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ABSTRACT

ALL-ATOM EXPLICIT-SOLVENT REPLICA-EXCHANGE MOLECULAR
DYNAMICS SIMULATIONS OF THE ALZHEIMER’S DISEASE Aβ MONOMER
Christopher Lockhart, Ph.D.
George Mason University, 2015
Dissertation Director: Dr. Dmitri K. Klimov

Using all-atom explicit-solvent replica-exchange molecular dynamics simulations, we
explored the changes in the conformational ensemble of the Aβ monomer in various
environments. In the simplest case, the Aβ monomer in water forms mostly turn and
random coil conformations. We show that the anti-aggregation agent ibuprofen, the
zwitterionic DMPC lipid bilayer, and even the introduction of sequence truncation (to
generate the Aβ29-40 monomer) are capable of dramatically altering Aβ conformations,
resulting in a stable helical structure present in the peptide’s C-terminal. For comparison,
the FDDNP biomarker and other sequence truncations (e.g., the Aβ23-40 and Aβ28-40
monomers) do not exhibit a strong influence on Aβ conformations. Thus, we conclude that
there is an inherent helix propensity in the Aβ C-terminal that can only be revealed by
certain environments.

More specifically, our work has demonstrated that the small ligands ibuprofen and FDDNP
bind to the Aβ monomer via the hydrophobic effect. Although ibuprofen promotes a change
in Aβ helical content, its low binding affinity and stabilization of the Asp23-Lys28 saltbridge may partially explain its modest efficiency as an anti-aggregation agent. At the same
time, the biomarker FDDNP induces minor changes in the Aβ conformational ensemble
but binds with high affinity partially due to ligand clustering at hydrophobic binding sites.
Although we argue that this benign effect on Aβ is advantageous for in vivo neuroimaging
of Aβ fibrils, the high affinity binding of FDDNP to the Aβ monomer raises the question
of selectivity of this biomarker.

Finally, we investigated the interactions of the Aβ monomer with the zwitterionic DMPC
bilayer. The bilayer causes a dramatic structural transition in Aβ, resulting in a stable
C-terminal helix and the formation of the Asp23-Lys28 salt-bridge. The central
hydrophobic cluster and C-terminal of Aβ not only govern binding to the bilayer but also
penetrate into the bilayer hydrophobic core. As a result, Aβ reduces the density of lipids in
its binding footprint and indents the bilayer. Addition of calcium to these simulations
results in a more profound effect, where lipid disorder and bilayer thinning by Aβ are
enhanced. These effects can be explained by a strengthening of Aβ-bilayer interactions by
calcium via enhanced electrostatic interactions between charged amino acids and lipid
polar headgroups. Binding of Aβ does not affect either water or calcium permeation into
the bilayer. We propose that the limited scope of structural perturbations in the zwitterionic
bilayer caused by the Aβ monomer represents the molecular basis of its low cytotoxicity.

INTRODUCTION

Alzheimer’s disease (AD) is an age-related disorder that causes progressive cognitive
impairment and eventual death.1 AD is the most common cause of dementia and is one of
the leading causes of death.2,3 Estimates from 2006 place the number of individuals
worldwide suffering from AD at 26.6 million.4 Due to an aging population, this number is
predicted to increase four-fold within the next 50 years. The costs due to treatment and care
of those with AD in the United States alone is believed to be 100 billion dollars per year.1,5
AD’s status as a leading cause of death, in conjunction with its enormous and growing
financial strain, is sufficient to warrant additional research into the disease, of which there
is currently no cure.

Although medical information regarding dementia and its symptoms date back to
Pythagoras in the 7th century BC, many developments in the treatment and classification
of AD have been made in more recent history.6 In 1907, the German psychiatrist Alois
Alzheimer presented research using novel microscopic techniques that described
neurofibrillary tangles in nerve cells and neuritic plaques in the brain of a woman named
Auguste Deter, who suffered from the severe cognitive impairment associated with
dementia.3,7,8 These symptoms included a gradual onset of forgetfulness, disorientation,
and a loss of independence. By 1910,1,9 these symptoms and their associated brain deposits
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became widely known as AD. Although much debate surrounded the structural basis of
this newly documented disease, inevitably the neuritic plaques (also called senile plaques)
were linked to AD.1,3 The substance of these plaques was determined to be amyloid in
nature.1,10 Amyloid deposits, named so by Rudolph Virchow in 1854 due to their starchlike quality,11 are aberrant aggregates of proteins and are readily stained by dyes such as
Congo red due to their internal β-sheet-rich structure.3 Including AD, similar insoluble
amyloid deposits have been observed in other degenerative diseases such as Down’s
syndrome, Parkinson’s disease, and Huntington’s disease.2,3 The protein involved in AD
amyloid deposits was not identified until 1984, when Glenner et al.12 located a relatively
small (≈4 kDa) peptide that they subsequently named the amyloid β-protein (Aβ).3,13

Aβ is a product of natural proteolytic cleavage from the transmembrane Aβ precursor
protein.14 Due to variation in proteolytic cleavage, multiple Aβ variants are produced,
among which a 40-residue peptide, Aβ1-40, is the most abundant, representing about 90%
of all Aβ species in cerebrospinal fluid. The amyloid cascade hypothesis postulates that
aggregation of Aβ peptides results in higher-ordered oligomers and polymorphic amyloid
fibrils, which result in the neuronal damage and loss of memory associated with AD.3,13,15,16
However, recent evidence has suggested that Aβ oligomers, even as small as dimers, are
the primary cytotoxic species,3,17 whereas Aβ fibrils are less cytotoxic.18,19 Extracellular
deposits of Aβ oligomers are thought to negatively affect long-term potentiation in the
mammalian hippocampus and increase the permeability of cellular membranes, which can
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disrupt cellular signaling cascades and affect a variety of processes.3 At present, the
molecular mechanism of this process has not yet been fully elucidated.

As stated above, current theories suggest that Aβ interactions with cellular membranes
result in its neuronal damage.20–22 Plausible modes of action include structural perturbation
of lipid bilayers, formation of pores (which could disrupt ion homeostasis), and aggregation
of Aβ peptides in the membrane environment. The latter could occur within or on the
membrane, both of which would lead to instability of the local membrane structure.
Experimental studies have shown that, at low concentrations, Aβ interacts with lipid
bilayers in monomeric form,23 whereas, at higher concentrations, Aβ interacts with lipid
bilayers as oligomers.24 Small Aβ oligomers demonstrate a higher binding affinity than
larger aggregates,25 and Aβ binding affinity is greater for anionic than zwitterionic lipid
bilayers.26 Electron density profiles have demonstrated that Aβ1-40 not only binds but also
penetrates into the hydrophobic core of lipid bilayers, compromising the integrity of the
bilayer structure.27 At the extreme, Aβ peptides have been shown to severely disrupt model
DMPC bilayers in the lamellar phase, transforming them into micelles.22 In general,
penetration of Aβ into the bilayer hydrophobic core results in greater disruption of bilayer
structure than binding to the bilayer surface.28,29

Disruption of the bilayer by Aβ increases ion permeability,30 in accordance with results
from atomic force microscopy (AFM) and circular dichroism (CD) that have suggested Aβ
forms stable ion channel-like structures in bilayers.24 In particular, Aβ-induced disruption
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of bilayer calcium ion homeostasis is believed to be important for the progression of AD.31
Experimentally, it has been confirmed that calcium interacts readily with zwitterionic
phosphatidylcholine bilayers,32,33 redistributing lipids in the bilayer.34 Calcium increases
the mechanical strength of zwitterionic DMPC bilayers, increasing their resistance to
rupture.35 Molecular dynamics (MD) simulations have confirmed that calcium
demonstrates one of the strongest binding affinities to lipid bilayers when compared to
other mono- and divalent ions.36 These simulations have shown that calcium predominately
binds to phosphate and glycerol lipid groups36,37 and reduces the area per lipid.36
Interestingly, a single calcium ion has been demonstrated to coordinate several lipids,36,38,39
suggesting a possible mechanism for bilayer strengthening and lipid redistribution.

Investigation into the cytotoxic mechanism of Aβ is only one of many common research
routes into AD.3 Significant efforts have also been made to identify small organic
compounds that can mitigate Aβ cytotoxicity, inhibiting the formation of Aβ oligomers and
fibrils. In particular, non-steroidal anti-inflammatory drugs (NSAIDs) are promising
candidates.40 These drugs, including racemic ibuprofen and (S)-naproxen, have been
demonstrated to inhibit Aβ aggregation but not to degrade pre-existing aggregates.40,41
Epidemiological studies have confirmed that long-term use of NSAIDs significantly
reduces the risk of AD.42,43 Indeed, long-term prophylactic intake of ibuprofen reduces the
risk of AD by approximately half.42 In vivo studies with mice have demonstrated that
ibuprofen reduces Aβ loads and alleviates deficits in memory.44,45 Additionally, the
decrease in Aβ load in mouse brains has been correlated with the intake of ibuprofen.44
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Experimental in vitro studies have shown that ibuprofen reduces Aβ loads by interfering
with the elongation of Aβ fibrils.46 Structurally, ibuprofen is a chiral compound and can
adopt right- (R) or left-handed (S) isomeric forms.40 Precursory experimental evidence
indicates that both (R)- and (S)-ibuprofen bind to the same location on Aβ fibrils and are
anti-aggregation agents with (S)-ibuprofen having a slightly more pronounced effect.

Other research has been initiated to identify biomarkers that readily cross the blood-brain
barrier and can detect the formation of Aβ amyloid deposits.47 Ideally, these compounds
should be administered in vivo and able to accurately predict Aβ load in the brain. One of
the candidate compounds identified is the radio-fluorinated FDDNP, which, together with
positron emission tomography (PET), provides non-invasive detection and visualization of
amyloid deposits in brain tissues.48,49 FDDNP has been shown to bind in vivo and in vitro
to Aβ fibrils.40,50 It was recently demonstrated that FDDNP binds not only to Aβ but also
to AD-related tau fibrils51 and other fibrils such as prions.52 This non-specific binding
raises the question of FDDNP selectivity for Aβ. Interestingly, FDDNP has been found to
compete with the binding of ibuprofen and (S)-naproxen to Aβ fibrils.40 In contrast, the
biomarkers Congo red and thioflavin T were not found to share a common binding site,
suggesting that these probes characterize different aspects of AD pathogenesis.40,53

Although the binding of Aβ to membranes, anti-aggregation agents, and biomarkers has
been experimentally measured, in many cases the oligomeric state of Aβ during binding is
unknown. For this reason, studying the Aβ monomer interacting with the aforementioned

5

constituents is the first step in the analysis of Aβ interactions. The Aβ monomer displays a
high degree of conformational flexibility depending on its environment. For instance, when
the Aβ1-40 monomer interacts with SDS micelles, the sequence regions 15-24 and 29-35
adopt helical structure.54,55 Increasing the pH above 6 unravels the helix in the region
15-24, whereas the helix in the C-terminal region 29-35 remains stable.54 For comparison,
in an aqueous environment, solution NMR studies have repeatedly shown that the Aβ
monomer lacks a specific folded structure and samples random coil conformations.56,57
Similar results have been reached by all-atom MD simulations in explicit and implicit
solvents.57–60 Importantly, experiments and simulations agree that a stable helical structure
in the Aβ C-terminal is observed in membrane-like environments but not in water.

The purpose of this dissertation is to characterize the behavior of the Aβ monomer.
Specifically, we will investigate Aβ conformations and interactions with DMPC bilayers,
the anti-aggregation agent ibuprofen, and the biomarker FDDNP. As a control, we will also
investigate the conformations of the Aβ monomer and its N-terminal truncated fragments
in water. To fully probe the molecular mechanism of Aβ interaction with these constituents,
all-atom explicit-solvent replica-exchange molecular dynamics (REMD) is used. REMD
advantageously provides the opportunity of generating an equilibrium distribution of
states, allowing for thermodynamic properties of interest to be more accurately computed
than conventional MD. The results of this dissertation were published in seven peerreviewed articles between 2012 and 2015.61–67 As a result, portions of this dissertation are
reproduced from these original publications.
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METHODS

In this dissertation, REMD with explicit solvent was used to probe the interactions of the
Aβ monomer with DMPC bilayers,64–66 ibuprofen ligands,61 and FDDNP biomarkers.62 In
addition, we have analyzed a control system of the Aβ monomer in water.61,63 To reduce
the computational requirement, an N-terminal truncated version of the Aβ1-40 peptide was
used for all systems (Figure 1). Oligomers of the resulting Aβ10-40 peptide have been
demonstrated in experiments68 and simulations69 to be similar in size distributions and
structure to full-length Aβ1-40. More importantly, the N-terminal fragment of the Aβ1-40
monomer does not form extensive long-range interactions or an ordered secondary
structure.70 N-terminal truncation of monomeric Aβ1-40 results in minor changes (<20%)
in secondary structure compared to full-length Aβ1-40.69 Use of the Aβ10-40 peptide
follows previous in silico work from our group41,69,71–76 and has more recently been
resolved as a naturally occurring cytotoxic species.77–79 Thus, we contend that the Aβ10-40
monomer is a suitable model for this body of work.

D1AEFRHDSGY10EVHHQKLVFF20AEDVGSNKGA30IIGLMVGGVV40
Figure 1 The amino acid sequence of Aβ1-40. The nine N-terminal truncated residues are shown in red,
whereas Aβ10-40 is shown in black.
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In all simulation systems,61–66 MD simulations were performed using the program
NAMD.80 NAMD was developed by the Theoretical and Computational Biophysics Group
in the Beckman Institute for Advanced Science and Technology at the University of Illinois
at Urbana-Champaign. MD is a deterministic approach to simulations that uses classical
physics to probe system dynamical properties. Atomic simulations rely on the description
of interactions between atoms, which are detailed in a corresponding force field. Here,
protein and lipid atoms were simulated using the CHARMM22 force field with CMAP
corrections81 and the CHARMM36 force field,82 respectively. CMAP corrections are
necessary to improve the agreement between experimental and in silico protein structures
in disordered regions.81 An analysis of the applicability of CHARMM force fields to the
study of the Aβ monomer is given in the following chapter. In this work, Aβ monomers
were capped with neutral acetylated and aminated terminals. Amino acid protonation states
corresponded to a neutral pH. TIP3P was used to model water.

The specific MD details are as follows. In all simulation systems, periodic boundary
conditions were used to ameliorate finite size effects. Electrostatic interactions were
computed using Ewald summation, whereas van der Waals interactions were smoothly
switched off in the interval from 8 to 12 Å. All covalent bonds were constrained by the
SHAKE algorithm. Temperature was controlled through underdamped Langevin
simulations of “virtual” solvent with the damping coefficient γ = 5 ps−1. In simulation
systems where the pressure was held constant,64–66 the Langevin piston method83 was
utilized with a semi-isotropic coupling scheme. This scheme couples x and y dimensions
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of the periodic box and adjusts them separately from the z dimension. The integration step
used for all MD simulations was 1 fs.

Traditionally, REMD is implemented in the canonical (NVT) ensemble. In the next section,
NVT-REMD will be formulated along with REMD in the isobaric-isothermal (NPT)
ensemble, used in our simulations of Aβ with DMPC bilayers.64–66 Following this, specific
details for all simulation systems will be described. The simulation systems will be
mentioned in order from least to most complex, beginning with simulations of the Aβ
monomer in water61 and ending with simulations of Aβ monomers with the DMPC bilayer
and calcium.66 This order approximately coincides with the chronological order of our
publications. We also will detail the computational probes used to study Aβ conformations
and Aβ interactions with its environment. In most cases, the weighted histogram analysis
method (WHAM)84 was used for analysis. Simulations using NPT-REMD required a
correction to the WHAM equation, which will only be briefly covered as full derivations
can be found elsewhere.85,86 Finally, an estimate of simulation convergence will be given.

Replica-exchange method
The replica-exchange (RE) method was famously introduced in 1986 by Swendsen and
Wang87 in the context of physical chemistry and was only later applied to biomolecular
simulations.88,89 Since its introduction, RE has been widely used to study protein
thermodynamics90–96 and peptide conformation ensembles.41,69,71,72,74–76 The method
improves the sampling of underlying Monte Carlo or MD simulations by replicating a
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simulation system along a reaction coordinate and allowing periodic swaps of simulation
results between the replicated systems (e.g., replicas). The original version of RE was
designed to reproduce the NVT ensemble; therefore, temperature was naturally chosen as
the reaction coordinate. This version of RE, also known as parallel tempering, is expected
to enrich sampling over conformational space by exchanging high temperature structures
with those at lower temperatures.

NVT-RE can be described as follows. Presuming that the total number of replicas is R,
each replica r is kept at the constant temperature Tr. Replicas are simulated independently
for a predetermined amount of time, after which simulations are stopped and replicas
adjacent along the temperature scale are attempted to exchange utilizing Metropolis Monte
Carlo. The probability ω of accepting the exchange follows from the detailed balance
condition according to the Metropolis criterion

ω = min[1, e−Δ],

(1)

where Δ is defined below. Two replicas i and j are at adjacent temperatures Tm and Tn. The
current states x of the replicas are thus at xim and xjn, and we are testing if the states can be
exchanged. More specifically, we are interested in evaluating the probability of the
exchange xim → xjm and xjn → xin. This exchange is dependent on the replica potential energy
Ep(q), where q are atomic coordinates. Finally, Δ can be defined as
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Δ = (βm − βn)(Ep(qj) – Ep(qi)),

(2)

where βm is the Boltzmann temperature at Tm, equivalent to (kBTm)−1. Here, kB is the
Boltzmann constant. If the exchange is accepted, then the velocities of replicas i and j must
be rescaled to preserve the Maxwell-Boltzmann distribution. For instance, at the new
temperature Tn, the velocities vi must be rescaled by the factor (Tn/Tm)1/2. Similarly, the
rescaling factor (Tm/Tn)1/2 should be applied to the velocities vj. Importantly, rescaling of
the velocities allows for the exclusion of kinetic energies in the definition of ω. A single
RE iteration is concluded once ω has been applied to all selected replica pairs. Over many
replica iterations, replicas exhibit a random walk over all temperatures, which prevents the
simulation system from becoming trapped in local energy minima. Important
considerations are that RE creates a discontinuous trajectory, which prohibits the study of
system kinetics. There is also a steep computational requirement as many replicas are
generally required to generate reliable results with the explicit-solvent model.91 However,
RE as detailed above rigorously generates an NVT ensemble and is therefore extremely
useful for exploring the equilibrium properties of biomolecular systems.

Application of RE is not limited to the NVT ensemble, temperature as the reaction
coordinate for replicas, or even a single reaction coordinate. For instance, versions of
NVT-RE have been introduced that exchange rescaling factors applied to van der Waals
interactions97 or consider more than one exchange parameter.98 Other ensembles, such as
NPT99 and NPγT (γ ≡ surface tension),90 have also been used for RE. The NPT ensemble
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is often more practical than the NVT ensemble as it does not require a strict definition of
the volume of the simulation system. Because the NPT ensemble is also integral to the
correct description of simulation systems involving lipid bilayers,100 we implemented
NPT-RE. To our knowledge, our application of NPT-RE with MD64 was novel for
biomolecular systems. Use of NPT-RE utilizes the Metropolis criterion described in Eq. (1)
but requires minor modifications to Eq. (2), which computes Δ. The new Δ for NPT-RE is

Δ = (βm − βn)(Ep(qj) – Ep(qi)) + (βmPm − βnPn)(Vn − Vm),

(3)

which considers the volume changes necessary to keep the system at constant pressure.
Here, using the same notation as in Eq. (2), replicas i and j are being exchanged. Replica i
is simulated at the constant Boltzmann temperature βm, constant pressure Pm, and volume
Vm. Similarly, replica j is simulated at βn, Pn, and Vn. When Eq. (3) is applied to Eq. (1),
we are evaluating the probability of the exchange xim → xjm and xjn → xin.

In all simulation systems61,62,64–66 except where noted,63 the number of replicas R = 40. The
reaction coordinate along replicas was always temperature. To assign temperatures to
replicas, two exponentially distributed temperature scales were used. These included the
interval from 300 to 440 K for simulations involving the Aβ10-40 monomer in water61 and
with ligands61,62 and the interval from 320 to 430 K for simulations involving Aβ10-40
monomers with DMPC bilayers.64–66 The period between replica exchanges was kept
constant at 2 ps. As a measure of RE performance, we computed the average rate of
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exchange acceptance from evaluation of Eq. (1). For all simulation systems involving
Aβ10-40, this exchange rate was between 20-30%, which is ideal for RE simulations.91
Three smaller sets of simulations with Aβ23-40, Aβ28-40, and Aβ29-40 monomers in
water were also generated.63 The exchange rates of these systems were in the range 30-40%
due to their smaller size and higher degree of structural homogeneity. Together, these
results imply that RE is performing as expected.

Simulation systems
In total, this dissertation contains results from eleven REMD simulation systems. The
details of these simulation systems are provided below in order from least to most complex.
All eleven simulation systems were performed on computational resources at George
Mason University. The simulations of Aβ10-40 monomers interacting with a DMPC
bilayer and calcium were partially supported by the XSEDE computational grid.101 All
REMD simulation systems were performed in the NVT ensemble except for those
containing lipid bilayers, which utilized the NPT ensemble as detailed in the previous
section. Note that the simulation box size of NVT systems was chosen to approximately
reproduce the density of water at 330 K.

