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Conversion between parallel and antiparallel β-sheets
in wild-type and Iowa mutant Aβ40 fibrils
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Using a variant of Hamilton-replica-exchange, we study for wild type and Iowa mutant Aβ40 the
conversion between fibrils with antiparallel β-sheets and such with parallel β-sheets. We show that
wild type and mutant form distinct salt bridges that in turn stabilize different fibril organizations.
The conversion between the two fibril forms leads to the release of small aggregates that in the Iowa
mutant may shift the equilibrium from fibrils to more toxic oligomers. Published by AIP Publishing.
https://doi.org/10.1063/1.5016166

INTRODUCTION

The pathogenesis of Alzheimer’s disease (AD) is corre-
lated with the presence of insoluble amyloid fibrils,1,2 assem-
bled from 37- to 42-residue long Aβ peptides, that are the
main component of the senile plaques found in the brain of
the patient with Alzheimer’s disease.3,4 The mature fibrils are
formed by a nucleation process that involves an assembly of
small solvable oligomers now thought to be the main neu-
rotoxic agent.5,6 Monomers, oligomers, and amyloid fibrils
exist in an equilibrium of interchanging structures character-
ized by polymorphism.7 At least five different structures of
Aβ1-40 amyloid fibrils, implicated in Alzheimer’s disease, have
been determined by solid-state nuclear magnetic resonance
(ssNMR),4,8–11 and the differences in molecular structure
are correlated with cell toxicity and disease progression.4,12

Possible reasons for the polymorphism are kinetic-traps and
alternative pathways of aggregation,13 meaning that the forma-
tion of fibrils and that of oligomers are competing processes.
As some amyloid fibrils act as instruments for storing and
releasing of hormones, one can speculate that under non-
disease conditions, peptides and proteins are either in their
functional form (that is folded or naturally disordered) or
stored in fibrils.14,15 On the other hand, under disease condi-
tions, the off-pathway formation of oligomers dominates and
leads to the onset of the disorders.

Environmental conditions such as inflammation-induced
tissue-changes or metal ions2 may cause a shift toward disease
conditions, but best studied are mutation-caused shifts. More
than ten different Aβ mutants are known which lead to famil-
ial forms of Alzheimer’s disease.16 While the disease-related
structural changes caused by the mutation can be subtle, the sit-
uation is different for the Aβ40 Iowa mutant (D23N). Here, the
mutation of residue 23 from aspartic acid (D) to asparagine
(N) leads to higher neurotoxicity and the early onset of the
disease17 that, as for the Italian mutant (E22K),18 is correlated
with the presence of long-living meta-stable antiparallel fib-
rils.19 While there is evidence that the wild type can also exist
in an antiparallel manner,19 all experimental structures derived
by solid-state-NMR for the wild type Aβ40 fibrils are built out

of in-register parallel β-sheets.4,10 On the other hand, Aβ1-40

Iowa mutant fibrils have either parallel or antiparallel β-sheets;
see Fig. 1.20 The latter are meta-stable, converting over time
into fibrils with parallel structures, and have a slower seed-
ing speed.20 Interestingly, Iowa mutant fibril fragments can
seed wild-type Aβ1-40 monomers into fibrils with antiparallel
β-sheets.21 While parallel and antiparallel Iowa mutants dif-
fer little in cell toxicity,20 it appears likely that the different
pathologies are related to the propensities with that the two
forms are observed in wild type and Iowa mutant. Hence, for
deriving therapeutic strategies, it is important to know in detail
the process by which the two forms convert into each other, and
how the Iowa mutation shifts the equilibrium between parallel
and antiparallel β-sheets toward antiparallel β-sheets.

It is taxing to probe the transition between parallel and
antiparallel fibril structures in experiments or by computer
simulations. Previous computational work comparing fibril-
fragments of wild-type and Iowa mutant could not conclu-
sively explain the conformational shift induced by the D23N
mutant.22,23 Okamoto et al. studied Iowa mutant dimers with
both arrangements by molecular dynamics and ab initio frag-
ment molecular orbital methods, focusing on the effect of the
mutation on the parallel form.24 The stability of both struc-
tures was also investigated by us for wild type and Iowa
mutant decamers with atomistic molecular dynamics simu-
lations.25 We find that it is the alignment of hydrophobic
interactions that makes for both wild type and Iowa mutant
the in-register parallel form more stable than the antiparal-
lel one. However, in agreement with recent experiments, we
find a higher stability for Iowa mutant antiparallel aggregates
than for aggregates built of the wild type. The free energy
difference estimated by the molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA) approach indicate that
the transition from antiparallel to parallel forms, observed
for the Iowa mutant, is costly. Previous molecular dynamics
simulations indicate that amyloid fibrils grow by a dock-lock
mechanism.26,27 Monomers attach to the fibril in the dock step,
but rate limiting is the lock step where hydrogen bonds shift
into the correct arrangement. Hence, the conversion between
parallel and antiparallel fibrils is not a simple re-arrangement
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FIG. 1. Parallel and antiparallel Aβ40 fibril models. All resolved Aβ40 wild-
type fibril models have parallel β-sheets (a), while the Iowa mutant D23N
can also aggregate into fibrils with antiparallel sheets (b). Possible salt-
bridge-forming side-chains of residues have been colored as follows: K16:
cyan, K28: blue, E22: pink, D23 (wild type): red, N23 (Iowa mutant):
gray.

