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and Van V. Vu *c

Alzheimer's disease (AD) is associated with the oligomerization and/or fibrillation of amyloid beta (Ab)

peptides, which cause damage to brain cells. Ab oligomers and fibrils contain hydrophobic cores formed

with parallel beta sheets. Mutations of F19, a residue in the hydrophobic core of Ab peptides, slow down

their aggregation process but do not alter the overall structure of the resulting fibrils. However, the

effects of F19 mutations on the toxic Ab oligomers have not been elucidated. We studied the F19W

mutant of the 11–40 truncated Ab trimer (F19W 3Ab11–40) using replica exchange molecular dynamics

(REMD) simulations. While most structural terms do not change significantly, critical polar contacts

decrease by 20%, and notably, RMSD almost doubles upon F19W mutation. Six minima were found in the

free energy surface of F19W 3Ab11–40, which have lower energy barriers (by �1 kJ mol�1) and

significantly lower total population (�20%) compared to those of the three minima found for 3Ab11–40
(�60%). The binding free energy between constituting chains of the mutant trimer increases by

�28 kcal mol�1 but fluctuates significantly (�27.1 kcal mol�1). Our results indicate that while the

hydrophobic core of amyloid beta peptide is capable of adapting to structural changes, F19W mutation

results in a significantly more flexible trimer. The more flexible F19W mutant oligomers would require

more time to self-assemble into fibrils. Our results contribute to a better understanding of the behavior

of Ab peptides and their oligomerization/aggregation process, which is necessary to understand AD

pathogenesis.
Introduction

Alzheimer's disease is highly prevalent, presenting inmore than
30% of elderly people.1–5 Thus far, AD therapies are inefficient
because the nature of AD has not been properly understood.
There are three main proposed AD mechanisms, including the
cholinergic hypothesis, tau protein hypothesis, and amyloid
hypothesis. Several experimental studies implied that AD is
associated with synaptic failure.6,7 Numerous studies suggest
that the aggregation of tau proteins directly relates to the death
of neuron cells in the brain of AD patients.8,9 The amyloid
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cascade hypothesis is supported by recent experiments and
genetic evidence.10–15 b-Amyloid peptides have been the thera-
peutic targets in recent studies.16–18 Furthermore, it was shown
that Ab peptides could alter the accumulation of tau
proteins.19–21

Computer-aided drug design that focuses on searching
potential inhibitors for the formation and/or aggregation of
wild-type Ab oligomers is of great interests.22–27 Furthermore,
the trimeric oligomers were shown to be one of the most
harmful Ab peptides to the brain.15 However, the structural
understanding of Ab oligomers are limited since they exist in
numerous forms.28,29 Recently, small angle neuron scattering
(SANS) was used to detect Ab1–42 pentermer/hexamer.30 SANS
can provide some limited structural information but it still
relied heavily on molecular dynamics (MD) simulations to gain
insight into the structure of the pentamer/hexamer species.
Hence, MD simulations have been instrumental in under-
standing the nature of Ab oligomers. We recently obtained
details of Ab (11–40) truncated trimer (3Ab11–40) using rigorous
replica exchange MD (REMD) simulations.31–33

Several studies showed that the mutations at N-terminal
region, including A2V,34 H6R,35 D7H,36 and D7N37 cause struc-
tural changes. However, the sequence 1–10 oen has minimal
effect on Ab oligomers. The familial mutations in the in the
RSC Adv., 2017, 7, 42379–42386 | 42379
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Fig. 1 Initial conformation of the REMD simulations of the solvated
F19W 3Ab11–40. The systemwasminimized and relaxed following three
steps of energetic minimizations and NVT simulations, respectively. In
which, the red color highlighted themutation residue F19W. Blue color
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middle region, including F19W,38 F20W,38 A21G,39 E22Q,40

E22K,41 E22G,42 E22D,43 and D23N,44 induce greater changes in
Ab oligomers. As we mentioned above, experimental studies on
the conformations of Ab oligomers are very limited, computa-
tional studies have been instrumental in this aspect.45–48

