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ion reduces the binding affinity of
the transmembrane Ab11–40 trimer to the
membrane bilayer†

Thanh Thuy Tran, *ab Feng Pan,c Linh Tran,de Christopher Rolandf

and Celeste Saguif

Alzheimer's disease is linked to the aggregation of the amyloid-b protein (Ab) of 40 or 42 amino acids. Lipid

membranes are known to modulate the rate and mechanisms of the Ab aggregation. Point mutations in Ab

can alter these rates and mechanisms. In particular, experiments show that F19 mutations influence the

aggregation rate, but maintain the fibril structures. Here, we used molecular dynamics simulations to

examine the effect of the F19W mutation in the 3Ab11–40 trimer immersed in DPPC lipid bilayers

submerged in aqueous solution. Substituting Phe by its closest (non-polar) aromatic amino acid Trp has

a dramatic reduction in binding affinity to the phospholipid membrane (measured with respect to the

solvated protein) compared to the wild type: the binding free energy of the protein–DPPC lipid bilayer

increases by 40–50 kcal mol�1 over the wild-type. This is accompanied by conformational changes and

loss of salt bridges, as well as a more complex free energy surface, all indicative of a more flexible and

less stable mutated trimer. These results suggest that the impact of mutations can be assessed, at least

partially, by evaluating the interaction of the mutated peptides with the lipid membranes.
Introduction

According to the World Alzheimer Report 2016, there were 46.8
million patients with Alzheimer's disease (AD) in 2015, and the
number of global cases was predicted to reach 131.5 million by
2050.1 AD is a neurodegenerative disease, which is pathologi-
cally characterized by amyloid plaques resulting from the
aggregation of extracellular amyloid-b (Ab) peptide, and by
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neurobrillary tangles made by the accumulation of intracel-
lular tau protein in the hippocampus and cerebral cortex.2–5 AD
progressively affects normal brain functions such as memory,
judgement, and cognition, and results in the failure of crucial
cellular processes.6 Amyloid plaques consist of the extracellular
accumulation of the Ab40 and Ab42 peptides derived from the
transmembrane amyloid precursor protein (APP), which is
located in the lipid-rich microdomains (lipid ras) of endosome
and the plasma membrane,7,8 aer cleavage by b- and g-secre-
tases.9 The Ab42 peptide is known to be more insoluble and with
a higher probability of polymerization than the Ab40 peptide.
The latter is considered the primary constituent in cerebral
amyloid angiopathy and is generally more abundant in pla-
ques.10 The accumulation of soluble Ab oligomers can cause
neurovirulence and impair the synaptic transition.11,12

Experimental and computational investigations in the Ab
peptide grew over the past years due to Ab's dual nature: high
intrinsic disorder and high aggregation propensity.5,13–17

Indeed, the diversity and exibility of Ab bring many challenges
in its structural characterization by experiments, especially
because the interaction between Ab and the phospholipids in
the cell membrane plays a crucial role in the aggregation
mechanisms. Using a single electron method to study the
interaction between the Ab40 peptide and anionic lipid
membranes, Ding et al. reported that trimers and tetramers may
be the smallest Ab40 oligomers in the lipid bilayers, and could
lead to the initial neurotoxicity.18 Later, Jana et al. demonstrated
that membrane-bound tetramer and trimer Ab40 oligomeric
© 2021 The Author(s). Published by the Royal Society of Chemistry
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species are associated with toxicity in cultured neurons.19

Several U-shape bril models of Ab40 that form in-register
parallel b-sheets have been experimentally reported.20–23 In
general, residues 1–10 in these models are disordered. Even
though the conformations of Ab40 depend on the peptide
sequence and lengths,24 the contribution of the 1–10 residues is
negligible. Additional experimental evidence suggests that the
truncated Ab11–40 peptide can capture the oligomerization/
brillation behavior just as well as the full-length Ab40
peptide.25 A scheme of the Ab11–40 peptide is shown in Fig. 1,
where the two hydrophobic patches (red) L17–A21 (central
hydrophobic core, CHC) and A30–V40 (C-terminus) are sepa-
rated by a hydrophilic (blue) loop region (E22–G29). The N-
terminus (E11–K16) is also very hydrophilic, and plays an
important role in metal ion interactions together with the
residues H13 and H14.5

In order to complement experimental endeavors, Molecular
Dynamics (MD) simulations have been employed successfully,
such as in the search of potential inhibitors26,27 against the
aggregation of wild-type Ab oligomers.14–17 In particular,
numerical studies employing replica exchange MD (REMD)
have provided insight into the truncated Ab11–40 peptide and its
corresponding trimer (3Ab11–40) in its wild type and mutant
forms28–31 in solution. In addition to its soluble conformations,
the insertion of the Ab oligomers in membranes has been
investigated via MD.32–35 For instance, for the transmembrane
4Ab17–42 tetramer a helical structure35 has been described.

Mutations in the Ab peptide modify its toxicity, assembly,
and rate of bril formation. Specically, the mutations in the
CHC and loop regions, including F19W,36 F20W,36 L17A/F19A,37

