the lipid tails and Leul7 and Ala21 of the first helix as
well as Ile32 and Val36 of the second helix. To verify
this observation, we plotted the evolution of the num-
ber of atom-atom contacts formed between POPC and
Leul7, Ala2l, Ile32, and Val36 along with the evolu-
tion of the a-helix content (Fig. 3a). Indeed, from this
kind of plot for run 1 we notice that the helical struc-
ture is only stable when the mentioned residues are si-
multaneously in contact with the lipids. In run 2, the
amount of these contacts initially rises, leading to a tran-
sient increase in the helical content, yet at ~500 ns both
the number of these contacts and the helical content
drop. Instead, B-sheet structures developed in runs 2
and 3, for which representative structures are shown
in Fig. 3b. One can see that S-sheets can develop in
different parts of the peptide: between N-terminal and
C-terminal residues in run 2 and between hydrophobic
stretches that include residues Leul7, Ala21, Ile32, and
Val36 in run 3. A difference between the helix-kink-
helix structure from run 1 and these two S-sheet struc-
tures is that in the latter the three lipids adopted an orien-
tation as in a bilayer, with two of the lipids start forming
one leaflet and the third lipid would be part of the oppo-
site leaflet. In run 1, on the other hand, the three lipids
rather interact with AB4, than with themselves. This
observation suggests that Af4,-lipid interactions in so-
lution can encourage a-helix formation, which might in
turn cause AB4; to enter the lipid membrane, as pro-
posed by the lipid-chaperone hypothesis [34], and once
fully inserted into the membrane, it converts into S-
sheets with the strands being parallel to the lipid tails,
as can be seen in Fig. 3b.

3.2. Interaction between the complexes and a lipid bi-
layer

To examine if the ABs—lipid complexes can indeed
enhance the peptide insertion into a lipid membrane,
we simulated the most stable AB4—POPC lipid com-
plex from the preceding 1:1 complex simulations in the
presence of a POPC bilayer. For comparison, we also
simulated a single AB4, peptide and a single POPC lipid
placed above a POPC membrane. For the latter, i.e., the
reference systems, we performed one 2 us MD simula-
tion each, while for the target system we run three inde-
pendent 2 s MD simulations.
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the number of AB4,—POPC contacts plotted against the @-helix content. The darker the color of a bin, the more likely this contact-helix combination

is.

A POPC lipid inserts into the membrane but not AfBy.
Upon visualizing the trajectories we observed that all
simulated entities, i.e., ABs, a single POPC lipid, and
the AB4—POPC complex interacted with the lipid bi-
layer (Fig. S4). After a few attempts, the single POPC
lipid even fully inserted into the lipid bilayer after
950 ns of simulation time. We show the intermediate
steps occurring during the insertion process in Fig. 4.
At t = 940 ns, the first contact between the lipid and
the membrane, which eventually leads to successful in-
sertion, is established via the palmitoyl chain. This
causes the lipid to rotate by =90°, aligning it parallel
to the membrane surface. Only one nanosecond later,

the oleoyl chain has inserted into the headgroup region,
making contact with the hydrophobic membrane core.
The palmitoyl chain follows suit and also starts insert-
ing into the membrane at r = 945 ns. This encourages
the full insertion of the POPC lipid into the membrane,
which is completed at + = 950 ns. Thus, the insertion
process itself lasted only 10 ns. Together with the fact,
that this event was recorded within a microsecond of
simulation time, this indicates that such insertion pro-
cesses can take place on a (sub)microsecond timescale
if a molecule has a high driving force to enter into a
membrane. In other words, if AB4,, alone or in com-
plex with a lipid, should have a low free energy barrier
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Figure 4: Snapshots of a POPC molecule inserting into a POPC membrane. At ¢ = 940 ns the first contact between the POPC lipid and membrane
was established and at # = 950 ns the insertion was completed. The oleoyl and palmitoly chains of the inserting lipid are shown in green and yellow,
respectively. The POPC membrane is shown as translucent surface, with the lipid phosphate groups being indicated by orange spheres.
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(number of occurrences according to the color bar).



to insert into a lipid membrane, we should be able to
simulate this event by standard MD simulations.