but rather involves the detachment of monomers from the
antiparallel form and reassemble into the more stable parallel
structure.

However, the transition pathway between parallel and
antiparallel assemblies is not known and neither is the mecha-
nism that enhances the propensity and lifetime of the antipar-
allel organization in the Iowa mutant. In this work, we try
to answer these two questions through all-atom simulations
that rely on a variant of the Hamilton replica exchange
approach.28,29 With this enhanced sampling method, we study
the conversion between parallel and antiparallel fibril organi-
zations of both wild type and Iowa mutant Aβ15-40 trimers.
We find that in the Iowa mutant, the mutation of D23N
increases the probability of forming an E22-K16 inter-chain
salt-bridge, which in turn enhances the formation of antiparal-
lel fibril organization, while in the wild type, the negatively
charged residue D23 allows formations of intra-chain salt
bridge D23-K28 that stabilizes the parallel form. The tran-
sition between the two fibril organizations requires partial
dissolution of the fibrils into smaller aggregates which in turn
increases the frequency of potentially cytotoxic oligomers.
Hence, we conjecture that the early onset and more severe
symptoms of Alzheimer’s disease in patients with the Iowa
mutant are not directly caused by the higher frequency of
antiparallel fibrils, but instead results from the conversion of
the metastable antiparallel fibrils into parallel ones, which
shifts the equilibrium from less toxic fibrils toward more toxic
oligomers.

MATERIALS AND METHODS
System construction

In order to research the differences between wild type and
Iowa mutant fibrils, we perform Hamilton replica exchange
molecular dynamics (H-REMD) simulations26,27 of wild type
and Iowa mutant Aβ15-40 trimers. Trimers are chosen because
they are of minimal system size to model a fibril architecture
(with an internal chain and chains at the boundaries) that is
sufficiently stable but at the same time small enough to allow
for large-enough all-atom simulations. For this purpose, we
first generate trimer fibril fragments using as a starting point
for the parallel organization the wild-type Aβ9–40 fibril model
(Protein Data Bank (PDB) code: 2LMO) and for the antiparal-
lel organizations the antiparallel form of D23N Aβ15–40 fibril
models (PDB code: 2LNQ). In order to have the same length,
we remove the residues 9–14 of the wild-type model. For the
same reason, we use only one of the two layers in the 2LMO
wild type fibril model. We use this approach instead of building
an antiparallel two-layer fibril out of the 2LNQ model because
our approach limits not only computational costs but there is
also no evidence for two-layer antiparallel fibril organization
even for the Iowa mutant. The chains are capped with acetyl
and amide groups at the terminals to compensate for the extra
charge group introduced by the residue deletion. The parallel
Iowa mutant fibril fragment is now built by altering the residue
D23 (an aspartic acid) in the wild type model into asparagine
(23N) using the program UCSF Chimera30 and considering
the resulting structure as a parallel fibril model for the Iowa
mutant. In a similar way, an antiparallel wild type fibril frag-
ment is generated by replacing residue N23 into D23 in the
Iowa mutant fibril model. The resulting four trimers are min-
imized and relaxed in a 1 ns long molecular dynamics run at
275 K.

Simulation setup

Our approach relies on introducing a potential energy
made out of three terms:

Epot = Ephy + EGo + λEλ.

The first term is the “physical” energy Ephy of the amyloid
and the surrounding environment described by an all-atom
model. The second term EGo describes our system by a suit-
able Go model that bias toward distinct configurations. The
degree of bias by the Go model varies with replica since both
models are coupled by a system-specific penalty term Eλ, pro-
posed in Ref. 31, and tested extensively in a different context
in Ref. 32, which measures their similarity. The strength by
which the two models are coupled is set by the replica-specific
parameter λ.