Aβ29-40 monomer in water
A system including the Aβ29-40 monomer in water was produced to probe the impact of
successive truncations on Aβ monomer conformations.63 A snapshot of the Aβ29-40
monomer from simulations is available in Figure 2. The Aβ29-40 monomer was placed in
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a simulation box of size 36.9 Å x 36.9 Å x 36.9 Å and solvated with 1600 water molecules.
In total, 4969 atoms were simulated. RE setup of this system slightly differed from that
described above as 16 replicas were distributed exponentially in the temperature range
from 320 to 400 K. Two statistically independent REMD trajectories were produced,
totaling 0.64 µs of simulation time. Initial unequilibrated portions of the simulation system
were discarded, reducing the cumulative equilibrium simulation time to 0.61 µs.

Figure 2 Snapshot of the Aβ29-40 monomer. Each amino acid type is represented in a different color. The
C-terminal helical structure of residues 31-36 is depicted in orange cartoon representation. Water is excluded
for clarity. VMD102 was used to produce this image.

Aβ28-40 monomer in water
Similar to above, the Aβ28-40 monomer was produced to assess the impact of N-terminal
truncation.63 Figure 3 displays a snapshot of the Aβ28-40 monomer from simulations. This
monomer was placed in a simulation box of size 36.8 Å x 36.8 Å x 36.8 Å and solvated
with 1579 water molecules. Due to the presence of a positive charge on Lys28, one chloride
atom was added to neutralize the net charge. In total, 4929 atoms were simulated. RE setup
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and simulation time followed those of the Aβ29-40 system. A mutated Aβ28-40 monomer
with the substitution K28G was also simulated. The simulation details follow those above
with the exception that no ions were included.

Figure 3 Snapshot of the Aβ28-40 monomer. Each amino acid type is represented in a different color. Water
is excluded for clarity. VMD102 was used to produce this image.

Aβ23-40 monomer in water
The Aβ23-40 monomer was used to probe the impact of N-terminal truncation.63 A
snapshot of the Aβ23-40 monomer from simulations is shown in Figure 4. This monomer
was placed in a simulation box of size 38.7 Å x 38.7 Å x 38.7 Å with 1822 water molecules.
In total, 5717 atoms were simulated. RE setup and simulation time followed those of both
the Aβ29-40 and Aβ28-40 systems. A mutated Aβ23-40 monomer with the substitution
K28G was also simulated. The simulation details follow those above with the exception
that a single sodium ion was included.
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Figure 4 Snapshot of the Aβ23-40 monomer. Each amino acid type is represented in a different color. Water
is excluded for clarity. VMD102 was used to produce this image.

Aβ10-40 monomer in water
The simulation system containing the Aβ10-40 monomer in water61 was used as a control
for all other simulation systems. A snapshot of the Aβ10-40 monomer is shown in Figure 5.
The Aβ10-40 monomer was placed in a simulation box of size 53.8 Å x 53.8 Å x 53.8 Å
with 4959 water molecules. A single sodium ion was added to neutralize the net charge of
the Aβ10-40 monomer. In total, 15354 atoms were simulated. Four statistically
independent simulation trajectories, totaling 3.2 µs of simulation data, were produced for
this system. Initial unequilibrated data were discarded, bringing the cumulative equilibrium
simulation time to 2.9 µs.
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Figure 5 Snapshot of the Aβ10-40 monomer. Each amino acid type is represented in a different color. The
C-terminal helical structure of residues 28-30 is depicted in orange cartoon representation. Water is excluded
for clarity. VMD102 was used to produce this image.

Aβ10-40 monomer with ibuprofen
To assess the impact of the anti-aggregation agent ibuprofen on Aβ, ten ibuprofen ligands
were added to the Aβ10-40 monomer in water.61 This simulation system is presented in
Figure 6. The ratio of ibuprofen ligands to Aβ monomers of 10:1 was selected as it is within
the in vitro experimental range (from 1:1 to 22:1).46,103 This ratio is also in agreement with
in vivo measurements of Aβ and ibuprofen concentrations in cerebrospinal fluid and
plasma.104,105 During the creation of this simulation system, the isomeric states of all ten
ibuprofen ligands were chosen at random. This resulted in eight (R)- and two (S)-ibuprofen
isomers. CHARMM parameterization of the ibuprofen ligand was developed by Harvey et
al.106 The simulation box was of size 59.0 Å x 59.0 Å x 59.0 Å, and 6313 water molecules
were included. Due to the negative charge on all ten ibuprofen ligands and the Aβ10-40
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monomer, 11 sodium ions were added to neutralize the net charge. In total, the system
contained 19746 atoms. Four statistically independent trajectories were produced, totaling
3.2 µs of simulation time. Initial unequilibrated data were discarded, bringing the
cumulative equilibrium simulation time to 2.9 µs.

Figure 6 Snapshot of the Aβ10-40 monomer with ibuprofen. All ten ibuprofen molecules simulated are
shown in orange. Approximately three out of ten ibuprofen are bound to Aβ in agreement with the reported
binding probability.61 Aβ is in cartoon representation and colored by its secondary structure. Blue represents
random coil, green represents turn, and purple represents helical structure. Water is omitted for clarity.
VMD102 was used to produce this image.
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Aβ10-40 monomer with FDDNP
Simulations of the Aβ10-40 monomer with the biomarker FDDNP encompassed two
REMD simulation systems with different biomarker to monomer ratios.62 First, a ratio of
10:1 biomarker ligands to monomers was chosen to mirror the ratio used in simulations of
Aβ with ibuprofen.61 This simulation system is presented in Figure 7. The simulation box
was of size 58.5 Å x 58.5 Å x 58.5 Å and filled with 6277 water molecules. Four
statistically independent trajectories were produced, totaling 3.2 µs of simulation time.
Initial unequilibrated data were discarded, reducing the cumulative equilibrium simulation
time to 2.4 µs.

Second, the number of FDDNP ligands was reduced due to a strong propensity for ligand
self-aggregation, and a ratio of 3:1 biomarker ligands to monomers was chosen. Details of
the simulation box were similar to the system with the larger number of FDDNP ligands.
Three statistically independent trajectories were produced, totaling 2.4 µs of simulation
time. Initial unequilibrated data were discarded, resulting in the cumulative equilibrium
simulation time of 2.3 µs.

Importantly, both ratios 10:1 and 3:1 ligands to monomers are within the in vitro
experimental range (from 1:1 to 10:1).46,107 In both simulation systems, a single sodium ion
was added to compensate the negative charge of the Aβ10-40 monomer. In total, 19688
and 15270 atoms were simulated for the 10:1 and 3:1 systems, respectively.
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Figure 7 Snapshot of the Aβ10-40 monomer with FDDNP. All ten FDDNP ligands are shown in orange.
The Aβ monomer is shown in light green, dark green, and light gray. The former two colors represent FDDNP
binding sites.62 The light green binding site is composed of amino acids Phe20 and Val24, and the dark green
binding site is composed of amino acids Ile32, Leu34, Met35, and Val36. Water is omitted for clarity. UCSF
Chimera108 was used to produce this image.

CHARMM parameterization of the FDDNP ligand was not available in literature and had
to be generated. The CHARMM General Force Field (CGenFF) version 2b6, implemented
through the ParamChem web interface, was used to produce the parameters.109 Briefly,
CGenFF assigns parameters to a target drug-like compound using parameters from existing
analogous chemical structures. Due to the lightweight 18F isotope in FDDNP, the mass of
the aliphatic mono-fluoro atom had to be manually corrected. Finally, the CHARMM MD
program110 was used to create and energetically minimize the final molecular structure of
the FDDNP ligand.
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Aβ10-40 monomer with DMPC bilayer
Unlike the previous simulation systems, Aβ simulations with the DMPC bilayer64,65
required use of NPT-REMD with a semi-isotropic coupling scheme to correctly account
for lipid bilayer surface tension.100 The pressure for all replicas was held constant at 1 atm,
and, as described previously, only temperature was used as the RE reaction coordinate. We
chose the zwitterionic DMPC bilayer as our model lipid bilayer for Aβ interactions because
its structural and physicochemical properties are well known.111

The simulation system consisted of two Aβ10-40 monomers interacting with 98 DMPC
lipids in a bath of 4356 water molecules. Each bilayer leaflet contained a single Aβ10-40
monomer and 49 lipids arranged in a 7 x 7 square shape. One sodium ion per Aβ monomer
was added to neutralize the net charge of the system. The simulation system is shown in
Figure 8. From REMD simulations, we computed the average size of the simulation box
as 57.6 Å x 57.6 Å x 76.1 Å at 330 K. In total, 25586 atoms were simulated. Five
statistically independent simulation trajectories were produced, totaling 4.0 μs of
simulation data. Initial unequilibrated data were discarded, bringing the cumulative
equilibrium simulation time to 3.3 μs. Since our system contains two non-interacting Aβ
monomers, the cumulative equilibrium simulation time can be doubled, producing an
effective sampling time of 6.6 μs.
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Figure 8 Snapshot of the Aβ10-40 monomer with DMPC bilayer. The two non-interacting Aβ monomers
are shown in purple cartoon representation. Lipids are colored by atom type. Notably, lipid phosphorus atoms
are in green van der Waals representation. Water is shown as thin blue lines. The centers of mass of
phosphorus atoms in each leaflet fluctuate around the positions ±zP along the z axis. VMD102 was used to
produce this image.

In the most severe case, high REMD temperatures could destabilize the DMPC bilayer and
result in its disintegration. We therefore applied constraints to stabilize the bilayer at high
temperatures. In total, two sets of constraints were applied. The first were harmonic
constraints applied to the center of mass of lipid phosphorus (P) atoms in each leaflet to
prevent artificial correlations between them. These constraints used the force constant
k = 6.5 kcal/(molÅ2) that approximately fixed the center of mass of P atoms in each leaflet
to the distance |zP| = 17.35 Å from the bilayer midplane at z = 0 Å (Figure 8). Both the
force constant k and the distance zP were selected to reproduce bilayer fluctuations and
dimensions observed in preliminary Aβ-free MD simulations at 330 K. Application of the
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constraints to the center of mass of P atoms rather than to individual P atoms preserves the
flexibility of the bilayer, allowing local distortions of bilayer structure and even individual
lipids to escape at high temperatures. Similar constraints were used by Berkowitz et al.112
in simulations of Aβ binding to DPPC and DOPS bilayers.

Our simulation system consisted of two non-interacting Aβ monomers placed on either
side of the bilayer. To prevent their possible interaction in solvent, we added a second set
of boundary constraints. These constraints prohibited Aβ and sodium ions from crossing
the periodic boundaries along the z dimension. The constraints were implemented as a pair
of repulsive harmonic potentials with the force constant k = 10 kcal/(molÅ2) that act on Aβ
or sodium ion z coordinates when within 4 Å from the z dimension periodic boundary.
Importantly, these constraints did not affect the passage of water through periodic
boundaries.

Control simulations without Aβ were performed utilizing the same constraints on the
bilayer as detailed above. These control simulations utilized conventional MD in the NPT
ensemble at the temperature T = 330 K and pressure P = 1 atm. Four independent MD
trajectories were produced, generating a total simulation time of 400 ns. Because 10 ns
were discarded from the beginning of each trajectory as unequilibrated, the simulation time
was reduced to 360 ns.

23

Aβ10-40 monomer with DMPC bilayer and calcium
Our final simulation system consisted of Aβ10-40 monomers in the presence of the DMPC
bilayer and calcium ions.66 This simulation system is displayed in Figure 9. Largely, the
setup of this simulation system mirrored that used in simulations of Aβ monomers with the
DMPC bilayer and without calcium. NPT-REMD was used, and the pressure was held
constant at 1 atm. Two non-interacting Aβ monomers were placed on opposite sides of a
98 lipid DMPC bilayer arranged in a 7 x 7 square shape. 20 calcium ions (10 calcium per
leaflet) and 3319 water molecules were added. Chloride ions were added to neutralize the
net charge. In total, the system contained 22531 atoms. From REMD simulations, we
computed the average size of the simulation box as 57.1 Å x 57.1 Å x 68.0 Å at 330 K. Six
independent simulation trajectories were produced, totaling 4.8 μs of data. Initial
unequilibrated data were discarded, reducing the cumulative equilibrium simulation time
to 3.9 μs. Since our system contains two non-interacting Aβ monomers, the cumulative
equilibrium simulation time can be doubled, producing an effective sampling time of
7.8 μs. Identical simulation constraints were used for this simulation system as in the
system of Aβ monomers with the DMPC bilayer and without calcium.

Control simulations with calcium and without Aβ were performed utilizing the same
constraints on the bilayer as detailed above. These control simulations used conventional
MD in the NPT ensemble at the temperature T = 330 K and pressure P = 1 atm.
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Figure 9 Snapshot of the Aβ10-40 monomer with DMPC bilayer and calcium. The two non-interacting Aβ
monomers are shown in gray except for positively and negatively charge amino acids shown in blue and red,
respectively. Lipids are in orange except for phosphorus atoms in purple van der Waals representation.
Calcium ions are in green van der Waals representation. Water is presented as thin blue lines. The centers of
mass of phosphorus atoms in each leaflet fluctuate around the positions ±zP along the z axis. VMD102 was
used to produce this image.

Computational probes
In many cases, analysis of the Aβ10-40 monomer was simplified by dividing the monomer
into sequence regions (Figure 10). These regions included the hydrophilic N-terminal (S1,
residues 10-16), central hydrophobic cluster (S2, residues 17-21), hydrophilic turn (S3,
residues 22-28), and hydrophobic C-terminal (S4, residues 29-40).

Y10EVHHQKLVFF20AEDVGSNKGA30IIGLMVGGVV40
Figure 10 Sequence regions of Aβ10-40. Aβ10-40 is divided into four regions S1-S4 indicated by altering
colors.
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Aβ monomer secondary structure was computed using the program STRIDE,113 although
similar results were obtained with the program DSSP.62,114 An amino acid was considered
to be in a helical state if it sampled α-, 310-, or π-helices. Accessible surface area (ASA)
was computed using the program VMD,102 setting the probe radius to 1.4 Å. Hydrophobic
accessible surface area (hASA) was defined as the sum of ASA values for all apolar atoms,
including hydrogen atoms bound to apolar atoms. Polar accessible surface area (pASA)
was defined similarly, except considering polar atoms and their bound hydrogens. In the
case of Aβ, we computed relative ASA by dividing the ASA value of a given amino acid
X by its ASA value in the reference triplet state Gly-X-Gly.115

Molecular interactions were studied by dividing Aβ monomers, ibuprofen and FDDNP
ligands, and DMPC lipids into distinct structural groups and computing the centers of mass
of heavy atoms of these groups. Aβ monomers were represented by amino acid side chains.
Ibuprofen and FDDNP ligands were represented by three structural groups (Figure 11a,b).
DMPC lipids were represented by five structural groups (Figure 11c). Calcium ions were
represented solely by their atomic positions. A contact between any of these constituents
was considered formed if the distance between them was <6.5 Å. This cutoff approximately
coincides with the onset of amino acid side chain hydration. Ligands, lipids, and individual
ions were considered bound to Aβ if they formed at least one contact. Likewise, Aβ was
considered bound to the lipid bilayer if it formed at least one lipid contact. Ligands were
considered self-aggregated if they formed a contact with at least one other ligand.
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Self-aggregated ligands were considered in an extended bound state if they were not
directly in contact with Aβ but rather bound through an intermediary ligand. Due to tight
binding between calcium ions and lipids, a slightly smaller cutoff of 4.5 Å was used to
study the coordination of lipid phosphate groups by calcium.

(a)

(b)
G2

G3

(c)
G2

G1

G3
G1

G1
G2

G4
G3

G5

Figure 11 Structural groups of ibuprofen, FDDNP, and DMPC. (a) The ligand ibuprofen. Carbon is in gray,
and oxygen is in red. Structural groups include hydrophobic phenyl G1, isobutyl G2, and hydrophilic
carboxylate G3. The (R)-isomer is shown. The (S)-isomer would correspond to a mirror image of the G3
group. (b) The ligand FDDNP. Carbon is orange, nitrogen is blue, and fluorine is green. Structural groups
include the aromatic ring G1, fluoro terminal G2, and di-cyano terminal G3. (c) The lipid DMPC. Carbon is
light gray, nitrogen is blue, and oxygen is red. The phosphorus atom is in green van der Waals representation.
Structural groups include choline G1, phosphate G2, glycerol G3, and two fatty acid tails G4 and G5. G4 and
G5 are colloquially known as sn-2 and sn-1, respectively. Pictures (a) and (c) were produced using VMD,102
whereas (b) was produced using UCSF Chimera.108

Analysis of lipid bilayers required the use of several additional measures. To provide a
lateral view of lipids in the bilayer, we computed the atom number density nl(r,z), which
shows the average number of lipid heavy atoms as a function of the distance r to the center
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of Aβ and the position z along the bilayer normal. Similar quantities nw(r,z) and ni(r,z) were
used to describe the lateral distributions of water and calcium ions, respectively. In
addition, gPP(r) was used to describe the average number of lipid P atoms at the distance r
from a reference P. In the functions defined above, the distance r always corresponds to
the two-dimensional distance along the (x,y) plane.

Area per lipid Al was computed using Voronoi tessellation by applying the program
Qhull.116 Lipids were represented by P atoms, and the insertion of Aβ into the bilayer was
taken into account during tessellation by including Aβ side chain centers of mass only if
their distance z to the bilayer midplane was within the interval 0 < |z| < zP + 6.5 Å. Here,
z = 0 Å corresponds to the bilayer midplane, and zP corresponds to the average position of
P atoms in a leaflet (Figure 8 and Figure 9).

The ordering of lipid molecules along the bilayer normal is important to consider
experimentally111,117,118 and computationally.119,120 To quantify ordering, we use the
carbon-deuterium order parameter

SCD

3cos2 θ
=
2

1

,

(4)

where θ is the angle between a carbon-hydrogen bond and the bilayer normal. SCD is
computed for carbons 2 through 14 in DMPC sn-2 fatty acid tails (G4 in Figure 11c).
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In most cases, thermodynamic averages of structural quantities (denoted as <…>) were
computed using WHAM.84 WHAM is described in more detail below as use of NPTREMD requires a slight modification to the traditional presentation of this method. Unless
otherwise noted, all results are reported at 330 K. In REMD systems involving the DMPC
bilayer,64–66 all quantities were averaged over two leaflets unless indicated otherwise.

Weighted histogram analysis method
WHAM84 is an application of statistical thermodynamics that allows the computation of
the thermodynamic average of a generic structural quantity A from data spread across
reaction coordinates. This method is well suited for REMD, where in most cases
temperature is the sole reaction coordinate. To produce the thermodynamic average <A>,
WHAM combines data from individual replicas by weighting their contribution to <A>
based on their Boltzmann temperature β and density of energy states. If NVT-REMD is
utilized, the average quantity at an arbitrary temperature T can therefore be computed using
the equation

∑Rr=1 hr (E,A)
∑Rr=1 nr efr βrE
,
<A(T)> =
R
∑
h
(E,A)
r
r=1
∑E,A e βE R
∑r=1 nr efr βr E
∑E,A Ae

βE

(5)

where nr is the number of states collected at Tr for replica r, and fr is the scaled free energy
solved self-consistently. The total number of replicas is denoted by R. The method relies
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on the creation of the histogram hr(E,A), describing the number of structures observed for
replica r with potential energy E and quantity A. Importantly, in Eq. (5) the denominator
represents the NVT partition function. The benefit of WHAM is that simulation statistics
can be bolstered by use of all replica data instead of solely the replica data at a temperature
of interest. WHAM also allows for the prediction of <A> at temperatures not directly
simulated across the replica temperature scale.

Use of NPT-REMD requires a reworking of Eq. (5).85,86 The main difference is that, instead
of considering the potential energy E of structures, we must consider the enthalpy
H = E + PV, where P and V are the pressure and volume, respectively. In principle, if both
temperature and pressure are used as RE reaction coordinates, the three-dimensional
histogram hr(E,V,A) must be used to describe states to correctly define the enthalpy H.
However, in all NPT-REMD simulation systems discussed in this dissertation, pressure
was held constant and only temperature was used as the reaction coordinate. The histogram
used to describe states can therefore be reduced to two dimensions as hr(H,A). Following
Eq. (5), we can compute the thermodynamic average of a structural quantity as

∑Rr=1 hr (H,A)
∑Rr=1 nr efr βrH
.
<A(T)> =
R
∑
h
(H,A)
r
r=1
∑H,A e βH R
∑r=1 nr efr βrH
∑H,A Ae

βH
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(6)

The variables in this equation follow those used previously. Note that, in this equation, fr
represents the scaled Gibbs free energy, and the denominator is the NPT partition function.

