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ABSTRACT

The interactions of amyloid oligomers with membranes are known to contribute to cellular
toxicity. Numerous in vitro experimental studies reported on the insertion of oligomers of
different sizes that can induce cell membrane disruption, extract lipids and form ion-permeable
transmembrane pores. The current repertoire of amyloid-beta (AB) membrane-inserted folds
that was subject to high-resolution structure NMR spectroscopy and computer simulations is
devoid of any cross-B fibrillar structure. In this study, we explored the dynamics of a S-shaped
AB42 cross-B hexamer model inserted into a lipid bilayer membrane by two atomistic molecular
dynamics simulations. The initial model is characterized by the hydrophobic residues at the
central hydrophobic core (residues 17-21, CHC) and the C-terminus (residues 30-42) embedded
into the membrane. We observed major structural secondary, tertiary and quaternary
rearrangements leading to two distinct species, hexamer and two trimers, accompanied by
membrane disruption and water permeation. The simulations show that some configurations,
but not the majority, have the CHC and C-terminus hydrophobic residues exposed to solvent.
Overall, our computational results offer new perspectives to understand the relationship

between AB42 assemblies and membrane permeability.



1.INTRODUCTION

Neurogenerative diseases are associated with the misfolding and aggregation of intrinsically
disordered proteins which lack stable secondary structures in the bulk solution and at the surface
of membranes.>* Numerous experimental studies explored the interactions of amyloid oligomers
with membrane mimetic systems including liposomes, vesicles, micelles, monolayer and bilayer
models and nanodiscs. They led to three membrane-induced toxicity models; the membrane
destabilization model, the detergent (lipid extraction) model and the pore model,>2 which were
demonstrated for amyloid-beta (AB) and tau oligomers®>!%12 contributing to Alzheimer’s disease,

and a-synuclein oligomers linked to Parkinson’s disease.!?

The “channel hypothesis” of Alzheimer’s disease dates back from the electrophysiological
measurements performed in 1993 by Arispe et al.13 Initially, they proposed the B-hairpin followed
by a helix-turn-helix model of AB42 peptide to design three pore models, with the pore being
formed either by the hairpins, middle helices or C-terminal helices.!* Recently, they designed B-

barrels of six hexamers and pores formed by several hexamers spanning the bilayer.?®

On the basis of SDS-PAGE, circular dichroism and electrical recording, specific AB42 pore
forming B-barrel tetramers with an inner diameter of 0.7 nm in dodecylphosphocholine (DPC)
micelle conditions were reported.'® A tetrameric B-barrel, consisting of two distinct B-hairpin
motifs and an asymmetric arrangement of eight antiparallel B-strands with an inner of diameter
of 0.7 nm, was found by atomistic replica exchange dynamics simulations (REMD) to be
destabilized for AB40 compared to its AB42 counterpart in a membrane model, explaining the
absence of ionic currents of AB40 in planar lipid bilayers.'” Additional REMD simulations showed
that the lower AD propensity of aged rodents, characterized by mutations R5G, Y10F and H13R
compared to human sequence, might be correlated to its tetrameric B-barrel stability in a model
membrane.'® Another REMD simulation in a dipalmitoylphosphatidylcholine (DPPC) membrane
showed that the wild-type AB42 sequence and its protective-disease A2T variant have similar

propensity to form B-barrels.*®

Other experimental studies showed that AR B-hairpin mimics form a triangular trimer unit

that self-assembles into hexamers and dodecamers with annular pores, which are toxic toward



neuronally derived cells.?’ lon mobility-mass spectrometry revealed formation of hexameric B-
barrels in a membrane-mimicking environment.?! Mass spectrometry and nuclear magnetic
resonance (NMR) spectroscopy in DPC micelles at pH 9.0 provided the first high-resolution
structure of AB42 tetramer and octamer and revealed edge conductivity pores as a mechanism
for membrane damage. The tetrameric topology comprises a six stranded B-sheet core with the
two external AB peptides forming B-hairpins.?? Overall, a wide range of concentric B-barrels is
consistent with image averaged electron micrographs.?