Exchanging replicas with a probability

w(A→ B) = min (1,eβ(∆λ)(∆Eλ)),

where ∆λ = λB � λA and ∆Eλ = Eλ(B) � Eλ(A), configura-
tions will walk along a ladder of replicas that mix to various
degrees contributions from a Go-model with that from a phys-
ical force field. Our setup introduces on one end of the ladder
a bias for parallel fibrils and on the other side for antiparallel
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forms. However, measurements are made solely at a “phys-
ical” replica that has no contributions from the Go-model
(λ = 0). Such “feeding” of physical systems by Go-models
has been proposed by us33,34 and others32,35 as a way to avoid
the intrinsic bias in Go-model simulations. Note that our and
the earlier approaches suffer often from the problem that the
acceptance rate becomes vanishingly small for exchanges with
the λ= 0 replica if not a large number of replicas is concentrated
around it. We have developed a technique, called Replica-
Exchange-with-Tunneling (RET), to overcome this problem,36

but due to the small system size, the use of RET was not nec-
essary in the present study. However, the use of RET would be
required if we wanted to study larger oligomers.

The above algorithm has been implemented by us into
the often used software package GROMACS 4.6.5.37 We use
the CHARMM27 force field with CMAP corrections38 in the
“physical” model as this allows us to compare the results
with our previous work.25 In order to speed up simulation,
we estimate protein-solvent interactions by a generalized-
Born implicit solvent model.39 The cutoff of Generalized-Born
(GB) electrostatic interaction is set as 999 nm. The pH is
neutral, and the salt concentration for the Generalized-Born
method is 0.1M. The periodic boundary condition is not used
and all peptides form an isolated system in an NPT ensem-
ble. The biasing Go-model parameters are generated by the
SMOG-server40 using as input the above generated reference
structures. In each Hamilton replica exchange run, 16 replicas
are used with λ = (0.015, 0.0135, 0.012, 0.01, 0.0075, 0.005,
0.002, 0.0, 0.0, 0.002, 0.005, 0.0075, 0.01, 0.012, 0.0135,
0.015). Noticing that the replicas 7 and 8 are not biased with λ
= 0. The thermostat temperature is controlled by the stochas-
tic v-rescaling method41 and changes from 310 K to 310.15 K
with steps of 0.01 K. The cutoff is set to 1.5 nm for both van
der Waals (vdW) and electrostatic interactions between the
peptides. Bond lengths of all hydrogen atoms are constrained
with the LINCS algorithm42 in the physical model. Exchanges
are tried every 20 ps and the integration time step is 2 fs with a
leapfrog algorithm. Snapshots of configurations are also saved
each 20 ps. Each replica trajectory undergoes 200 ns and only
the last 100 ns data are used for analysis.

Analysis

Most of our analysis relies on the GROMACS tools’
suite. The free energy landscape of wild-type and mutant fib-
ril trimers is calculated by reweighing from the replica with
λ , 0 to λ = 0 where the physical model is not biased by
a Go-term to either parallel or antiparallel fibril organization;
for more technical details, see our previous work.43 Comparing
re-weighted landscapes for different time sections, we checked
for convergence of our simulation and found that we had to
omit the first 100 ns to ensure that our systems are in equilib-
rium. Hence, our results are based on data collected in the time
interval of 100-200 ns. Salt-bridges are defined by the distance
between the mass center of COO� and NH3+ groups in the side
chains of amino acids being smaller than 0.45 nm. Note that
the artificial dynamics in our sampling method does not allow
us to extract dynamics in a naı̈ve way. Instead, we follow our
previous work43 and employ a variant of Markov state mod-
els44 to classify all configurations and to probe the transitions

between kinetically relevant states. For this purpose, we have
combined all 16 trajectories and selected a configuration every
40 ps for the last 100 ns. Using the Gromacs routine g rms,
we then calculated the root-mean-square-deviation (RMSD)
matrix for these 40 000 configurations. The resulting matrix
allowed us to use the Ward method for hierarchical clustering
in R language45 to group the sampled configurations. Using
the procedure described in Ref. 43, we found a number of 20
clusters optimal for our analysis. The weight of each cluster
is the sum of the weights of its members, but note that the
weight of a member configuration has to be calculated by re-
weighting if this configuration was not sampled at a replica
with λ = 0.