However, the AB4, peptide did not insert into the
membrane, also not when in complex with a POPC
lipid. In these cases, only membrane adsorption is ob-
served. Representative snapshots for these events are
shown in Fig. 5a. That no membrane insertion occurred
is evident from the average minimum z-coordinate
(the bilayer normal is along the z-axis) of the peptide
residues (Fig. 5b). We observe that parts of A4, when
in complex with POPC can insert more deeply into the
membrane than the single AB4, peptide. This inser-
tion is especially pronounced around residue Tyr10 and
Gly25-Met35. These involve some of the residue re-
gions that have significant contacts with the oleoyl and
palmitoyl chains of the POPC lipid that is in complex
with the peptide (Fig. 2e), which suggests that the sin-
gle lipid is directly involved in the membrane insertion
of AB4,. This assumption is further confirmed by the
representative snapshot in Fig. 5a (bottom) that shows
that the single POPC lipid mediates some of the AB4,—
membrane contacts. Moreover, as AB4, has an overall
charge of —3, it also screens the electrostatic repulsion
between the peptide and the negatively charged phos-
phate groups of the POPC membrane, enabling a larger
contact area between AB4 and the membrane to be
formed. This can be deduced from the insertion depth
in Fig. 5b and the representative snapshots in Fig. 5a for
the membrane-adsorbed single peptide and the AB4,—
lipid complex, respectively.

The average contacts occurring between AB4; and the
lipid bilayer also reveal more initimate membrane in-
teractions for the AB4, peptide when in complex with a
POPC lipid (Fig. 5c). First of all, in this case A4, forms
more contacts with the lipid bilayer than an individual
ApB4, peptide. These differences are most pronounced
in the regions Arg5-Glnl5 and Gly25-Met35, which
are the same residues that insert most deeply into the
membrane in the case of the AB4»—POPC complex. By
far the most contacts are formed by Tyr10, suggesting
that this residue might play a key role in the membrane
insertion of ABs,. Regarding the single AB4, peptide,
residues Aspl—Arg5 and Gln15-Gly25 are the ones that
form more contacts with the lipid bilayer than the other
residues, also in comparison to the same residues in the
1:1 complex. These observations clearly demonstrate
the different interaction patterns between AfSs, and the
POPC bilayer, depending on whether or not AB,; isin a
bound complex with a lipid.

The ABy,—membrane interactions lead to ABy folding.
The differences between the two systems further man-

ifest themselves in the structural preferencs of Afap.
The evolution of the secondary structure per residue
(Fig. S5) reveals a preference for -sheet formation
for the individual ABs, peptide interacting with the
membrane, while in addition to B-sheets also helices
form when a POPC lipid is bound to the membrane-
interacting AB4, peptide. This reinforces the observa-
tion from the 1:3 complex simulations that lipid bind-
ing to AB4, can cause a coil-to-helix transition. How-
ever, the helical structure encountered in the membrane
simulation is different from the helix-kink-helix struc-
ture described above. Here, the highest helical propen-
sity resulted between residues Phe20 and Met35, which
include the region with the deepest insertion into the
membrane. This again suggests that membrane inser-
tion of Afy, is likely to take place via a helical structure;
a possible beginning of this process might be presented
by the snapshot shown in Fig. 5a (bottom). Without the
extra POPC lipid, very few helices formed in the sim-
ulations (Fig. S5). Instead, an increased amount of S-
sheets were found compared to the individual peptide
or when in complex with a single POPC lipid (Fig. S2).
However, the B-sheet structures did not insert into the
membrane, but rather adsorbed to its surface, as can be
seen in the representative snapshot in Fig. 5a (top).

In order to confirm our observation that helix forma-
tion and ABs—membrane interactions are indeed cor-
related, we calculated the helical content and plotted
this quantity against the number of contacts that formed
between AB4; and the membrane (Fig. 5d). In both
systems the amount of helix increases with increas-
ing ABs—membrane contacts. This effect is more pro-
nounced for the AB4,—POPC complex, where helix for-
mation is already observed when only few contacts be-
tween the peptide and the membrane are present. This
suggests that the helix formation is a cooperative effect
exerted by the single lipid and the membrane on ABy,.
This bears similarities with the effects that the three
lipids can have on the peptide in a 1:3 complex; how-
ever, the amount of helix observed here does not reach
beyond 20%, while in run 1 of the 1:3 complex simula-
tions, ~45% of the residues adopted a helical state.