F19 is a residue in the Ab central hydrophobic core that
governs the aggregation of Ab peptides. Experiments on F19W
reveals that this residue is inserted inside the hydrophobic core
of Ab brils.38,49 Replacing F19 by various residues does not alter
the structure of Ab brils but increase the length of the lag
phase and characteristic brillation time by about 4 folds and
1.5–4 folds, respectively.50 However, the effects of F19W muta-
tion on Ab trimer has not been investigated. In addition,
although, both F and W residue are aromatic residues, replac-
ing F by W signicantly changes the conformations of Ab olig-
omers.38,49,50 The understanding of these effects on the atomic
level would thus provide the better insights into the oligomer-
ization of Ab peptides.

In this work, replica exchange molecular dynamics (REMD)
simulations at 48 different temperatures in 400 ns were per-
formed to gain insights into the structural change upon F19W
mutation of soluble 3Ab11–40, one of the most neurotoxic Ab
oligomers. The studies were carried out for the F19W mutant of
3Ab11–40 (F19W 3Ab11–40) using the same parameters that were
previously used for 3Ab11–40.31 Our results indicated that F19W
mutation signicantly increase the dynamic of 3Ab11–40. Our
results contribute to better understanding the aggregation of
amyloid beta peptide, which would provide the basis for
developing better AD therapy.
noted the Na+ ions, which were used to neutralize the soluble system.
Materials and methods
Initial conformation of the mutation F19W Ab11–40 trimer

According to previous studies,31,32 the bril-like structure of the
trimer was the repeating unit of the two-fold 12Ab11–40 brils.51

The residue F19 was mutated to W19 using PyMOL tool.52 The
mutant F19W trimer was then parameterized utilizing the all-
atom Amber99SB-ILDN force eld53 since it is the most appro-
priate force eld representing the Ab peptides.54 The system was
solvated using the TIP3P water model.55 Three Na+ ion were
added to neutralize the system. The starting conformation of
the simulations includes approximately 40 000 atoms totally.
This conformation is displayed in Fig. 1.
Computational scheme

It is known that REMD is an extensively sampling approach to
investigate the folding and aggregation of Ab peptides.48,56–58

The simulations were carried out using GROMACS version
5.0.6.59 In particular, the structural change of the 3Ab11–40 upon
F19W mutation was investigated over 400 ns of temperature
REMD simulations with 48 replicas. The parameters of the
simulations were referenced to the previous study.31 F19W
3Ab11–40 was subjected to energy minimization involving
steepest descent, conjugate gradient, and L-BFGS scheme, as
previously carried out for soluble 3Ab11–40.31,60 The minimized
42380 | RSC Adv., 2017, 7, 42379–42386
conformation was then relaxed in NVT simulations with 500 ps
length.

The relaxing conformation of the solvated mutation F19W
trimer was selected as the starting conformation for REMD
simulations at 48 different temperatures. The replica tempera-
tures were chosen based on the previous studies.31 In particular,
there were 400 000 of 1 ps exchanges over the simulations. The
structural change of the F19W 3Ab11–40 was monitored every 10
ps.
Structural analysis

A sidechain contact is counted when the distance between
heavy atoms is smaller than 0.45 nm. A hydrogen bonded
contact is counted when the distance between acceptor (A) and
donor (D) is smaller than 0.35 nm and the angle between A–H–D
is larger than 135�, where H is hydrogen atom. A salt bridge or
polar contact between two residues is measured when the
distance between their charged groups is smaller than 0.46 nm.
RMSD, gyration radius (Rg), and free energy surface (FES) were
determined using GROMACS tools. The secondary structure of
the F19W peptide chains in the trimer was predicted utilizing
the DSSP protocol.61

The free energy difference of binding between isolated
monomers to the others was determined using the MM-PBSA
This journal is © The Royal Society of Chemistry 2017
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method.62 Details of the computational method to estimate the
binding free energy between two Ab peptides was described in
the previous studies.31,63
Results and discussion
REMD simulations of soluble F19W 3Ab11–40