An extension of WHAM referred to as the λ-expansion method121 was used in NVT
simulations of the N-terminal truncated Aβ23-40 monomer.63 The λ-expansion method
uses the density of energy states obtained from an original peptide to compute
thermodynamic quantities of an energy-perturbed mutant. This method was previously
used by our group to assess the contribution of hydrophobic amino acids to peptide
aggregation.71 In this present work, we utilized the λ-expansion method to assess the
contributions of different amino acids to Aβ energetics. The λ-expansion method was
applied by establishing a mutant potential energy Em = E − λEk, where E is the wild-type
potential energy as used in Eq. (5) and Ek is the non-bonded energy formed by an amino
acid k and the Aβ C-terminal. λ is a scaling factor that determines the extent to which the
C-terminal interactions formed by an amino acid k are removed from (when λ > 0) or added
to (when λ < 0) the potential energy E. Note that Em is equivalent to the potential energy E
of the wild-type system when λ = 0. Using the λ-expansion method, the thermodynamic
average of a generic structural quantity A with the scaling factor λ can be computed as

∑Rr=1 hr (E,Ek ,A)
∑Rr=1 nr efr βr E
,
<A(T;λ;k)> =
∑Rr=1 hr (E,Ek ,A)
βE
∑E,Ek ,A e m R
∑r=1 nr efr βrE
∑E,Ek ,A Ae
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βEm

(7)

which is similar to Eq. (5) except for a few minor modifications. In this equation, hr(E,Ek,A)
is the number of states observed for replica r at the wild-type potential energy E, nonbonded energy Ek, and quantity A, and the denominator is the partition function of the
mutant. Importantly, the scaled free energy fr for replica r is computed for the unperturbed
wild-type system as in Eq. (5). This requires an assumption that the wild-type density of
states can be used for thermodynamic analysis of the mutant, which can only be valid for
small values of |λ|.

Convergence analysis
We employed several measures to assess the convergence of REMD simulations. Previous
work has shown that the full-length Aβ1-40 monomer in water should be simulated for at
least 20 ns per replica to achieve sampling convergence.57 In all simulation systems of the
Aβ monomer in water presented in this dissertation,61,63 replicas were simulated for at least
40 ns. Systems of Aβ with ligands61,62 were simulated for at least 60 ns per replica. Systems
of Aβ in the presence of the DMPC bilayer without64,65 and with66 calcium were simulated
for 100 and 120 ns per replica, respectively. Thus, in conjunction with the analysis
presented below, we assert that our simulation systems are well converged. For brevity, we
provide below only the full convergence analysis for our most complicated system of
Aβ10-40 monomers interacting with a DMPC bilayer and calcium ions.66 The convergence
analysis for all other systems can be found in their respective publications.61–65
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As a first measure of sampling convergence, we computed the number Ns of unique states
(H,X) sampled at least once during simulations. Here, H describes the enthalpy and X
describes a structural quantity. Four choices of X were considered: the number of
intrapeptide contacts Cpp, the number of contacts between amino acids and lipids Cpl, the
number of contacts between amino acids and calcium ions Cpi, and the number of contacts
between lipids and calcium ions Cli. Enthalpy was binned using an interval of 2 kcal/mol
to define the states (H,X). The minimum and maximum enthalpy values observed were
−45230.6 and −34322.3 kcal/mol, respectively. Discretization by the aforementioned
interval thus binned enthalpy into 5454 possible states, 97% of which were sampled during
REMD simulations.

Figure 12 shows Ns as a function of the cumulative equilibrium simulation time τsim.
Eventual levelling off of Ns for all quantities X indicates a gradual onset of exhaustion of
new states. The onset of exhaustion occurs after 1.3 µs for Cpp and Cpi and 2.6 µs for Cpl
and Cli. In general, convergence measures involving DMPC lipids are slower than
convergence measures involving Aβ. From these results, we conclude that the presence of
calcium ions in this study was inconsequential to the convergence of Aβ and lipids.
Importantly, these results indicate that, within the cumulative equilibrium simulation time
of 3.9 µs, new system configurations exploring peptide, lipid, and calcium interactions are
largely exhausted.
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Figure 12 Unique states sampled during REMD. The number Ns of unique states (H,X) sampled during
REMD simulations. Ns is shown as a function of the cumulative equilibrium simulation time τsim. The black
line represents (H,Cpp) states, the red line represents (H,Cpl) states, the blue line represents (H,Cpi) states, and
the green line represents (H,Cli) states.

The second measure of convergence presented here concerns the quality of RE. As a rule,
all REMD replicas should walk randomly over RE reaction coordinates during simulations.
Hindrance of this random walk indicates inefficiencies in RE that could translate to
deficiencies in the exploration of conformational space. Since our RE reaction coordinate
was always temperature, we should expect replicas to randomly walk over all temperatures
during simulations. The color mosaic in Figure 13 shows the random walk of replicas over
temperatures for a typical REMD trajectory. The rapid mixing of colors indicates that
replicas are walking over temperature values as expected and that there is no evidence of
local trapping of replicas at low temperatures.
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Figure 13 Random walk of replicas over temperatures. The data displayed is for a typical REMD trajectory.
The colors in the right scale represent the distribution of replicas over temperatures at the beginning of the
trajectory.

As our third and final measure of system convergence, we plot in Figure 14 the replica
mixing parameter m(T) introduced by Han and Hansmann.122 The parameter m(T) is
defined as

∑Rr=1 t2r
∑Rr=1 tr

m(T) = 1

1/2

(8)
,

where tr is the total amount of time spent by replica r at temperature T. If all R = 40 replicas
are equally represented at all temperatures, then m(T) = 1 − 1/R1/2 = 0.84, which is the
optimal theoretical value independent of temperature. Figure 14 shows that m(T) is close
to 0.84 for all temperatures. An approximately constant value of m(T) for all temperatures
suggests efficient replica mixing.
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Figure 14 Hansmann replica mixing parameter. The parameter m(T) was computed as a function of
temperature T for six REMD trajectories. The dashed line represents the optimal value of m(T) = 0.84.

In simulations of N-terminal truncated Aβ monomers in water63 and Aβ with ligands,61,62
simulation convergence was also assessed by dividing the data into two equal subsets and
analyzing each subset separately. At 330 K, thermodynamic quantities probing Aβ
structure from the two subsets differed by no more than 10%. The difference in
thermodynamic quantities describing interactions between ligands and Aβ from the two
subsets did not exceed 17%. In simulations involving Aβ and DMPC bilayers,64–66
sampling errors were approximated by dividing the simulation data into blocks and
computing the corresponding standard deviation. The size of these blocks was
approximately a single REMD trajectory. For consistency, this method of estimating
sampling error will be used for all other systems61–63 in this dissertation as well. Overall,
the figures above and small sampling errors indicate approximate convergence of REMD
simulation sampling.
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N-TERMINAL TRUNCATED Aβ MONOMER IN WATER

This section presents the results of simulations meant to probe the structure of the Aβ10-40
monomer in water61 and the structure of the Aβ monomer after successive N-terminal
truncations.63 Solution NMR studies have repeatedly indicated that the Aβ monomer in
water lacks a specific folded structure, sampling mostly random coil conformations.56,57
Similar conclusions have been drawn from all-atom MD simulations utilizing explicit and
implicit solvents.57–60 Our motivation for simulating the Aβ10-40 monomer in water was
to reproduce these findings and to obtain a control system for the other simulation
systems61–64,66 presented in this body of work.

Experimental observations have indicated that anti-aggregation agents,61,107 membranemimicking environments,54,55 and organic solvents123 are capable of eliciting helical
content within Aβ. This increased helical content is mostly found in the Aβ C-terminal.
Motivated by these findings, we examine sequence determinants affecting helical structure
in the Aβ C-terminal. We study the conformational ensembles of several N-terminal
truncated AβX-40 fragments, all of which incorporate C-terminal residues 29-40. We show
that the equilibrium distribution of structures adopted by Aβ23-40 and Aβ10-40 are similar
but sharply distinct from the conformational ensemble of Aβ29-40. The latter features a
stable helical structure not present in other fragments. To determine the source of the
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conformational switch in the C-terminal, we apply the λ-expansion method, which probes
the impact of amino acids 23-28 in Aβ23-40 on the C-terminal conformational ensemble.
This method predicts that Lys28 affects C-terminal helix the most. Simulations of the
Aβ28-40 monomer confirm that, with the addition of this residue, C-terminal helix is lost.
As a result, the Aβ28-40 monomer has a conformational ensemble resembling those of
Aβ23-40 and Aβ10-40 but not Aβ29-40.

Results
Conformational ensemble of Aβ10-40 monomer
The conformational ensemble of the Aβ10-40 monomer in water was assessed using two
structural quantities. First, in Figure 15 we computed the secondary structure. The
probability for a residue across the peptide sequence (Figure 10) to be in helical
conformation is <H> = 0.12 ± 0.01. The corresponding probabilities for turn and random
coil conformations are <T> = 0.50 ± 0.01 and <RC> = 0.38 ± 0.01, respectively. We
defined a secondary structure type as significant for a given amino acid i if its probability
of occurrence is >50%. With this definition, there is no significant helical structure
identified in Aβ10-40. Residues 13, 19-25, 27-29, and 35-37 are all significantly in turn
conformation, whereas residues 10-11, 15-18, and 39-40 are significantly in random coil
conformation. We therefore conclude that the conformational ensemble of the Aβ10-40
monomer in water is dominated by both turn and random coil structures.
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Figure 15 Secondary structure of Aβ10-40 monomer. The probabilities of helix <H(i)> (black), turn <T(i)>
(red), and random coil <RC(i)> (blue) are given for each amino acid i. The dashed horizontal line shows the
significant secondary structure cutoff for amino acids. Sampling errors are indicated by vertical bars.

As a second measure of the conformation ensemble of the Aβ10-40 monomer, we analyzed
the intrapeptide contact map probing the peptide’s tertiary structure. Figure 16 presents the
contact map <C(i,j)> showing the equilibrium probabilities of forming a contact between
amino acids i and j. For brevity, we analyze only the top ten contacts where <C(i,j)> ≥ 0.35.
Of these ten intrapeptide contacts, three include helix-forming contacts where |j − i| = 4.
These contacts include Phe20-Val24 (<C(i,j)> = 0.47), Phe19-Asp23 (0.45), and Ala21Gly25 (0.36). Four of the ten contacts are turn-forming where |j − i| = 2. These contacts
include Gly37-Val39 (0.57), Ile31-Gly33 (0.39), Ser26-Lys28 (0.39), and Gly29Ile31 (0.37). Two contacts are ambiguous and could either result in formation of β-turn or
310-helix structure as |j − i| = 3. These contacts include Ala21-Val24 (0.54) and Gly33Val36 (0.42). The remaining interaction is the long-range contact (|j − i| ≥ 5) formed by
Lys16-Asp23 (0.42). This represents the only salt-bridge significantly formed in this
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system. A larger number of turn-forming contacts as opposed to helix-forming contacts is
consistent with the low probability of helix along the peptide sequence and higher
probabilities of turn and random coil structures. Therefore, we contend that these contacts
are consistent with the structural observations reported in Figure 15.

Figure 16 Tertiary structure of Aβ10-40 monomer. The intrapeptide contact map <C(i,j)> was computed
showing the equilibrium probabilities of forming a contact between amino acids i and j. The values of
<C(i,j)> are denoted by the colors in the inset scale.

Conformational ensembles of Aβ23-40 and Aβ29-40 monomers
The conformational ensembles of Aβ23-40 and Aβ29-40 are analyzed by comparison to
the control case of the Aβ10-40 monomer. The main distinction between Aβ23-40 and
Aβ10-40 sequences is the deletion of the central hydrophobic cluster residues 17-21.
Aβ29-40 is the fragment consisting solely of the hydrophobic Aβ C-terminal. In Table 1
we assess the equilibrium probabilities of an amino acid to adopt a given secondary
structure type in these three monomers. Notably, the probabilities of helix <H>, turn <T>,

40

and random coil <RC> structure in Aβ23-40 are similar to those observed in Aβ10-40. It
is therefore surprising that the C-terminal fragment Aβ29-40 demonstrates a dramatic
structural shift revealing more than a four-fold increase in helical content compared to
Aβ10-40. This increase in helical content is coupled with an almost three-fold decrease in
turn content, whereas random coil structure remains roughly the same.

Table 1 Secondary structure in Aβ monomers

a

Monomer

<H>a

<T>b

<RC>c

<B>d

Aβ10-40

0.12 ± 0.01

0.50 ± 0.01

0.38 ± 0.01

0.01 ± 0.00

Aβ23-40

0.16 ± 0.03

0.47 ± 0.01

0.37 ± 0.01

0.01 ± 0.00

Aβ29-40

0.51 ± 0.00

0.17 ± 0.01

0.33 ± 0.02

0.00 ± 0.00

Probability of helix. bProbability of turn. cProbability of random coil. dProbability of β-sheet.

Because a drastic change occurs in the secondary structure propensities of Aβ29-40, in
Table 2 we computed the equilibrium probabilities of a given secondary structure type for
only the C-terminal residues 29-40 of the monomers. In agreement with Table 1, the
differences between helix <HCt>, turn <TCt>, and random coil <RCCt> remain
insignificant between Aβ23-40 and Aβ10-40. Importantly, <HCt> in Aβ29-40 exhibits a
drastic increase compared to Aβ10-40. The structural conversion in Aβ29-40 is
accompanied by a more than two-fold decrease in turn propensity, while the probability of
random coil is largely unaffected.
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Table 2 Secondary structure in the C-terminals of Aβ monomers
Monomer

<HCt>a

<TCt>b

<RCCt>c

<BCt>d

Aβ10-40

0.17 ± 0.02

0.42 ± 0.02

0.40 ± 0.01

0.01 ± 0.00

Aβ23-40

0.17 ± 0.00

0.44 ± 0.02

0.38 ± 0.01

0.01 ± 0.00

Aβ28-40

0.15 ± 0.01

0.43 ± 0.00

0.41 ± 0.00

0.01 ± 0.01

Aβ28-40 (K28G)

0.39 ± 0.01

0.30 ± 0.01

0.31 ± 0.00

0.00 ± 0.00

Aβ29-40

0.51 ± 0.00

0.17 ± 0.01

0.33 ± 0.02

0.00 ± 0.00

Probability of helix in the C-terminal. bProbability of turn in the C-terminal. cProbability of random coil in
the C-terminal. dProbability of β-sheet in the C-terminal.

a

The change in helical and turn content in the Aβ C-terminal is shown more dramatically in
Figure 17. Considering the secondary structure of amino acid i significant only if its
probability is >50%, residues 30-36 in Aβ29-40 form significant helical structure. In
contrast, no residues in either Aβ23-40 or Aβ10-40 form significant helix. For probabilities
of turn, only residues in Aβ23-40 and Aβ10-40 possess significant values, whereas all
residues in Aβ29-40 are below the significance cutoff. To provide a quantitative
measurement of similarity, we computed the root-mean-square deviation (RMSD) for a
given secondary structure type along the C-terminal sequence. Between Aβ23-40 and
Aβ10-40, the RMSD values for <H(i)>, <T(i)>, and <RC(i)> are 0.04, 0.03, and 0.04,
respectively. For comparison, the corresponding RMSD values between Aβ29-40 and
Aβ10-40 are 0.41, 0.28, and 0.23, which are significantly larger. For instance, in the case
of <H(i)>, the RMSD value between Aβ29-40 and Aβ10-40 is more than ten times larger
than the corresponding RMSD value comparing Aβ23-40 and Aβ10-40.
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(a)

(b)

(c)

Figure 17 Secondary structure of Aβ monomers. The probabilities of (a) helix <H(i)>, (b) turn <T(i)>, and
(c) random coil <RC(i)> are given for each amino acid i. The data in blue, red, green, orange, and purple
correspond to Aβ10-40, Aβ23-40, Aβ28-40, Aβ28-40 (K28G) and Aβ29-40, respectively. The dashed
horizontal line shows the significant secondary structure cutoff for amino acids. Sampling errors are indicated
by vertical bars. The panels show that, within the C-terminal, the secondary structures of Aβ10-40, Aβ23-40,
and Aβ28-40 are similar but sharply distinct from Aβ28-40 (K28G) and Aβ29-40.

Due to the drastic change in C-terminal secondary structure observed for Aβ29-40, we have
chosen to analyze C-terminal tertiary structures of monomers. To perform this analysis and
compare the C-terminal tertiary structures of monomers, we computed the difference
contact maps <ΔC(i,j)> = <CX(i,j)> − <CAβ10-40(i,j)>, where <C(i,j)> is the probability of
forming a contact between residues i and j in a peptide and X = Aβ23-40 or Aβ29-40.
Figure 18a represents <ΔC(i,j)>, which specifically evaluates the difference in C-terminal
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structure between Aβ23-40 and Aβ10-40. To quantify the difference between these contact
maps, we computed the RMSD value to be 0.03, which suggests significant similarity in
the distributions of contacts. The maximum gain or loss in <ΔC(i,j)> is observed for the
local contacts Val36-Gly38 (<ΔC(i,j)> = 0.07) and Ile31-Gly33 (−0.16), respectively.

In Figure 18b we evaluate the tertiary structures in Aβ29-40 and the C-terminal of
Aβ10-40. The RMSD value comparing Aβ29-40 and Aβ10-40 is 0.15, constituting a fivefold increase to the respective RMSD value between Aβ23-40 and Aβ10-40. The amino
acid contacts in Aβ29-40 that receive maximum increase in <ΔC(i,j)> are Gly33Val36 (<ΔC(i,j)> = 0.45), Gly33-Gly37 (0.42), Gly29-Ile32 (0.39), and Ile31Met35 (0.32). Note that the gains in these interactions reflect the formation of helix in
Aβ29-40. The interactions that are most destabilized in Aβ29-40 compared to Aβ10-40
include Ile31-Gly33 (−0.35), Ile32-Leu34 (−0.24), Leu34-Val36 (−0.16), and Met35Gly37 (−0.14). The loss in these interactions can be attributed to a reduction in turn
structure observed in Figure 17b and Table 2.

For comparison, we have also computed the RMSD comparing the C-terminal structures
in Aβ29-40 and Aβ23-40. This RMSD value of 0.14 almost coincides with that comparing
Aβ29-40 and Aβ10-40, underscoring the similarity in Aβ23-40 and Aβ10-40 structures.
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(a)

(b)

Figure 18 Difference contact maps for Aβ monomers. The difference contact maps were computed as
<ΔC(i,j)> = <CX(i,j)> − <CAβ10-40(i,j)> and visualize the difference in probabilities of forming contacts
<C(i,j)> between residues i and j in a pair of peptides. Panels (a) and (b) are for X = Aβ23-40 and Aβ29-40,
respectively. The Aβ10-40 monomer is taken as reference. The panels compare the tertiary interactions within
the C-terminal (residues 29-40). Variation in <ΔC(i,j)> is color-coded according to the scale. The range in
<ΔC(i,j)> is consistent in both panels to facilitate comparison. The figure reveals similarity in tertiary
structures of Aβ23-40 and Aβ10-40, which are different from those of Aβ29-40.

Inclusion of Lys28 switches the conformational ensemble in Aβ C-terminal
The results presented above suggest that progressive truncation of Aβ N-terminal residues
eventually triggers the formation of helical structure in the C-terminal. To investigate the
source of these structural changes, we used the λ-expansion method and evaluated the
changes in C-terminal helix in response to small perturbations in the interactions between
an amino acid k (23 ≤ k ≤ 28) and the C-terminal. Figure 19 shows the probability of helix
in the Aβ23-40 C-terminal <HCt(λ;k)> as a function of λ. Because the λ-expansion method
is applicable only at small values of |λ|, <HCt(λ;k)> is considered within the range of
−0.1 < λ < 0.1. It follows from Figure 19 that, for amino acids 23 ≤ k ≤ 27, the changes in
λ produce minor impact on <HCt(λ;k)>. Specifically, within −0.1 < λ < 0.1, <HCt(λ;k)>
changes by about 10% with respect to the thermal average, <HCt> = 0.17 (Table 2).
However, when k = 28 is considered, the variation in <HCt(λ;k)> increases to almost 100%
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in the same range of λ. Furthermore, strengthening (λ < 0) of interactions between Lys28
and the C-terminal destabilizes helical structure, whereas partial deletion (λ > 0) of these
interactions mildly enhances the helix probability. Therefore, out of all amino acids in the
range 23-28, Lys28 has the strongest impact on C-terminal helix.

Figure 19 λ-expansion analysis of Aβ23-40 C-terminal helix propensity. The probability of helix in the
Aβ23-40 C-terminal <HCt(λ;k)> was computed as a function of λ. λ-expansion computations were performed
for six residues k = 23 (red), 24 (blue), 25 (green), 26 (orange), 27 (yellow), and 28 (purple). In contrast to
other residues, <HCt(λ;k)> computed for k = 28 shows considerable variation with respect to λ, suggesting
that Lys28 produces the strongest impact on C-terminal helix.

Based on these findings, extension of Aβ29-40 to include Lys28 might result in a major
conformational shift in the peptide. To test this, we performed REMD simulations of the
Aβ28-40 monomer. Table 2 compares the secondary structure of Aβ28-40 with the other
monomers. The probability of helix <HCt> in Aβ28-40 is similar to that seen in Aβ10-40,
and there is only a 10% difference between the two. However, addition of Lys28 results in
more than a three-fold drop in <HCt> in Aβ28-40 compared to Aβ29-40. The probability
of turn <TCt> is also close to that of Aβ10-40 but a factor of 2.5 larger than <TCt> in
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Aβ29-40. Because the changes in <HCt> and <TCt> are anti-correlated, there is only a
small difference in <RCCt> between Aβ28-40 and Aβ29-40.