RESULTS
Free energy landscape of wild type and Iowa mutant

Our Hamilton-replica-exchange realizes a random walk in
λ-space between replicas where a Go-model strongly biases the
physical model toward fibril-fragments with parallel β-sheets
and such on the other side of the ladder where the Go-model
biases toward the antiparallel organization. The net-effect is
sampling of a larger number of independent configurations
at the central replicas where λ = 0, i.e., where there is no
bias by any Go-model. The available statistics can be further
increased by reweighting data from the other replicas toward λ
= 0. The enhanced sampling allows us to derive the free energy
landscape of the two systems, shown together with typical con-
figurations in Fig. 2(a) for the wild type and in Fig. 2(b) for the
Iowa mutant. The landscape is in both cases projected on the
root-mean-square-deviation (RMSD) with either the antipar-
allel fibril organization (x-axis) or the parallel form (y-axis),
and free energies are given in units of RT. For both wild type
and Iowa mutant fibrils, we find that the parallel fibril organi-
zations have the lowest free energy. In order to compare the
two systems, we have shifted the free energies such that the
global minimum in each system takes a value of zero. Com-
paring wild type and Iowa mutant, we find that the antiparallel
fibril fragment has a 2.9 RT higher free energy for the wild
type, while the corresponding value for the Iowa mutant is
only 2.6 RT. While this difference is consistent with our pre-
vious simulations25 and experimental work,20 its value is too
small to explain the different lifetimes of antiparallel fibrils in
wild type and mutant: experimentally, antiparallel and parallel
fibrils of Iowa mutants form at the same time and coexist for
about 100 h before the antiparallel form gradually dissolves.20

These different lifetimes are rather due to the bottlenecks in
the landscape that are much more pronounced for the wild type
than those for the mutant.

Residue-contact maps offer another way to deduce the
mechanism and packing pattern. As an example, we show in
Fig. 3 the backbone contact maps for both the Iowa mutant
and wild type. The contact maps are divided into intra-chain
[Figs. 3(a) and 3(c)] contacts and inter-chain contacts [Figs.
3(b) and 3(d)]. We observe in both maps a higher content of
antiparallel β-sheets for the mutant than for the wild type.
Especially, the intra-chain contacts in the region V32-I34 are
formed only for the Iowa mutant. Similarly, the inter chain con-
tacts between residues in the segments L17 and E22, located
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FIG. 2. Free energy landscape of wild
type (a) and Iowa mutant Aβ15-40 (b)
trimers projected on the root-mean-
square-deviation (RMSD) with either
parallel or antiparallel fibril organiza-
tion. Free energy values are given in
RT and shifted such that in each of the
two systems the minimum value is zero.
Representative structures for the various
basins are also shown.

in the central hydrophobic core region of Aβ peptides, are
formed only for the Iowa mutant, while in the wild type, such
inter-chain antiparallel β-sheet contacts are seen only in the
region I32-V36. Consistent with previous studies,46,47 most of
the inter-chain contacts involve two hydrophobic core regions
in the chains, formed by either residues 16–22 or residues 30–
36. The frequency of these inter-chain contacts is higher in the
Iowa mutant than in the wild type.

Of special importance are the contacts formed by residue
23. In the wild type, this is a negatively charged aspartic

acid (D) forming in the parallel fibril structure a salt bridge
D23-K28 with the positively charged lysine (K) at position
28, whose importance for Aβ40 fibril aggregation is well-
known.10,20,48 In the Iowa mutant, the negatively charged D23
is replaced by neutral (polar) asparagine (N23), i.e., residue 23
can no longer form a salt bridge with residue K28. However,
while in the wild type the salt bridge D23-K28 forces the side-
chain of residue E22 (a negatively charged glutamic acid) to
the outside of the fibril,10 this constraint does not exist in the
Iowa mutant, and residue E22 can now form an inter-chain

FIG. 3. Intra-chain and inter-chain
backbone contacts in wild type [(a) and
(b)] and Iowa mutant [(c) and (d)] fibril
fragments.
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FIG. 4. Frequency of possible intra-chain (a) and inter-
chain (b) salt-bridges involving positively charged
residues K16 and K28 and negatively charged residues
E22 and D23, as measured in our simulations of wild
type (blue) and Iowa mutant (red) Aβ15-40 trimers. The
average frequency of the various possible salt bridges for
wild type (c) and Iowa mutant (d) is also shown as an over-
lay on the free energy landscape of Fig. 2. Frequencies
of inter-chain salt bridges are represented by red circles,
and the ones of intra-chain salt bridges are represented
by black circles.

salt-bridge with the positively charged residue K16, when
the Iowa mutant chains are in the antiparallel fibril form.20

As the wild type and mutant differ in what salt bridges they
can form, we have measured the frequencies of the different
possible inter-chain/intra-chain salt-bridges and show these
frequencies in Fig. 4. As expected, the intra-chain D23-K28
salt bridge is the one with highest probability for the wild
type, and while residue K28 can also form inter-chain or intra-
chain salt-bridges with residue E22, these appear with much
lower frequency. On the other hand, the D23-K28 salt bridge
cannot be formed in the Iowa mutant trimer. Instead, the inter-
chain K16-E22 salt-bridge is now seen with high frequency,
and to a smaller degree E22-K28 salt-bridges. Hence, in the
wild type, the residues E22 and D23 compete in forming con-
tact with residue K28 or K16, which makes it difficult to form
the K16-E22 salt-bridge that is essential in antiparallel assem-
blies. However, the mutant D23N cannot form the salt-bridge
D23-K28 that stabilizes parallel fibrils, and without competi-
tion from D23, the inter-chain K16-E22 salt-bridge appears
with high frequency stabilizing therefore the antiparallel
structure.