Inspired by many biological ion channels using a-helix bundles, simulations showed that
trimer and tetramer of AB17-42 transmembrane a-helices are possible candidates to conduct Na*
ions.?* Apart from the organization in a-helix bundles and B-barrels made of B-hairpins to build
pores, Nussinov et al. proposed, on the basis of atomic force microscopy (AFM) imaging and
modelling, that AB17-42 pentamer with U-shaped fibrillar state is able to insert into the lipid
bilayer.?> The same strand-loop-strand fibril state was used to construct annular AB oligomers
with a number of peptides varying between 12 to 36 and pore inner diameters varying between
2 and 4 nm. Molecular dynamics (MD) simulations in different lipid bilayers showed that pores
made of 18 and 24 peptides with the C-terminal B-strands in contact with the lipid hydrophobic
tails retained their morphologies.?® Of note, there is a structural convergence among diverse,
toxic B-sheet ion channels,?” and the U-shaped conformation was also predicted by a basin-
hoping global optimization and an oligomer generation procedure for 6- and 8-mers of AB42
peptide in an implicit membrane environment.?® Overall, the repertoire of AB folds in membranes
is diverse, and this is supported by REMD simulations which showed that AB11-40 trimer resulting
from assembly of U-shaped fibril states or B-hairpins represents minimal seeds for the formation
of amyloid fibrils, multiple B-rich aggregates and B-barrel pores in a membrane.?®

Membrane disruption and lipid extraction by amyloid oligomers were assessed by many
experiments. They were demonstrated by cryo-electron tomography from the interactions of the
amyloid fibril ends of B2-microglobulin and membrane surface.3’ Nanoscale imaging experiments
showed how AB42 fibrils displace the upper leaflet of the membrane as fibers laterally embed

31

into the bilayer.>* Membrane disruption by incorporated-AB40 oligomers in 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers,?? and incorporated-AB42 B-sheet tetramer



and octamer in DPC micelles and lipid bilayer?? was also reported using solid-state and solution
NMR spectroscopies, respectively.

Melacini et al. evidenced AB40 fibrils inserted into small unilamellar vesicles and lipid
bilayers.3®> Combining wide-angle X-ray diffraction, solution NMR, dynamic light scattering,
electron microscopy, ANS fluorescence and cell viability assays, they studied the toxic surfaces of
AB40 that enable key interactions with the membrane. They found that toxicity scales with
hydrophobic exposure of AB40 assemblies to solvent and their ability to interact with AR
monomers and cell membranes. The central hydrophobic core (CHC, residues L17-A21) and the
loop region (residues E22-K28) were found more accessible to monomer recognition in toxic AB
assemblies.

Many computational studies on the interactions of amyloid oligomers with membranes
were reviewed in Ref.7. Recent MD simulations explored the interactions of AB dimers at the
surface or inserted into a membrane. Strodel et al. showed that AB42 dimer-membrane
interactions do not change the lipid order parameters of the neuronal membrane.3* Miller et al.
showed that inserted random/a-helix and U-shaped AB dimers disrupt a 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) membrane by locally decreasing the bilayer thickness.®® Li et al.
investigated the effect of AB42 dodecamer and fibril on the surface of a neuronal membrane.
They showed that a dodecamer distorts the lipid membrane to a greater extent than fibril, and
fibril does not change the membrane elastic properties.3® Strodel et al. also found membrane
permeation induced by U-shaped fibrillar trimers and tetramers of human islet amyloid
polypeptide in bilayers of anonic dipalmitoylphosphatidylglycerol (DPPG) lipids.?” Using AB42
tetramers with a U-shaped topology spanning residues 17-42 inserted into the membrane and
all N-terminal residues 1-16 located in the bulk solution at the top leaflet of the membrane,
Strodel et al. reported on the translocation of a few water molecules through POPC, DPPC and
palmitoyloleoylphosphatidylglycerol (POPG) bilayers using 500 ns MD simulations. Variation of
bilayer thickness from 3.5 to 4.1 nm without any membrane destabilization was reported.3®