Figure 17 shows the probabilities of helix, turn, and random coil structures for individual
amino acids of Aβ28-40 and the other monomers. The helix probabilities <H(i)> for
Aβ28-40 are very close to those for Aβ10-40 and Aβ23-40. In contrast, <H(i)> for
Aβ28-40 differs dramatically from Aβ29-40 for all non-terminal residues (30 ≤ i ≤ 37).
The <H(i)> RMSD value computed for Aβ28-40 and Aβ10-40 is 0.06. When RMSD is
applied to compare <H(i)> of Aβ28-40 and Aβ29-40, it increases about seven-fold to 0.44.
The RMSD values comparing turn and random coil structures in Aβ28-40 and Aβ10-40
are 0.05 and 0.08, respectively. When used to compare Aβ28-40 and Aβ29-40, the
corresponding RMSD values become 0.28 and 0.21.

The tertiary structure of the Aβ28-40 monomer is compared against the other monomers
using the difference contact maps <ΔC(i,j)>. Figure 20a displays <ΔC(i,j)> measuring the
differences in the conformations of Aβ28-40 and Aβ10-40. Due to similarities between
Aβ23-40 and Aβ10-40, the former was not compared to Aβ28-40. The RMSD value
computed for the C-terminal residues 29-40 is 0.06, which is slightly larger than the value
obtained during the comparison of Aβ23-40 and Aβ10-40 (0.03). Although few local
contacts in the C-terminal either gain (Gly29-Ile32) or lose (Ile31-Gly33) their stability,
most remain unaffected by the truncation of the Aβ10-40 monomer before Lys28.
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This observation is in sharp contrast with the comparison of tertiary structures between
Aβ28-40 and Aβ29-40. The difference contact map <ΔC(i,j)> in Figure 20b reveals
significant changes in the C-terminal due to the addition of a single amino acid Lys28 to
Aβ29-40. Compared to Figure 20a, the RMSD value increases to 0.16 (similar to the
RMSD of <C(i,j)> between Aβ29-40 and Aβ10-40 of 0.15), reflecting significant
destabilization of helical interactions and formation of turn contacts in Aβ28-40. The
destabilized helical interactions include Gly33-Val36 (<ΔC(i,j)> = −0.59), Gly33Gly37 (−0.54), Ile32-Met35 (−0.39), and Ile31-Leu34 (−0.38), whereas the newly formed
turn contacts include Ile32-Leu34 (0.39), Ile31-Gly33 (0.20), and Leu34-Val36 (0.20).
These results confirm the prediction from λ-expansion analysis that the addition of Lys28
to Aβ29-40 causes a major conformational restructuring in the Aβ C-terminal.

(a)

(b)

Figure 20 Difference contact maps for Aβ28-40. The difference contact maps were computed as
<ΔC(i,j)> = <CAβ28-40(i,j)> − <CX(i,j)> and visualize the difference in probabilities of forming contacts
<C(i,j)> between residues i and j in a pair of peptides. Panels (a) and (b) are for X = Aβ10-40 and Aβ29-40,
respectively. The panels compare the tertiary interactions within the C-terminal (residues 29-40). Variation
in <ΔC(i,j)> is color-coded according to the scale. The range in (a) is consistent with Figure 18 to facilitate
comparison. The figure reveals similarity in tertiary structures of Aβ28-40 and Aβ10-40, which are distinct
from those of Aβ29-40.
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Discussion
Validation of Aβ monomer simulation structures
A comparison of experimental57 and simulation 3JHNHα coupling constants can be used to
test the accuracy of REMD simulations of the Aβ10-40 monomer in water at 300 K.
Simulation J-coupling values Jsim can be computed with the Karplus equation124

Jsim = Acos2 Φ

60° + Bcos Φ

60° + C,

(9)

where Φ is the backbone dihedral angle computed for all Aβ10-40 amino acids except
Tyr10. The fitted coefficients A, B, and C in Eq. (9) were set to the values proposed by
Pardi et al. (A = 6.4, B = −1.4, and C = 1.9).125 This parameter set provides the best
agreement with the experimental J-coupling values Jexp measured by Sgourakis et al.,57 as
shown in Figure 21. To provide a measure of agreement between Jsim and Jexp, we computed
the RMSD over all residues for which experimental data were available. The RMSD was
found to be 0.96 Hz, which is similar to the value of 0.73 Hz obtained by Sgourakis et al.126
when measuring the agreement between Jsim and Jexp for the Aβ1-42 monomer simulated
with the AMBER force field. A recent comparison between Jsim and Jexp for four single
domain proteins also yielded comparable RMSD values.127 From Figure 21 it is obvious
that Gln15, Ala21, and Val40 exhibit the largest differences between Jsim and Jexp. If these
residues are excluded from consideration, the RMSD is reduced to 0.61 Hz.
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Figure 21 J-coupling constants for Aβ monomer. Simulation J-coupling values for Aβ10-40 (black line)
were computed using the Karplus equation124 and fitting parameters from Pardi et al.125 This is compared to
experimentally measured values from Sgourakis et al.57 (red line). Errors are indicated by vertical bars.

The analysis above raises the question of the performance of the CHARMM22 force field
with CMAP corrections81 versus the performance of other force fields. For instance,
Olubiyi et al.128 also performed a comparison of simulation J-couplings using the
Gromos96 53a6 force field and Jexp from Sgourakis et al.57 They found that the RMSD
between Jsim and Jexp is 2.65 Hz, which is more than 2.5-fold larger than that found by us
(0.96 Hz). Yet, we cannot exclude that other force fields (such as OPLS-AA)57 may
reproduce the structure of the Aβ monomer better. To make a rational selection of the force
field, one needs to simulate the Aβ monomer using exhaustive REMD sampling and
different force fields. As of now, we are not aware of any such tests involving REMD that
include the CHARMM22 force field with CMAP corrections.
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C-terminal of Aβ harbors helix propensity
Comparative analysis of Aβ23-40 and Aβ10-40 have shown that both monomers sample
similar conformational ensembles. In the C-terminal, the probability of helix, turn, and
random coil structures are almost equal (within about 5%) between these two monomers
(Table 2). The same is true for the probability of secondary structure types for individual
amino acids (Figure 17). Furthermore, the small RMSD value of 0.03 in the monomers’
tertiary structures also indicates their similarity. In sharp contrast, once N-terminal
truncation progresses past Lys28 resulting in the Aβ29-40 fragment, a radical shift in the
conformational ensemble emerges. Helix in Aβ29-40 increases three-fold compared to
Aβ10-40, and turn decreases more than two-fold. Additionally, the RMSD between the
tertiary structures of Aβ29-40 and Aβ10-40 increases five-fold compared to the RMSD
computed for Aβ23-40 and Aβ10-40. Application of the λ-expansion method revealed
Lys28 as the residue that produces the strongest impact on Aβ C-terminal helix. Therefore,
we created the Aβ28-40 fragment by adding a single residue Lys28 to Aβ29-40. The
predictions made using λ-expansion analysis were confirmed as the helical structure
present in Aβ29-40 disappears in Aβ28-40. Indeed, the structures adopted by Aβ28-40
were more similar to the structures observed in Aβ23-40 and Aβ10-40.

Although this analysis indicates that the conformational ensemble of short Aβ fragments
can be determined by the inclusion of Lys28, the exact source of Lys28 influence remains
unclear. For instance, Lys28 side chain interactions with the C-terminal or steric effects
originating from the Lys28 backbone could be responsible for destabilizing helical
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structure. To evaluate these two possibilities, we created an Aβ28-40 mutant where the side
chain at position 28 is eliminated (a K28G substitution). REMD simulations of this mutant
show that deletion of the Lys28 side chain increases the C-terminal helix content <HCt>
more than two-fold from 0.15 to 0.39 (Table 2). The mutation also decreases the
probabilities of turn and random coil structures. Figure 17 shows that the distribution of
helix structure across the amino acid sequence in the K28G mutant resembles that in
Aβ29-40. Thus, deletion of the Lys28 side chain in Aβ28-40 almost restores the helical
content in the C-terminal lost due to the addition of Lys28 to Aβ29-40. These results argue
that helix propensity in the C-terminal is largely reduced by Lys28 side chain interactions
rather than due to the Lys28 backbone. Interestingly, according to additional REMD
simulations, the Aβ23-40 K28G mutant has almost no impact on C-terminal helix as its
probability merely changes from 0.17 to 0.19. This suggests that, in sequences longer than
Aβ28-40, C-terminal helix is no longer destabilized by Lys28 alone but by the collective
effort of the entire N-terminal. Therefore, we cannot expect that the K28G mutation in a
full-length Aβ monomer would recover the helix propensity in the C-terminal.

A similar helix propensity has been observed in multicanonical-multioverlap MD implicitsolvent simulations of the Aβ29-42 monomer.129 The Aβ C-terminal hidden helix
propensity is also supported by experimental studies. Solution NMR data from several
groups have shown that the Aβ monomer is generally unstructured and lacks a specific
folded structure.56,57 However, membrane-mimicking environments, such as a solution of
SDS micelles or organic solvents, can trigger helix formation in the Aβ peptide.54,55,123 For

52

example, upon interaction with SDS micelles, the sequence regions 15-24 and 29-35 in the
full-length Aβ1-40 monomer adopt helical structure. Furthermore, the helix in the region
15-24 is pH sensitive and can be unraveled, whereas the C-terminal helix remains stable.54
Similar observations are made later in this dissertation, where ligand binding61 and the
DMPC bilayer environment64,66 both result in formation of Aβ C-terminal helix.

Implication of C-terminal helix propensity for Aβ aggregation and cytotoxicity
The hidden helix propensity harbored in the Aβ C-terminal is likely to have implications
for the mechanisms of Aβ aggregation and cytotoxicity. Foremost, as the Aβ C-terminal is
included in the amyloid fibril β-sheet,15 promotion of C-terminal helix should hamper
aggregation. Indeed, recent work has argued that ligands designed to stabilize α-helical
conformations should reduce Aβ polymerization.130 Another investigation examined the
impact of aggregation inhibitors on Aβ structure.107 It was concluded that inhibitor ligands
promote Aβ helical content. Following this logic and our own results, we predict that
Aβ28-40 should fibrillize more quickly than Aβ29-40. Although we are not aware of
specific experiments comparing Aβ28-40 and Aβ29-40, recent studies of Aβ1-42
C-terminal fragments offer support for our proposal.131

The impact of Aβ C-terminal helix on cytotoxicity is more difficult to rationalize. However,
recent experiments studying the cytotoxicity of AβX-42 fragments have shown that
fragments with X ≥ 29 are not cytotoxic but become so if X = 28.132

53

Conclusion
Using REMD, we studied the conformational ensembles of several N-terminal truncated
Aβ monomers. We showed that the equilibrium distributions of structures adopted by
Aβ23-40 and Aβ10-40 are similar but sharply distinct from the conformational ensemble
of Aβ29-40. The latter features a stable C-terminal helical structure not present in the
longer fragments. Because application of the λ-expansion method revealed Lys28 as the
residue that produces the strongest impact on C-terminal helix, we hypothesized that the
addition of a single amino acid Lys28 to Aβ29-40 would trigger a shift in the Aβ
conformational ensemble. REMD simulations of Aβ28-40 confirmed these expectations by
showing a destabilization of helical structure and an adoption of conformations similar to
Aβ23-40 and Aβ10-40. Therefore, a major conformational shift in the C-terminal occurs
by truncation of the Aβ monomer after Lys28. By comparing our findings with previous
studies, we argued that the Aβ C-terminal harbors a hidden helix propensity, which can be
revealed by various factors including the local environment, the binding of ligands, or chain
truncation.

This work was adapted with permission from Lockhart, C., Kim, S., & Klimov, D. K. (2012) Explicit solvent molecular dynamics
simulations of Aβ peptide interacting with ibuprofen ligands. J. Phys. Chem. B 116(43): 12922-12932. Copyright 2012 American
Chemical Society; and from Lockhart, C., & Klimov, D. K. (2013) Revealing hidden helix propensity in Aβ peptides by molecular
dynamics simulations. J. Phys. Chem. B 117(40): 12030-12038. Copyright 2013 American Chemical Society.
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Aβ MONOMER COINCUBATED WITH IBUPROFEN

The NSAID ibuprofen has been demonstrated to interfere with the elongation of Aβ
fibrils46 but not to significantly disrupt fibrillar structure.40,46 Recent experiments have
shown that Aβ aggregation inhibitors generally induce helical structure in Aβ peptides,
suggesting a possible anti-aggregation mechanism as peptides must adopt β-sheet
conformations during incorporation into fibrils.76,107 Intrigued by this finding, we examined
the binding of ibuprofen to the Aβ10-40 monomer to determine its effect on the Aβ
conformational ensemble.61

We show that the main factor controlling ibuprofen binding is the hydrophobic effect,
whereas electrostatic or ligand-ligand interactions are less important. Our simulations
suggest that (S)-ibuprofen has a higher binding affinity than (R)-ibuprofen, matching
experimental results.40 We further show that the conformational ensemble of Aβ in
ibuprofen solution is mainly determined by the formation of the Asp23-Lys28 salt-bridge
and the hydrophobic contacts between Phe19, Val24, and Ile31 side chains. This
conformational ensemble of Aβ is markedly different than the conformational ensemble
found in ligand-free water, suggesting that ibuprofen induces structural changes in Aβ.
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Results
Ibuprofen binds to Aβ
On average, the number of ibuprofen ligands bound to Aβ is <L> = 3.8 ± 0.1. Since there
are ten ligands included in this system, the probability of binding for a single ibuprofen is
Pb = 0.38 ± 0.01. However, these ten ibuprofen ligands are of both (R) and (S) isomeric
state. The probability of binding can thus be decomposed into probabilities concerning
solely (R)- or (S)-ibuprofen isomers. These probabilities, which indicate the chance of a
single ibuprofen in the (R) or (S) state to be bound, are PbR = 0.37 ± 0.01 and
PbS = 0.43 ± 0.04, indicating that the binding affinity of (S)-ibuprofen exceeds that of (R).

Interactions of ibuprofen ligands with individual amino acids were analyzed by computing
the number of contacts <Cl(i)> formed by an amino acid side chain i with the ligands
(Figure 22). Values of <Cl(i)> were normalized by the maximum value observed, which
occurs for Leu34. We define significant contacts as those where <Cl(i)> is greater than
two-thirds of the maximum. These significant contacts, which together represent the
ibuprofen binding site, include Phe20 (<Cl(i)> = 0.81), Val24 (0.73), Ala30 (0.72),
Ile32 (0.75), Leu34 (1.00), Met35 (0.94), and Val36 (0.72). Importantly, this binding site
is composed of exclusively hydrophobic amino acids. If the number of ligands bound
(<L> = 3.8) is recomputed considering only those ligands bound via hydrophobic
interactions, then the resulting value is <Lh> = 3.2 ± 0.1. In other words, 84% of the total
number of ligands bound do so through hydrophobic interactions.
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Figure 22 Contacts formed between ibuprofen and Aβ amino acids. The number of ibuprofen contacts
<Cl(i)> made by an amino acid i was normalized by the maximum value occurring for Leu34 (shaded bars).
Black bars represent the number of Aβ-ligand contacts <Cl,hcb(i)> involved in the formation of helixstabilizing cross-bridges, normalized by the maximum of <Cl(i)>. Black circles show the change in relative
hASA <δhASA(i)> for each amino acid i. The dashed line marks the threshold value (two-thirds of the
maximum of <Cl(i)>) used to define the ibuprofen binding site. This figure reveals a strong correlation
between the number of ligand-peptide contacts and the reduction in hASA.

To further test the importance of ligand-peptide hydrophobic interactions, we analyzed the
change in relative hASA <δhASA(i)> for each amino acid i. Specifically, we defined
<δhASA(i)> = <hASAb(i)> − <hASAu(i)>, where <hASAb(i)> and <hASAu(i)> are the
relative hASAs of an amino acid i with ibuprofen bound or removed, respectively. This
computation was used to assess the degree to which a bound ibuprofen interacts with the
apolar atoms of an amino acid. Figure 22 demonstrates that <δhASA(i)> is strongly
correlated with the number of ligand-peptide contacts <Cl(i)> (the correlation coefficient
is 0.94). Taken together, these results imply that ibuprofen binding to Aβ is mainly
governed by the hydrophobic effect.
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The binding free energy landscape was probed using the free energy of a ligand F(rb) as a
function of its distance rb to the surface of Aβ. Figure 23 shows that F(rb) has two minima
associated with ligand bound and unbound states. The bound state can be characterized by
FB = −3.5RT at rb ≈ 5 Å and the unbound state by FU = −4.1RT at rb ≈ 20 Å. These two
states found within F(rb) are consistent with the probability of binding Pb as they suggest
that a slight majority of ibuprofen ligands remain unbound.

U
B

Figure 23 Free energy landscape of ibuprofen binding to Aβ. The free energy of an ibuprofen ligand F(rb)
as a function of its distance rb to the surface of Aβ. The two minima represent bound (B) and unbound (U)
ibuprofen states. The free energies of B and U, FB and FU, are computed by integrating the shadowed states
with F < Fmin + 0.5RT, where Fmin is a minimum in the B or U state.

Binding energetics were further analyzed by computing the non-bonded (van der Waals
and electrostatic) interactions between Aβ and ibuprofen ligands. The average energy of
interaction between a bound ibuprofen ligand and Aβ is <Elp> = −23.6 ± 0.7 kcal/mol,
whereas the average energy of interaction between a bound ligand and another ligand is
<Ell> = 2.1 ± 0.2 kcal/mol. The contributions of van der Waals and electrostatic
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components to ligand-ligand interactions are −2.0 and 4.1 kcal/mol, respectively.
Therefore, due to negative charges of ibuprofen G3 groups, the interactions between bound
ibuprofen ligands are repulsive. Interestingly, 57% of ligands bound to Aβ self-aggregate
(e.g., form a contact with at least one other ligand) at 330 K. This implies that attractive
ligand-peptide interactions compensate repulsive ligand-ligand interactions.

Aβ conformational ensemble in ibuprofen solution
The conformational ensemble of Aβ in ibuprofen solution was assessed by computing the
secondary structure and tertiary contacts. The overall probabilities of helix <H>, turn <T>,
and random coil <RC> are 0.33 ± 0.01, 0.35 ± 0.01, and 0.32 ± 0.01, respectively. The
contribution from other types of secondary structure is <0.01. Figure 24 shows the
probabilities of helix <H(i)>, turn <T(i)>, and random coil <RC(i)> for each amino acid i.
The data for the Aβ10-40 and Aβ29-40 monomers in ligand-free water61,63 are also
presented for comparison. A secondary structure type for an amino acid i is considered
significant if its probability is >50%. Nine residues have significant helix structure,
including Val24, Gly25, and C-terminal residues 29-35. Five residues 19-23 have
significant turn structure, and eight residues (Tyr10, Glu11, Val18, Asn27, Lys28, Gly38,
Val39, and Val40) have significant random coil structure. Therefore, significant helix or
turn structure occurs in a region within and surrounding the central hydrophobic cluster
(residues 19-25) and in a region within the C-terminal (residues 29-35). For simplicity, we
refer to these two regions as R1 and R2, respectively.
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(b)

(a)

(c)

Figure 24 Secondary structure of Aβ coincubated with ibuprofen. The probabilities of (a) helix <H(i)>,
(b) turn <T(i)>, and (c) random coil <RC(i)> are given for each amino acid i. The data in black, blue, and
red correspond to Aβ10-40 in ibuprofen solution, Aβ10-40 in water, and Aβ29-40 in water, respectively. The
dashed horizontal line shows the significant secondary structure cutoff for amino acids. Sampling errors are
indicated by vertical bars. The panels show that the secondary structures of Aβ10-40 coincubated with
ibuprofen is drastically different from Aβ10-40 in water. The C-terminal of Aβ10-40 coincubated with
ibuprofen roughly agrees with the conformations of Aβ29-40.

To measure Aβ tertiary structure, we employed the intrapeptide contact map <C(i,j)>,
which reports the equilibrium probabilities of forming side chain contacts between amino
acids i and j. Figure 25 demonstrates that Aβ coincubated with ibuprofen forms a mixture
of local (|j − i| < 5) and long-range (|j − i| ≥ 5) contacts. The total number of intrapeptide
contacts is <C> = 28.1 ± 0.3, of which <CLR> = 11.3 ± 0.3 (40%) are long-range contacts.
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Only a few long-range contacts are stable (where <C(i,j)> ≥ 0.35), including Asp23Lys28 (<C(i,j)> = 0.53), Phe19-Ile31 (0.47), Asp23-Ile31 (0.45), and Val24-Ile31 (0.43).
These long-range tertiary interactions suggest that the most stable contacts are formed
between residues from (or adjacent to) the regions R1 and R2. The most stable long-range
contact formed between Asp23 and Lys28 is of particular note as this salt-bridge is also
found in fibril structures.15

Figure 25 Tertiary structure of Aβ coincubated with ibuprofen. The intrapeptide contact map <C(i,j)> was
computed showing the equilibrium probabilities of forming a contact between amino acids i and j. The values
of <C(i,j)> are denoted by the colors in the inset scale.

