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ABSTRACT: The aggregation of the Amyloid (AB) peptide of 39-43 amino acids into plaques is observed
in the brain of Alzheimer’s disease (AD) patients, but the mechanisms underlying the neurotoxicity of
AB oligomers are still elusive. One suggested initial mechanism is related to the implications of amyloid
membrane interactions, but characterization of these assemblies is challenging by experimental
means. In this study, we have explored the stability of a trimer of AB11-40 in parallel and antiparallel B-
sheet structures for the wild-type sequence and its F20W mutant in a DPPC membrane using atomistic
replica exchange molecular dynamic simulations. We show that both the U-shape organization and the
assembly of B-hairpins are maintained in the membrane and are resistant to the mutation F20W. In
contrast the models are destabilized by the F19P mutation. Overall, our results indicate that these two
assemblies represent minimal seeds or nuclei for the formation of either amyloid fibrils, a variety of B-

barrel pores or various aggregates for many AP sequences in a membrane-mimicking environment.




INTRODUCTION
Several millions of people are affected by Alzheimer’s disease (AD).1 There is a general consensus that

the low molecular weight oligomers of the amyloid-beta (AB) peptide consisting of 39-43 amino acids
initiate a series of events leading to neuronal death.23 High-resolution knowledge of AB oligomers in-
teracting with the membrane is experimentally challenging because these interactions and the
oligomer populations are heterogeneous, very dynamic and vary with membrane composition and AB
amino acid sequence.* Amyloid oligomer affinity of AB and other amyloid proteins with membrane and
their interactions have been explored by a variety of experimental techniques such as transmission
electron microscopy (TEM), atomic force microscopy (AFM), nuclear magnetic resonance (NMR), ion
mobility — mass spectrometry, small angle neutron scattering, infrared and fluorescence spectroscopies
and electric recording.>9 From these observations, several AB-induced membrane effects have been
captured and three generic models have been proposed: the carpeting model with accumulation of
amyloid oligomers on membrane surface leading to bilayer deformation, the detergent model where
AB oligomers have an important detergent-like effects on lipid membrane bilayers and remove lipid

molecules from the bilayer, and the amyloid pore hypothesis.510,11

Among the long list of experimental results, AB monomers have much lower membrane affinity
than the small oligomers,12 membrane-bound tetramer and trimer AB oligomers correlate with toxicity
towards cultured neurons,!3 and a single-molecule study reported that trimers and tetramers may be

the smallest AB40 oligomers in the anionic lipid bilayers and could be the origin of neurotoxicity.14

Carulla et al. reported, based on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), electric recording, circular dichroism (CD) and NMR experiments, that AB42 tetramers assemble
into B-barrels with an inner pore diameter of 0.7 nm in a membrane-mimicking environment, but it is
not the case for AB40.15 Recently, ion mobility — mass spectrometry reveals the formation of B-barrel
shaped AB42 hexamers in a membrane-mimicking environment based on comparing experimental and
calculated collision cross-sections, while AB40 mostly formed dimers and trimers.16 Channel-like annu-
lar oligomers formed by AB peptides were also reported by AFM with inner cavity pores of 2.0-2.5
nm.17 Very interestingly, the trodusquemine molecule enhances AB42 aggregation, but suppresses tox-

icity by inhibiting AB oligomers binding to cell membranes.18

Due to the transient character of amyloid oligomers, amyloid membrane interactions either on
the surface or inserted into membrane models have motivated the use of computer simulations based

on different levels of protein, lipid and solvent representations.419-21 A molecular dynamics (MD) simu-