Solvated F19W 3Ab11–40 was simulated utilizing temperature
REMD with 48 different replicas. The system reached the stable
states aer 250 ns of REMD simulations. Conformations
generated during 250–400 ns were selected for analysis. All
metrics were averaged over these snapshots. SASA, CCS, and
secondary structure parameters of replicas at 250 ns were
monitored and shown in Fig. S1.† SASA value ranges from
5929.8 to 7097.9 Å2. CCS value varies in a very large range of
1280.2–1444.7 Å2. The beta, coil, turn, and helix contents were
found in the range of 17–50%, 40–70%, 0–17%, and 0–9%,
respectively. The uctuations of these parameters indicate that
our simulations were not targeted to any biased conformations.

All of secondary structure terms, Rg, RMSD, intermolecular
sidechain contacts, and SASA were determined over different
time windows. The obtained values are shown in Fig. 2, in
which the red lines and black lines correspond to the metrics at
250–350 and 250–400 ns windows of REMD simulations at 300
K, respectively. The superimpositions of these two lines in each
graph (less than 1% variation) in Fig. 2 indicate that our
simulations converged.
Fig. 2 Distributions of measured values of F19W 3Ab11–40 in REMD
simulation time windows of 250–350 ns (red lines) and 250–400 ns
(black lines) at 300 K. The blue lines indicate the distributions of the
metrics of the wild-type Ab11–40 trimer.31

This journal is © The Royal Society of Chemistry 2017
The distributions of the secondary structure terms of F19W
3Ab11–40 were compared to those in 3Ab11–40 (blue lines in
Fig. 2). In the last 150 ns of REMD simulations, the secondary
structure parameters of 3Ab11–40 change slightly upon F19W
mutation. The mutant and wild-type truncated trimers form the
same turn and helix contents at �7 � 4 and �2 � 2%, respec-
tively.31 The beta content decreases by �3% to 39 � 6% while
the coil content increases by �3% to 52 � 7% (Fig. 2).31

The average Rg value of solvated F19W 3Ab11–40 is approxi-
mately �1.43 � 0.05 nm, which is equal to that of solvated
3Ab11–40,31 although the distribution of Rg is slightly different
(Fig. 2). The SASA distribution of F19W 3Ab11–40 is similar to
that of 3Ab11–40 with the average value slightly increases from
6351 � 269 Å2 (ref. 31) to 6449 � 288 Å2. In addition, the mean
number of non-bonded intermolecular contacts between two
heavy atoms of different chains in F19W 3Ab11–40 is 180 � 19,
which is similar to that in 3Ab11–40, although the distribution
slightly changes. However, the mean RMSD value increases
from �0.51 in 3Ab11–40 to �0.91 � 0.14 nm in F19W 3Ab11–40
(Fig. 2). This large increase in RMSD while other structural
terms only slightly change indicates that Ab peptides can adapt
to changes in their hydrophobic core, by shiing their back-
bones drastically to maintain the overall structure.

Examination of structural terms of the F19 residue in wild-
type 3Ab11–40 and W19 residue in F19W 3Ab11–40 revealed local
structural changes in the hydrophobic core of the trimer
(Fig. S2†). RMSD, Rg, SASA, and CCS all increases signicantly,
which is expected given the larger volume and surface area of
tryptophan compared to that of phenylalanine. F19W 3Ab11–40
is likely more exible than wild-type 3Ab11–40. F19W mutation
likely destabilizes the hydrophobic core of the 3Ab11–40, leading
to slower aggregation rate.
Effects of the mutation F19W on the distribution of secondary
structure per residue

The distributions of beta, coil, turn, and helix contents per
residues averaged for all three chains in soluble F19W 3Ab11–40
are shown in Fig. 3. Distributions for individual chains are
shown in Fig. S3.† Overall, these distributions are similar to
those found for soluble 3Ab11–40. The trimer contains two beta
structure domains (sequences 16–20 and 31–36) at either ank
of the peptide chains, intercalating three unstructured structure
domains (sequences 11–15, 21–30, and 37–40). The coil content
is dominant in these three unstructured domains. Turns are
abundant in the middle of the peptide chains, around residues
25 and 26. Helix content is also mostly present around these two
residues.