Flemish A21G,38 Dutch E22Q,39 Italian E22K,40 Arctic E22G,41,42

E22D,43 and Iowa D23N44 could affect the conformational
changes in Ab oligomers. Another example shown that the
combination of mutation A2V in N-terminal and histidine
tautomerism can affect the Ab monomer structures and its
aggregation process.45 Thus, numerous mutation studies have
been carried out both experimentally and employing MD
simulations. These studies and their main results are summa-
rized in Table S1.† In particular, the inuence of local physical
interactions on the brillation kinetics and the structure and
dynamics of Ab40 has been characterized by experimental
studies that include uorescence, transmission electron
microscopy, X-ray diffraction, and solid-state NMR spectros-
copy.46 The hydrophobic contact between F19–L34 wasmodied
by a series of mutations on the residues F19 and L34, including
F19G, F19P, F19E, F19K, F19Y, F19W, L34E, and L34K. These
mutants were studied to understand the effect of local interac-
tions, including electrostatic interactions (F19E and F19K
mutations); hydrophobic interactions (F19Y and F19W muta-
tions); conformational exibility (F19G and F19P mutations);
Fig. 1 Sequence of the Ab11–40. Hydrophilic and hydrophobic regions
are shown in blue and red, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and the salt-bridge interactions (L34E and L34K mutations).
These local interactions were found to impact the brillation
kinetics, the intermolecular hydrogen bonds and the dynamics
of the Ab40, without changing the general bril structure. The
results also demonstrated that the non-local F19–L34 contact
plays an important role in early-oligomers of Ab40. The F19W
mutation showed slower brillation kinetics than the wild-type.
While both F19Y and F19W mutations replace the Phe ring by
another aromatic ring, the tryptophan mimicked Phe better. A
subsequent study investigated how the F19K mutation altering
the F19–L34 contact affects the bril structure and the toxicity
of the Ab40.47 This mutation was found to alter the local struc-
ture of the bril and to abolish cytotoxicity. In addition,
computational studies have characterized the A21Gmutation in
Ab40 and Ab42,48 and also in transmembrane 3Ab11–40.33

It has been shown that the “susceptibility of neuronal cells to
different types of misfolded oligomeric assemblies is directly
related to the extent of binding of such oligomers to the cellular
membrane”.49 These experiments included relatively complex
physiological scenarios that included Ca2+ inux and cellular
damage and opened new lines of questioning, for instance, how
mutations affect the binding to the membrane and which
minimal models can capture changes in binding. In this work
we set out to nd a simple model that can show mutations
affecting the binding affinity of the aggregates. For this, we
noticed that the impact of F19 mutations on the oligomers'
structure of Ab40 in membrane lipid bilayers has not been
characterized. Also, if one wants to characterize a sort of
“threshold” for binding differences in the mutated oligomer, it
is better to choose a “subtle mutation” that is close to the
original amino acid and does not change its polar/non-polar
nature. For the case of Phe, the closest non-polar one is Trp,
as it lacks the –OH group of Tyr and therefore mimicks Phe
better. We notice that MD simulations have been used to study
the conformations of the 3Ab11–40 trimer in both solution28 and
dipalmitoylphosphatidylcholine (DPPC) lipid environment.34 In
addition, the F19W mutant of the 11–40 truncated Ab trimer
(F19W 3Ab11–40) in aqueous solution was recently characterized
via MD simulations.31 In the present study, the (F19W 3Ab11–40)
trimer with an initial conformation obtained from the Ab bril
was inserted into a DPPC lipid bilayer, solvated and then
simulated using REMD techniques. The metastable structures
of the transmembrane F19W 3Ab11–40 were deduced using
a combination of free energy surface and clustering methods.
Our results provide detailed structural conformations of the
transmembrane F19W 3Ab11–40 and how they differ from the
wildtype transmembrane 3Ab11–40 obtained in previous
studies.34 The binding free energy of the mutated oligomer
clearly shows that the even the subtle F19W mutation greatly
destabilizes the 3Ab11–40 trimer with respect to its wild type
counterpart.

Computational methods
Temperature-REMD simulations

The conformation of the transmembrane 3Ab11–40 inserted in
the DPPC membrane bilayers50 was taken from a previous
RSC Adv., 2021, 11, 2664–2676 | 2665
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study34 in which the crystal structure of the 3Ab11–40 was ob-
tained from a bril-like structure.20 PYMOL tools51 were then
used to create the mutated F19W version for the 3Ab11–40.
Finally, the F19W 3Ab11–40 was inserted in the DPPC lipid
bilayer. The mutant trimer was then represented using the
united atom GROMOS 53a6 force eld.52 While there are other
IDP-specic force elds53,54 that may be used to simulate
intrinsically disordered proteins (IDP) in solution, we used the
united atom GROMOS 53a6 force eld because it is known to be
quite good for amyloid beta transmembrane proteins.55,56 In
addition, to save computational time and compare with the
3Ab11–40 wild-type results,34 we used united atom GROMOS 53a6
force eld.

The system was solvated using the simple point charge (SPC)
water model.57 The solvated system was neutralized with three
Na+ ions. The initial conformation of the transmembrane F19W
3Ab11–40 is presented in Fig. 2, in which Na+ ions are repre-
sented by three black balls and the mutant points were high-
lighted. The entire solvated transmembrane F19W 3Ab11–40
system consists of 16 987 atoms, including the F19W Ab olig-
omer, 3293 water molecules, 125 DPPCmolecules and three Na+

atoms.
The initial structures for F19W 3Ab11–40 were based on the

previously deduced bril-like structure. This choice is justied
because it would take more than several microseconds per
replica to simulating the aggregation of the Ab frommonomers.
In this work, the transmembrane F19W 3Ab11–40 was simulated
using the T-REMD method with 32 replicas with temperatures
varying from 321 to 423 K in the isothermal–isobaric (NPT)
ensemble. The GROMACS version 5.1.3 was used with a periodic
boundary condition (PBC) box with dimensions of 6.028 �
6.052 � 7.134 nm3 and a time step of 2 fs using a leap-frog
Fig. 2 Initial conformation of the transmembrane F19W 3Ab11–40
trimer with highlighted mutations. Water molecules are represented in
red, DPPC molecules are shown in cyan, and neutralizing Na+ ions are
shown as black balls.