The question we ask in this study is how a lipid bilayer is affected by placing a naked fibril
cross section into the membrane and vice versa at an atomistic level. To this end, we explored

the dynamics of a hexamer S-shaped AB42 fibrillar model inserted into a membrane (Figure 1)



using atomistic MD simulations. The S-shaped fold, more disease-relevant than the U-shaped
fold, displays a 3D structure with residues Q15-A42 forming a double horseshoe-like cross—p-
sheet structure, and residues D1-H14 partially ordered and residues A2-H6 in a B conformation.3®
We used this molecular structure rather than a prevalent AB40 fibril polymorph from Alzheimer's
disease brain tissue*® because AB42 is known to be more toxic than AB40. Furthermore, the S-

shape fold is shared by the amyloid fibrils of the human islet amyloid polypeptide (hIAPP).4142

2. RESULTS AND DISCUSSION

2.1. Impact of Membrane on AB42 Secondary Structure and Intermolecular
Interactions. We first report on the secondary structure averaged over all residues and along the
amino acid sequence in the ss-NMR amyloid fibril and in the simulations. The B-strand/sheet
content amounts to 53% in amyloid fibrils grown from AD brain with five B-regions spanning B1:
A2-H6, B2: Q15-V18, B3: S26-K28, B4: A30-132 and B5: V39-A42.3° Averaged over the full
trajectories, the (B-strand, helix, coil and turn) contents stabilize to (27.0, 0.0, 47.0 and 26.0%) in
run 1 and (24.0, 1.0, 49.0 and 26.0%) in run 2. The B-strand, helix, coil and turn contents along
the sequence averaged over the six chains are shown in Figure 2 using four consecutive time-
windows. We see that the secondary structure along the sequence has almost converged
between 500-2000 ns in each run. The membrane environment fully destabilizes the 1 and B3
strands (Figures 2A1-2B1) with a very high preference for coil/turn (Figures 2A3, 2A4, 2B3 and
2B4), modifies the B2 strand propensity with a 38% (run 1) and 74% (run 2) content, preserves
the propensity of B4 strand (64% in run 1 and 75% in run 2) and reduces the B5 strand to residues
39 and 40. Run 1 is free of helix (Figure 2A2), while run2 displays 10% helix at residues 24-27
(Figure 2B2).

To explore the dynamics of the oligomer, we calculated the intermolecular side chain
probability contact map between the trimer 1 and the trimer 2 as a function of time intervals
(Figure 3). The ss-NMR fibril structure shows intermolecular side-chain M35-Q15 (region 1), and
L17-M35 (region 2) contacts.3° The MD-ensemble of conformations between 0 and 100 ns of both
runs (Figure 3A-3E) reveal the two ss-NMR regions, but adds a few contact outliers between

residues 34-36 (region 3). In run 1, the three contact regions are conserved in the time-interval



500-1500 ns (Figures 3B-3C), but only region 3 with the intermolecular M35-M35 non-native ss-
NMR contact is present in the time-interval 1900-2000 ns (Figure 3D). This indicates that in run
1, the system remains a hexamer and has lost the symmetry of the ss-NMR fibril. In run 2, only
the region 2 is conserved from 500 to 1500 ns (Figures 3F-3G), and the last 1900-2000 ns is free
of any contacts (Figure 3H), indicating that the system has evolved to two separated trimers.
Overall, the results provide evidence of the significant change in the secondary and quaternary

structures of AB oligomers embedded in a membrane model consisting of DOPC lipids.

The contribution of hexamer AB species to the development of AD pathology was
reported by several studies. Bowers et al., using high resolution AFM to image oligomer
populations, found that AB42 hexamers and dodecamers become the dominant oligomers after
peptide solubilization, even at 1 uM concentrations and 5 min incubation times.** AB42
pentamers/ hexamers were found to be the smallest detectable oligomers in the bulk solution
using sedimentation velocity centrifugation, small angle neutron scattering and molecular
modelling.** Hexamers in the bulk solution are largely disordered and random/coil. The presence
of hexamers was also detected in transgenic mice brains exhibiting human AP pathology and in
the cerebrospinal fluid (CSF) of AD patients. Furthermore, cell-derived hexameric AB seeded
other human AR forms and enhanced amyloid deposition in vivo and neuronal toxicity in vitro.*®
It is unknown how AB hexamers are structured in the interstitial space (ISS) and in the CSF.