The secondary structure per residue shied upon F19W
mutation. Most of the 3% decrease in beta content occurs in the
N-terminal beta region (sequence 12–21) whereas there is
a slight increase in the beta content of the C-terminal region
(sequence 35–39). Concomitantly, the decrease in coil content
also occurs in these two regions. The beta content at residue 19
in 3Ab11–40 is 95%, which decreases to 81% in F19W 3Ab11–40.

The turn content per residue also shied signicantly. The
turn content increases in the N-terminal ank of the peptide
RSC Adv., 2017, 7, 42379–42386 | 42381
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Fig. 3 Secondary structure terms per residues averaged for all three
chains of 3Ab11–40 (ref. 31) and its F19W mutant. The data were ob-
tained from 250 to 400 ns of REMD simulations.
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chain (residues 12–14 and 21–24) where the beta content
increases. In contrast, the turn content decreases in the C-
terminal ank (residues 28–30 and 37–39) with the similar
magnitude. The helix content also shied in similar fashion,
with slightly increase in the residues 12–14 and slightly
decrease in the residues 37–39. In addition, the helix
content also slightly increases in the middle of the chains
(residues 25–27).
Fig. 4 The contact maps between the constituting chains of F19W
3Ab11–40. The graphs on the left side show sidechain contact maps.
The graphs on the right side show hydrogen bonded contact maps.
The metrics were estimated over the 15 000 snapshots of REMD
simulations from 250 to 400 ns.
Inter-chain contacts

The intermolecular contacts between constituting monomer of
F19W 3Ab11–40 were analyzed to explore the physical effects of
the mutation on the nature of binding between isolated chains.
The intermolecular contacts involve the sidechain, hydrogen
bonded, and polar contacts that were measured as the criteria
mentioned in the Materials & methods section. The intra-
molecular contact salt bridge D23–K28 was also considered.
These values were probed every 10 ps over the last 150 ns of
REMD simulation at 300 K.

The sidechain contacts between different heavy atoms of
different chains were counted and averaged over the considered
snapshots. The sidechain contact maps were then constructed
based on the probability of these values. The maps are shown in
42382 | RSC Adv., 2017, 7, 42379–42386
three graphs on the le side of Fig. 4. As observed in 3Ab11–40,31

the most abundant interactions are observed between chain A–
chain B and chain B–chain C in parallel fashion. Particularly,
the sequences 11–22 and 30–36 of chain A, chain B, and chain C,
where beta content is dominant, are involved in these interac-
tions. The side chain contacts between chain A and chain C are
not as abundant but observable. These results indicate that the
Ab11–40 chains form parallel structures in which chain B is in the
middle of chain A and chain C. In addition, signicant contacts
between N-terminal of chain A and C-terminal of chain B, as
well as between N-terminal of chain B and C-terminal chain C
are also observed, indicating that the computational sampling
was adequate, and that the parallel structure contain a turn
region in the middle that allow inter-chain interactions of C-
terminal and N-terminal. These results are in good agreement
with previous NMR studies on the structures of Ab10–35, Ab1–40,
and Ab1–42 brils.64–67

The hydrogen bonded contact maps are shown on three
graphs on the right side of Fig. 4, which are consistent with the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Free energy surface of F19W 3Ab11–40 was constructed from
snapshots from 250 to 400 ns of REMD simulations. S1–S6 denote the
six local minima. See Table 3 and Fig. 6 for further details.
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sidechain interaction maps. As observed for sidechain contacts,
signicant numbers of hydrogen bonds (H-bonds) are observed
between chain A and chain B, as well chain B and chain C in
parallel fashion. The sequences 11–22 and 30–36 of the chains
are involved the most in hydrogen-bonded interactions. There
are some sizable H-bonds between N- and C-terminal of
different chains.