2666 | RSC Adv., 2021, 11, 2664–2676
algorithm.58 The electrostatic interactions were calculated
using the particle mesh Ewald method with a 0.9 nm cut-off.59

The van der Waals interactions also had a 0.9 nm cut-off. The
nonbonded pair lists were updated every 10 fs. The velocity-
rescaling thermostat60 was used to control temperature, and
the Parrinello–Rahman barostat61 was used to control pressure.
All bonds were constrained by the LINear Constraint Solver
(LINCS)62 with an order of 4. The individual temperatures were
generated using a Web server.63 Exchanges between neigh-
boring replicas were attempted every 1 ps, leading to mean
acceptance ratios ranging from 18 to 25% (Fig. S2†). It was
conrmed that all replicas have an efficient exchange rate over
the whole temperature range, as is illustrated by the two
examples shown in Fig. S3† which plots the temperature indices
for the rst replica (which has the lowest initial temperature)
and last replica (which has the highest initial temperature),
respectively. Each replica ran for 400 ns, resulting in a total of
12 800 ns of MD simulations. Data was recorded every 10 ps.
The results were analyzed for the last 150 ns of REMD simula-
tions. The rst 250 ns of the simulations were removed to avoid
any starting bias. During the simulation, the membrane DPPC
lipid bilayer was stable (Fig. S4†), in agreement with the non-
mutated transmembrane 3Ab11–40.34

Secondary structure analysis

The secondary structure parameters of the transmembrane
F19W 3Ab11–40, including coil, beta, turn, and helix contents,
were predicted using DSSP tool.64

Free energy surface (FES)

The free energy surface of the mutant trimer was constructed
using the “gmx sham” tools65 of GROMACS with root-mean-
square deviation (RMSD) and radius of gyration (Rg) serving as
reaction coordinates.

Free energy perturbation (FEP) method

The binding free energy between the mutant F19W 3Ab11–40 and
DPPC bilayer was predicted using the FEP method34,66 as
described in the ESI.†

Collision cross section (CCS)

The Ion Mobility Projection Approximation Calculation Tool
(IMPACT) with the trajectory method was employed to compute
the mutant trimer CCS.67

Solvent-accessible surface area (SASA)

We calculated the total solvent-accessible surface area (SASA)
for the transmembrane F19W 3Ab11–40 with the double cubic
lattice method68 as implemented in GROMACS.

Computational analysis tools

The clustering method was carried out with a Ca RMSD cut-off
of 0.3 nm.65,69 A non-bonded contact between heavy atoms of
different residues was counted when their distance was smaller
than 0.45 nm. A polar contact between two charged groups was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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counted when the distance between two specic atoms was
equal or less than 0.46 nm. The intermolecular contact between
heavy atoms of the F19W 3Ab11–40 with the phosphate groups of
the DPPC lipid bilayer was calculated by evaluating the
minimum distance of the corresponding atoms with a cut-off of
0.45 nm. The contacts between side-chains (SCs) of the neigh-
boring chains inside the trimer peptide were also counted if the
distances between the SC were smaller than 0.45 nm. The lipid
order parameters were computed using the formula

SCD ¼ 1
2
3 cos2 q� 1 where C is carbon, D is deuterium, and q is

the angle between themolecular axis provided by the Ci�1� Ci+1

vector and the bilayer normal and the results were averaged over
the membrane during the simulation interval.

Results and discussion
Sampling convergence of the REMD simulations of the F19W
3Ab11–40

REMD convergence at 324 K, above the phase transition 315 K
temperature of the membrane DPPC lipid bilayer, was assessed
by eight metrics calculated over time intervals of 250–350 ns
and 250–400 ns. These included the percentage of secondary
structures (beta, coil, turn and alpha contents), the radius of
gyrations (Rg), the RMSD, the total solvent-accessible surface
area, and the salt bridge D23–N27 of chain A of F19W 3Ab11–40.

Fig. 3 shows that the system had reached equilibrium at 324
K aer 250 ns, with all metrics remaining consistent over the
two time windows. Overall, the b content value varies in the
range of 24–53% with the mean value of 44.36� 3.74% (Fig. 3a),
while the random coil content spans the range of 27–59% with
the average value of 41.7 � 3.8% (Fig. 3b). The mean value of
turn and helix contents are 1.18 � 1.18% (Fig. 3c) and �0%
(Fig. 3d), respectively. The mean Rg value of F19W 3Ab11–40 is
Fig. 3 REMD simulations convergence at 324 K. Probability distribu-
tions (unnormalized) of the secondary structures (a) beta, (b) coil, (c)
turn, (d) alpha contents, (e) the radius gyration (Rg), (f) the RMSD, (g) the
total solvent-accessible surface area, (h) the salt bridge D23–N27 of
chain A of the transmembrane F19W 3Ab11–40. The results were
calculated for two time windows 250–350 ns (black curves) and 250–
400 ns (red curves).

© 2021 The Author(s). Published by the Royal Society of Chemistry
1.47 � 0.02 nm (Fig. 3e), which is larger than that in the wild
type 3Ab11–40 (1.42 � 0.02 nm).34 The majority (71%) of the
F19W 3Ab11–40 population has a Rg higher than 1.45 nm
(Fig. 3e), while the wild type 3Ab11–40 has a Rg smaller than
1.45 nm.34 Themean RMSD value of the F19W 3Ab11–40 is 0.53�
0.05 nm (Fig. 3f), larger than that of the wild 3Ab11–40 (0.47 �
0.07 nm).34 The distribution of total solvent accessible surface
area of the F19W 3Ab11–40 is rather broad, with the average value
of 70.43 � 3 nm2 (Fig. 3g) signicantly higher than that of wild
3Ab11–40 (64.73 � 3.07 nm2). The distribution of the salt-bridge
D23–N27 of chain A of the F19W 3Ab11–40 is also broad, with the
mean value of 1.04 � 0.14 nm (Fig. 3h). The F19W 3b11–40 does
not have a well-dened population with D23–N27 polar
contacts, as was found in the wild 3Ab11–40 (see below). As D23–
N27 polar contacts play a crucial role in stabilizing the struc-
tures of the Ab peptides and their fragments,34,70 the difference
indicates that the F19W 3Ab11–40 forms more extended struc-
tures that are less stable than those associated with wild 3Ab11–
40. Similar behavior of salt-bridge D23–N27 is also found in
chain B and chain C (see Fig. S5 in the ESI†).
Distribution of secondary structures of the transmembrane
F19W 3Ab11–40 per residue

The averages of the random coil, beta, turn and a-helix struc-
tures are presented in Fig. 4. During our simulations, on
average, the a-helix was rarely observed, comprising only
�0.03% over the REMD simulations, which decreased in
comparison with the wild type transmembrane 3Ab11–40 � 0.2%
over the simulations. This data conrms that the a-helix is an
intermediate step in the Ab aggregation process.24,71,72 The turn
population also decreased to �1.18% (it was �3% in the wild
type transmembrane). The random coil conformation
decreased from 57% in the wild type to 41.7% in the mutant
type. The error bars of coil conformation for residues 22–29 is
large due to the different behavior of the three chains (see
Fig. S6†). In contrast, the b-content was dominant and
Fig. 4 Secondary structure distributions per residue averaged for all
three chains of the transmembrane F19W 3Ab11–40. For clarity, the
distribution of each secondary structure is presented on a different
scale. The average values are given in the parenthesis.