lation showed that protofibrillar AP trimers might be the smallest seeding nucleus on the self-assem-
bled monolayer surfaces.22 AB dimerization on a membrane surface was also investigated by all-atom
MD simulations.23 Based on atomistic MD simulations of dimers and pentamers of AB17-42, Jang et al.
suggested that a trimer with a strand-turn-strand (U-shaped) fibrillar motif is the minimal oligomer size
to insert into the membrane.24 Brown and Bevan performed MD simulations of AB42 tetramer in the
presence of a pure POPC or cholesterol-rich raft model membrane and observed the formation of rod-
like structures.2> Feng et al. carried out atomistic MD simulations of AB42 dimers differing in the orien-
tation of the two peptides to study the structural stability and damaging effect on a DPPC membrane,
they suggested one stable dimeric unit.26 Strodel and Wales used basin-hopping global optimization
tempering and an oligomer generation procedure to identify the most stable structures for the AB42
peptide monomer and oligomers (up to octamer) inserted into an implicit lipid bilayer.2? Of particular
interest is that the most stable conformation of the monomer embedded in the implicit membrane
displays the U-shaped motif observed in synthetic AB40 amyloid fibrils in vitro, and they proposed
AB42 pore models composed of tetramer to decamer subunits. Atomistic MD and potential of mean
force simulations reported that AB11-42 peptide oligomers larger than dimers are more likely to lead

to lipid deformation and water channels in a POPC membrane.28

Recently, we designed atomic structures of B-barrel AB40 and AB42 tetramers in a membrane
model.29 These models consist of four B-hairpins spanning approximately residues 14-35; this hairpin
has already been discussed with a non-negligible probability by dimer simulations of AB40 and AB42
peptides,30-32 and AB fragments 3334 in aqueous solution. Using extensive replica exchange molecular
dynamics (REMD) simulations, the tetrameric B-barrel made of two distinct B-hairpins is drastically
destabilized for AB40 with respect to AB42 in a bilayer mimicking a neuronal membrane.29 As B-barrels
consisting of one layer of strands have been evidenced by X-ray micro-crystallography for an 11-residue
peptide3> and by simulations for various short-amyloid peptides using multiple representations and
sampling techniques in aqueous solution,36-40 we found using enhanced sampling and the CHARM-
M36m-TIP3P force field designed for intrinsically disordered proteins4! that AB42 barrel tetramer, but

not its AB40 counterpart, is likely to exist in aqueous solution.42

In the present study, based on previous experimental and theoretical results on other systems,
namely the co-existence of multiple intramolecular structures, we have tested by enhanced sampling
simulations whether AB trimers with U-shape (fibril-like) conformations or resulting from hairpin as-
sembly are likely states for the wild-type sequence embedded in a membrane. We emphasize that fold-

ing and self-assembly of a trimer of AR from randomly chosen conformations in a membrane are not
3



attainable at an atomistic level, free of any collective variables.1943 To further reduce the computer
time, the N-terminus (residues 1-10) is excluded as this region is evidenced to be disordered in a mem-
brane-mimicking environment,!> and the N-truncated AP9-42 peptide forms toxic ion channel in the

lipid bilayers.44

MD and REMD simulations are ideal tools to examine the impact of specific mutations on the
conformational ensemble of AP peptides. We demonstrated by atomistic REMD simulations that A2V
and A2T mutations drastically change the conformational ensemble of AR monomer and dimer in
aqueous solution.4547 Nussinov and coworkers have determined by MD simulations the impact of sin-
gle mutations and N-terminally modified truncated A variants on the stability of double-sheets pores
in membranes.844 In this work, we have examined the effect of the mutations F20W and F19P. This
choice is motived by the fact that these mutations are located in the central hydrophobic core (CHC)
spanning residues 17-21, recognized as driving AB B-sheet and amyloid fibril formation.4 The substitut-
ed tryptophan at amyloid-AP residue 20 experiences different environments after fibril formation com-
pared to the WT sequence in vitro, but both WT and F20W peptides display similar aggregation kinet-
ics.48 In contrast, the F19P mutation forms small AP aggregates and prevents the formation of the nu-
cleus and therefore blocks fibril formation in vitro.49.50 By using MD simulations, Nussinov et al. found
that F19P destabilizes the pore ability of AB17-42 and AB42 peptides, pores consisting of annular U-

shaped B-sheets, and this mutation prevents ions permeating across the bilayer.44

Here, through the application of REMD simulations to AB11-40 WT and its F20W mutant start-
ing from our two B-sheet organizations, and MD simulations with WT and F19P sequences, we can vali-

date our models and determine their robustness.