The contribution of trimer AB species to the development of AD is also well documented.
Stable AB trimers were reported in pure buffer.** Membrane-bound AR trimers correlated with
toxicity towards cultured neurons,*” and an AB trimer is likely the minimal oligomer size to insert
into a membrane.?® Finally, AB trimers were found to induce progressive loss of hippocampal
synapses.*®

2.2. Impact of Membrane on AB42 Intramolecular Side Chain Interactions. The
intramolecular side chain contact maps were also compared. The ss-NMR fibril structure features
interactions through the side chains L17, F19, F20 and V24 with the side chains A30, 132 and L34
stabilizing the packing between the B-sheets B2 and 3, and through the side chain 131 with the
side chains V36, V39 and 141 stabilizing the B-sheets B4 and B5.3° The conformations between 0

and 100 ns (Figures 4A and 4E) reveal that, averaged over the two runs, the hydrophobic



interactions stabilizing the C-terminus (residues 30-42) are still formed, but with lower lifetimes,
contacts 131-V39 (probability of 75%), 131-141 (probability of 36%) and 131-V36 (probability of
45%). The hydrophobic contacts stabilizing the interface B-sheets B2 and B3 are also partially
recovered with three contacts A30-F19 (40%), 132-F19 (probability of 65%), A30-F20 (probability
of 45%). In the three time-windows 500-1000, 1000-1500 and 1900-2000 ns, more non ss-NMR
and a few ss-NMR contacts are formed (Figures 4B-4D and 4F-4H). The C-terminus is still
stabilized by the ss-NMR contacts 131-V39 and 131-V36 in the two runs. The interface between
B2 and B3 is stabilized by the ss-NMR contacts V24-A30 and F20-A30 in run 2 and by no contacts
with a probability > 30% in run 1. Overall, the intrapeptide contact maps provide evidence of the
significant change in the tertiary structures of AP oligomers embedded in a membrane model

consisting of DOPC lipids.

2.3. Insertion Depths of AB42 Residues into the Membrane. Next, we evaluated the time
evolution of the insertion depths of residues into the membrane. There is a clear difference in
the insertion depth profiles between the two runs (Figure 5). In the ensemble of conformations
covering the 0-100 ns time interval of the two runs, residues D1-G9 and A21-G25 are exposed to
solvent and all other residues are inserted into the membrane (Figures 5A and 5C). The dynamics
modifies the solvent-exposure of the residues, and the final 1900-2000 ns reveals distinct insert
depths of the residues belonging to trimers 1 and 2. In run 1, residues D1-Y10(V12) and A21-G25
(A1-G29) remain exposed to solvent, the CHC is much less inserted into the membrane, residue
L17 going from 0.9-1.4 nm (Figure 4A) to 1.8 nm (Figure 5B). In run 1 residues A30-A42 of trimer
2 are fully inserted into the membrane, while only residues A30-V40 of trimer 1 are fully inserted.
In run 2, shown in Figure 5D, all residues D1-G29, 141 and A42 of trimer 2 have insertion depths
> 2.1 nm, and the C-terminus residues 30-40 are inserted into the membrane. In contrast in trimer
1 of run 2, the CHC has insertion depths < 2.1 nm and all residues D22-A42, except L34 and M35,
are solvent-exposed. Figure S1 in Supplementary Information (SI) shows that the insertion depth
of each residue, averaged over 1900-2000 ns in runs 1 and 2, does not change the results if we

consider each chain.

The simulations also reveal that residues 1-10 in both trimers of run 1 and in trimer 1 of

run 2, and residues 1-16 in trimer 2 of run 2 are solvent-exposed due to the complex network of



interactions between the AB42 peptides, lipid bilayers and solvent. This result is consistent with
many simulations of AB42 oligomers partially embedded in the membrane.®”4° The N-termini
appear turn/coil, and we do not find any evidence of the formation of a B-hairpin in the N-
terminus, as reported for AB42 dimers in DOPC bilayers.?®> The high solvent accessibility of the N-
terminus residues 1-16 may help understand the linking of liposomes through AR oligomers, as