RSC Adv., 2021, 11, 2664–2676 | 2667
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increased from 40% in the wild type to 44.36% in the mutant
type. This result is in good agreement with the solvated F19W
3Ab11–40.31 Again, the error bars of the b-content is large for
residues 20, 30–32 due to the fact that the population of b-
content is quite different for each of the three chains (see
Fig. S6†).

We also investigated the secondary structure along the
sequence of each chain of the transmembrane F19W 3Ab11–40
obtained in the last 150 ns of REMD simulations at 324 K
(Fig. S6†). All chains were divided into ve main sequences, in
which sequences 14–20 and 30–36 exhibit mostly b-structures,
while sequences 11–13, 21–29, and 37–40 exhibit mostly
random coil structures. Overall, the two b-structure domains are
separated by the three random coil regions. Turns are observed
in the region dominant by coils, at residues 12–13, 24–32 and
36–37. The majority of turns were found at residues 24–26. The
negligible amount of helical population was mostly found
around residues 25–27 of chain B and 29–31 of chain C. In
comparison with the wild-type truncated trimer,34 there are
some slight shis in the b-domains and random coils. In the
wild type, b sheets were found in sequences 14–19 and 31–37,
while random coils were observed at sequences 11–13, 20–30
and 38–40.
Fig. 5 Interpeptide side-chain–side-chain, SC–SC, (left (a) Chain A -
Chain B, (b) Chain B - Chain C, (c) Chain A - Chain C) and backbone–
backbone, BB–BB, (right (d) Chain A -Chain B, (e) Chain B - Chain C, (f)
Chain A - Chain C) contacts of the transmembrane F19W 3Ab11–40. For
clarity, the contact maps of neighbor pair – chains in the protein are
presented on a different scale. The color in the figure indicates the
probability of the contact between neighbor chains in the peptide. For
example, in panel (a), the color varies from white to green, blue and
red, indicating that the probability of the contact between chain A and
chain B varies from 0% to 25%, 50% and 100%, respectively.
Interactions of the F19W Ab11–40 chains with the other chains
and with the lipid bilayer

To quantify the interactions of the peptides within the mutant
truncated trimer, we constructed the backbone–backbone (BB–
BB) and side-chain–side-chain (SC–SC) inter contact maps
(Fig. 5) over the equilibrated snapshots. Looking at the inter-
peptide SC–SC contact maps between neighboring chains of
the transmembrane F19W 3Ab11–40, we found diverse interac-
tions between chain A–chain B (Fig. 5a) and chain B–chain C
(Fig. 5b). In both Fig. 5a and b, these contacts can be divided
into various regions: the interactions between CHC–CHC, C-
terminal–C-terminal, C-terminal–CHC, loop–loop, N-terminal–
CHC, N-terminal–C-terminal, C-terminal–loop, loop–CHC
regions. The details of the contact probabilities between these
chain pairs are given in Table S2.†

By dening an 80% threshold, we found that the dominant
interactions between both pairs chain A–chain B and chain B–
chain C involves CHC–CHC, C-terminal–C-terminal and a part
of N-terminal–N-terminal regions. The most populated residue-
pair contacts are shown in Table S2.†

Other interaction regions have probability in the range of 10–
80%. Importantly, the interpeptide SC–SC contact maps reveal
many interactions between side-chains of residues L17 andW19
and side-chains of residues I32, L34 and V36 in both chain
pairs: L34B–W19C (64.78%), V36B–L17C (61.65%), L34A–L17B
(46.44%), etc. (Table S2†). These C-terminal–CHC interactions
in early oligomers have been recently reported by experi-
ments.21,23,46,73,74 The long-range contacts between CHC–CHC
occur between V18–F20, A21–W19, W19–L17 in both chain pairs
with populations between 35.83% to 79.65%. In addition, the C-
terminal–C-terminal contacts show many long-range interac-
tions between residues I32, L34, V36, V39 with residues A30,
2668 | RSC Adv., 2021, 11, 2664–2676
I32, L34, V39 and M35 in both chain pairs with populations
varying from 10.71% to 50.71%. The strongest interactions are
I32A–A30B (50.71%), L34A–I32B (26.90%) and V36A–L34B
(21.12%), which have been studied by both experiments21,23,73

and computations.5,14 For C-terminal–N-terminal contacts, the
interaction between V36–Q15 indicates that even polar side
chains can be tolerated to a certain degree in the hydrophobic
region. Finally, the N-terminal–N-terminal contacts cannot be
ignored, with the strongest interactions occurring in Q15–H13
and V12–H14 between different chains. The details of the
interactions for different residue pairs are shown in Table S1.†
The C-terminal–loop, loop–loop and N-terminal–CHC contacts
show interactions with much lower population (<30%) (Table
S2†).

Unlike the diverse contacts between chain A–chain B and
chain B–chain C, the chain A–chain C contact map (Fig. 5c) is
rather sparse, indicating the lack of strong interactions. The
hydrophobic interactions with highest probability appeared in
the C-terminal–CHC regions between L34 and L17 (31.64%).
The contacts in C-terminal–loop and C-terminal–N-terminal
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Distance distributions between the charge groups of D23 and
N27 (a) and D23 and K28 (b) in chain A (black), chain B (red), and chain
C (green) of the transmembrane mutant F19W 3Ab11–40. The polar
contacts are counted when their distance is within a 0.46 nm cutoff.

Fig. 7 Population of intermolecular contacts between phosphate
atoms of DPPC lipid bilayers and heavy atoms of the truncated F19W
3Ab11–40. The population per residue is the sum of all populations of
phosphate atoms contacts with one residue of the trimer (thus an
individual value could be over 100%.).
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give interactions with probabilities around 20%. The contact
probabilities of N-terminal–N-terminal, N-terminal–CHC and
loop–C-terminal vary from 3.08% to 11.17%.