The salt bridge D23–K28 is known to be a critical factor
maintaining the Ab loop region.66,68,69 However, in some NMR
results, this salt bridge is not observed in Ab bril forma-
tions.67,70 In the wild-type case,31,32 the polar contacts between
D23 and V24, G25, S26, N27, and G29 were found replace the
salt bridge D23–K28 securing the durability of the Ab turn
region. Therefore, in this work polar contacts between D23 and
the residues in the sequence 24–29 were evaluated through
measuring the distances between two charged groups of these
residues.

The distribution of the distance between two charged groups
of different residues was estimated and shown in Fig. S4.† Salt
bridges or polar contacts were counted when the distances
between two charged groups are smaller than 0.46 nm. The
average population of the salt bridge D23–K28 in F19W 3Ab11–40
is 12%, which is signicantly higher than that in 3Ab11–40 (8%).
However, the numbers of polar contacts between D23 to V24,
G25, S26, N27, and G29 signicantly decreased upon F19W
mutation (Table 1). Overall, the total populations of important
polar contacts decrease by �20%. Moreover, the populations of
intermolecular contacts H13A–Q15B and H13B–Q15C, which are
associated with the stability of the N terminals, decreases from
32% to 29%. Overall, the mutation F19W signicantly decreases
most of the polar contacts, except for D23–K28 salt bridge. The
decrease in polar contacts would lead to higher exibility of the
mutant trimer.

Metastable structures obtained from combination of the FES
and clustering methods

The representative structures of F19W 3Ab11–40 were detected
using the combination of FES and clustering methods, which
has been shown to be highly appropriate in studying the
metastable structures of b-amyloid systems.31,32 The RMSD and
Rg values were computed to construct the FES through a GRO-
MACS tool “gmx sham”.71 The result is shown in Fig. 5. RMSD
and Rg fall in range of 0.60–1.20 nm and 1.25–1.55 nm,
respectively.

There are six local minima obtained for F19W 3Ab11–40 from
clustering with Ca cutoff of 0.3 nm (Fig. 5). The minima are
designated as S1–S6 with coordinates listed in Table 3. The
Table 1 Populations (%) of polar contacts in 3Ab11–40 (WT) and F19W
3Ab11–40 (F19W)

Contact WT F19W Contact WT F19W

D23–K28 8 12 D23–S26 21 11
D23–V24 70 65 D23–N27 6 3
D23–G25 31 22 D23–G29 11 4

This journal is © The Royal Society of Chemistry 2017
secondary structure terms, SASA, and CCS of these structures
are shown in Table 3. In average, these minima contain 39, 51,
8, and 2% of beta, coil, turn, and helix contents, respectively.
The structures of S1, S4, S5, and S6 (Fig. 6) exhibit a short helix
in the middle of one chain, whereas the helix content in S2 and
S3 is zero. These metrics are almost the same as the mean
values during the last of 150 ns of REMD simulations at 300 K.
The average CCS of six structures was determined as 1347.1 �
27.2 Å2, which is marginally larger than the value of the wild-
type Ab11–40 trimer (1330.7 Å2).31 The average SASA of these
minima is 6330.2 � 271.0 Å2, which is slightly smaller than the
metric of all considered snapshots during the computations.

The structures of S1–S6 (Fig. 6) are signicantly different
from those of the three minima MA, MB, and MC of 3Ab11–40,31

despite being simulated from the same initial conformation.51

The populations of S1–S6 are very small, ranging from 1.7–
6.2%. In contrast, MA, MB, and MC respectively represent 47, 7,
and 6% of the total population of all conformations.31 In addi-
tion, the free energy barriers of six minima S1–S6 are 12.8, 12.8,
12.3, 12.3, 11.7, and 11.7 kJ mol�1, respectively, which are about
�1 kJ mol�1 lower than those found for the minima of 3Ab11–40.
The larger number of minima with lower energy barriers and
populations indicate that the F19W 3Ab11–40 adopts more easily
interchangeable conformations. This result is consistent with
the signicant decrease in crucial polar contacts described
above.
Binding free energy between the constituting monomers to
the others