assessed by cryo-electron tomography.>®

2.4. Membrane Deformation and Water Permeability. An important question is whether
the membrane deforms and disrupts during the dynamics. Figure 6 reports on the positional
probability of all lipid atoms projected on the (y,z) plane where x is the direction of the fibril axis
in run 1 as a function of time. We see insertion of lipid atoms within the bilayer at y distances
varying between 6 and 12 nm and z distances between 4 and 8 nm with a probability of 0.2 in the
time intervals 500-1000 ns, 1000-1500 ns and 1900-2000 ns in contrast to the CHARMM-GUI
starting conformation. A very similar positional probability of lipids is observed in run 2 shown
in Figure 7, albeit the positional probabilities are not superposable. Differences in the membrane
dynamics between the two runs are observed in the curvature and in the thinning and thickening
of the membrane. The z dimension of the membrane varies between the minimal and maximal
values of 2.8 and 4.7 nm in run 1 and 2.5 and 5 nm in run 2 if we consider a lipid probability of
0.3. Overall, the membrane disruption is therefore much more pronounced than that observed

in simulations of AB42 dimer3®® and tetramer3® in a membrane.

As a result of membrane deformation, we anticipated that waters molecules would insert
into the lipid bilayer. This is supported by the positional probabilities of water molecules as a
function of time intervals in particular at y distances between 8 and 12 nm and z distances
between 4.5 and 7 nm in contrast to the CHARMM-GUI starting conformation. The ensemble is
heterogeneous with no true dominant interpeptide and intrapeptide contacts. The MD structures
of the oligomer at times 500, 1000, 1500 and 2000 nsinruns 1 and 2, shown in Figure S2, illustrate

the wide variety of orientations and packings of the system from the starting structure.

The relationship between increased solvent exposure of hydrophobic residues, increased

toxicity and disruption of lipid membranes was discussed for several amyloid protein systems,>"



>3 but no long-time MD simulations and high-resolution structure experiments were conducted
on AB42 to reveal this relationship at atomistic level. In this study, we find a structural model
(trimer 2 in run 2) disrupting lipid integrity that is fully consistent with the map of the soluble
AB40 assembly toxic surface proposed by Melacini et al., namely the solvent-exposure of the CHC
region and of the loop region (residues E22-K28) and shielding of residues A30-V40 from
solvent.3® But all configurations disrupting membrane permeability do not satisfy these
conditions as the CHC and C-terminus regions may be solvent-protected and solvent-exposed,
respectively. Clearly exposing the C-terminus to solvent might be a template to promote fibril
formation at the surface of the membrane.

It is important to discuss the initial membrane-embedded model with charged N-termini
at both leaflets of the membrane. As assessed by various in vitro experiments, soluble oligomers
in the extracellular space can adsorb and penetrate the cell membranes.” B-barrel models
suggested by Lal et al. have all N-terminus residues located in the bulk solution at the upper
membrane leaflet,2>2% and AB42 fibrils can displace the upper leaflet of the membrane. In this
context, using cryo-electron tomography, Viles et al. showed that AB42 oligomers are able to
embed within the upper leaflet of the bilayer.>® Additionally, prior to AR release in the
extracellular space after amyloid precursor cleavage, the residues 1-27 are in the bulk solution at
the upper membrane leaflet and residues 28-42 in the interior of the membrane.’

There is however evidence that AB oligomerization begins intracellularly in cells derived
from human brain,>* and there is a generation of intracellular A pool.> In this case all N-terminus
residues remain intracellular and all residues 17-42 need to cross the lower leaflet of the
membrane. Finally, neutron reflection from tethered membranes showed that AP oligomers
insert into the bilayer affecting both membrane leaflets,*® and NMR structures of incorporated-
AB42 B-sheet tetramer and octamer showed N-terminal residues in both the upper and lower
leaflets of the membrane,?? indicating that polar residues can cross the membrane. Overall, our
initial model with charged N-terminus AB42 tails located in the bulk solution at the upper and
lower leaflets of the membrane is supported experimentally and also corresponds to a mixture

of both extracellular and intracellular aggregates, respectively.



3. CONCLUSIONS

The topic of AB embedding in membranes is of intense interest as the connection to
Alzheimer’s disease pathology is quite clear. In this study, we have determined the dynamics of
a cross-P AB42 hexamer inserted into a neutral DOPC lipid bilayer. Using two extensive atomistic
MD simulations, we showed significant changes in secondary, tertiary and quaternary structures
of the cross-B model leading to two types of mainly random coil oligomers: hexamer and trimers.
Both species promote an increase of the hydrophobic surface of AB42 peptides exposed to
solvent, insertion of water molecules and lipids into the bilayer and membrane destabilization.