Fig. 5d–f shows the inter-peptide BB–BB contacts between
adjacent chains of the transmembrane F19W 3Ab11–40. The BB–
BB contacts between chain A–chain B and chain B–chain C
occur in the N-terminal–N-terminal, CHC–CHC, loop–loop and
C-terminal–C-terminal regions. Details of contact probabilities
between these chain pairs are given in Table S3.† Fig. 5d shows
that the dominant BB–BB interactions are located in residues
15–19 of chain A with residues 14–20 of chain B and residues
30–36 of both chains, with probabilities in the range of 80% to
100% (Table S3†). Fig. 5e shows the dominant (probabilities of
80–100%) inter-peptide BB–BB interactions between chain B–
chain C involve residues 16–21, 33–36 of both chains, and Q15B–
H16C and V36B–G37C (Table S3†). Weaker, long-range interac-
tions appear in the C-terminal–loop and loop–loop contacts,
with probability ranging from 10% to 80%. The weakest inter-
actions (probability lower than 10%) were all found in the loop
regions. In Fig. 5f, the contact map is rather sparse, indicating
that the contacts between chain A–chain C are negligible.

Overall, both SC–SC and BB–BB contact maps of chain pairs
show diverse and strong interactions between chain A–chain B
and chain B–chain C, while interactions between chain A–chain
C are negligible. This implies that chain B stays in the middle
between chain A and chain C during the simulation, contacting
both A and C chains, which are thus separated from each other.
In addition, the highest probabilities in both inter-peptide SC–
SC and BB–BB contact maps appear in the parallel interactions
between CHC–CHC, C-terminal–C-terminal and a small part of
N-terminal–N-terminal of chain A–chain B and chain B–chain C
which mainly correspond to the b sheets (sequences 14–20 and
30–36). This also support the fact that the trimer forms parallel
b sheets, in good agreement with previous solid state nuclear
magnetic resonance (ss-NMR), electron microscopy (EM) and
electron paramagnetic resonance (EP) experimental studies on
the structures of Ab1–40 brils.23,74 The weakest interactions
occur in the random coils (residues 11–13, 21–29, and 37–40)
and helical contents regions (residues 25–27 of chain B and 29–
31 of chain C).

The D23–N27, D23–K28 polar contacts have been shown in
some previous studies21,22,34,70,75 to considerably contribute to
stabilizing a loop that facilitates Ab folding in solution. The
distributions of the intra-molecular polar contacts of the
transmembrane mutant F19W 3Ab11–40 peptide are shown in
Fig. 6, where upper and lower panels show results for D23–N27
and D23–K28, respectively. While chain A and B do not form
D23–N27 polar contacts (Fig. 6a), chain C does with very low
population (2.02%). The D23–K28 polar contact cannot be
observed in chains A and C (Fig. 6b), and it rarely occurs in
chain B (population 0.21%). Polar contacts are rarely observed
in the chains of the F19W 3Ab11–40 trimer because both K28 and
N27 form contacts with the phosphate atoms of the DPPC lipid
bilayers (see Fig. 7 below). This is in agreement with computa-
tional studies about the effect of lipid bilayers on the confor-
mational changing of the Ab40 monomer.76,77Unlike themutant,
the wild-type truncated trimer has these polar contacts in all
© 2021 The Author(s). Published by the Royal Society of Chemistry
three chains, with very high population in chain C for D23–K28
contacts and in chains A and B34 for D23–N27 polar contacts.
This suggests that the transmembrane wild-type trimer is more
stable than the mutant, and that the F19W mutation would
destabilize the folded trimer. In addition, the breakdown of
essential salt-bridges can also lead to the lag of brillation.
Sciarretta et al. studied the brillation rate of the Ab1–40 and
Ab1–40Lactam (D23/K28).78 They proved that although Ab1–40-
Lactam (D23/K28) forms brils similar to those formed by Ab

1–40
,

the brillogenesis rate increased to 1000-fold by suppressing
the lag period. They highlighted that in Ab1–40Lactam (D23/
K28), the Lactam linkage resulted a bend-like structure in the
peptide.

To understand how the protein interacts with the membrane
lipid bilayers, we calculated the probabilities of intermolecular
RSC Adv., 2021, 11, 2664–2676 | 2669
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contacts between phosphate atoms of DPPC lipid bilayers and
heavy atoms of the truncated trimer F19W (Fig. 7 and S8†), and
the contact map between phosphate atoms of DPPC bilayers
and each residue (Fig. S7†).

Fig. 7 shows that in all three chain residues E11, K16 and K28
have contacts populations higher than 100%. This means that
aer the F19W mutation, residues E11, K16 and K28 in all
chains contact the membrane in all the conformations. This is
in agreement with previous studies showing that K16 and K28
form the most regular contacts with lipid phosphate head
groups.76,77 In comparison to the wild-type 3Ab11–40,34 there are
some remarkable changes in the membrane contacts of several
regions of themutant. In the F19W 3Ab11–40 trimer, residues 22–
23 in the random coil in the loop region of the chain (Fig. S6†)
do contact the lipid bilayers, which does not happen in the wild-
type 3Ab11–40 trimer. In addition, there are fewer contacts in
residues 17–21 and 35–36 in the mutant, while residues E11 and
K28 increase their contact with the lipid bilayers, thus
decreasing the D23–K28 polar contacts. Similarly, the increase
of contacts between the N27 and D23 residues and the
membrane results in the disappearance of the D23–N27 salt-
bridge. In short, F19W mutation leads to more protein–
membrane contacts and precludes the formation of crucial salt-
bridges, which may decrease the aggregation rate.
Free energy surface and representative structures of the
transmembrane F19W 3Ab11–40 trimer

To characterize the conformations of the transmembrane F19W
3Ab11–40 trimer, we constructed the free energy surface (FES) as
a function of RMSD and radius gyration Rg and then used
clustering methods65 to identify the metastable states. The FES
is shown in Fig. 8, with the RMSD values in the range of 0.37–
0.66 nm, and Rg values between 1.39–1.56 nm. The FES reveals
Fig. 8 The FES of the transmembrane F19W 3Ab11–40 as a function of
RMSD and radius gyration Rg. Twelve minima are noted from S1 to S12
with those representative structures shown in Fig. 9. For clarity, several
minima very closed to each other are shown in only one line with the
names of the minima are noted.