MATERIALS AND METHODS
Initial structures of the parallel and antiparallel B-sheets

The parallel (P) AB11-40 trimer with U-shaped conformations was extracted from the AB11-40 amyloid
fibril structure.5! The antiparallel (AP) trimer with B-hairpin conformations was extracted from our AB
beta-barrel29 by deleting the hairpin 4; that is our barrel consists of the assembly of two types of hair-
pins (hairpin 1 and hairpins 2/3 having different intramolecular structures). All peptides were substitut-

ed at position 20 by a tryptophan or at position 19 by a proline using PyMOL tool.52

The (x, y, z) dimensions of the lipid bilayers are: 6.418 x 6.444 x 4.00 nm for the parallel AB B-sheet
model and 6.766 x 6.792 x 4.00 nm for the antiparallel AB model. All systems were solvated by a 3-par-

ticle water model. The parallel F20W trimer is centered in a rectangular box of
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6.418 X 6.444 X 7.597 nm and consists of 125 DPPC molecules, 3923 water molecules, 3 Na+ ions

for a total number of 16,987 atoms vs. 16,975 atoms for its parallel WT counterpart. The anti-parallel

F20W and WT systems are centered into a rectangular box of 6.766 X 6.792 X 7.097 nm. The AP
F20W system comprises 124 DPPC molecules, 3736 water molecules, and 3 Na+ atoms for a total of
18,296 atoms, vs. 18,284 for the AP WT system. The initial AP and P trimer structures are shown in Fig-

ure 1.

REMD and MD simulations
REMD simulations were carried out using GROMACS version 5.1.3,53 the united-atom force field GRO-
MOS 53a654 for the peptides, the Berger force field>5 for the DPPC lipid bilayer and the SPC water mod-
el.>¢ The peptides at pH 7 have NHs* and CO; termini, deprotonated Glu and Asp, protonated Arg and
Lys, and neutral His with a protonated Nepsilon atom. Following earlier computational studies, simula-
tions were performed with periodic boundary conditions, a time step of 2 fs using LINCS, the velocity
Verlet integrator, the Nose-Hoover thermostat, electrostatic interactions were calculated using the par-
ticle mesh Ewald (PME) method and a cut-off of 0.9 nm, and Van der Waals interactions used a cut-off
of 0.9 nm.57.58 Starting from the initial conformation, each system was minimized using steepest de-
scent method using weak backbone constraints followed by 500 ps of NVT simulations with a weak
harmonic force on the protein atom positions and the system was further relaxed by 1 ns free of any
restraints at 324 K. Each relaxed system was then subject to REMD. Parallel F20W AB11-40 trimer was
investigated using 32 replicas ranging from 321 to 423 K, each replica for 350 ns, as for the parallel WT
AB11-40 trimer.58 The antiparallel WT and F20W AB11-40 trimers used 28 replicas between 321 and
408 K, each replica for 350 ns. Temperature values for the replicas are given in Supplementary Informa-

tion (SI). Exchanges between replicas were attempted every 1ps.

The two B-sheet organizations were also subject to MD simulations of 250 ns at 324 K with the WT
and F19P sequences starting from the most stable predicted REMD conformations of the WT sequence.
In these simulations, we used the CHARMM36m force field for the proteins and lipids, and the modi-
fied TIP3P force field for water.41

Analysis
An intermolecular and intramolecular side-chain contact is defined when the smallest distance be-
tween two side-chain residues of any chains is shorter than 0.45 nm. The hydrogen bond is considered
formed when the distance between the donor and the acceptor is shorter than 0.35 nm, and the angle
of donor - hydrogen — acceptor is larger than 1359. A side chain salt-bridge is defined when the dis-

tance between two charged groups is smaller than 0.46 nm. The radius of gyration (Rg) is computed
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with GROMACS tools. The secondary structure compositions are calculated using DSSP package.>® The
collision cross section (CCS) of each system is calculated using the trajectory method of the IMPACT
program.60 The free energy landscape is constructed using GROMACS tool “sham” projected on the
backbone root-mean-square deviation (RMSD) using the full sequences and the number of intermolec-

ular side-chain contacts (SC). The lipid order parameters were calculated using the formula:
1 _
Scp = E3C0S29 -1

where C is carbon, D is deuterium, and 6 is the MD/REMD-averaged angle between the molecular axis

given by Ci.1 - Cis1 vector and the bilayer normal.