Discussion
Mechanism of ibuprofen binding
We have analyzed the binding probabilities, energetics, and free energy landscape of
ibuprofen binding to the Aβ monomer. Our results suggest that the main factor governing
the binding of ibuprofen to Aβ is the hydrophobic effect (Figure 22). Importantly, all amino
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acids involved in the ibuprofen binding site are hydrophobic. These amino acids include
Phe20, Val24, Ala30, Ile32, Leu34, Met35, and Val36. Furthermore, the number of ligand
contacts <Cl(i)> with each amino acid i is strongly correlated with the change in relative
hASA <δhASA(i)> induced by binding. The correlation coefficient of <Cl(i)> with
<δhASA(i)> is 0.94. For comparison, the correlation coefficient of <Cl(i)> with the change
in relative pASA <δpASA(i)> is −0.25, suggesting even a weak anti-correlation between
these two quantities. Indeed, the importance of the hydrophobic effect for ibuprofen
binding is consistent with the high hydrophobicity of the ibuprofen molecule. In the
unbound state, the total ASA of ibuprofen is 418 Å2, whereas the total hASA is 344 Å2, or
82% of the total ASA. Our finding that the ibuprofen binding site is composed of entirely
hydrophobic amino acids is consistent with recent computational findings of several
aromatic ligands binding to Aβ17-42 trimers.133 In those simulations, the ligands primarily
interacted with the central hydrophobic cluster (residues 17-21) of Aβ17-42.

According to our simulations, the binding probability of ibuprofen to Aβ is Pb = 0.44 at
300 K. If Pb is known, the dissociative equilibrium constant Kd can be computed as
Kd = [ibuprofen](1 − Pb)2/Pb, where [ibuprofen] = 8 mM is the molar concentration of
ibuprofen used in our simulations. The dissociative equilibrium constant Kd is therefore
equal to 6 mM, indicating that ibuprofen has a low binding affinity with respect to the Aβ
monomer. This low binding affinity may partially explain its modest efficiency as an antiaggregation agent.42,134,135
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In our study, both (R)- and (S)-ibuprofen isomers were simulated. The analysis of binding
of these two isomers to Aβ indicated that (S)-ibuprofen has a stronger binding affinity than
(R)-ibuprofen. Specifically, the probabilities of binding were found to be PbS = 0.43 for (S)
compared to PbR = 0.37 for (R). This result is in qualitative agreement with experimental
measurements of the affinities of ibuprofen isomers to Aβ fibrils.40 Analysis of isomer
binding energetics offers an explanation for the difference in binding probabilities. When
ibuprofen molecules bound to Aβ self-aggregate, the energy of ligand-ligand interactions
for (S) is <EllS> = 4.2 kcal/mol, whereas this energy is <EllR> = 2.3 kcal/mol for (R). As a
result, when bound to Aβ, (S)-ibuprofen repels other ligands to a greater extent than
(R)-ibuprofen and is therefore more exposed to interactions with ions in solution. This is
confirmed by computing the energy of ligand-ion interactions, which, for (S), is
<EliS> = −26.9 kcal/mol and, for (R), is <EliR> = −23.2 kcal/mol. In summary, the tighter
binding of (S) is apparently due to stronger repulsion between ligands, resulting in more
favorable interactions with ions. The difference in binding affinities of ibuprofen isomers
may therefore depend on the solution ionic strength. Additional simulations altering the
solution ionic strength and the ratio of (R) to (S) isomers are needed to make more definitive
claims regarding the higher Aβ binding affinity of (S) compared to (R).

Ibuprofen changes conformational ensemble of Aβ
When coincubated with ibuprofen, Aβ samples almost equal probabilities of helix, turn,
and random coil structures. Furthermore, we demonstrated that Aβ forms two structurally
stable regions, one region within and near the central hydrophobic cluster (R1, residues
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19-25) and another within the C-terminal (R2, residues 29-35). R1 is dominated by helix
and turn structures, whereas R2 contains only helix. Other Aβ regions typically adopt
random coil structure. Using our control case of the Aβ10-40 monomer in water, we can
assess the degree to which ibuprofen alters Aβ secondary structure. Specifically, the
probability of helix <H> decreases from 0.33 in ibuprofen solution to 0.12 in ligand-free
water. Simultaneously, the probability of turn <T> increases from 0.35 to 0.50, whereas
the probability of random coil <RC> undergoes minor changes (0.32 versus 0.38). The
most dramatic restructuring occurs within the C-terminal region R2, where <H(R2)> is
reduced from 0.74 in ibuprofen solution to 0.22 in ligand-free water. The loss of helical
structure is also observed around Val24. To facilitate comparison with the other work
presented in this dissertation,62–64,66 we extend this region to include the entire Aβ
C-terminal spanning residues 29-40. In the Aβ C-terminal, helical content <HCt> is
reduced three-fold from 0.51 in ibuprofen solution to 0.17 in ligand-free water.
Interestingly, Aβ C-terminal helical content <HCt> in ibuprofen solution matches that
observed for the Aβ29-40 monomer.63 This is supported by Figure 24, which shows that
<H(i)> for Aβ10-40 in ibuprofen solution is similar to the distribution for Aβ29-40. As a
measure of comparison, we computed RMSD for the C-terminal residues 29-40. When
comparing Aβ10-40 in ibuprofen solution with Aβ29-40 in water, the RMSD of <H(i)> is
0.17. The RMSD of Aβ10-40 in ibuprofen solution with Aβ10-40 in water is more than
two-fold higher (0.41). Thus, the conformational ensemble of the C-terminal of Aβ10-40
coincubated with ibuprofen is in agreement with the helical C-terminal fragment Aβ29-40
more so than Aβ10-40 in ligand-free water.
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To explain the promotion of helical structure in Aβ by ibuprofen, we analyzed the ability
of ligands to form cross-bridges between amino acids i and i + 4. Here, we define a crossbridge as when a ligand is simultaneously bound to the side chains of amino acids i and
i + 4. Figure 22 displays the number of ligand contacts <Cl,hcb(i)> associated with crossbridges, which are expected to stabilize α-helix structure. It follows from this figure that
the Aβ C-terminal (particularly residues 29-35) has the highest number of ligand contacts
associated with these helix-stabilizing cross-bridges. For instance, in the region R2, helixstabilizing ligand-Aβ contacts represent 51% of all ligand-Aβ contacts. Elsewhere in Aβ
the percentage of helix-stabilizing contacts is lower (32%). In the C-terminal, the amino
acids with the largest <Cl,hcb(i)> are Ala30, Ile32, Leu34, and Val36. More than 80% of
helix-stabilizing contacts involving these residues are related to two specific cross-bridges,
formed between Ala30-Leu34 and Ile32-Val36. Elsewhere in the Aβ sequence the largest
values of <Cl,hcb(i)> are observed for Phe20 and Val24, almost exclusively due to the
formation of the Phe20-Val24 cross-bridge. Therefore, helix structure in the Aβ C-terminal
and near the central hydrophobic cluster is likely to be stabilized by ibuprofen binding
across amino acids sampling helical conformations.

The formation of Aβ helical structure in ibuprofen solution is consistent with recent
experiments, which analyzed the impact of aggregation inhibitors on Aβ structure.107 These
studies have shown that inhibitor ligands generally increase Aβ helical content. The
appearance of helix in response to ibuprofen binding may also be related to the observation
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that residues 15-24 and 29-35 in the Aβ1-40 monomer adopt helical structure in a
membrane-like environment.54,55 Interestingly, although the helix in the region 15-24 can
be partially unraveled by the increase in pH above 6, the C-terminal helix-forming region
(corresponding to R2) remains stable.54 As detailed above, further work by us has
suggested that N-terminal truncation resulting in the Aβ29-40 fragment is also helical.63
These observations suggest that the C-terminal of Aβ harbors a helix propensity, which can
be revealed by a membrane-like environment, ligand binding, or sequence truncation.

In our simulations of Aβ coincubated with ibuprofen, we determined that the most stable
long-range tertiary contacts occur between the residues from the regions R1 and R2 (Phe19,
Asp23, Val24, and Ile31) and the salt-bridge Asp23-Lys28. For comparison, we relate this
to the conformational ensemble of Aβ in ligand-free water (Figure 16). Of the stable
contacts (<C(i,j)> ≥ 0.35) in ligand-free water, the majority are local (|j − i| < 5). The only
long-range (|j − i| ≥ 5) contact observed is the Lys16-Asp23 salt-bridge. Therefore, R1 and
R2 interactions and the salt-bridge Asp23-Lys28, which occur in simulations of Aβ in
ibuprofen solution, are not significantly observed in simulations of Aβ in ligand-free water.
Indeed, the salt-bridge Asp23-Lys28, formed in approximately half of all structures of Aβ
in ibuprofen solution, is largely unformed in simulations of Aβ in ligand-free water. More
specifically, the probability of the Asp23-Lys28 contact drops more than three-fold from
0.53 in ibuprofen solution to 0.15 in ligand-free water. Destabilization of the Asp23-Lys28
salt-bridge is consistent with recent simulations of the Aβ10-35 monomer.136 Other longrange contacts, such as Phe19-Ile31, Asp23-Ile31, and Val24-Ile31, that are formed in
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ibuprofen solution (<C(i,j)> = 0.47, 0.45, and 0.43, respectively) are also disassociated in
ligand-free water (0.13, 0.05, and 0.21). These results indicate that the Aβ conformational
ensemble is altered in ibuprofen solution compared to ligand-free water.

The intrapeptide contact Asp23-Lys28 is the only significantly observed salt-bridge formed
in simulations of Aβ coincubated with ibuprofen. Because the Asp23-Lys28 salt-bridge is
not observed in ligand-free water, the binding of ibuprofen must be involved in the
mechanism of salt-bridge formation. The mechanism we suggest is as follows. Because
ibuprofen is a hydrophobic ligand, binding to Aβ creates a highly hydrophobic area
surrounding the peptide. This hydrophobic environment thereby reduces the local dielectric
constant, stabilizing electrostatic intrapeptide interactions and the Asp23-Lys28 saltbridge. In addition, it should be noted that the formation of the Asp23-Lys28 salt-bridge
affects local secondary structure. Upon formation of the salt-bridge, the helix content in
the sequence region 21-26 increases from 0.22 to 0.58, whereas the turn content decreases
from 0.71 to 0.37. Interestingly, the formation of the salt-bridge has no impact on
secondary structure outside this range. Hence, Asp23-Lys28 interactions cause a local
conversion of turn conformations into helical structure.

Implications for the anti-aggregation mechanism of ibuprofen
Our results have shown that ibuprofen promotes helical structure within Aβ. This helical
structure is pronounced in the C-terminal (particularly residues 29-35) and less so within
and near the central hydrophobic cluster (residues 19-25). As recently reported,107 the
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enhancement of helical structure by ibuprofen likely makes Aβ less prone for aggregation.
This possibility was also recognized in an experimental study, which proposed that Aβ
cytotoxicity can be reduced by designing ligands that stabilize Aβ α-helical conformations
upon binding.130 A follow-up MD study has demonstrated that ligands that cross-bridge
residues four positions apart can at least delay the unfolding of helical structure in Aβ.137
Our simulations have also suggested that ibuprofen binding promotes the formation of the
Asp23-Lys28 salt-bridge in Aβ. In the experimental study of the Aβ1-40 lactam (D23/K28)
mutant, where Asp23 and Lys28 side chains are cross-linked, it was found that Aβ
aggregation was sped up 1000-fold compared to wild-type Aβ.138 Therefore, ibuprofen
binding may produce a complex effect on Aβ aggregation by disfavoring amyloid
formation due to helix stabilization and simultaneously promoting aggregation through
partial stabilization of the Asp23-Lys28 salt-bridge.

The efficacy of ibuprofen as an anti-aggregation agent might depend on a third factor. We
showed that ibuprofen binding to Aβ is primarily governed by the hydrophobic effect. The
location of the ibuprofen binding site in Aβ is composed of hydrophobic amino acids in or
near the central hydrophobic cluster (Phe20 and Val24) and in the C-terminal (Ala30, Ile32,
Leu34, Met35, and Val36). Experimental and computational studies have shown that these
Aβ regions participate in the aggregation interface.139–144 Then, it is likely that the antiaggregation effect of ibuprofen involves interference with the hydrophobic interactions
between Aβ peptides. We propose that the interplay between these three factors associated
with ibuprofen binding limits its capacity as an inhibitor of Aβ aggregation. Additional
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simulations of ibuprofen interacting with Aβ oligomers are needed to further test this
tentative anti-aggregation mechanism.

Conclusion
We used REMD to investigate the interactions between the Aβ monomer and the NSAID
ibuprofen. Our results suggest that ibuprofen binding to Aβ is largely governed by the
hydrophobic effect. Consequently, the ibuprofen binding site in Aβ is composed entirely
of hydrophobic amino acids. In agreement with experiments, we predicted that
(S)-ibuprofen binds with stronger affinity to Aβ than (R)-ibuprofen. Binding of ibuprofen
elicits a drastic change in Aβ secondary structure, increasing C-terminal helical content.
Aβ tertiary structure is also impacted by ibuprofen binding, mostly through the formation
of the Asp23-Lys28 salt-bridge. For comparison, C-terminal helix and the Asp23-Lys28
salt-bridge are not observed in control simulations of the Aβ monomer in ligand-free water.
We argued that the Aβ conformational changes induced by ibuprofen result in a complex
anti-aggregation mechanism. Overall, the low binding affinity of ibuprofen to the Aβ
monomer may partially explain its modest efficiency as an anti-aggregation agent.

This work was adapted with permission from Lockhart, C., Kim, S., & Klimov, D. K. (2012) Explicit solvent molecular dynamics
simulations of Aβ peptide interacting with ibuprofen ligands. J. Phys. Chem. B 116(43): 12922-12932. Copyright 2012 American
Chemical Society.

69

Aβ MONOMER INTERACTIONS WITH FDDNP BIOMARKER

Experimental studies have revealed the diagnostic utility of FDDNP as an AD
biomarker.48,145 With use of PET, FDDNP can provide non-invasive detection and
visualization of amyloid deposits in brain tissues.48,49 However, the molecular mechanism
of interaction between FDDNP and Aβ is not yet fully understood. It is not clear whether
FDDNP specifically recognizes fibril deposits or could also bind to other Aβ species such
as monomers or oligomers. In addition, the location and composition of FDDNP binding
sites in Aβ and the impact of FDDNP on the conformational ensemble of Aβ are unknown.
To assess if FDDNP is capable of binding to non-fibrillar species and answer these
questions, we probed the interactions between FDDNP ligands and the Aβ monomer.62

We show that FDDNP binds via hydrophobic interactions to two Aβ sequence regions
located near the central hydrophobic cluster and in the C-terminal. At a high ligand
concentration, interligand interactions also become important due to FDDNP’s strong
propensity for self-aggregation. Consequently, FDDNP ligands partially penetrate the core
of the Aβ monomer, forming large aggregated clusters. Comparison with the
conformational ensemble of Aβ in ligand-free water reveals that FDDNP induces relatively
minor changes in Aβ structure, limited to the formation of turn near the central hydrophobic
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cluster. Comparison of the Aβ interactions of FDDNP and the anti-aggregation agent
ibuprofen reveals significant differences in the binding mechanisms of these two ligands.

Results
FDDNP binds to Aβ
Two simulation systems with a single Aβ monomer and either ten or three FDDNP ligands
were produced. The majority of the analysis is performed on the high concentration system
containing ten ligands, whereas the system with three ligands is described later. On
average, the number of ligands bound to Aβ is <L> = 6.7 ± 0.1. Because there are ten
ligands, the probability of binding is Pb = 0.67 ± 0.01. The probability of binding Pb only
accounts for ligands directly bound to Aβ in the first bound shell. If we extend the binding
probability to also include ligands in the extended bound shell (i.e., those bound to Aβ
indirectly through other ligands), then Pb increases to 0.90 ± 0.02.

To map the FDDNP binding site in Aβ, we computed the average number of contacts
<Cl(i)> formed by an amino acid i with the ligands (Figure 26). Values of <Cl(i)> were
normalized by the maximum value observed, which occurs for Met35. We define
significant contacts as those where <Cl(i)> is greater than two-thirds of the maximum. This
definition identifies two binding sites. The first is in the vicinity of the central hydrophobic
cluster and includes Phe20 (<Cl(i)> = 0.87) and Val24 (0.69). The second is in the
C-terminal, including Ile32 (0.70), Leu34 (0.80), Met35 (1.00), and Val36 (0.69). All
binding amino acids are hydrophobic, and the majority are located in the C-terminal.
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Figure 26 Contacts formed between ten FDDNP ligands and Aβ amino acids. The number of FDDNP
contacts <Cl(i)> made by an amino acid i was normalized by the maximum value occurring for Met35
(shaded bars). Black circles show the change in relative hASA <δhASA(i)> for each amino acid i. The dashed
line marks the threshold value (two-thirds of the maximum of <Cl(i)>) used to define the FDDNP binding
site. The inset shows the fraction of ligand-peptide interactions attributed to the largest FDDNP cluster
fc = <Cl,c(i)>/<Cl(i)>, where <Cl,c(i)> is the number of contacts formed by amino acid i with the largest
cluster of self-aggregated ligands.

Figure 26 also presents the change in relative hASA <δhASA(i)> due to ligand binding.
Specifically, we define <δhASA(i)> = <hASAb(i)> − <hASAu(i)>, where <hASAb(i)> and
<hASAu(i)> are the relative hASAs of an amino acid i with FDDNP bound or removed,
respectively. This computation assesses the degree to which FDDNP interacts with the
apolar atoms of an amino acid. This figure shows a remarkably strong correlation between
<δhASA(i)> and <Cl(i)> (the correlation coefficient is 0.96). Taken together, these results
suggest that the hydrophobic effect is the main driving factor of FDDNP binding to Aβ.

Next, we investigate the free energy of FDDNP binding. We computed the free energy of
a ligand F(rb) as a function of the distance rb to the Aβ surface. In Figure 27 a deep and
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wide free energy minimum at rb,min ≈ 5 Å is associated with ligands binding to the peptide.
We define the free energy of binding as ΔFB = FB − FU, where FB is the bound free energy
integrated over the states with F < F(rb,min) + 0.3RT, and FU is the free energy of the
unbound state (rb > 18 Å). FB and FU are equivalent to −4.7RT and −2.5RT, respectively.
The resulting free energy of binding ΔFB = −2.2RT is consistent with the extended binding
probability Pb = 0.90 because F(rb) considers all ligands interacting with Aβ independent
of their exact location in bound shells.

U

B

Figure 27 Free energy of FDDNP binding to Aβ. The free energy F(rb) was computed as a function of the
distance rb to the Aβ surface. The states considered as bound (B) and unbound (U) for computing the free
energy of binding are marked using solid circles. These results were computed using the system of ten
FDDNP ligands binding to Aβ.

FDDNP self-aggregation
FDDNP is an uncharged hydrophobic molecule, in which apolar atoms comprise ≈73% of
its total ASA (Figure 11). This property raises the possibility of ligand self-aggregation
during binding. Therefore, we considered the average number of ligands <L(Sc)> forming
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bound clusters of the size Sc, where Sc (≥1) is the number of ligands in the cluster
(Figure 28). A cluster is considered bound to Aβ if it includes at least one bound ligand.
According to Figure 28, the number of ligands in bound clusters is <Lc> = 9.0 ± 0.2, of
which 8.8 (or 98%) are included in clusters with two or more ligands (Sc ≥ 2). Therefore,
upon binding, the majority of FDDNP ligands self-aggregate. Because the average number
of ligands forming direct interactions with Aβ is <L> = 6.7, approximately one-quarter of
all ligands in bound clusters are not in direct contact with Aβ, thereby forming an extended
bound shell. These calculations substantiate the correction to the probability of binding Pb
in the previous section, which shows that the actual probability of binding Pb = 0.90.

Figure 28 Cluster sizes of FDDNP ligands. The average number of ligands <L(Sc)> involved in forming
bound clusters consisting of Sc FDDNP molecules. Sampling errors are indicated by vertical bars. In the inset
is a snapshot of a ligand cluster (in orange) cross-bridging the central hydrophobic cluster and C-terminal
binding sites (both in dark green). Light green, gray, blue, and red represent other hydrophobic, polar,
positively charged, and negatively charged amino acids, respectively. These results were computed using the
system of ten FDDNP ligands binding to Aβ.
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The strong preference of FDDNP molecules for self-aggregation follows from Table 3. On
average, a bound FDDNP ligand interacts with <Clp> = 2.0 ± 0.1 amino acids and forms
<Cll> = 3.1 ± 0.1 contacts with other ligands. Furthermore, the energy of interaction of a
bound ligand with other ligands is <Ell> = −22.0 ± 0.4 kcal/mol, whereas the energy of
interaction of a bound ligand with Aβ is <Elp> = −11.8 ± 0.3 kcal/mol. Ligand-ligand
interactions can therefore be considered approximately twice stronger than ligand-peptide
interactions. To provide an independent test of FDDNP self-aggregation, we performed
30 ns simulations of two FDDNP molecules in water at 330 K. Consistent with our findings
above, the probability of FDDNP self-aggregation is Pla = 0.79, which is even higher than
the probability of direct binding to Aβ. Hence, we expect ligand-ligand interactions to be
an important factor in FDDNP binding.

Table 3 Ligand-ligand and ligand-peptide interactions of FDDNP

a

Ligand concentration

<Clp>

<Cll>

<Elp>a

<Ell>a

High (ten FDDNP)

2.0 ± 0.1

3.1 ± 0.1

−11.8 ± 0.3

−22.0 ± 0.4

Low (three FDDNP)

3.1 ± 0.1

0.9 ± 0.0

−15.6 ± 0.4

−6.9 ± 0.5

Energy values reported are in kcal/mol.