2670 | RSC Adv., 2021, 11, 2664–2676
twelve minima, denoted as S1–S12 with the representative
structures shown in Fig. 9. The twelve states have populations
varying from 17.29% to 0.51%, with their total population
accounting for 67% of the system's uctuation. All the twelve
states form U-shaped conformations with three parallel b-
strands in CHC and with the C-terminal regions separated by
random coils in the loop region. Strong hydrophobic interpep-
tide contacts in these b-strands regions create a b-core of the
trimer aligning parallelly to the lipid bilayer. In contrast, the
random coil regions located at the end of the b-core strongly
interact with phosphate head groups of DPPC lipid bilayers.
This result captures the experimental structures of Ab25–35 in
membranes, in which the hydrophobic b-sheets are inserted
into membranes while hydrophilic regions interact with the
membrane surface.79 The result is also consistent with compu-
tational studies of the Ab10–40 peptide.80

Based on all the conformations of each state, properties of
the twelve states were computed and are presented in Table 1,
which includes populations, the RMSD, the Rg, the secondary
structures, the collision cross sections and solvent-accessible
surface areas. Dominant secondary structures are b-strands
and random coils. On average, the populations are 45% b-
strand, 39.58% random coil, 0.42% turn and 0% helix.

The rst four states, S1–S4, account for 47.29% of the
ensemble. The detailed topological characterization of those
states are shown in Table S4,† including the positions for b-
strands and coils, the orientation of the two b-strands and the
inter-peptide contacts that stabilized the two b-domains. S1
with a population of 17.29% is characterized by parallel b-
strands spanning residues 15–20, 28–36 in chain A, residues 15–
19, 28–36 in chain B and residues 15–19, 28–35 in chain C. The
two b-strands in each chain form two antiparallel b-sheets,
resulting in two antiparallel, three-stranded b-sheets for the
trimer. Random coils are present at residues 11–14, 37–40 in all
three chains, and loop regions at residues 20–27 in chain A and
21–27 in chains B and C. Propensities for b-strands, coils, turns
and helices are 47%, 39%, 1% and 0%, respectively. The state is
stabilized by the inter-peptide contacts CHC–CHC, C-ter–C-ter,
CHC–C-ter and N-ter–N-ter between chains A–B and chains B–
C. The collision cross section is 1416 Å2, while the solvent-
accessible surface area is 72.46 nm2. Each state in S2, S3, and
S4 has also two three-stranded b-sheets spanning different
residues in the chains, separated by 3 coils domains, and
packed either perpendicularly (state S2), or in antiparallel (state
S3 and S4) fashion (Table S4†). S1 and S2 have similar b pop-
ulations, and these values are higher than those obtained in S3,
S4 (Table 1). In addition, S1 and S3 have similar values of CCS
and SASA, which are higher than those found in S2 and S4
(Table 1). Only S1 and S4 have turn contents with very low
populations.

Among these twelve states, S2 and S9 have the highest
b population (49%). States S11 and S3 rank highest in random
coil (46%, 45%). Turn populations are very low in all cases. State
S11 is most exposed to water, with a solvent accessible surface
area of 73.96 nm2, while the states with least access to water are
S6 and S7, with SASA 65.34 nm2 and 65.37 nm2. Each state
among S1, S3, S4, S5, S8, S11 and S12 has two antiparallel b-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Representative structures of the twelve minima shown in Fig. 8. The population of each state is calculated using FES and clustering
methods and is given in parentheses. Here, the residues b-contents are represented in yellow, those of mutant F19W are shown in blue, and coil
conformations are shown as grey and purple colors, respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 2
/4

/2
02

6 
3:

19
:1

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
sheets facing to each other, while the two b-sheets are located in
two perpendicular planes for states S2, S6, S7, S9 and S10. The
two b-sheets form the most in-register antiparallel in states S5,
S8, S11, and they are the most perpendicular in states S2, S7,
S10.

Average values over for the twelve states of the trans-
membrane F19W 3Ab11–40 trimer are 45% b sheet, 39.58% coil,
0.42% turn, 0% helix, 1389 Å2 for CCS, and 69.33 nm2 for SASA.
In comparison, those numbers in the truncated wild-type trimer
are 44%, 54%, 2%, 0%, 1340 Å2 and 64.18 nm2 for b, coil, turn,
helix contents, CCS and SASA, respectively. The only signicant
© 2021 The Author(s). Published by the Royal Society of Chemistry
difference between the two is the decrease of the coil content,
and increases for both the CCS and the SASA values for the
mutant trimer with respect to the wild type.

Finally, the free energy values for these twelve states S1–S12
are �13.70, �12.56, �11.40, �13.13, �12.56, �12.56, �11.98,
�13.7, �10.27, �13.7, �12.56 and �11.41 kJ mol�1, respec-
tively. The global minimum, �13.70 kJ mol�1 is comparable to
the wild type minimum in DPPC lipid bilayers (about
�0.2 kJ mol�1 higher34) and it is about�0.9 kJ mol�1 lower than
those found in solvated F19W 3Ab11–40.31 The membrane trun-
cated F19W trimer is more exible than the wild-type trimer,
RSC Adv., 2021, 11, 2664–2676 | 2671
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Table 1 Characterization of twelve representative structures of the transmembrane F19W 3Ab11–40
a

Minima P (%) Rg (nm) RMSD (nm) Coil (%) b% Turn (%) Helix (%) CCS (Å2) SASA (nm2)