RESULTS AND DISCUSSION

REMD simulation convergence and data analysis of the parallel WT trimer at 324 K have already been
described in Ref. 58; 324 K is selected because membrane DPPC lipid bilayers have a phase transition at
315 K. For the three new REMD simulations, the average of exchange rates between neighboring repli-
cas is on the order of 21% (Figure S1) and there is a satisfactory propagation of the 1st (black) and last
(28th or 32th in red) replicas over the temperature range (Figure S2). The convergence of each new
simulation at 324 K is demonstrated by the nice overlap of the distributions of the four RMSD, Rg, CCS
and B-sheet metrics using the intervals 200-280 ns and 200-350 ns (Figures S3-S5).

There are clear differences in the distributions between the four systems at 324 K. Upon F20W muta-
tion, the mean Rg value increases from 1.42 + 0.02 to 1.49 £ 0.02 nm in the parallel organization, but
remains constant in the antiparallel organization (1.47 + 0.02 nm for WT, 1.44 + 0.04 nm for F20W).
This conformational change in the parallel architecture is further illustrated by the mean CCS values
ranging from 13.42 £ 0.31 nm2 in WT vs. 14.19 + 0.31 nm2 in F20W. In contrast, the averaged CCS val-
ues remain centered at 14.35 + 0.40 nm2 for WT and F20W in the antiparallel architecture.

In the parallel structure, the B-sheet content changes upon F20W mutation increasing from 40 £ 7%
in WT to 47 + 4%, accompanied by a reduced coil content of 51 + 4% in F20W vs. 57 + 7% in WT. The B-
sheet content is higher in antiparallel structure, independently of the sequence, that is 50 + 6% for WT
and 52 + 5% for F20W, with a coil content amounting to 48 + 7% in WT and 45 t 6% in F20W. The
propensity to form specific secondary structures along each amino acid averaged over the three chains
is shown in Figure 2 for the four systems. The results reveal that in the parallel organization the F20W
mutation increases mainly the B-strand percentage of the CHC region and residue 30, while the coil
and turn contents remain relatively unmodified. In the antiparallel organization, the secondary struc-

ture profiles of the WT and F20W peptides superpose relatively well, except the turn content of
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residues 25-26 (increase from 15% in WT to 30% in F20W) and the coil content of residues 24-28 (de-
crease of 10% from WT to F20W). Note that in all systems, the alpha-helix content is 0% and the turn
content is 2-3%.

To investigate how the F20W mutation impacts the conformational ensemble, we looked at side-
chain and H-bond contact maps, and found that the maps change little upon mutation starting either
from the parallel or the antiparallel configurations (data not shown). Table 1 lists the mean number and
standard deviation of the total number of intramolecular and intermolecular for the side chain and H-
bond contacts in the four systems. The values of the four metrics do not change from WT to F20W in
the antiparallel structure. It is found however that the mean value of intramolecular H-bonds is re-
duced by 50% from WT to F20W in the parallel structure. Variation is also observed for the percentage
of the intramolecular salt-bridge D23-K28 formed varying from 30% (WT) to 2% (F20W) in the parallel
configuration and from 6% (WT) to 16% (F20W) in the antiparallel configuration, but not for the inter-
molecular salt-bridges K16-D23 and K16-D22 (Table 2).

A clustering analysis was performed using a backbone RMSD cutoff of 0.3 nm using the full se-
guences. The number of clusters is reduced from 25 to 8 upon F20W mutation starting from the paral-
lel B-sheet configuration, and from 13 to 8 upon F20W mutation starting from the antiparallel sheet
configuration, indicating that the F20W mutation confers less conformational freedom of the AP pep-
tides in the membrane. Figures 3 and 4 show the free energy landscape of the four systems projected
on the backbone RMSD and the number of intermolecular side-chain contacts, along with the repre-
sentative structure of each significant free energy minimum. The structural characteristics of these

minima are described in Table 3.