In summary, while no deep membrane insertion of
ApB4, was observed here, our results provide evidence
on the possible membrane insertion mechanism of the
ApB4, peptide, which is likely to proceed via a helical
structure and is assisted by bound lipids.

4. Discussion and conclusion

Our simulations revealed the formation of stable
complexes between AfB4, and lipids in 1:1 and 1:3 ra-



tios. This observation is in good agreement with the MD
studies by La Rosa and coworkers [35, 34] who also re-
ported the formation of stable protein—lipid complexes
for AB40, AB4, human and rat amylin. Our findings
highlight that AB4, remains largely disordered when in
complex with only one POPC or DPPC lipid, whereas
the binding of three lipid molecules triggers a disorder-
order transition upon which the peptide folds into either
a helical or B-sheet structure. This observation partly
agrees with the findings by La Rosa ef al. who reported
an increase in helical content upon AS-lipid complex
formation. A an a-helical content of 45% developed in
one of our triplicate simulations of the 1:3 Ag42-POPC
complexes. It is a helix-kink-helix structure, which
is stabilized by hydrophobic interactions between the
lipid tails and the hydrophobic residues Leul7, Ala21,
Ile32, and Val36. Similar AB structures have also been
predicted from NMR experiments of the micelle-bound
peptide [53, 54, 55, 56, 57]. In fact, in our simulations
this helical structure is only stable when the mentioned
residues were simultaneously in contact with the lipids.
This lets us conclude that AS’s hydrophobicity is not
sufficient for its folding by itself, but it can do so fol-
lowing its binding to a hydrophobic interaction partner.
This is a typical behavior of IDPs where conformation
switching can be induced by binding of an IDP to an
interaction partner [13]. Another characteristic of IDPs
is that the resulting structure following binding can vary
depending on the interaction partner [58]. Such binding
plasticity is also found here for ABy4;, as it can as well
fold into a B-sheet following its binding to three POPC
lipids.

The complex stability in solution encouraged us to
address its likelihood to drive insertion of AB,, into a
lipid membrane, especially when considering our ob-
servation of a single POPC lipid inserting into a POPC
membrane within a microsecond of simulation, where
the insertion event itself was completed within 10 ns.
However, within 2 us of our all-atom MD simulations,
the peptide did not fully insert into the POPC mem-
brane, neither when simulated as individual peptide, nor
when in complex with a POPC lipid. Nonetheless, the
presence of a POPC lipid bound to AB4; did have some
effects on the membrane-bound ABy,. First, it encour-
aged the formation of a helical structure, whereas with-
out the lipid random coil and -sheets were the domi-
nating structures. Second, the helical structure in com-
plex with a lipid was able to dip deeper into the mem-
brane than the peptide alone. Despite the absence of
full membrane insertion in our simulations, these ob-
servations indicate, as suggested by the lipid-chaperone
hypothesis [35, 34], that AB4-lipid complex forma-
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tion decreases the energy barrier for membrane inser-
tion. Moreover, it encourages AB4 to fold into a helical
structure that seems to be needed for membrane inser-
tion [53, 54, 55, 56, 57, 59].

For the membrane-bound AB4, we recorded 3-sheet
formation when not in complex with an additional lipid.
This finding contrasts to our recent study of AB4, dimer-
ization at a neuronal membrane [60]. While we ob-
served a random coil to S-sheet transition upon dimer-
ization that seems on pathway to amyloid aggregation in
solution, the interactions with the neuronal membrane
decreased the order of the AB4, dimer by attenuating its
propensity to form a 3-sheet structure. This results from
the interactions of AB4; with the surface-exposed sugar
groups of the gangliosides GM 1, which turned out to be
the main interaction partners of AB4,. This shows that
in our future studies testing the lipid-chaperone hypoth-
esis, we should and will include more realistic cell mod-
els. Moreover, we will also study the effects of AB4,—
lipid complexes with higher lipid ratios, as the current
results of the 1:3 complexes already indicate that under
these circumstances the lipids have a more pronounced
effect. Finally, while our simulations are already on the
microsecond timescale, future simulations on the same
subject should be even longer, lasting for tens of mi-
croseconds, and the application of enhanced sampling
methods should be considered too [61, 62].
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