S1 17.29 1.464 0.516 39 47 1 0 1416 72.46
S2 12.32 1.470 0.439 37 49 0 0 1381 67.49
S3 11.75 1.454 0.581 45 40 0 0 1434 72.791
S4 6.43 1.447 0.569 41 40 2 0 1376 69.24
S5 4.83 1.448 0.533 41 43 0 0 1394 70.63
S6 4.63 1.435 0.561 37 46 0 0 1345 65.34
S7 3.99 1.435 0.551 38 45 0 0 1352 65.37
S8 1.66 1.461 0.506 39 46 2 0 1410 68.79
S9 1.35 1.469 0.484 39 49 0 0 1379 69.36
S10 1.29 1.460 0.517 39 48 0 0 1392 68.78
S11 1.00 1.451 0.528 46 41 0 0 1415 73.96
S12 0.51 1.460 0.530 34 46 0 0 1379 67.70
Average 1.455 0.526 39.58 45 0.4 0 1389.4 69.33
Average of wild-typeb 1.424 0.566 54 44 2 0 1340 64.18
Average of solvated F19Wc 1.43 0.90 51 39 8 2 1347 63.30

a Shown are the state population P in %, the Rg (nm), the RMSD (nm), the secondary structure terms in %, the collision cross sections in Å2 and the
solvent-accessible surface areas in nm2. b Average reported in ref. 34. c Average reported in ref. 31.
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due to the higher number of minima with smaller free energy
barriers. This is consistent with the disappearance of essential
polar contacts. Three states S1, S8 and S10 have the same lowest
free energy value, �13.7 kJ mol�1, however, the populations are
17.29%, 1.66% and 1.29%, correspondingly. It indicates that
the global representative structure of the system is S1. The total
population of three states found in the global minimum is
20.24% of the ensemble. Meanwhile, four states were found in
the global minimum of the wild-type truncated trimer (3Ab11–
40), with populations of 29%, 21%, 13% and 9%,34 resulting the
total population 72% of the ensemble. From that point of view,
the latter has a higher exibility than the wild-type 3Ab11–40.
Binding free energy of the F19W 3Ab11–40 trimer to the DPPC
lipid bilayer

To quantify the interactions between the mutant trimer and the
lipid membrane, we calculated the binding free energy of the
truncated mutant trimer and the DPPC using the double-
annihilation binding free energy method. In this method, the
peptide is annihilated by both the solvated and transmembrane
systems. As the structure S1 has the highest population in the
total ensemble, it was adopted as the initial structure for FEP
computations.66 The binding free energy (DGbind) was estimated
by the difference in the annihilation energy between the
transmembrane protein and that of the corresponding solvated
protein. DGbind consists of two terms, the Coulomb interaction
energy DGCou and the van der Waals interaction energy DGvdW:
DGbind ¼ DGCou + DGvdW.

For F19W 3Ab11–40, the calculated values for DGCou and
DGvdW are 132.65 � 8.24 and �155.91 � 2.70 kcal mol�1,
respectively, resulting in a DGbind value of �23.26 �
7.39 kcal mol�1. For the wild type, the DGCou and DGvdW values
are 114 � 18 and �184 � 3 kcal mol�1, respectively,34 with
a total DGbind value of �70 � 18 kcal mol�1. Thus, the DGbind of
F19W 3Ab11–40 is signicantly higher than that obtained for the
2672 | RSC Adv., 2021, 11, 2664–2676
wild type trimer using the same method, indicating that the
mutant has less binding affinity to the membrane than the wild
type. The signicant difference in DGbind arises from the
difference of collective Coulomb and van der Waals binding
energies of the two proteins with DPPC bilayer. In comparison
with the trimer wild type, both DGCou and DGvdW increase for
the mutant type. In particular, the increase in DGCou is consis-
tent with the increasing interactions between the phosphate
groups of DPPC and the charged residues E11, E22 and D23
discussed previously (Fig. 7 and S8†).
Comparison with other studies

The collision cross section (CCS) is an important parameter for
describing proteins in both experimental and computational
methods. In experiments, CCS can be estimated by ion mobility
mass spectrometry (IM-MS),81,82 while computationally, it can
been calculated by the IMPACT method.67,83 CCS values of the
representative structures based on IMPACT with the trajectory
method are shown in Table 1. The CCS values of the twelve
states range between 1345 and 1434 Å2, with an average of
1389.4 Å2. Although the experimental CCS value of the trans-
membrane F19W trimer is unavailable, the size of the trimer
Ab40 in solution was determined by IM-MS studies using
distinct samples leading to mean collision-cross sections (CCSs)
of 1265 and 1481 Å2.84,85 Our CCS values are in good agreement
with these experimental results. Recently, using REMD simu-
lations to study the stability of the Ab11–40 trimer with antipar-
allel and parallel b-sheet organizations in the DPPC lipid
bilayer, Ngo et al. shown that the CCS values of the F20W 3Ab11–
40 vary between 1351 and 1506 Å2,86 with an average of 1417.7 Å2.
Our CCS values are smaller than that obtained from Ngo's paper
due to the different point mutations between the two studies
(F19W in our case, and F20W in Ngo's paper). Also, the starting
structures in Ngo's paper are both U-shaped conformations
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(parallel b-sheets) and b-hairpin (antiparallel b-sheets), while
the initial structure in our study is U-shaped.