Structure of Aβ coincubated with FDDNP
To evaluate the impact of FDDNP binding on Aβ structure, we computed the secondary
structure and distribution of tertiary contacts. Figure 29 shows the probability of helix
<H(i)>, turn <T(i)>, and random coil <RC(i)> for each amino acid i. On average, the
conformational ensemble of Aβ in FDDNP solution includes turn <T> = 0.57 ± 0.01,
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random coil <RC> = 0.32 ± 0.01, and helix <H> = 0.10 ± 0.01. The contribution of other
secondary structure types is negligible (<0.01). Turn structure dominates the
conformational ensembles in the N- and C-terminals (0.65 and 0.44, respectively), whereas
helix appears more frequently in the C-terminal (0.16 versus 0.04 in the N-terminal).
Random coil structure is approximately equal in both terminals (0.31 versus 0.39).

(a)

(b)

(c)

Figure 29 Secondary structure of Aβ with FDDNP. The probabilities of (a) helix <H(i)>, (b) turn <T(i)>,
and (c) random coil <RC(i)> are given for each amino acid i. The data in black, green, blue, and red
correspond to Aβ with ten FDDNP ligands, Aβ with three FDDNP ligands, Aβ in ligand-free water, and Aβ
in ibuprofen solution, respectively. The dashed horizontal line shows the significant secondary structure
cutoff for amino acids. Sampling errors are indicated by vertical bars. The panels show that the secondary
structure of Aβ10-40 coincubated with FDDNP is similar to Aβ in ligand-free water. Unlike Aβ in ibuprofen
solution, Aβ coincubated with FDDNP does not drastically change secondary structure propensities.
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Figure 30 presents the equilibrium probabilities of forming contacts <C(i,j)> between Aβ
amino acids i and j. We consider only the 13 top contacts where <C(i,j)> ≥ 0.35. These
include Ala21-Val24 (<C(i,j)> = 0.66), Lys16-Val18 (0.63), Gly37-Val39 (0.59), Phe20Val24 (0.55), Val12-Gln15 (0.53), Gly25-Lys28 (0.45), Phe19-Asp23 (0.43), Ser26Lys28 (0.43), Ile32-Leu34 (0.40), Lys16-Glu22 (0.36), Asp23-Lys28 (0.36), Gly29Ile32 (0.35), and His14-Leu17 (0.35). The majority of these contacts are related to
stabilizing turn or helix, and two contacts are long-range (|j − i| ≥ 5).

Figure 30 Tertiary structure of Aβ with ten FDDNP ligands. The intrapeptide contact map <C(i,j)> was
computed showing the equilibrium probabilities of forming a contact between amino acids i and j. The values
of <C(i,j)> are denoted by the colors in the inset scale. Circled in red are the group of contacts between the
sequence regions R1 (His13, His14, and Lys16) and R2 (Glu22, Asp23, and Val24).

In Table 4 we provide the 16 most frequent long-range contacts. Half of these contacts are
between His13, His14, and Lys16 (which we designate here as the region R1) and Glu22,
Asp23, and Val24 (the region R2). R1-R2 contacts are the most stable long-range contacts
in Aβ, with the average |j − i| distance of 8.2 (excluding His14-Phe19 and Phe19-Val24;
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see Table 4). For other contacts in Table 4, the average |j − i| distance is 5.3. Although the
probability of long-range contacts <C(i,j)> for any pair of amino acids is low (≤0.36), the
probability of establishing at least one R1-R2 contact is significant (PR1-R2 = 0.61). The
most stable long-range contacts are the salt-bridges Lys16-Glu22 and Asp23-Lys28
(<C(i,j)> = 0.36 for both), where the former but not latter is an R1-R2 contact.

Table 4 List of most stable long-range contacts of Aβ with ten FDDNP ligands
Rank

i

j

<C(i,j)>

1

16

22

0.36

2

23

28

0.36

3

19

24

0.31*

4

14

23

0.25

5

35

40

0.25

6

14

19

0.25*

7

24

29

0.20

8

34

40

0.17

9

34

39

0.17

10

14

22

0.17

11

29

34

0.17

12

24

31

0.16

13

16

23

0.15

14

30

35

0.13

15

13

22

0.12

16

13

23

0.12

Contacts in bold red represent the interactions between R1 and R2.
*These two contacts bridge R1 and R2 through Phe19.
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Impact of FDDNP concentration
To investigate the dependence of FDDNP binding on the ligand to peptide stoichiometric
ratio, we studied a system with a reduced ligand concentration. This system contained three
FDDNP ligands interacting with a single Aβ monomer. The probability of binding for this
system is Pb = 0.81 ± 0.02, which increases to 0.85 ± 0.02 if ligands in the extended bound
shell are included.

The binding affinities of each amino acid i are probed by computing the average number
of contacts with the ligands <Cl(i)>. Figure 31 shows that <Cl(i)> is very similar to
Figure 26 computed at the high FDDNP concentration (the correlation coefficient between
<Cl(i)> for the two systems is 0.88). Using the same methodology as used for the system
at the high ligand concentration, we have determined that there are two ligand binding sites
at the low ligand concentration. The first binding site near the central hydrophobic cluster
is composed of amino acids Phe19 (<Cl(i)> = 0.89), Phe20 (0.83), and Val24 (1.00). The
second binding site in the C-terminal is composed of amino acids Leu34 (0.75),
Met35 (0.85), and Val36 (0.90). Thus, out of the six binding amino acids for systems at
high and low ligand concentrations, five are shared. Importantly, all binding amino acids
are hydrophobic. At the low ligand concentration, the number of contacts with ligands
<Cl(i)> also strongly correlates with the change in relative hASA <δhASA(i)> induced by
binding (the correlation coefficient is 0.96). The findings for the system at the low ligand
concentration are thus consistent with those at the high ligand concentration.
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Figure 31 Contacts formed between three FDDNP ligands and Aβ amino acids. The number of FDDNP
contacts <Cl(i)> made by an amino acid i was normalized by the maximum value occurring for Val24
(shaded bars). Black circles show the change in relative hASA <δhASA(i)> for each amino acid i. The dashed
line marks the threshold value (two-thirds of the maximum of <Cl(i)>) used to define the FDDNP binding
site. The inset shows the comparison of <Cl(i)> computed for the systems at low (solid line) and high (shaded
line) FDDNP concentrations.

There are also important differences between FDDNP binding at high and low ligand
concentrations. The inset to Figure 31 indicates that ligands in the low concentration
system form more direct interactions with Aβ than in the system at the high ligand
concentration. From the inset, we determined that, on average, the number of contacts
between amino acids and ligands in the low ligand concentration system is 1.6-times larger
than that for the high ligand concentration system. This observation is consistent with
Table 3, which shows that the average number of contacts with amino acids formed by a
ligand is <Clp> = 2.0 ± 0.1 at the high ligand concentration but increases to 3.1 ± 0.1 at the
low ligand concentration. Simultaneously, there are fewer ligand-ligand contacts <Cll> in
the system at the low ligand concentration (<Cll> = 0.9 ± 0.0) compared to the system at
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the high ligand concentration (3.1 ± 0.1). Furthermore, at the low ligand concentration, the
average energy of interaction of a bound FDDNP ligand with the Aβ monomer is
<Elp> = −15.6 ± 0.4 kcal/mol, which is almost 30% lower than <Elp> computed for the
system at the high ligand concentration (−11.8 ± 0.3 kcal/mol). However, at the low ligand
concentration, the average energy of interaction of a bound ligand with other ligands is
<Ell> = −6.9 ± 0.5 kcal/mol, which is approximately three-times higher than in the system
at the high ligand concentration (−22.0 ± 0.4 kcal/mol). Therefore, although the locations
of FDDNP binding sites are largely independent of ligand to peptide stoichiometry, the
ligand concentration affects binding energetics. Namely, at higher ligand concentration,
ligand-ligand interactions make a larger contribution to binding energetics than direct
ligand-peptide interactions. This difference reflects diminished ligand self-aggregation at
the lower ligand concentration.

The distribution of secondary structure in Aβ coincubated with three FDDNP ligands is
presented in Figure 29. The dominant type of structure sampled is turn <T> = 0.54 ± 0.02
followed by random coil <RC> = 0.30 ± 0.01 and then helix <H> = 0.16 ± 0.01.
Importantly, these probabilities are similar to the system at the high ligand concentration.
The RMSD values for turn, random coil, and helix distributions in the systems at high and
low ligand concentrations are 0.16, 0.16, and 0.10, respectively. These calculations suggest
that minor differences are observed in the distributions of turn (due to differing turn
propensities in R1 and residues 27-31) and random coil (due to R1 and residues 27-34).
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At the high ligand concentration, R1-R2 long-range interactions are established
(Figure 30). However, comparison of the contact maps <C(i,j)> in Figure 30 and Figure 32
suggests that these interactions are largely absent at the low ligand concentration.

Figure 32 Tertiary structure of Aβ with three FDDNP ligands. The intrapeptide contact map <C(i,j)> was
computed showing the equilibrium probabilities of forming a contact between amino acids i and j. The values
of <C(i,j)> are denoted by the colors in the inset scale. Circled in red are the contacts between the sequence
regions R1 (His13, His14, and Lys16) and R2 (Glu22, Asp23, and Val24). Compared to the system at the
high ligand concentration, contacts between R1 and R2 at the low ligand concentration are sparse.

Out of seven R1-R2 contacts in Table 4, only two (salt-bridges Lys16-Glu22 and Lys16Asp23) are also found at the low ligand concentration (Table 5). According to Table 4 and
Table 5 and visual inspection of Figure 30 and Figure 32, most of the long-range
interactions at the low ligand concentration are shifted to the C-terminal. In general, among
the 16 most frequent long-range contacts at high and low ligand concentrations, there are
only seven contacts in common. There are also significant changes in the probabilities of
forming individual interactions. For example, the probability of Lys16-Asp23 increases
from 0.15 at the high ligand concentration to 0.61 at the low ligand concentration. Ala3082

Met35 follows a similar trend, and the corresponding probabilities are 0.13 and 0.36,
respectively. Taken together, it appears that ligand concentration weakly affects Aβ
secondary structure but alters the distribution of tertiary interactions in the Aβ monomer.

Table 5 List of most stable long-range contacts of Aβ with three FDDNP ligands
Rank

i

j

<C(i,j)>

1

16

23

0.61

2

23

28

0.45

3

16

22

0.37

4

30

35

0.36

5

27

35

0.28

6

28

34

0.28

7

19

24

0.24

8

35

40

0.19

9

33

38

0.17

10

32

38

0.16

11

27

34

0.16

12

34

39

0.14

13

22

28

0.12

14

24

36

0.12

15

32

39

0.11

16

27

32

0.10

Contacts in bold red are common between the systems at high and low ligand concentrations.
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Discussion
Binding mechanism of FDDNP biomarker
Using exhaustive REMD sampling, we have studied the binding of the FDDNP biomarker
to the Aβ monomer. This ligand reveals a strong binding propensity as the binding
probability Pb reaches ≈0.90 independent of the precise ligand concentration. Analysis of
the average number of contacts <Cl(i)> formed by each amino acid i with ligands suggests
that FDDNP ligands binds to Aβ in two locations: near the central hydrophobic cluster and
in the C-terminal. These binding sites are entirely hydrophobic and composed of largely
the same amino acids at both ligand concentrations (Figure 26 and Figure 31). We further
show that ligand-Aβ interactions are strongly correlated with the change in relative hASA
<δhASA(i)> induced by binding. At both biomarker concentrations, the correlation factor
between <δhASA(i)> and <Cl(i)> approaches 1.0. For comparison, almost no correlation
is observed between the change in relative pASA <δpASA(i)> induced by binding and
<Cl(i)> (for both ligand concentrations, the correlation factor is ≈0.10).

As further indication that FDDNP binding is driven by the hydrophobic effect, we have
analyzed the hydrophobicities of Aβ side chains involved in interactions with FDDNP
ligands. The Aβ peptide contains amino acids of 15 types. Using the distribution of <Cl(i)>
in Figure 26, we have obtained the average number of contacts with ligands <Cl(a)>
formed by a specific amino acid type a. Figure 33 presents <Cl(a)> as a function of the
hydrophobicities K(a) of each amino acid type a based on the Kyte-Doolittle scale.146 This
figure demonstrates that amino acids with higher hydrophobicities tend to form more
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interactions with FDDNP. At the high ligand concentration, the correlation coefficient of
0.82 for <Cl(a)> and K(a) confirms this trend. A similar correlation coefficient (0.73) is
observed at the low ligand concentration.

Figure 33 Correlation between FDDNP-Aβ contacts and amino acid hydrophobicity. The average number
of contacts <Cl(a)> formed by an amino acid of type a with FDDNP ligands as a function of amino acid
hydrophobicity K(a), quantified by the Kyte-Doolittle scale.146 The straight line is a linear fit of the
distribution, where <Cl(a)> = b0 + b1K(a) with b0 = 0.45 and b1 = 0.07. The plot is obtained for the simulation
system with ten FDDNP ligands.

Our study has also demonstrated that FDDNP ligands have a strong self-aggregation
propensity. It follows from Figure 28 that, at the high FDDNP concentration, almost all
bound ligands (98%) self-aggregate. According to Table 3, this propensity is so profound
that bound FDDNP ligands form more interactions with other ligands than with Aβ. As a
result, FDDNP ligands tend to coalesce into large clusters, even cross-bridging the central
hydrophobic cluster and C-terminal binding sites (inset to Figure 28). Indeed, we have
computed the probability of ligand clusters to be bound simultaneously to these binding
sites as ≈70%. Furthermore, because almost all ligands are included in the largest cluster,
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the interactions between this cluster and Aβ constitute most of the ligand-Aβ interactions.
The inset to Figure 26 shows the fraction fc of ligand-Aβ interactions attributed to the
largest cluster. For all residues, fc > 0.8 with the average value being equal to ≈0.91.

However, FDDNP binding is concentration-dependent. At the low ligand concentration,
the binding energetics are dominated by direct ligand-Aβ interactions, whereas ligandligand interactions are far weaker. As evident from Table 3, the number of ligand-ligand
contacts is three-fold smaller than the number of ligand-Aβ contacts. As a result,
approximately one-third of all bound ligands at the low ligand concentration form no
interactions with other ligands. Therefore, ligand self-aggregation makes an important
contribution to binding with the increase in FDDNP concentration but does not alter the
main binding factor (the hydrophobic effect) or the locations of the binding sites in Aβ. It
is important to emphasize that FDDNP self-aggregation is not merely the consequence of
a high ligand concentration but is determined by FDDNP hydrophobicity and the existence
of specific binding locations in Aβ. The following estimates from the system at the high
ligand concentration illustrate this point. The central hydrophobic cluster and C-terminal
binding sites comprise only 19% of the Aβ peptide’s sequence, or ≈21% of its total ASA.
If the total loss of Aβ ASA associated with ligand binding is ≈690 Å2 and the average
number of bound ligands is <L> ≈ 6.7, then the ASA occupied by a single bound ligand is
≈103 Å2. The total Aβ ASA is ≈3329 Å2, which implies that the peptide can accommodate
binding of up to 32 ligands, provided that binding is not residue-specific. Yet,
approximately one-quarter of ligands reside in extended bound shells without forming
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direct interactions with Aβ, which is the consequence of FDDNP hydrophobicity and
residue-specific binding.

Several results presented for FDDNP are similar to those presented earlier for ibuprofen
binding to Aβ.61 Both FDDNP and ibuprofen are driven by hydrophobic interactions and
share almost identical binding sites near the central hydrophobic cluster and in the
C-terminal. This latter result is consistent with experiments, which revealed that FDDNP
and ibuprofen share binding sites in the Aβ fibril.40 However, FDDNP self-aggregation
makes this ligand distinct from ibuprofen, which only weakly self-aggregates due to
unfavorable ligand-ligand interactions as a result of its negative net charge.

One may expect that the self-aggregation propensity of FDDNP would play a role in its
binding to Aβ fibrils. Agdeppa et al.50 have estimated that the number of FDDNP binding
sites is from 3.5 to 7.1 per 10,000 fibril peptides. Such a small number of binding sites
suggests that most Aβ peptides are buried in the fibril, leaving only a few on its surface
available for binding. Given that a typical in vitro ligand to peptide stoichiometric ratio
is ≥1,46,107 a large local excess of ligands to peptides should be expected. Then, one may
argue that binding FDDNP ligands are likely to self-aggregate on the fibril surface. In our
group’s previous study of naproxen, which is structurally similar to FDDNP, we found that
naproxen tends to concentrate in the grooves and indentations on the fibril surface.147
Following these results, we propose that FDDNP ligands will display the same tendency.
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A similar localization of binding molecules in the fibril hydrophobic grooves has been
observed computationally for the dye thioflavin T and its neutral analog BTA-1.148

Finally, it is important to comment on the biological applicability of our results. Aβ
peptides in vivo form a variety of aggregated species from small oligomers to fibrils. Our
results clearly demonstrate that FDDNP favorably interacts with the Aβ monomer. A priori,
it is unknown if FDDNP binds to other Aβ species as it does Aβ monomers. Further studies
specifically probing the interactions of FDDNP with Aβ aggregates will address this issue.

Effect of FDDNP on Aβ structure
Using our control simulation system of the Aβ monomer in ligand-free water,61 we can
access the structural changes induced by FDDNP binding. We have shown that the
conformation ensemble of Aβ coincubated with ten FDDNP ligands includes turn
<T> = 0.57, random coil <RC> = 0.32, and helix <H> = 0.10 structures. Comparison with
the secondary structure of Aβ in ligand-free water indicates that FDDNP somewhat
enhances the turn structure (in ligand-free water, <T> = 0.50), especially in the sequence
region 12-17 near the central hydrophobic cluster. However, Figure 29 demonstrates that,
by excluding this specific region, the probabilities of turn, random coil, and helix become
remarkably similar for Aβ in ligand-free water and Aβ in FDDNP solution. Overall, the
probabilities of random coil and helix in ligand-free water (0.38 and 0.12) differ little from
those found for FDDNP (at the high concentration, the respective probabilities are 0.32 and
0.10). The RMSD values for turn, random coil, and helix structures are 0.15, 0.14, and
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0.03, respectively. At the low FDDNP concentration, the Aβ monomer adopts generally
similar distributions of secondary structure (Figure 29). For this system, the RMSD values
for turn, random coil, and helix structures are 0.11, 0.12, and 0.08, respectively.

To put these results into perspective, we consider the changes in Aβ secondary structure
induced by ibuprofen61 (Figure 29). We have previously demonstrated that ibuprofen
enhances helix propensity by forming cross-bridges between amino acids i and i + 4.
Consequently, the probability of helix <H> rises from 0.12 in water to 0.33 in ibuprofen
solution, whereas C-terminal helix <HCt> rises from 0.17 to 0.51. The RMSD values for
turn, random coil, and helix structures are 0.18, 0.18, and 0.29, respectively. These RMSD
values all exceed those computed for Aβ coincubated with FDDNP at both concentrations.

Although FDDNP induces minor change in Aβ secondary structure compared to ibuprofen,
it alters the peptide tertiary fold. At the high FDDNP concentration, long-range interactions
are established between Aβ sequence regions R1 and R2. These interactions are largely
absent at the low ligand concentration, where instead long-range interactions emerge in the
C-terminal. Figure 16 presents the tertiary contacts of the Aβ monomer in ligand-free water
and shows that it mostly lacks long-range interactions either between R1 and R2 or in the
C-terminal. However, Aβ in ligand-free water contains numerous weak (<C(i,j)> < 0.24)
long-range hydrophobic contacts between residues near the central hydrophobic cluster
(Phe19 and Val24) and in the C-terminal (Gly29, Ile31, Leu34, and Met35). The Asp23Lys28 salt-bridge, which is important for Aβ fibril stability15 and aggregation propensity138
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has a low probability of occurrence in ligand-free water (<C(i,j)> = 0.15) but is partially
formed at low (0.45) and high (0.36) FDDNP concentrations. Therefore, in contrast to Aβ
secondary structure, its tertiary fold can be modified by FDDNP interactions.