For the trimers in parallel structure (Figure 3), we find seven dominant states for the WT sequence
designated as WP1-WP7 with populations varying between 19% (WP4) and 6% (WP1). All seven mini-
ma totaling 66% of the full conformational space preserve the U-shaped conformations with a rather
constant CCS value (13.2 — 13.8 nm2) and a B-sheet content varying between 56 (WP2) and 34 (WP1)
%. The minima differ, however, in their positions within the membrane and the residues located in the
extracellular part: residues 11-13 and 25-28 (WP2, WP4, WP5 and WP7 for a population of 42%) or the
same previous residues with the N-terminal hydrophobic residues 39 and 40 (WP1, WP3 and WP6 for a
population of 22%). Upon F20W mutation, there are five dominant states representing 79% of the full
conformational space, with MP3 (44%), MP1 (16%) and MP4 (13%), representing a population of 73%,
that have high B-sheet content (46-54%), and CCS values varying between 13.4 (MP3) and 15.1 (MP1)

nm2. Overall, compared to the WT sequence, the F20W mutation increases the B-sheet content, the
7



CCS value of some minima and the number of conformations with the residue 40 in the extracellular

part (63%), but does not impact the fluidity of the membrane (see Figure S6).

It is interesting that the AB11-40 trimer with fibrillar conformation remains stable in the membrane.
This finding further supports previous MD simulations, having much less sampling capabilities than our
REMD, proposing that the AB17-42 trimer with a strand-turn-strand (U-shaped) fibrillar motif is the
minimal oligomer size to insert into a DOPC membrane.24 Taken with the MD simulation results of
AB17-42 dimer,24 our REMD simulation results in a DPPC membrane strongly suggest that the trimer in
parallel structure might be a nucleus for larger cross-f3 aggregates within the membrane. Our finding
that the F20W mutation slightly modifies the free energy landscape of the WT sequence, although in-
ducing change in local flexibility and reducing heterogeneity of the conformation ensemble, is reminis-
cent of AB40 F20W aggregation kinetics in aqueous solution that reported a difference in the inner
core and homogeneity of the fibril.48 Of interest also is that the impact of F20W mutation is much less
severe than the A21G mutation, known to lead to early-onset AD,4 which was found on the same sys-

tem to destabilize much more the U-shaped conformation.6!

Next we characterized the trimers in antiparallel structure (Figure 4). For the WT sequence, we find
five dominant states designated as WA1-WA?S with three states of equal population (23%). Upon F20W
mutation, there are two states MA1-MA2 of equal population (47%). Although the seven states differ in
terms of CCS, Rg, CCS, RMSD, number of intermolecular side-chain contacts, location of -strands, they
all display at a coarse-grained level the same generic topology, that is a four-stranded [3-sheet made of
two well-defined P-hairpins stabilized and recovered in part by the third hairpin. While in WT se-
quence, the N- and C-terminus of the third [3-hairpin are well aligned with the four strands 3-sheet; this
hairpin kinks at residues 17, 18 and 33, and becomes perpendicular to the four-stranded p-sheet. Al-
though the MA1 and MAZ2 structures are globally very similar, the B-strands in the four strands [3-sheet
span residues 16-23 and 29-36 (hairpin 1 in grey) and residues 14-22 and 27-34 (hairpin 1 in red) in
MA1, and residues 16-22 and 31-38 (hairpin 1 in grey) and residues 13-22 and 26-35 (hairpin 2 in red)
in MA1. Also, the loop of the third hairpin consists of residues 25-28 in MA1 and residues 24-29 in

MAZ2; and there are side chain interactions between the CHC of the third hairpin and residues 31 and

32 of the second hairpin (in grey) in MA1 or residues 20, 31 and 35 of the second hairpin in MA2.