Several computational methods have been developed to probe
the free energy difference of binding between two molecules in
biochemical physics.72–79 Although the MM-PBSA method was
shown to have some limitations, including large error,80 it has
been applied widely in computational biophysics. The method
was employed to determine the binding free energy between
RSC Adv., 2017, 7, 42379–42386 | 42383
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Table 2 The structure terms of representative conformations of F19W 3Ab11–40
a

Rg RMSD Beta Coil Turn Helix CCS SASA

S1 1.40 0.88 39 53 4 3 1298.4 6279.7
S2 1.41 0.87 36 54 10 0 1338.7 6089.3
S3 1.45 0.74 42 50 8 0 1378.8 6729.0
S4 1.39 1.06 32 57 8 3 1367.6 6666.6
S5 1.46 0.96 43 41 11 4 1332.9 6040.2
S6 1.47 0.86 39 48 10 3 1366.0 6176.5
Sb 1.43 0.90 39 51 8 2 1347.1 � 27.2 6330.2 � 271.0
Mc 1.41 0.54 36 56 6 1 1330.7 6245.5 � 322.8

a The units are (%) for the secondary structure terms, (nm) for Rg and RMSD, and (Å2) for CCS and SASA. b Average values for F19W 3Ab11–40.
c Average values for 3Ab11–40 reported in ref. 31.

Table 3 The average of binding free energy between each isolated
monomer to the other monomers determined with the MM-PBSA
methoda

DEelec DEvdW DGsur DGPB �TDS DGbind

C to A + B �132.0 �136.5 �19.8 176.5 68.5 �43.36
B to A + C �154.7 �219.5 �30.2 234.4 68.0 �102.0
A to B + C �136.7 �142.6 �19.3 186.2 66.4 �46.0
Average �141.1 �166.2 �23.1 199.0 67.6 �63.8 � 27.1
Average of WTb �90.1 �144.9 �21.3 153.6 66.8 �35.8 � 7.9

a The unit of values is kcal mol�1. b Reported in ref. 31.
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isolated peptide to the other.63 Recently, the binding free energy
difference between constituting monomers in solvated 3Ab11–40
was probed using the MM-PBSA method.31

The MM-PBSA method was applied to investigate the nature
of binding between the chains of soluble F19W 3Ab11–40. The
calculations were applied on S1–S6 minima (Fig. 5). The results
Fig. 6 The representative conformations of the mutant trimer ob-
tained from the snapshots from 250 to 400 ns of REMD simulations
using FES and clustering methods.

42384 | RSC Adv., 2017, 7, 42379–42386
were averaged over these 6 minima and are shown in Table 3. In
this scheme, the free energy difference of binding between
isolated chain to the others was evaluated. The binding free
energy of chain A to the remaining chains of the trimer
(�46.0 kcal mol�1) is approximately equaled to that of chain C
(�43.6 kcal mol�1), with the smaller than 5%. Both of these
affinities are approximately half of that of chain B to chains A
and C (DGbind �102.0 kcal mol�1), which is consistent with
parallel structures in which chain B is in the middle of chain A
and chain C.

The mean vdW interaction energy DEvdW of F19W 3Ab11–40 is
�166.2 kcal mol�1 (Table 2), which is signicantly larger than
that in 3Ab11–40 (�144.9 kcal mol�1). The combination of elec-
trostatic DEelec and polar DGPB energies in F19W 3Ab11–40 is
5.6 kcal mol�1 smaller than that in solvated 3Ab11–40. The
contribution of surface energy DGsur and conformational
entropy�TDS are approximately the same between 3Ab11–40 and
its F19W mutant. Overall, a constituting chain formed approx-
imately �63.8 � 27.1 kcal mol�1 of binding free energy to the
other monomers in F19W 3Ab11–40. This affinity is signicantly
larger than that in 3Ab11–40 (35.8 � 7.9 kcal mol�1). However,
the error in DGbind of the F19W 3Ab11–40 (27.1 kcal mol�1) is
much larger than that in 3Ab11–40 (7.9 kcal mol�1), indicating
that the interactions between monomers uctuate signicantly
upon F19W mutation. These results indicate that the mono-
mers in soluble F19W 3Ab11–40 bind to each other more tightly
than in 3Ab11–40, largely due to the increased in vdW interac-
tions. The uctuation in binding free energy likely results from
the decrease in important polar contacts. This uctuation is
consistent with higher RMSD and lower energy barriers of the
conformations of F19W 3Ab11–40.
Conclusions