Membrane-embedded AB species with increase in membrane conductance, which do not
display Thioflavin T fluorescence, consist of a wide range of conformations and oligomer sizes,
some forming perfect B-barrel pores?:2>2¢ or six stranded B-sheet and B-sandwich structures,??
and others adopting spherical species without any evidence of discrete channel or pore
formation.>” Our computational work provides evidence of metastable hexamer and trimers
characterized by the N-terminal residues located in the top and bottom leaflets of membrane
with a minimal lifetime of several microseconds. These oligomers induce membrane permeability
and water permeation that will facilitate the transport of hydrated ions from the intracellular to
the extracellular space. These two assemblies, which are mainly coil/turn, are characterized by
different solvent exposures of the residues. In the hexamer, we observe membrane insertion of
the CHC region and residues 29-41. In the two separated trimers, we observe an increase of
solvent exposure of the hydrophobic CHC and C-terminus residues.

Whether there is insertion of individual peptides which then form trimers and hexamers
in the membrane or insertion of preformed trimers remains an open question, the insertion
process depending in part on the physicochemical properties of the membrane.?>°%>°
Homogeneous DOPC bilayers are a simple model to represent physiological cells. It is known that
POPC-POPG bilayers, and brain total lipid extracts impact AR adsorption, and the macroscopic
ion flux across AB channels in membranes, respectively.®%®! Pure DOPC bilayers also ignore the
contribution of cholesterol and GM1 lipids,”1734%2 and cells have extracellular matrices that
result in very different behaviors compared to vesicles, liposomes and planar lipid bilayers in the

absence of membrane protein receptors.®® Going beyond DOPC bilayers and exploring



63 and free

computationally other B-rich aggregates in the presence of protein receptors,
phospholipids®®® in the extracellular space could offer a deeper understanding of the
relationship between amyloid oligomers and membrane permeability in order to develop new
drugs.>®®7 In this context, new experimental methods of biomolecular processes in membrane
spanning the microsecond time resolution and detecting populations of intermediates below the

percent range would be very useful to validate MD-generated models.

4. MATERIAL AND METHODS

The initial structure of the hexamer AB42 fibril from solid state nuclear magnetic spectroscopy
(ss-NMR) was taken from PDB entry 2NAO.%® The fibril was inserted into the membrane of
dimension (x =20 nm, y = 20 nm, z = 4.2 nm), and its orientation was selected to maximize the
total number of hydrophobic CHC (L17-A21) and C-terminal (A30-A42) residues inserted into the
membrane and the total number of polar/charged residues exposed to solvent. The bilayer,
consisting of 1128 DOPC (neutral) lipids, was immersed in a box of 20 nm, 20 nm and 12.1 nm
with about 99000 water molecules. Simulations were performed at pH 7. AB42 peptides have
NH3* and CO2" termini, deprotonated Glu and Asp, protonated Arg and Lys, and neutral His with
a protonated N¢ atom. The system was neutralized by sodium ions leading to a total number of
about 456000 atoms. CHARMM-GUI was used to set up the system.®® Figure 1 shows the initial
structure of the hexamer generated by CHARMM-GUI with C2 symmetric molecules. Residues
D1-E11 and E22-V24 are exposed to solvent, residues Q15-F20 and K28-A42 are embedded in the
membrane, and residues V12-H14 and G25-N27 are in the subspace formed by head and glycerol
lipid groups. It has to be noted the N-terminal residues of three chains are located in aqueous
solution at the upper leaflet of the membrane (these three chains will be referred to as trimer 1)
and the N-terminal residues of other three chains (referred to as trimer 2) are located in aqueous

solution at the lower leaflet of the membrane.