Upon F20 W mutation, the third hairpin is misaligned and more disordered with a significant increase
of the loop region. The hairpin 3 consists of -strands spanning residues 16-22 and 31-37 and a loop
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spanning residues 23-29 in MA1, residues 14-21 and 30-39 (strands) and 22-27 (loop) in WA2, residues
18-20 and 32-35 (strands) and 22-30 (loop) in MA3 and residues 14-22, 31-39 (strands) and 23-30
(loop) in WA4. As a consequence of these conformational differences, the number of extracellular
residues varies mutation, with the N-terminus (residues 11-14) and loop region (residues 23-27) for the
WT sequence, and the more of less same N-terminus and loop region residues along with the two C-
terminus residues for the F20W sequence. As for the trimer in parallel structure, the trimer in antipar-
allel structure for the WT and F20W sequence does not impact the lipid order parameters of the mem-

brane (Figure S6).

It is interesting that at least two well-packed and formed P-hairpins stabilized by a more disordered
hairpin remain formed inserted into the membrane for the WT and F20W sequences. These two hair-
pins have however distinct intramolecular conformations, spanning for example residues 16-38 and 13-
35, and differ therefore from the hairpin spanning residues 17-36 proposed by Strodel and Wales,2?
and Graslund et al.16 This finding makes it clear that this trimer represent a stable seed for creating a
large variety of pores made of a single wall (single layer) of (3-hairpins (4-mers, 6-mers and 12-mers)

within the membrane.

It is important to determine to what extent our results depend on other mutations and the force
field. To this end, we performed MD simulations of the WT and F19P trimers with the charmm36m/
TIP3P-modified force field starting from the most populated REMD structures from the two WT sys-
tems: WP4 (for the parallel structure) and WA4 (for the antiparallel structure). Our total MD trajectory
of 1 microsecond at 324K for the four systems makes it clear that both WT trimers deviates little from
their initial structures with a plateau at a RMSD of 0.30 nm from 100 to 250 ns, see (A) and (C) in Figure
5. In contrast, the F19P mutation induces much larger RMSD deviation at 250 ns: about 0.55-0.6 nm for
F19P in parallel and antiparallel structures, see (B) and (D) in Figure 5. Figure 6 shows the representa-
tive structures of the 4 systems based on cluster analysis of the trajectories between 230 and 250 ns.
The results on the WT sequence are similar between the GROMOS53a6/Berger/SPC and the CHARM-
M36m/TIP3P-modified force fields, small RMSD differences and differences of 7% of B-sheet content.
The result of our F19P simulation starting from a U-shaped conformation helps understand why the
impact of F19P substitution induces a collapse of the AB17-42 and AP42 pores.44 The result of our F19P
simulation starting from three B-hairpins shows a clear trend, although the simulations have certainly
not reached equilibrium, that is the F19P substitution clearly changes the packing and orientation of

the hairpin assembly.



CONCLUSION
In summary, based on extensive REMD simulations on the WT and F20 AB11-40 trimer with GRO-

MOS53a6/Berger/SPC force field, and MD simulations on the WT trimer with CHARMM36m/ TIP3P-
modified force field, we have demonstrated that the trimer of AB11-40 can coexist in a U-shape fibrillar
organization and an assembly of three distinct B-hairpins in a DPPC membrane. These results indicate
that these two trimer assemblies are seeds (or nuclei) for the formation of larger aggregates with fibril-
lar conformations, and the formation of larger fully closed B-barrels. Based on previous experimen-
talt5.16,62 and theoretical observations,2® that is AB42 has a much higher propensity for amyloid pore
than AB40, we can clearly assume that our two trimeric B-sheet assemblies will be more stable for
AB11-42 than APB11-40. In contrast, our simulations show that the two models are destabilized by the

F19P mutation. he authors use the U-shape fibril structure as starting model for the trimer. Given the

fact that there are more recent AB42 fibril structures resolved, such as the S-shape fibril by the Ishii or
Linse groups, I am wondering if these conformations could also lead to a similar behavior (ref to be giv-

en).