A more detailed view is given in Figs. 4(c) and 4(d) where
we show the average frequency of each salt bridge, projected
on the same coordinates as the free energy landscape of Fig. 2.
For this purpose, we have divided the sampled configurations
into 20 clusters as described in the section titled Materials
and method and calculated the weighted average frequency
for each cluster. Each cluster is marked by a circle, with the

center of the circle given by the central member configura-
tion of the cluster, and its radius given in units of pixel by 40
times the average weighted frequency for a certain salt bridge.
Comparing wild type and Iowa mutant, we see that salt bridges
involving residue E22 appear almost exclusively in configu-
rations with antiparallel sheets or in the transition region, but
never in parallel fibrils. With significant probability, one finds
only inter-chain K16-E22 salt bridges, and these mostly for
antiparallel fibrils. As already seen earlier, the frequency of
this salt bridge is much higher in the mutant than in the wild
type, i.e., the antiparallel fibril organization has in the Iowa
mutant an additional stabilization by this salt bridge that is
missing in the wild type. On the other hand, salt bridges involv-
ing residue D23, which are only possible in the wild type,
are never observed in fibrils with antiparallel organization.
Instead, they are overwhelmingly located in parallel fibrils as
intra-chain salt bridge D23–K28. Inter-chain salt bridges and
such between D23-K16 exist, but only with low frequency
and in the transition region. Hence, the wild type is not only
missing the stabilization of antiparallel fibrils by an K16-E22
salt bridge seen in Iowa mutant fibrils, but in addition, parallel
fibrils have an extra stabilization by D23-K28 intra-chain salt
bridges. These different stabilizing salt bridges explain why
meta-stable antiparallel fibrils can exist for the Iowa mutant,
but almost never seen for the wild type, where this organiza-
tion is energetically weaker, and on the other side, the parallel
fibrils are more stable. Note also that in the wild type, the tran-
sition state region is more populated by an ensemble of diverse
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FIG. 5. The frequency of inter-chain hydrogen bonds
seen in either parallel or antiparallel fibril organization
for wild type (a) and Iowa mutant (b) as an overlay on
the free energy landscape of Fig. 2. The radius of circle
is given by the frequency.

salt-bridge stabilized configurations than that seen for the Iowa
mutant which may make it kinetically easier to go in the
wild type into the parallel fibril form. However, when seeded
with antiparallel fibril fragments, wild type chains can form
inter-chain K16-E22 salt bridges with the seed and assemble
into metastable antiparallel fibrils.21 While the relative sta-
bility of these fibrils compared to antiparallel Iowa mutant
fibrils is not known, we would expect the antiparallel wild
type fibrils to decay much faster into the parallel form than the
Iowa mutant fibrils as residue D23 interferes with E22 and an
intra-chain salt bridge D23-K28 is more favorable in the wild
type.

Both antiparallel and parallel β-sheet Iowa mutant fibrils
are cytotoxic at concentrations of µM level. However, their
toxicity differs little between themselves and from the (paral-
lel) wild type Aβ40 fibrils but is much smaller than that of wild
type Aβ40 oligomers at similar concentrations.49 This suggests
that the different pathologies of wild type and Iowa mutant
do not result directly from the propensities of the two fibril
architectures in wild type and mutant but are rather related
to the frequency of transient oligomers formed in the transi-
tion between antiparallel and parallel fibrils. In order to test
the plausibility of this hypothesis and learn more about the
conversion process, we show in Figs. 5(a) and 5(c) the fre-
quency of inter-chain hydrogen bonds seen in either parallel
or antiparallel fibril organization. The frequencies are again
calculated for the 20 clusters into which we have sorted the
sampled configurations. Each cluster is again represented by
a circle, with the radius indicating the frequency of hydro-
gen bonds, and the clusters drawn as an overlay onto the
free energy landscape of Fig. 2. For both wild type and Iowa
mutant, we see large circles in the region of either parallel
or antiparallel fibrils, marking the large number of inter-chain
hydrogen bonds keeping the trimers together in the respective
fibril organization. On the other hand, the circles are much
smaller, or not seen, in the transition region between the two
forms, indicating that the fibril fragments have dissolved into
an ensemble of single chains. Hence, we conclude that the
conversion between antiparallel and parallel fibrils requires
dissolution of the fibril and release of monomers. We conjec-
ture that in a cell these monomers will not always reassemble
immediately into the other fibril organization, but may also
mis-assemble into the oligomers that are the main cytotoxic
agents.