The CHARMMS36 force field was used for the AB42 peptides and the lipids,’® and water
molecules were modelled by the CHARMM-modified TIP3P model.”* CHARMM36m, refined for
intrinsically disordered proteins in the bulk solution, was not used because its relevance on

transmembrane proteins remains to be determined.”! Two MD simulations of 2 ps were



performed at 303 K (run 1) and 310 K (run 2) in the NPT ensemble as a single simulation,
regardless of its length, is not sufficient to show that the results are reliable or may be an artefact.
The choice of 310 K is also motivated by the fact that 2 ps at 303 K might be too short to see
major oligomeric changes and two simulations at the same temperature starting from the same
configurations with different starting velocities might not be adequate. Also, the use of two
slightly different temperatures allows a better sampling of the configurational space. In this
study, we used GROMACS (version 2019.4),”? and a time step of 2 fs with the lengths of bonds
with hydrogen atoms constrained using the LINCS algorithm.”® Minimization and equilibration of
1 ns were performed with restraints on the backbone atoms of AB42 peptides. Temperature and
pressure were controlled using the Noose-Hoover algorithm with a coupling constant of 1 ps,’*
and the semi-isotropic Parrinello-Rahman algorithm with a coupling constant of 5 ps,”
respectively. Electrostatic interactions were calculated using the particle mesh Ewald method
with a cutoff of 1.2 nm, and Van der Waals interactions used forces switched to zero from 1.0 to

1.2 nm, as implemented in CHARMM-GUI.%°

Prior to analysis, we emphasize that the protonation states we assigned assume canonical
(solution) pKa values. While most of the polar/charged residues are initially exposed to solvent
and notably the N-terminal residues and residues E22 and D23, K28 is embedded in the
membrane. It is known that Lysine can shift its pKa down to 6 in hydrophobic environments, e.g.,
when fully inserted in a membrane.’® In our starting structure, as K28 partially feels the presence
of the head and glycerol lipid groups, its pKa value is unknown. Assuming therefore that K28 is
protonated is an approximation which might not be totally appropriate. In principle, we can solve
this issue by using pH-replica exchange MD simulations, but this approach is not computationally

feasible for a hexamer of 252 amino acids partially embedded in an atomistic lipid bilayer.

To characterize the conformational ensemble, secondary structures were determined
using the DSSP method.”” Conformations were characterized by their intra and intermolecular
(between trimer 1 and trimer 2) contact maps. A contact between two side chains was considered
formed if there is at least one distance < 0.45 nm between all heavy atoms. We calculated the
average depth of residues 1-42 into the lipid bilayer. One residue was considered inserted if the

depth is < 2.1 nm. The insertion depth was calculated as the z component of the distance



between the center of mass of each residue (including all backbone and side chain atoms) and
the center of mass of all lipid atoms of the membrane.”® Finally, we also calculated the positional
probabilities of the lipids and water molecules with respect to the membrane surface.
ASSOCIATED CONTENT

Supporting Information.

The Supporting Information is available free of charge at https://pubs.acs.org/doi/

Insertion depths of residues 1-42 belonging to each chain of the system in the time-interval
1900-2000 ns of run 1 and run 2, and snapshots of the system as a function of time in runs 1
and 2 are reported.
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Figure 1. Initial CHARMM-GUI conformation of the system. View in the x direction parallel to
the fibril axis. We show the ribbon structure of the hexamer, the phosphate atoms (tan) and
the 021 and 022 atoms of the glycerol (black). Also shown are the Co. atom of V12 (yellow),
Q15 (blue), V18 (orange), E22 (purple) and K28 (red).
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Figure 2. Time-averaged secondary structure contents along the sequence using four time-
windows of run 1 at 303 K (A1, A2, A3, A4) and run 2 at 310 K (B1, B2, B3, B4) using 0-500 ns
(orange), 500-1000 ns (red), 1000-1500 ns (green) and 1500-2000 ns (blue).
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Figure 5. Insertion depths of the residues belonging to trimer 1 and trimer 2 in two time-intervals,
0-100 ns and 1900-2000 ns. (A) and (B) refer to run 1 at 303 K, and (C) and (D) to run 2 at 310 K.
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Figure 6. Run 1 (303 K) simulation results of water (A) and lipid (B) positional probabilities

projected on the (y,z) plane where x is fibril axis. We show the CHARMM-GUI values, free of
equilibration, and the averaged values using three time-intervals.
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Figure 7. Run 2 (310 K) simulation results of water and lipid positional probabilities projected on
the (y,z) plane where x is fibril axis. We show the CHARMM-GUI values, free of equilibration,
and the averaged values using three time-intervals.
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