CD experiments with different sample preparations have
shown that the b content of the Ab trimer in solution is around
50% (ref. 24) or 40.8%.87 Our simulations gives 44.36%, in
between the two CD-derived values. Also, during our simula-
tions, a helices were rarely observed (�0.03% over the simula-
tions). In a previous study based on REMD simulations with the
AMBER96 force eld to study trimer Ab10–35, Jang et al. reported
the propensity of b-strands was �50% with negligible
a helices.71 More recently, using the four-bead coarse-grained
discrete molecular dynamics simulations to study the Ab olig-
omers,88 Urbanc et al. found that the b-strand populations of
17% and 19%, and turn populations of 44% and 43% for the
wild-type Ab1–40 and Ab1–42 trimers, respectively. Besides, based
on REMD simulations to study the stability of the F20W Ab11–40
trimer transmembrane with antiparallel and parallel b-sheet
organizations, Ngo et al. reported that the b-contents is in the
range of 44% to 60%, with a mean value of 49.71%, the coil-
contents population of 37% to 58%, with an average value of
48%, and turn 2%.86 Our results, consistent with the rst and
third REMD studies and experimental results, do not support
this: in particular, the b-strand propensities of residues 14–20
and 30–36 have an average value of 85%, while the largest b-
strand content never exceeds 30% in the ref. 88. In addition, our
computational studies found many non-local contacts between
W19 and L34, and an increase in b population consistent with
Huster and Hoffmann's experimental studies46,47 that were
focused on the structure of the mature brils. The increase of
b population also consistent with Ngo's results in F20W 3Ab11–
40 transmembrane studies.86 Our investigation provides a better
understanding the structure of oligomers aer the F19W
mutation, specically related to the conformational changes of
the transmembrane F19W 3Ab11–40 in DPPC lipid bilayers. In
particular, the mutated residue inserted itself into the bril
core, in agreement with previous Thioavin and tryptophan
uorescence and transmission electron microscopy experi-
mental studies.36 Additionally, we found that F19W mutation
destabilized the structure of 3Ab11–40 in the membrane. It is
consistent with Ngo's previous studies shown that F19P muta-
tion destabilized the structure of 3Ab11–40 in the DPPC lipid
bilayer.86

We also found U-shaped conformations with two three-
stranded b-sheets in the CHC and C-terminal regions that
oriented in (i) the antiparallel form captured in many ss-NMR
studies for Ab oligomers varying between 4 and 33 chains5 –

these forms may act as nucleation sites for antiparallel b-sheets
brils as observed in Ab1–40,23 and Ab16–22;15 (ii) perpendicular
orientation, consistent with the observations in coarse-
grained15–17 and all-atom simulations14,89 of amyloid-peptides.
In addition, the two b regions are completely inserted in the
membrane, stabilized by the hydrophobic inter-peptide
contacts, and separated by three random coils that interact
with the phosphate head groups on the surface of the
membrane. These ndings are consistent with experimental
studies of Ab25–35 in membranes79 and with computational
studies of Ab10–40 in membranes.80 Finally, because the amyloid
© 2021 The Author(s). Published by the Royal Society of Chemistry
landscape is highly heterogeneous and sensitive to the experi-
mental conditions, we cannot neglect that the b-hairpin
conformations may also exist.86

Conclusions

In AD, the Ab peptide is involved in neuronal toxicity via
interactions with the cell membrane. Lipid membranes are
known to modulate the rate and mechanisms of Ab self-
assembly by having the lipid molecules interact specically
with the growing brils, and thus accelerate the bril growth
rate.90 In addition, the vulnerability of cells to the effects of
oligomeric aggregates is directly associated to the oligomer
binding affinity to the cell membrane.49 Given these ndings,
we presented a minimal oligomer model, the 3Ab11–40 trimer,
with a “subtle mutation” F19W, where the Trp residue preserves
the aromatic, non-polar character of the Phe residue, in order to
investigate whether such minimal mutation can alter the
binding affinity and the conformations of the mutated trimer
compared to the wild type trimer. In order to achieve this, we
ran extensive all-atom REMD simulations of the mutated F19W
3Ab11–40 trimer both in solution and transmembrane DPPC
lipid bilayers and computed the all-atom free energy landscape
in terms of two order parameters (radius of gyration and
RMSD). We then computed the F19W trimer binding free
energies to the lipid bilayer.

We found that the mutation brought about some non-
negligible conformational changes with respect to the wild
type. In particular, the average populations of alpha and turn
motifs slightly decreased, but they were almost negligible in the
wild type to start with. The random coil population decreased by
15.3%, from 57% in the wild type to 41.7% in the mutant. In
contrast, the dominant b content increased by 4.4%, from 40%
in wild type to 44.4% in the mutant type. Both the radius of
gyration and the RMSD slightly increased, while the SASA
increased from 64.73 nm2 in 3Ab11–40 to 70.43 nm2 in the
transmembrane F19W 3Ab11–40. The latter suggests that the
F19W 3Ab11–40 trimer may aggregate more slowly than the wild
type, which would be consistent with experiments46 showing
that the F19W mutation slows down the brillation kinetics.
The essential salt-bridges of 3Ab11–40 disappeared in F19W
3Ab11–40, indicating that the F19W mutation could destabilize
the truncated trimer within the membrane. The interactions
between the phosphate atoms of the DPPC lipid bilayers and the
heavy atoms of the F19W 3Ab11–40 trimer differ along the
sequences and the residues of the trimer, and the total amount
of contacts between the protein and membrane increases.

More important differences were found in the free energy
surface in terms of the Rg and RMSD order parameters. This
surface displayed twelve minima that account for 67% of the
ensemble; by comparison, the wild-type free energy surface only
displayed ve that accounted for 100% of total conformations.34

The free energy values of the twelve states vary from �13.70 to
�11.41 kJ mol�1, and the global minimum free energy is about
�0.2 kJ mol�1 higher than those found in the minima of wild-
type 3Ab11–40. Although the free energy difference is small, the
mutant is more exible, due to the population of global
RSC Adv., 2021, 11, 2664–2676 | 2673
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minimum in F19W 3Ab11–40 is much lower (20.24%) than that in
wild-type truncated trimer (72%).34 The representative states are
consistent with many other simulations' results and may act as
nucleation sites for the brillation process. Finally, rather
dramatic differences were found in the F19W 3Ab11–40 binding
free energy to the DPPC bilayer, computed using the FEP
method. Our results indicate that this binding free energy is
�40–50 kcal mol�1 higher than that in the wild-type 3Ab11–40
trimer.

Altogether, our studies provide insight into the effect of
mutation F19W on transmembrane 3Ab11–40. The disappear-
ance of crucial salt-bridges, the increase of the interactions
between the peptides and the membrane as well as the greater
structural diversity with higher free energy values indicate that
themutant is more exible than the wild type, while the binding
free energy indicates that F19W 3Ab11–40 is considerably less
stable in the lipid environment than its wild-type counterpart.
These results suggest that the impact of mutations can be
assessed, at least partially, by evaluating the interactions of both
the wild-type and the mutated oligomers with the lipid
membranes.
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