DISCUSSION AND CONCLUSION

Using a variant of Hamilton replica exchange molecular
dynamics, we have studied wild-type and Iowa mutant trimers
of Aβ15–40 peptides. Our enhanced sampling method allowed
us to sample the free energy landscape of the two systems and
the conversion between fibrils with antiparallel β-sheets, only
seen as long-living meta-stable state in the Iowa mutant, and
such with parallel β-sheets, seen in both wild type and mutant.
We find that in the wild type the charged residue D23 allows
the formation of an intra-chain salt bridge D23-K28 that stabi-
lizes parallel fibrils. In the Iowa mutant, this salt bridge cannot
be formed as the mutation of D23N replaces a charged residue
by a polar one. Instead, it becomes possible in the Iowa mutant
to form an inter-chain salt bridge K16-E22 that stabilizes and
enhances the formation of the antiparallel fibril organization,
which becomes now sufficiently stable to exist as a long-living
metastable state in the Iowa mutant. The conversion between
antiparallel and parallel fibril organization requires in our sim-
ulations the decay of the respective fibril fragments and release
of monomers. We speculate that in the cell these monomers,
or other small aggregates released in the conversion, do not
always reassemble immediately into the other fibril organiza-
tion. Instead, they may serve as a reservoir for the formation
of the toxic oligomers that are thought to be the main agent
causing the disease symptoms in Alzheimer’s disease. Previ-
ous molecular dynamics studies of oligomers of short amyloid
fragments have also found similar transitions between parallel
and antiparallel beta-strands.50–52 For instance, dimers with
parallel ß-sheets are an important intermediate on the path-
way to trimer with antiparallel ß-sheets.51 Hence, the early
onset and more severe symptoms of Alzheimer’s disease in
patients with the Iowa mutant may not be directly related
to the higher frequency of metastable antiparallel fibrils, but
because their conversion into fibrils with parallel β-sheets
shifts the equilibrium from less toxic fibrils toward more toxic
oligomers.

ACKNOWLEDGMENTS

The simulations in this work were done using the
SCHOONER cluster of the University of Oklahoma and
XSEDE resources allocated under Grant No. MCB160005 of
the National Science Foundation. We acknowledge financial



045103-7 W. Xi and U. H. E. Hansmann J. Chem. Phys. 148, 045103 (2018)

support from the National Institutes of Health under Grant No.
GM120578.

1C. C. Curtain, F. E. Ali, D. G. Smith, A. I. Bush, C. L. Masters, and
K. J. Barnham, J. Biol. Chem. 278, 2977 (2003).

2J. Nasica-Labouze, P. H. Nguyen, F. Sterpone, O. Berthoumieu, N. V.
Buchete, S. Cote, A. De Simone, A. J. Doig, P. Faller, A. Garcia, A. Laio,
M. S. Li, S. Melchionna, N. Mousseau, Y. G. Mu, A. Paravastu, S. Pasquali,
D. J. Rosenman, B. Strodel, B. Tarus, J. H. Viles, T. Zhang, C. Y. Wang,
and P. Derreumaux, Chem. Rev. 115, 3518 (2015).

3S. A. Gravina, L. Ho, C. B. Eckman, K. E. Long, L. Otvos, Jr., L. H.
Younkin, N. Suzuki, and S. G. Younkin, J. Biol. Chem. 270, 7013 (1995).

4J. X. Lu, W. Qiang, W. M. Yau, C. D. Schwieters, S. C. Meredith, and
R. Tycko, Cell 154, 1257 (2013).

5S. L. Bernstein, N. F. Dupuis, N. D. Lazo, T. Wyttenbach, M. M. Condron,
G. Bitan, D. B. Teplow, J. E. Shea, B. T. Ruotolo, C. V. Robinson, and
M. T. Bowers, Nat. Chem. 1, 326 (2009).

6A. Orte, N. R. Birkett, R. W. Clarke, G. L. Devlin, C. M. Dobson, and
D. Klenerman, Proc. Natl. Acad. Sci. U. S. A. 105, 14424 (2008).

7R. Tycko, Neuron 86, 632 (2015).
8A. T. Petkova, Y. Ishii, J. J. Balbach, O. N. Antzutkin, R. D. Leapman,
F. Delaglio, and R. Tycko, Proc. Natl. Acad. Sci. U. S. A. 99, 16742
(2002).

9T. Luhrs, C. Ritter, M. Adrian, D. Riek-Loher, B. Bohrmann, H. Dobeli,
D. Schubert, and R. Riek, Proc. Natl. Acad. Sci. U. S. A. 102, 17342
(2005).

10A. T. Petkova, W. M. Yau, and R. Tycko, Biochemistry 45, 498 (2006).
11A. K. Paravastu, R. D. Leapman, W. M. Yau, and R. Tycko, Proc. Natl.