B-barrels made of amyloid peptides can form under various conditions, in agqueous solution,3> in a
membrane,1>16 and on the surface of carbon nanotubes.63 It is remarkable that the B-hairpin propensi-
ty of amyloid peptides has been evidenced by solution-phase NMR of AB, alpha-synuclein, IAPP-affi-
body complexes, and triangular forms of B-hairpins and their packing to form hexamers and dode-
camers have been observed by X-ray crystallography of macrocyclic B-hairpins in aqueous solution.64
Whether these triangular assemblies can form in membranes remain to be determined. Also it is of in-
terest to determine the effect of membrane composition such as cholesterol, monosialotetrahexosyl-
ganglioside (GM1), POPS lipid, and omega3 and omega6 fatty acids,46567 on the stability of the two B-

sheet assemblies with parallel and antiparallel structures.

Finally, because that the amyloid landscape is highly heterogeneous and sensitive to experimental
conditions,4* we cannot neglect that, beyond B-sheet amyloid pores, pores made of helical AB peptides

may also exist.7,16,68,69

ASSOCIATED CONTENT

Supporting Information
Temperatures in REMD simulations. Additional figures S1-S6 report analysis on the three new REMD

simulations: the exchange rates between consecutive replicas, the propagation of two replicas over the
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temperature index, the distribution of four metrics at two time intervals, and the time-averaged of the

lipid order parameters. The material is available free of charge via the Internet at http://pubs.acs.org.
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Table 1. The average and standard deviation number of intermolecular and intramolecular HB and SC contacts for the P/AP
F20W and WT systems. The results are the number of intermolecular contacts between any two chains and the number of in-
tra-molecular contacts per chain. The values for WT (P) are obtained from Ref. 58.

System Intra-HB Intra-SC Inter-HB Inter-SC
F20W (P) 6.03 +2.25 130.41 +8.18 1123 +1.11 42.59 +3.31
WT (P) 11.27 +£2.39 141.36 + 6.27 10.53 £ 1.65 42.69 +4.06
F20W (AP) 15.64 +1.66 190.35 + 4.56 4.06 £0.59 30.80 +2.28
WT (AP) 14.34+1.98 181.51 +£7.05 3.89+0.81 30.98 + 4.40

Table 2. The percentage of intra-/intermolecular D23-K28, K16-D23, and K16-E22 salt bridges (SB) formed in the P/ AP WT
and F20W and WT trimers. The values for WT (P) are obtained from Ref. 58.

F20W (P) WT (P) F20W (AP) WT (AP)
Intra-SB D23-K28 2+5 30£10 16+£9 6£6
Inter-SB K16-D23 0+0 0+0 0+0 2+2
Inter-SB K16-E22 0+0 0+0 27+6 22+5
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Table 3. Structural description of the main free energy minima of the WT and F20W P/AP systems. The F20W states in the
parallel structure are denoted by MP1, MP2, MP3, MP4, and MP5, the F20W states in the anti-parallel structure by MA1 and
MAZ2, while the corresponding WT states are WP1, WP2, WP3, WP4, WP5, WP6 in the parallel structure and WP7 and WA1,
WA2, WA3, WA4, and WAS in the antiparallel structure.

Shape  Rg CCs pB- Coil-  Turn- Population Extracellular residues
(nm) (nmz) con- con- con- (% )
tent tact tent
(%) %) (B

MP1 1.50 14.73 46 52 2 16 12-13 and 27-28

MP2 1.47 13.85 42 58 0 5 11-13, 25-27, and 39-40

MP3 1.47 13.41 54 46 0 44 11-12, 26-28, and 40

MP4 1.51 15.06 46 52 2 13 11-13, 24-27, and 40

MP5 1.46 13.57 44 53 2 4 11-13, 25-27, and 40

MA1 1.43 13.90 60 37 3 47 11-13 and 25-27 of chain B, 23-26 of chain
A, 11-14 of chain C

MA2 148 1472 56 39 5 47 11-14 and 25-27 of chain B, 23-26 of chain
A, 12-14 of chain C