The potential implications of our study are two-fold. First, changes in Aβ secondary
structure induced by FDDNP are minor compared to the impact of ibuprofen. In contrast
to ibuprofen, FDDNP does not introduce helical structure to Aβ. Recent experiments have
analyzed the impact of 96 ligands on Aβ structure and aggregation propensity.107 These
studies have shown that inhibitor ligands generally increase Aβ helical content, whereas
ligands stimulating peptide fibrillization tend to enhance β-structure. FDDNP shows
neither of these effects and leaves Aβ secondary structure largely unchanged. Then,
FDDNP is expected to be a weak anti-aggregation agent, at least compared to ibuprofen.
This tentative conclusion is important for the following reason. Radiolabeled FDDNP has
a half-life of ≈2 hours. This timescale is sufficiently long for a ligand to distort the structure
of Aβ. For example, in vitro experiments have shown that, within 2 hours, ibuprofen or
naproxen can reduce the Aβ fibril load up to 50%,46 potentially elevating the concentration
of cytotoxic Aβ oligomers.149 However, based on our findings, these concerns do not
appear to be pertinent to FDDNP. Second, although experiments have demonstrated
FDDNP binding to Aβ fibrils,40,50 its interactions with other Aβ species have never been
probed. Our study shows that FDDNP ligands can bind to Aβ monomers with high affinity.
The possibility that FDDNP can simultaneously recognize benign monomers and cytotoxic
fibrils, which are both found in vivo, raises the question of selectivity of this biomarker.
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Conclusion
Using all-atom explicit-solvent REMD, we investigated the binding of the FDDNP
biomarker to the Aβ monomer. The significance of our results is four-fold. First, we have
determined the mechanism of FDDNP binding to the Aβ monomer. At low and high ligand
concentrations, this ligand binds with high affinity to two sites in the Aβ monomer located
near the central hydrophobic cluster and in the C-terminal. Our analysis shows that, at both
concentrations, the hydrophobic effect is the main binding factor. However, with the
increase in ligand concentration, the interactions between FDDNP molecules also become
important due to the strong self-aggregation propensity of FDDNP and few specific
binding locations in Aβ. Second, we have probed the impact of FDDNP binding on Aβ
structure. Taking the Aβ conformational ensemble in ligand-free water as a reference, we
showed that FDDNP induces minor changes in Aβ secondary structure. At the same time,
FDDNP alters the peptide tertiary fold by redistributing long-range side chain interactions.
Third, we argued that, because FDDNP did not change Aβ secondary structure, it is likely
to be a weaker anti-aggregation agent than ibuprofen. Fourth, our findings and previous
experimental studies demonstrate that FDDNP ligands bind with high affinity to Aβ
monomers and fibrils. Consequently, we suggest that the ability of FDDNP to distinguish
cytotoxic fibrils from benign monomers must be explicitly verified in future studies.

This work was adapted from Lockhart. C., & Klimov, D. K. (2012) Molecular interactions of Alzheimer’s biomarker FDDNP with Aβ
peptide. Biophys. J. 103(11): 2341-2351. Copyright 2012, with permission from Elsevier.
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Aβ BINDS AND PENETRATES DMPC BILAYER

Although interactions of Aβ peptides with cellular membranes are likely the key factor in
AD pathogenesis, the underlying molecular mechanisms are largely unknown. In recent
years, computer simulations have started to address this issue.150 For example, all-atom
explicit-solvent MD has been applied to examine the adsorption of Aβ monomers on model
lipid bilayers.112,151,152 However, because computational studies utilize different force
fields, membrane models, and sampling methods, they do not yet offer a consensus
description of Aβ binding to lipid bilayers. In particular, questions remain concerning the
type and extent of structural changes induced in the Aβ monomer by binding to the
membrane. Furthermore, the mechanism of the presumed penetration of Aβ into the bilayer
has not been firmly established, including the role of different amino acids in binding. In
addition, to reduce ambiguities attributed to limited sampling, it is imperative to apply
simulated tempering methods to study Aβ-bilayer interactions. Motivated by these
circumstances, in this study we examined the interactions of Aβ monomers with the
zwitterionic DMPC bilayer.64,65

We find that the Aβ monomer binds with high affinity to the DMPC bilayer. Upon binding,
Aβ undergoes a dramatic structural transition resulting in a stable helical structure in the
C-terminal. We have also determined that the central hydrophobic cluster and the
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C-terminal not only govern binding to the bilayer but also penetrate into the bilayer
hydrophobic core. In contrast, the polar N-terminal and turn region form interactions
mainly with the bilayer surface. The binding of Aβ also causes a noticeable impact on the
structure of the bilayer, reducing the density of lipids in the Aβ binding footprint and
indenting the bilayer. Despite indentation of the bilayer by Aβ and penetration into its
hydrophobic core, only minor structural perturbations in lipid fatty acid tails are observed.
We explain these observations by a shallow insertion of Aβ, weakly affecting the density
of fatty acid tails beneath the Aβ binding footprint. Partial insertion of Aβ does not enhance
water permeation through the DMPC bilayer and even causes significant dehydration of
the lipid-water interface. We propose that the limited scope of structural perturbations in
the bilayer by the Aβ monomer represents the molecular basis of its low cytotoxicity.

Results
Conformational ensemble of Aβ bound to bilayer
Using NPT-REMD, we analyzed the equilibrium conformational ensemble of the Aβ
monomer interacting with the zwitterionic DMPC bilayer. In many cases, analysis of Aβ
is simplified by dividing the sequence into structural regions S1-S4, detailed in Figure 10.
At 330 K, the probability of the peptide binding to the bilayer is Pb ≈ 1.0. Therefore, we
first analyze the structure of bilayer-bound Aβ. Figure 34 shows the probabilities of helix
<H(i)>, turn <T(i)>, and random coil <RC(i)> for each amino acid i. On average, the
probabilities <H>, <T>, and <RC> are 0.39 ± 0.03, 0.30 ± 0.03, and 0.31 ± 0.01,
respectively. The contributions from other secondary structure types are <0.01. Thus, the
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largest contribution to the conformational ensemble is provided by helix. Assuming that a
secondary structure type is significantly stable along the peptide sequence if its probability
is >50%, then the most stable secondary structure is helix in the C-terminal S4 residues
31-37, whereas a short, less stable helix emerges in S3 residues 23-26. Random coil is
frequently observed at positions 16-20 (mostly in S2) and 27-29 spanning across S3 and
S4. Turn is sampled at positions 12-14 in S1. Other sequence regions have either no stable
secondary structure or were not listed here as they contain less than three amino acids.

(a)

(b)

(c)

Figure 34 Secondary structure of Aβ in presence of DMPC bilayer. The probabilities of (a) helix <H(i)>,
(b) turn <T(i)>, and (c) random coil <RC(i)> are given for each amino acid i. The data in black, blue, and
red correspond to Aβ in the presence of the DMPC bilayer, Aβ in ligand-free water, and Aβ in ibuprofen
solution, respectively. The dashed horizontal line shows the significant secondary structure cutoff for amino
acids. Sampling errors are indicated by vertical bars. The plot shows that binding to the DMPC bilayer causes
a profound shift in Aβ structure manifested mainly by the formation of helix in the C-terminal.
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Consistent conclusions follow if we analyze the probability of secondary structure types in
Aβ sequence regions S1-S4 (Table 6). This table reveals the following distribution of
secondary structure in the Aβ monomer: a combination of turn and random coil in S1,
random coil in S2, a combination of helix and turn in S3, and stable helix in S4.

Table 6 Secondary structure in Aβ regions S1-S4
Environment

Secondary structure

S1a

S2 a

S3 a

S4 a

DMPC bilayer

<H>

0.14 ± 0.08

0.10 ± 0.03

0.39 ± 0.05

0.65 ± 0.05

<T>

0.46 ± 0.06

0.39 ± 0.03

0.41 ± 0.06

0.10 ± 0.05

<RC>

0.40 ± 0.04

0.50 ± 0.01

0.20 ± 0.02

0.26 ± 0.01

<H>

0.04 ± 0.01

0.02 ± 0.00

0.16 ± 0.01

0.17 ± 0.02

<T>

0.41 ± 0.02

0.59 ± 0.01

0.65 ± 0.02

0.42 ± 0.02

<RC>

0.55 ± 0.01

0.38 ± 0.01

0.19 ± 0.01

0.40 ± 0.01

<H>

0.17 ± 0.03

0.09 ± 0.00

0.34 ± 0.02

0.51 ± 0.02

<T>

0.39 ± 0.03

0.49 ± 0.02

0.44 ± 0.01

0.22 ± 0.02

<RC>

0.44 ± 0.02

0.42 ± 0.02

0.22 ± 0.01

0.27 ± 0.00

Water

Ibuprofen solution

a

S1-S4 are defined in Figure 10

Aβ peptide tertiary structure is explored in Figure 35 by the intrapeptide contact map
<C(i,j)>, which gives the equilibrium probabilities of forming side chain contacts between
residues i and j. Significantly stable contacts (<C(i,j)> > 0.5) can be divided into turnforming (i to i + 2 interactions), helix-forming (i to i + 3 or i to i + 4 interactions), or longrange interactions (where |j − i | ≥ 5). The turn-forming interactions include Ser2695

Lys28 (<C(i,j)> = 0.76), Gly25-Asn27 (0.60), and Gly37-Val39 (0.57). The interactions
favoring helix appear in or near the regions S4 and S3 and include Gly33-Val36 (0.88),
Gly33-Gly37 (0.83), Ala21-Val24 (0.74), Ile32-Met35 (0.63), Gly37-Val40 (0.62), Ala30Gly33 (0.62), Ile31-Leu34 (0.58), Phe20-Val24 (0.57), Gly29-Ile32 (0.52), and Ala21Gly25 (0.51). The salt-bridge Asp23-Lys28 (0.79) is the only significantly stable longrange contact, which is also the third strongest contact among all intrapeptide interactions.
Aside from the salt-bridge Asp23-Lys28, there are several other long-range contacts with
moderate stability (<C(i,j)> ≥ 0.35). These contacts include Phe19-Ile31 (0.48), Val24Ile31 (0.42), and Phe19-Leu34 (0.35). These contacts represent hydrophobic interactions
between amino acids Phe19 from the central hydrophobic cluster S2 or Val24 from the turn
region S3 with Ile31 or Leu34 from the hydrophobic C-terminal S4.

Figure 35 Tertiary structure of Aβ in presence of DMPC bilayer. The intrapeptide contact map <C(i,j)>
shows the equilibrium probabilities of a contact between amino acids i and j. The values of <C(i,j)> are
denoted by the colors in the inset scale.
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Aβ-bilayer interactions
To characterize the binding of Aβ to the DMPC bilayer, we plot in Figure 36 the probability
distribution P(z;i) of each amino acid i at the position z along the bilayer normal. This plot
suggests that most C-terminal amino acids are inserted into the bilayer because, for them,
maximum P(z;i) occurs at z < zP, where zP = 17.35 Å is the average position of phosphorus
atoms in a leaflet. The region S2 and, to a lesser extent, S3 reveal similar behavior for
amino acids such as Phe20 from S2 or Val24 from S3. In contrast, amino acids from the
N-terminal S1 are almost never inserted into the bilayer as their z > zP.

Figure 36 Distribution of Aβ amino acids along bilayer normal. This is quantified by the probability
distribution P(z;i) of each amino acid i at the position z along the bilayer normal. The black line shows the
average positions of each amino acid i along the z axis. The horizontal dashed line marks the average position
of phosphorus atoms zP. An apparent bimodal localization of amino acids suggests that they fall into two
categories: bound to the bilayer surface or inserted into the bilayer below zP.

Table 7 confirms the results of Figure 36 by showing the average z position <z> of
sequence regions S1-S4. As expected, on average, S4 is inserted into the bilayer as
<z> < zP. S2 is at approximately at zP, and S1 and S3 are not inserted as <z> > zP. To
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further explore Aβ-bilayer interactions, we computed the probabilities of amino acids in
S1-S4 to be surface-bound Ps or inserted Pi. An amino acid is assumed bound to the bilayer
surface it its z position is within the interval (zP, zP + 6.5 Å). Note that this upper boundary
corresponds to the maximum extent of binding interactions for amino acids along the z axis
and is an approximation. As above, an amino acid is considered inserted into the bilayer if
z < zP. From Table 7, S1 and S3 have the highest probabilities of surface binding, whereas
S2 and, particularly, S4 have the highest probabilities of insertion into the bilayer. Thus,
the central hydrophobic cluster S2 and, to a greater extent, the C-terminal S4 are shallowly
inserted below the level of phosphorus atoms and penetrate the bilayer hydrophobic core.

Table 7 Positions of Aβ regions S1-S4 relative to bilayer
Measure

S1

S2

S3

S4

<z>

24.1 ± 1.1

17.8 ± 2.8

20.7 ± 2.1

15.8 ± 3.4

Ps

0.45 ± 0.06

0.28 ± 0.07

0.46 ± 0.05

0.12 ± 0.04

Pi

0.09 ± 0.03

0.52 ± 0.18

0.30 ± 0.10

0.66 ± 0.19

Specific interactions between Aβ amino acids and lipid structural groups (Figure 11c) are
detailed in Figure 37. This figure shows the number of contacts <Cl(i,k)> formed between
an amino acid i and the lipid structural group k = G1-G5. As expected from the results of
Table 7, nearly all interactions with fatty acids (G4 and G5) are attributed to the sequence
regions S2 or S4, which insert into the bilayer.
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Figure 37 Contacts between DMPC lipid structural groups and Aβ amino acids. The contact map <Cl(i,k)>
visualizes the number of contacts between an amino acid i and the lipid structural group k. This map suggests
that sequence regions S2 (residues 17-21) and S4 (29-40) interact with the hydrophobic core (k = G4 and G5)
and surface (G1-G3) lipid structural groups, whereas bilayer interactions of S1 (10-16) and S3 (22-28) are
restricted to the surface lipid structural groups.

According to Table 8, sequence regions S2 and S4 form by far the largest number of
contacts with fatty acids compared to S1 or S3. In particular, the largest number of
interactions with fatty acids are formed by Phe20 from S2 and Ile32, Val36, Val39, and
Val40 from S4, all of which are hydrophobic residues. Importantly, Table 8 and Figure 37
also reveal the interactions of S2 and S4 with the surface lipid structural groups G1-G3. In
contrast, S1 and S3 interact weakly with the hydrophobic core lipid structural groups and
almost exclusively form contacts with G1-G3. Among the amino acids favoring
interactions with the surface lipid structural groups are polar Lys16 and Asn27, which form
the contacts Asn27-G1 (<Cl(i,k)> = 0.68), Lys16-G2 (0.65), and Asn27-G2 (0.58).
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Table 8 Contacts formed between lipid structural groups and Aβ regions S1-S4
<Cl(k)>a

S1

S2

S3

S4

G1-G3b

0.22 ± 0.03

0.26 ± 0.05

0.27 ± 0.06

0.21 ± 0.04

G4-G5c

0.01 ± 0.00

0.30 ± 0.10

0.07 ± 0.02

0.29 ± 0.08

a

The average number of contacts <Cl(k)> between amino acids from an Aβ sequence region and the lipid
structural group k. The data are normalized by the number of lipid structural groups in each category. bLipid
surface structural groups. cLipid fatty acid structural groups.

Taken together, these results imply that the central hydrophobic cluster S2 and the
C-terminal S4 not only govern binding to the bilayer but are also responsible (especially
S4) for penetration into the bilayer hydrophobic core. Indeed, Table 8 and Figure 37
illustrate that S2 and S4 form the most overall contacts with lipids. In contrast, the polar
N-terminal S1 and turn region S3 form interactions mainly with the bilayer surface.

Aβ impact on bilayer structure
Because Aβ binds and inserts into the DMPC bilayer, it is imperative to understand the
effect Aβ has on the structure of the bilayer. To assess the perturbation of the bilayer due
to Aβ binding, we plot in Figure 38 the number density of lipid heavy atoms nl(r,z) as a
function of the distance r to the peptide center of mass and the position z along the bilayer
normal. In this figure, the bound Aβ monomer is situated on the upper leaflet. According
to this plot, Aβ indents the bilayer and causes a local density depletion of lipid atoms in its
binding footprint. The boundary of this effect approximately occurs at the distance
Rc = 14 Å from the peptide center of mass, which also corresponds the distance at which
the number of peptide-lipid contacts reach maximum. Using this boundary, we classified
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any lipids within Rc as proximal and those outside of Rc as distant to Aβ. To quantify the
effects of Aβ binding, we computed the average nl(r,z) for proximal lipid atoms (r < Rc) in
the upper leaflet (numerically defined as 0 < z < zb, where zb is the bilayer-water boundary
that occurs at a ≈50% drop in lipid density with respect to the maximum nl(r,z) for a given
r). The resulting value is 0.026 ± 0.002 Å−3. For comparison, the corresponding averages
in the distant region of the upper leaflet (r > Rc; 0 < z < zb) and the proximal region of the
lower leaflet (r < Rc; −zb < z < 0) are both 0.034 ± 0.000 Å−3. These values indicate that Aβ
binding affects only the upper bilayer leaflet within the binding footprint, whereas the
lower leaflet remains largely unperturbed.

Figure 38 Effect of Aβ binding on the number density of lipid heavy atoms. The number density of lipid
heavy atoms nl(r,z) is computed as a function of the distance r to the Aβ center of mass and the position z
along the bilayer normal. The extent of lipid density depression within the radius Rc = 14 Å is shown by
vertical dashed lines.

Importantly, Figure 38 affords a direct estimate of bilayer thinning due to the binding of
Aβ. Computation of this estimate is reliant upon our definition of the bilayer-water
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boundary zb. As described above, zb is dependent on r, and zb(r) can therefore be computed.
This definition is advantageous as it allows the boundary of the bilayer to be computed
even in potentially dehydrated areas due to the presence of Aβ. In the distant region (r > Rc),
average zb is 20 Å. At the center of the Aβ binding footprint (r < 6 Å), the average value
of zb drops to 13.8 Å. Therefore, we conclude that Aβ indents the upper leaflet by 6.2 Å.
Interestingly, according to Figure 38, the lipid density depression in the upper leaflet is
mirrored by a minor indentation in the lower leaflet. Using −zb(r) computed for the lower
leaflet, the amplitude of its indentation is 1 Å. Thus, the actual thinning ΔD of the bilayer
near the Aβ binding location is 7.2 Å.

Depression of lipid density and bilayer thinning raises the question of the effect of Aβ on
lipid properties. To probe lipid-lipid interactions, in Figure 39 we plot the radial
distribution function for phosphorus atoms gPP(r) computed separately for proximal and
distant lipids. This figure shows that, although gPP(r) for proximal lipids at r < 20 Å is
consistently smaller than the distribution for distant lipids, the shapes of both functions are
remarkably similar. For example, the peaks at rfs = 6 Å in both gPP(r) functions correspond
to the first shell of lipids surrounding a reference lipid. Smaller values of gPP(r) for
proximal lipids indicate that the local density of phosphorus atoms is reduced near bound
Aβ, consistent with Figure 38. In addition, Figure 39 presents gPP(r) computed for the
control simulations of the Aβ-free bilayer, which demonstrates remarkable agreement with
gPP(r) obtained for distant lipids up to the distance r ≈ 10 Å. The discrepancies between
gPP(r) for the Aβ-free bilayer and distant lipids at r > 10 Å reflect the influences of the lipid
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density depression created by Aβ in the bilayer. Thus, the results presented in Figure 39
suggest that the local packing of distant lipids is not affected by Aβ and that packing of
proximal lipids is reduced due to fewer neighboring lipids surrounding these lipids. Given
the similarity in the shape of gPP(r) between proximal and distant lipids and the location of
the first lipid shell at the same distance rfs, we conclude that Aβ binding does not
significantly affect lipid-lipid interactions.

Figure 39 Radial distribution function for bilayer phosphorus atoms. The radial number density distribution
function for phosphorus atoms gPP(r) is plotted as a function of the distance r from a reference phosphorus
atom. The bilayer system with Aβ is in black, whereas the control simulations without Aβ are in red. Solid
and dashed black lines represent the distributions computed for proximal and distant reference lipids in the
system with Aβ. Sampling errors are indicated by vertical bars. The figure suggests that Aβ binding does not
change lipid-lipid interactions but reduces the density of lipids in its binding footprint.

Next, we assess the impact of Aβ on lipid structures. As a measure of lipid structure, we
present in Figure 40 the lipid carbon-deuterium order parameter −<SCD(i)> for each carbon
i in sn-2 fatty acid chains. As in the analysis above, −<SCD(i)> is computed separately for
proximal and distant lipids. The figure shows that the order parameter of proximal lipids is
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consistently lower than the order parameter of distant lipids, indicating that the former are
more disordered. Indeed, the average value of −<SCD(i)> for proximal lipids is 0.13 ± 0.00,
which increases to 0.16 ± 0.00 when distant lipids are considered. Furthermore, −<SCD(i)>
distributions observed for distant lipids and the Aβ-free bilayer are in good agreement as
the RMSD value between them is just 0.005. For comparison, the RMSD value between
proximal lipids and lipids from the Aβ-free system is 0.029, almost six-fold higher.
Collectively, these results indicate that the binding of Aβ results in a depression in lipid
density that disorders lipid fatty acid tails in the vicinity of its binding footprint while not
significantly affecting the behavior of lipid-lipid interactions. Outside of the binding
footprint, the impact of Aβ on lipid structural properties is minor.

Figure 40 Effect of Aβ on the lipid carbon-deuterium order parameter. The lipid carbon-deuterium order
parameter −<SCD(i)> is computed for carbon atoms i in sn-2 fatty acid chains. The parameter SCD probes the
orientation of carbon-hydrogen bonds with respect to the bilayer normal. The bilayer system with Aβ is in
black, whereas the control simulations without Aβ are in red. Solid and dashed black lines represent the
distributions computed for proximal and distant reference lipids in the system with Aβ. Sampling errors are
indicated by vertical bars. This figure suggests that Aβ disorders the orientation of lipid tails in the vicinity
of its binding footprint.
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Discussion
Change of Aβ conformational ensemble due to DMPC bilayer
Using NPT-REMD, we have studied the conformational ensemble of the Aβ monomer
bound to the zwitterionic DMPC bilayer. We found that the largest contribution to Aβ
secondary structure is provided by helix, which represents about 40% of the conformational
ensemble. Analysis of the secondary structure along the Aβ sequence in Figure 34a and
Table 6 indicates that stable helix occurs in the C-terminal S4 residues 31-37 and within
the turn region S3 residues 23-26. In addition, a short but stable turn structure appears at
positions 12-14 in the N-terminal S1.