Acad. Sci. U. S. A. 105, 18349 (2008).
12A. K. Schutz, T. Vagt, M. Huber, O. Y. Ovchinnikova, R. Cadalbert, J. Wall,

P. Guntert, A. Bockmann, R. Glockshuber, and B. H. Meier, Angew. Chem.,
Int. Ed. 54, 331 (2015).

13M. Necula, R. Kayed, S. Milton, and C. G. Glabe, J. Biol. Chem. 282, 10311
(2007).

14S. K. Maji, M. H. Perrin, M. R. Sawaya, S. Jessberger, K. Vadodaria, R. A.
Rissman, P. S. Singru, K. P. Nilsson, R. Simon, D. Schubert, D. Eisenberg,
J. Rivier, P. Sawchenko, W. Vale, and R. Riek, Science 325, 328 (2009).

15S. K. Maji, D. Schubert, C. Rivier, S. Lee, J. E. Rivier, and R. Riek, PLoS
Biol. 6, e17 (2008).

16Y. Tian, B. Bassit, D. Chau, and Y. M. Li, Nat. Struct. Mol. Biol. 17, 151
(2010).

17K. Murakami, K. Irie, A. Morimoto, H. Ohigashi, M. Shindo, M. Nagao,
T. Shimizu, and T. Shirasawa, J. Biol. Chem. 278, 46179 (2003).

18E. Hubin, S. Deroo, G. K. Schierle, C. Kaminski, L. Serpell, V.
Subramaniam, N. van Nuland, K. Broersen, V. Raussens, and R. Sarroukh,
Cell. Mol. Life Sci. 72, 4899 (2015).

19R. Tycko, K. L. Sciarretta, J. P. Orgel, and S. C. Meredith, Biochemistry 48,
6072 (2009).

20W. Qiang, W. M. Yau, Y. Luo, M. P. Mattson, and R. Tycko, Proc. Natl.
Acad. Sci. U. S. A. 109, 4443 (2012).

21F. Xu, Z. Fu, S. Dass, A. E. Kotarba, J. Davis, S. O. Smith, and W. E.
Van Nostrand, Nat. Commun. 7, 13527 (2016).

22W. Han and Y. D. Wu, Proteins: Struct., Funct., Bioinf. 66, 575 (2007).
23B. Tarus, J. E. Straub, and D. Thirumalai, J. Mol. Biol. 379, 815 (2008).
24A. Okamoto, A. Yano, K. Nomura, S. Higai, and N. Kurita, J. Mol. Graphics

Modell. 50, 113 (2014).
25W. M. Berhanu, E. J. Alred, and U. H. E. Hansmann, J. Phys. Chem. B 119,

13063 (2015).
26P. H. Nguyen, M. S. Li, G. Stock, J. E. Straub, and D. Thirumalai, Proc.

Natl. Acad. Sci. U. S. A. 104, 111 (2007).
27T. Takeda and D. K. Klimov, Biophys. J. 96, 442 (2009).
28W. Kwak and U. H. E. Hansmann, Phys. Rev. Lett. 95, 138102 (2005).
29H. Fukunishi, O. Watanabe, and S. Takada, J. Chem. Phys. 116, 9058

(2002).
30E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt,

E. C. Meng, and T. E. Ferrin, J. Comput. Chem. 25, 1605 (2004).
31K. Moritsugu, T. Terada, and A. Kidera, J. Chem. Phys. 133, 224105

(2010).
32W. Zhang and J. Chen, J. Chem. Theory Comput. 10, 918 (2014).
33P. Jiang and U. H. Hansmann, J. Chem. Theory Comput. 8, 2127 (2012).
34J. H. Meinke and U. H. Hansmann, J. Phys.: Condens. Matter 19, 285215

(2007).
35C. Zhang and J. Ma, Proc. Natl. Acad. Sci. U. S. A. 109, 8139 (2012).
36N. A. Bernhardt, W. Xi, W. Wang, and U. H. Hansmann, J. Chem. Theory

Comput. 12, 5656 (2016).
37B. Hess, C. Kutzner, D. van der Spoel, and E. Lindahl, J. Chem. Theory

Comput. 4, 435 (2008).
38K. Vanommeslaeghe, E. Hatcher, C. Acharya, S. Kundu, S. Zhong, J. Shim,

E. Darian, O. Guvench, P. Lopes, I. Vorobyov, and A. D. Mackerell, Jr.,
J. Comput. Chem. 31, 671 (2010).

39A. Onufriev, D. Bashford, and D. A. Case, Proteins: Struct., Funct., Bioinf.
55, 383 (2004).

40J. K. Noel, M. Levi, M. Raghunathan, H. Lammert, R. L. Hayes, J. N.
Onuchic, and P. C. Whitford, PLoS Comput. Biol. 12, e1004794 (2016).