Results showed that upon F19W mutation, the secondary
structure terms slightly change with 3% lest beta and 3% more
coil contents. The distributions per residue of these terms
shied to signicantly. In addition, the number of contacts,
SASA, and Rg value only change slightly in the F19W mutant.
However RMSD increases signicantly from�0.51 in 3Ab11–40 to
�0.91 � 0.14 nm in F19W 3Ab11–40. Important polar contacts
between D23 to sequence 24–29, which help stabilize of the loop
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07187f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 9

/2
0/

20
24

 7
:2

1:
47

 A
M

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
region, decreases by 20%. The important intermolecular
contacts H13A–Q15B and H13B–Q15C, which maintain the N-
terminal region of the trimer also decreased by 3% in the
mutant.

Six minima were found on the free energy surface of F19W
3Ab11–40, which account for around 20% of total conformations.
In contrast, there are only 3 minima found for 3Ab11–40, which
account for 60% of all conformations. The free energy barriers
of the minima in the F19W 3Ab11–40 is�1 kJ mol�1 smaller than
those in 3Ab11–40. The binding free energy between the chains of
F19W 3Ab11–40, obtained using MM-PBSA method for all six
minima, is �28 kcal mol�1 larger than that in 3Ab11–40.
However, the high error of binding free energy sDGbind implies
that the conformations of F19W 3Ab11–40 uctuate much more
than those of 3Ab11–40.

Altogether, our computational studies provided detailed
insights into the effects of F19W mutation on soluble 3Ab11–40.
The similarity in structural terms and higher binding affinity
between constituting chains indicate that the hydrophobic core
of amyloid beta peptide is capable adapting to large changes.
However, the decrease in critical polar contacts, higher uctu-
ation in binding energy, the higher number of minima with
lower energy barriers and signicantly lower population indi-
cate a signicant increase in the exibility of the mutant. These
results also contribute to understanding the brillation of Ab
peptide. The more exible F19W mutant oligomers would
require more time to self-assemble into brils, which is
consistent the observation that mutations at F19 residues result
in longer lag phase (4 folds) and characteristic brillation time
(1.5–4 folds).50
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Phys. Chem. Chem. Phys., 2014, 16, 7461–7471.

51 I. Bertini, L. Gonnelli, C. Luchinat, J. Mao and A. Nesi, J. Am.
Chem. Soc., 2011, 133, 16013–16022.

52 P. Schrödinger LLC, The PyMOL Molecular Graphics System,
Version 1.3r1, 2010.

53 A. E. Aliev, M. Kulke, H. S. Khaneja, V. Chudasama,
T. D. Sheppard and R. M. Lanigan, Proteins: Struct., Funct.,
Bioinf., 2014, 82, 195–215.
42386 | RSC Adv., 2017, 7, 42379–42386
54 A. K. Somavarapu and K. P. Kepp, ChemPhysChem, 2015, 16,
3278–3289.

55 W. L. Jorgensen, J. Chandrasekhar, J. D. Madura,
R. W. Impey and M. L. Klein, J. Chem. Phys., 1983, 79, 926–
935.

56 S. Jang and S. Shin, J. Phys. Chem. B, 2008, 112, 3479–3484.
57 V. Knecht, J. Phys. Chem. B, 2010, 114, 12701–12707.
58 L. Tran and T. Ha-Duong, Peptides, 2015, 69, 86–91.
59 M. J. Abraham, T. Murtola, R. Schulz, S. Páll, J. C. Smith,
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