WP1 141 1384 34 66 0 6 11-13, 25-27, and 39-40

WP2 142 1322 56 44 0 13 11-13 and 25-29

WP3 1.45 13.72 40 57 3 10 11-13, 25-27, and 39-40

WP4 1.43 13.11 46 52 2 19 11-13, and 25-28

WP5 1.43 13.13 47 51 2 7 11-13 and 25-28

WPé6 1.42 13.03 54 44 2 6 11-13, 25-28, and 40

WP7 1.46 13.69 46 51 3 10 11-13 and 25-28

WA1 143 1425 50 48 2 3 11-13 and 25-29 of chain B, 23-25 of chain

A, 42 of chain B, 11-14 of chain C

WA2 145 1452 57 41 2 22 12-14 and 25-27 of chain B, 23-26 of chain
A, 11-14 of chain C,

WA3 148 1490 41 59 0 14 11-14, 25-27 and 39-40 of chain B, 22-24

of chain A, 11-14 of chain C
WA4 147 1424 57 41 2 24 11-14 and 25-27 of chain B, 11-12 and 23-
25 of chain A, 11-14 of chain C
WA5 150 1485 52 41 7 23 12-14, 25-28 and 40 of chain B, 23-25 of

chain A, 11-15 of chain C, 11-13 of chain
A
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(A) (B)

Figure 1. Initial conformations. (A) Parallel F20W trimer with the side-chain atoms of W20 (shown in red); the
residues 11-13 and 26-28 are in the extracellular part. (B) Antiparallel F20W trimer with the side-chain atoms of
W20 shown in red; the extracellular residues consist of residues 24-25 of chain A, residues 11-14 of chain B, and
residues 11-13 of chain; hairpin 1 in chain A is grey, hairpin 2 in chain B is orange and hairpin 3 in chain C is in
yellow. C). The green ball denoted the N-terminus of each AB11-40 peptide. Tan spheres represent the phospho-
rus atoms of DPPC membrane. For simplicity, the solvent is not shown.
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Figure 2. The secondary structure composition along the amino acid sequence for the F20W and WT peptides in parallel (P,
left panels) and anti-parallel (AP, right panels) organizations. The metrics of the WT peptide in P structure are taken from Ref.

58.
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Figure 3. The free energy landscape of the transmembrane A trimers in parallel structure projected on the backbone RMSD
and the number of intermolecular SC contacts. (A) WT trimer, in which, the seven main minima WP1-WP7 are located by
black arrows at (RMSD; Number of SC) values of (0.83, 36.0), (0.71, 42.1), (0.63, 44.2), (0.59, 43.0), (0.45, 41.8), (0.50, 48.2), and

(0.59, 37.5), respectively. (B) F20W trimer with the five main minima MP1-MP5 located at (0.60; 40.2), (0.54; 44.0), (0.45; 45.1),
(0.60; 39.0) and (0.48; 37.9).
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Figure 4. The free energy landscape of the transmembrane A trimers in anti-parallel structure projected on the backbone
RMSD and the number of intermolecular SC contacts. (A) The WT system, in which, the main five minima WA1-WAS5 are lo-
cated at (RMSD; Number of SC) values of (0.54; 27.4), (0.54; 36.1), (0.62; 23.2), (0.64; 31.9), and (0.70; 34.0). (B) The F20W system
where the main minima MA1 and MA?2 are located at (0.53; 31.2) and (0.63; 30.1), respectively.
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Figure 5. Time evolution of the RMSD of the four systems using CHARM36m / TIP3P-modified

force field. (A) refers to WT parallel, (B) to F19P parallel, (C) to WT antiparallel and (D) to F19P
antiparallel MD simulations.
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Figure 6. Representative structures of the MD-generated systems using CHARM36m / TIP3P-
modified force field. (A) shows the structure for the WT parallel, (B) for the F19P parallel, (C)
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for the WT antiparallel and (D) the F19P antiparallel MD simulations using the intervals
230-250 ns. The all-atom proline substitution is shown in (B) and (D).
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