41G. Bussi, D. Donadio, and M. Parrinello, J. Chem. Phys. 126, 014101 (2007).
42B. Hess, J. Chem. Theory Comput. 4, 116 (2008).
43H. Zhang, W. Xi, U. H. E. Hansmann, and Y. Wei, J. Chem. Theory Comput.

13, 3936 (2017).
44D. Shukla, C. X. Hernández, J. K. Weber, and V. S. Pande, Acc. Chem. Res.

48, 414 (2015).
45R. Ihaka and R. Gentleman, J. Comput. Graphical Stat. 5, 299 (1996).
46A. Rojas, N. Maisuradze, K. Kachlishvili, H. A. Scheraga, and G. G.

Maisuradze, ACS Chem. Neurosci. 8, 201 (2017).
47L. O. Tjernberg, J. Naslund, F. Lindqvist, J. Johansson, A. R. Karlstrom,

J. Thyberg, L. Terenius, and C. Nordstedt, J. Biol. Chem. 271, 8545
(1996).

48G. Reddy, J. E. Straub, and D. Thirumalai, J. Phys. Chem. B 113, 1162
(2009).

49R. Kayed, E. Head, J. L. Thompson, T. M. McIntire, S. C. Milton, C. W.
Cotman, and C. G. Glabe, Science 300, 486 (2003).

50L. Xie, Y. Luo, and G. Wei, J. Phys. Chem. B 117, 10149 (2013).
51M. Kouza, A. Banerji, A. Kolinski, I. A. Buhimschi, and A. Kloczkowski,

Phys. Chem. Chem. Phys. 19, 2990 (2017).
52L. Larini and J. E. Shea, Biophys. J. 103, 576 (2012).

https://doi.org/10.1074/jbc.m205455200
https://doi.org/10.1021/cr500638n
https://doi.org/10.1074/jbc.270.13.7013
https://doi.org/10.1016/j.cell.2013.08.035
https://doi.org/10.1038/nchem.247
https://doi.org/10.1073/pnas.0803086105
https://doi.org/10.1016/j.neuron.2015.03.017
https://doi.org/10.1073/pnas.262663499
https://doi.org/10.1073/pnas.0506723102
https://doi.org/10.1021/bi051952q
https://doi.org/10.1073/pnas.0806270105
https://doi.org/10.1073/pnas.0806270105
https://doi.org/10.1002/anie.201408598
https://doi.org/10.1002/anie.201408598
https://doi.org/10.1074/jbc.m608207200
https://doi.org/10.1126/science.1173155
https://doi.org/10.1371/journal.pbio.0060017
https://doi.org/10.1371/journal.pbio.0060017
https://doi.org/10.1038/nsmb.1743
https://doi.org/10.1074/jbc.m301874200
https://doi.org/10.1007/s00018-015-1983-2
https://doi.org/10.1021/bi9002666
https://doi.org/10.1073/pnas.1111305109
https://doi.org/10.1073/pnas.1111305109
https://doi.org/10.1038/ncomms13527
https://doi.org/10.1002/prot.21232
https://doi.org/10.1016/j.jmb.2008.04.028
https://doi.org/10.1016/j.jmgm.2014.03.004
https://doi.org/10.1016/j.jmgm.2014.03.004
https://doi.org/10.1021/acs.jpcb.5b07987
https://doi.org/10.1073/pnas.0607440104
https://doi.org/10.1073/pnas.0607440104
https://doi.org/10.1016/j.bpj.2008.10.008
https://doi.org/10.1103/physrevlett.95.138102
https://doi.org/10.1063/1.1472510
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1063/1.3510519
https://doi.org/10.1021/ct500031v
https://doi.org/10.1021/ct3000469
https://doi.org/10.1088/0953-8984/19/28/285215
https://doi.org/10.1073/pnas.1112143109
https://doi.org/10.1021/acs.jctc.6b00826
https://doi.org/10.1021/acs.jctc.6b00826
https://doi.org/10.1021/ct700301q
https://doi.org/10.1021/ct700301q
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1002/prot.20033
https://doi.org/10.1371/journal.pcbi.1004794
https://doi.org/10.1063/1.2408420
https://doi.org/10.1021/ct700200b
https://doi.org/10.1021/acs.jctc.7b00383
https://doi.org/10.1021/ar5002999
https://doi.org/10.1080/10618600.1996.10474713
https://doi.org/10.1021/acschemneuro.6b00331
https://doi.org/10.1074/jbc.271.15.8545
https://doi.org/10.1021/jp808914c
https://doi.org/10.1126/science.1079469
https://doi.org/10.1021/jp405869a
https://doi.org/10.1039/c6cp07145g
https://doi.org/10.1016/j.bpj.2012.06.027