To evaluate the changes in Aβ structure induced by binding to the DMPC bilayer, we use
as a reference our simulations of the Aβ monomer in ligand-free water.61 The secondary
structure of the Aβ monomer in water is given in Figure 34, which identifies three stable
turn regions, encompassing residues 19-25, 27-29, and 35-37. Compared to bilayer-bound
Aβ, the probability of helix <H> in water is reduced by more than three times (from 0.39
to 0.12). The probability of turn <T> is elevated from 0.30 to 0.50, whereas the probability
of random coil experiences minor changes (0.31 versus 0.38). According to Figure 34 and
Table 6, the most dramatic structural difference is observed in the C-terminal S4, where
the probability of helix <H(S4)> = 0.65 in bilayer-bound Aβ but drops four-fold to 0.17 in
water. Similar but less dramatic changes are observed in the turn region S3, where
<H(S3)> = 0.39 versus 0.16 in water. Not surprisingly, the RMSD between the helix
distributions of Aβ monomers bound to the bilayer and in water is large (0.37).
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Computations of the tertiary interactions in the bilayer-bound Aβ monomer show that
significantly stable turn- and helix-forming interactions appear in the C-terminal S4 and
the turn region S3 (Figure 35). None of these interactions (apart from Gly37-Val39 and
Ala21-Val24) occur in Aβ conformations in water. In bilayer-bound Aβ, the Asp23-Lys28
salt-bridge is the only significantly stable long-range interaction formed, with the
probability of 0.79. For comparison, the Asp23-Lys28 salt-bridge is disrupted in water, and
its probability is reduced to 0.15. Consequently, the RMSD between the intrapeptide
contact maps for the peptides bound to the bilayer and in water reaches the value of 0.09.

It is also instructive to compare the conformational ensembles of Aβ monomers bound to
the DMPC bilayer and coincubated with ibuprofen ligands.61 The latter samples helix
(<H> = 0.33), turn (<T> = 0.35), and random coil (<RC> = 0.32) conformations and
forms two regions with stable secondary structure (Figure 34). The first region (residues
19-25) is dominated by turn and helix structure, whereas a stable helical structure emerges
in the second region (29-35). These findings, as well as Figure 34 and Table 6, indicate
that the secondary structure (particularly helix) distributions in Aβ monomers bound to the
DMPC bilayer and coincubated with ibuprofen are strikingly similar. As a result, the
RMSD value between the helix distributions of Aβ bound to the bilayer and in ibuprofen
solution is 0.16, more than twice smaller than the RMSD value comparing Aβ bound to the
bilayer and in water.
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In simulations of Aβ with ibuprofen, helix stabilization was attributed to ligands crossbridging residues i to i + 4. If we extend this definition to include ligands that cross-bridge
residues i to i + 3, which also likely stabilize helical structure, then 68% of ligand contacts
in the Aβ C-terminal are involved in cross-bridging. Similar computations for bilayerbound Aβ show that 60% of lipid contacts with C-terminal S4 residues are involved in
cross-bridging. The corresponding percentage for S3, which also forms significant helix
structure in the Aβ-bilayer system, is 49%, but, for S1 and S2, which do not form helix, it
drops to 25% and 37%, respectively. Taken together, these results suggest that, similar to
simulations involving ibuprofen, lipid cross-bridging is expected to stabilize helix structure
in Aβ when bound to the bilayer.

Our previous work with ibuprofen has found that Aβ coincubated with this ligand forms
an extensive network of significantly stable intrapeptide interactions, where <C(i,j)> > 0.5.
Four of these are turn-forming contacts, of which three (Gly25-Asn27, Ser26-Lys28, and
Gly37-Val39) also occur in Aβ bound to the bilayer. Aβ coincubated with ibuprofen
contains seven significantly stable helix-forming contacts, of which five are also found in
Aβ bound to the bilayer (Phe20-Val24, Ala21-Val24, Gly29-Ile32, Ile31-Leu34, and
Gly33-Val36). Finally, similar to bilayer-bound Aβ, the peptide coincubated with
ibuprofen forms only one significantly stable long-range contact, Asp23-Lys28, which is
formed with the probability of 0.53. Consequently, the RMSD value comparing the contact
maps for the peptides bound to the bilayer and coincubated with ibuprofen is 0.05, reduced
almost half from the RMSD value comparing Aβ bound to the bilayer and in water.
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Several conclusions follow from the comparative analysis above. First, binding to the
bilayer causes a dramatic restructuring in the Aβ monomer reflected (i) in emergence of
extensive helical structure in the C-terminal S4 and, to a lesser extent, in the turn region S3
and (ii) in formation of a stable Asp23-Lys28 salt-bridge. Using REMD sampling, we can
show directly that binding to the bilayer induces helix structure in Aβ. To this end, we plot
in Figure 41 the fraction of amino acids in helical conformation <H(z)> at the distance z
from the bilayer midplane. The figure shows that, as Aβ penetrates into the bilayer below
the layer of phosphorus atoms at zP, a steady increase in <H(z)> is observed. Thus, the
conformations of Aβ bound to the zwitterionic bilayer are strikingly different from those
sampled in water. This observation suggests that aggregation of Aβ peptides mediated by
the DMPC bilayer follows a different pathway than in bulk water.

Figure 41 Formation of Aβ helix due to binding to bilayer. The fraction of amino acids in helical
conformation <H(z)> at the distance z from the bilayer center. The center of mass of phosphorus atoms in a
bilayer leaflet is marked by the dashed line. Sampling errors are indicated by vertical bars. The plot shows
that, as a peptide draws closer to the bilayer midplane, helix content increases.
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Somewhat unexpectedly, we found similarities in the conformational ensembles of Aβ
peptides bound to the bilayer and coincubated with ibuprofen. Both conformational
ensembles feature a stable helix structure in the C-terminal and a stable Asp23-Lys28 saltbridge. We believe that this similarity originates from the hidden helix propensity harbored
in the Aβ C-terminal. For instance, when we investigated the conformational ensembles of
several N-terminal truncated Aβ monomers in water,63 we showed that the equilibrium
distributions of structures adopted by Aβ23-40 and Aβ10-40 are similar but sharply distinct
from Aβ29-40. The latter peptide fragment, which coincides with the sequence region S4,
forms a stable helix structure not present in the longer fragments. Therefore, the helix
propensity in the Aβ C-terminal, which is hidden in water, can be revealed by ligand
binding or by binding to a zwitterionic bilayer. The mechanism revealing this propensity
is, in part, based on cross-bridging contacts formed by either ligands or lipids biasing the
peptide toward a helical state.

Our main result that binding to the zwitterionic DMPC bilayer induces helical structure in
the Aβ monomer is consistent with several prior studies. Experiments have probed the
structure of Aβ in membrane-mimicking environments such as SDS micelles.54,55 They
observed the formation of α-helix in the sequence regions 15-24 and 29-35. Interestingly,
the helix in the region 15-24 is destabilized by an increase in pH above 6, but the C-terminal
helix remains largely unaffected.54 Such a distribution of secondary structure is in a good
agreement with the one we observed in Figure 34. Similar observations concerning the
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distribution of helical structure in Aβ peptides have been made for organic solvents such
as TFE and fluorinated alcohol.123,153

We are aware of two computational studies that have utilized REMD to study Aβ-bilayer
interactions. First, REMD simulations and a simplified representation of the lipid bilayer
based on the continuum dielectric model have been used to analyze the structure of the
Aβ1-40 monomer in the bilayer.154 This study revealed that interactions with the membrane
induce helical structure in the sequence regions 13-25 and 30-35. These results are
consistent (especially for the 30-35 region) with our findings. The second study used NVTREMD and the united atom model to explore the binding of the Aβ monomer to the
zwitterionic DPPC bilayer, which is structurally similar to DMPC.112 The authors neither
observed formation of any specific secondary structure in the peptide bound to the bilayer
nor stabilization of the Asp23-Lys28 salt-bridge. It remains to be seen if the difference
between our results is due to different force fields or different REMD ensembles (NVT
versus our use of NPT).

Constant temperature MD simulations reaching 100 ns at 323 K have been performed to
probe the structural dynamics of the Aβ1-40 monomer in helix-rich conformations preinserted into the DPPC bilayer.151 It was found that the Aβ C-terminal partially retains
helical structure on the simulation time scales, particularly if the peptide is inserted deeper
into the bilayer. Longer (500 ns) simulations have reported even stronger helix stability in
the C-terminal for the Aβ1-42 monomer inserted into the DPPC bilayer.155 Interestingly,

110

the same study showed that preformed β-structure in the Aβ1-42 monomer is largely
unstable in the DPPC bilayer. Another recent report has shown that the fraction of helix
structure increases as a function of insertion into the bilayer,156 matching our results
reported in Figure 41. Finally, it is important to mention REMD simulations applied to
investigate the binding of the model peptide WALP-16 to the DPPC bilayer.157 This study
suggested a novel mechanism of peptide binding to the bilayer, in which helix acquisition
follows (but not precedes) binding and, most importantly, insertion into the bilayer
hydrophobic core. According to Figure 41, this scenario applies to our REMD simulations
of Aβ interactions with the DMPC bilayer.

Mechanism of Aβ interaction with zwitterionic bilayer
Our REMD simulations allow us to investigate the equilibrium mechanism of interaction
of the Aβ monomer with the zwitterionic DMPC bilayer. As concluded from Table 7 and
Table 8, the central hydrophobic cluster S2 and C-terminal S4 not only govern binding to
the bilayer but are the sequence regions (especially S4) that penetrate into the bilayer
hydrophobic core. In contrast, the polar N-terminal S1 and turn region S3 form interactions
mainly with the bilayer surface. Importantly, S2 and S4, which insert into the bilayer, are
composed exclusively of hydrophobic amino acids, whereas S1 and S3 are highly
hydrophilic (six out of seven amino acids in S1 and five out of seven in S3 are polar, with
S1 and S3 having positive and negative net charges, respectively).
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Because the C-terminal S4 and central hydrophobic cluster S2 have the largest probabilities
of interacting with the DMPC bilayer (Table 7), the hydrophobic effect appears to be the
main factor in Aβ-bilayer interactions, leading to partial burial of the peptide. However,
consistent with a recent study,158 electrostatic interactions also play an important role in
the binding of hydrophilic S1 and S3 to the bilayer surface. For example, the average
energies of electrostatic interactions of Glu11, Lys16 (both from S1), or Glu22 (from S3)
with the bilayer are lower than −14 kcal/mol. For comparison, other electrostatic or van
der Waals amino acid-bilayer interactions are at least twice weaker.

Of the two regions S2 and S4 that penetrate into the bilayer, only the C-terminal S4 exhibits
a stable helical structure, whereas S2 forms mostly random coil conformations (Figure 34).
The presence of helix is visible in Figure 36, where S4 amino acids show sawtooth-like
oscillations in their most probable positions along z. Similar oscillations are not observed
in the unstructured S2. These oscillations imply that, upon insertion, the position of the
helix in the C-terminal S4 is effectively locked. As a result, residues Gly29, Ala30, Ile31,
Gly33, Leu34, Gly37, Gly38, and Val40 have larger z values than Ile32, Met35, Val36,
and Val39. Spatial separation of glycines from other hydrophobic amino acids creates a
hydrophobic moment, which, according to the tool MPEx,159 is 5.1 μH for the C-terminal
residues 29-37. For comparison, the hydrophobic moments of other Aβ sequence regions
are 1.3 (S1), 1.9 (S2), and 2.6 μH (S3). Previous studies have indicated that large
hydrophobic moments promote helix formation in membrane-bound antimicrobial and
amyloidogenic peptides.160 We believe that, after the cross-bridging contacts discussed
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above, the existence of a significant hydrophobic moment is the second reason for
revealing the hidden helix propensity in the Aβ C-terminal.

It is important to compare the interaction mechanism emerging from our simulations with
those reported in the computational literature. REMD simulations of Aβ1-40 interacting
with an implicit lipid bilayer have studied the location of the peptide in the bilayer.154 This
study has shown that Aβ1-40 tends to reside at the membrane-water interface. Furthermore,
the C-terminal was found to be partially inserted in the bilayer being tilted at the angle
γ = 135° with respect to the bilayer normal. This agrees with the most probable value of
γ ≈ 135° computed in our REMD simulations.

Constant temperature MD simulations using explicit solvent and lipid models revealed that
the C-terminal of the Aβ1-40 monomer remains embedded in the zwitterionic DPPC
bilayer for 100 ns anchored by strong electrostatic interactions between Lys28 and lipid
headgroups.151,156 A similar conclusion has been reached using 200 ns of explicit water
simulations, which started with Aβ structures that included the C-terminal embedded
perpendicularly in the bilayer surface.161 The latter simulations showed that the peptide
gradually moves to a conformation parallel to the surface.151,161,162 Thus, the published
reports are in agreement with our REMD simulations that the Aβ C-terminal favors shallow
insertion. However, the previous studies differ from our results concerning the role of
Lys28.151,161 While in previous simulations positively charged Lys28 forms electrostatic
interactions with lipids, our data suggest that Lys28 instead prefers to form a stable
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intrapeptide salt-bridge with Asp23. Indeed, the total energies of interaction between Lys28
and peptide, lipid, or water atoms are −115.6, −7.7, and −60.0 kcal/mol, respectively. This
demonstrates that intrapeptide interactions involving Lys28 are far more favorable than
interactions with lipids or water. This is consistent with the recent conclusion that Lys28lipid interactions and the formation of the salt-bridge Asp23-Lys28 are in direct
competition.112 As a result, according to Figure 35, Lys28 plays a minor role in binding to
the bilayer. These discrepancies are likely to arise due to different simulation strategies.
While previous simulations utilized constant temperature sampling, our study used REMD
to enhance the exploration of conformational space.

Several experimental studies have probed the interactions of Aβ peptides with lipid
bilayers. A combination of CD spectroscopy, electron microscopy, and AFM was used to
study the binding of Aβ1-40 peptides to the DMPC bilayer.163 It was concluded that the
peptide partially inserts through the C-terminal 29-40 region into the bilayer. A similar
picture emerged from NMR and CD experiments,164 suggesting that the degree of insertion
of the Aβ C-terminal into the bilayer depends on the charged state of the lipid. Zwitterionic
lipids, such as DMPC, favor surface binding or shallow penetration into the bilayer,
whereas anionic lipids facilitate deeper insertion of Aβ into the bilayer hydrophobic core.
These experimental observations are consistent with our study, but they also point out that
the mechanism of Aβ-bilayer interaction described by us is likely to be restricted to
zwitterionic lipids. In addition, our work does not address the question of Aβ aggregation
mediated by the lipid bilayer. Experiments have found that Aβ peptides bind as monomers
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at low peptide concentrations (<150 nM).23,165 Thus, the mechanism of Aβ-bilayer
interaction described by us may differ from those observed at elevated peptide
concentrations or for anionic lipids.

Aβ perturbs and indents DMPC bilayer
In our simulations, binding of the Aβ monomer to the DMPC bilayer leads to shallow
insertion of the central hydrophobic cluster S2 and C-terminal S4 into the bilayer. As
demonstrated in Figure 38, these interactions of Aβ with the bilayer cause a depression of
lipid density on the bilayer surface. Binding of Aβ also indents the bilayer, pushing lipids
toward the bilayer midplane. These results raise the question if Aβ binding alters the
permeation of water into the bilayer. To address this, we plot in Figure 42 the number
density of water oxygen atoms nw(z,r) as a function of the distance r to the peptide center
of mass and the position z along the bilayer normal. This plot demonstrates that water
permeation almost uniformly drops off at z ≈ 14 Å in both proximal and distant regions. In
fact, the binding of Aβ causes a noticeable dehydration effect on the surface of the bilayer
in its binding footprint. Both dehydration of the bilayer surface near bound Aβ and the lack
of enhanced water permeation can be attributed to the binding of the peptide. Indeed, the
binding and insertion of individual amino acids, as depicted in Figure 36, compensates for
the loss of lipid density.
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Figure 42 Effect of Aβ binding on the number density of water oxygen. The number density of water oxygen
atoms nw(r,z) is computed as a function of the distance r to the peptide center of mass and the position z along
the bilayer normal. The radius Rc = 14 Å that marks proximal and distant to Aβ regions is shown by vertical
dashed lines. The binding Aβ peptide is located in the upper leaflet. This figure demonstrates that bound Aβ
dehydrates the surface of the bilayer in its binding footprint and does not promote water permeation.

Furthermore, as a result of Aβ binding and the creation of a lipid density depression, one
would expect that lipid-lipid interactions and lipid structures are affected. To analyze lipidlipid interactions, we computed the radial distribution functions gPP(r) for lipid phosphorus
atoms in Figure 39. This figure demonstrates that the distance between a reference lipid
and the first lipid shell is the same (rfs = 6 Å) for proximal and distant lipids. Thus, although
gPP(r) for proximal lipids is suppressed reflecting the lipid density depression, lipid-lipid
interactions are not affected by the peptide. The impact of Aβ on lipid structure was
assessed in Figure 40 by computing the lipid carbon-deuterium order parameter −<SCD(i)>,
which indicates a disordering of proximal lipids compared to distant lipids. As
demonstrated elsewhere by our group65 and others,166,167 the increased disorder of proximal
lipids observed in −<SCD(i)> can be attributed to an increase in the tilt of lipid fatty acid
tails with respect to the bilayer normal. Taken together, these results imply that Aβ binding
116

mainly disorders the spatial orientation of fatty acid tails while leaving the interactions
between lipids fairly intact.

The impact of Aβ peptides on the structure of lipid bilayers has been considered in a
number of previous studies, so it is important to compare our results with previous data. In
our simulations, we have shown that the binding of Aβ disorders lipid fatty acid tails.
Similar conclusions have been reported in the MD simulations of the DPPC bilayer with
embedded Aβ peptides.155,167 Specifically, it was found that the −SCD order parameter
decreases in the close proximity of pre-inserted Aβ monomers and oligomers. Furthermore,
a noticeable thinning of the bilayer by as much as 10 Å around embedded Aβ was
observed.167 Recent MD work probing the effect of surface binding of the Aβ monomer on
the POPC bilayer also found a decrease in bilayer thickness, albeit by only 3 Å.161 These
observations are consistent with our results that partial insertion of the Aβ monomer
reduces the thickness of the DMPC bilayer by ΔD = 7.2 Å in the center of the Aβ binding
footprint. Approximate agreement of our ΔD with previous simulation results also
alleviates the concern that the simulation constraints utilized in our system affect bilayer
thickness.

Although previous studies have observed perturbation in the structure of lipids caused by
Aβ binding, they did not find that Aβ enhances water permeation through the bilayer. For
example, when Aβ is pulled deep into the DPPC bilayer, the peptide impedes water flux
through the bilayer.168 Another study has shown that Aβ monomers do not change water
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permeation compared to Aβ-free bilayers.155 These results are in agreement with our
findings that water permeation into the DMPC bilayer is not enhanced by shallow insertion
of the Aβ monomer and that bound Aβ dehydrates the bilayer surface.

Although the comparisons with experimental studies cannot be as direct as with previous
simulations, they are important for judging the accuracy of computational predictions.
Recent experiments have shown that the disruption of DOPC/POPG bilayers is more severe
when Aβ1-42 peptides are inserted rather than associated with the membrane.29 A similar
result follows from the studies of Aβ binding to zwitterionic POPC bilayers.28 This work
showed that surface Aβ binding without penetration into the bilayer hydrophobic core does
not change the deuterium NMR spectra of fatty acids. These observations agree well with
our conclusion that, while shallow insertion of the Aβ monomer causes a pronounced lipid
density depression on the bilayer surface, it fails to significantly disorder the bilayer
hydrophobic core or the opposite leaflet. Experiments have also addressed the issue of
membrane thinning.27 Specifically, electron density profiles obtained from X-ray
diffraction indicate that the interaction of apparently soluble Aβ with the cellular
membrane reduces its thickness by about 6 Å. This estimate is in good agreement with our
computational finding.

The comparisons presented above suggest that our results are consistent with previous
computational and experimental investigations. We believe that our work takes the analysis
of Aβ-bilayer interactions one step further by applying exhaustive conformational NPT-
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REMD sampling. Although computationally expensive, this method allowed us to probe
the shallow insertion of the Aβ central hydrophobic cluster and C-terminal and also
investigate the resulting lipid density depression. One may conjecture that the overall
limited scope of lipid structural perturbation caused by the Aβ monomer observed in our
simulations represents the molecular basis of its low cytotoxicity.

Conclusion
Using NPT-REMD, we studied the interactions between the Aβ monomer and the
zwitterionic DMPC bilayer. First, binding of Aβ to the bilayer causes a dramatic structural
transition in the peptide, resulting in the formation of a stable helix in its C-terminal.
Another consequence of binding to the bilayer is the formation of the intrapeptide Asp23Lys28 salt-bridge. We argued that the emergence of helix in the C-terminal is the
consequence of a hidden helix propensity harbored in Aβ. Second, the central hydrophobic
cluster and, particularly, the C-terminal of Aβ not only govern binding to the bilayer but
also penetrate into the bilayer hydrophobic core. In contrast, the polar N-terminal and turn
region form interactions mainly with the bilayer surface. Third, binding of Aβ reduces the
density of lipids in its binding footprint and indents the bilayer, creating a lipid density
depression. Although Aβ creates a local disordering of lipid fatty acid tails, binding of the
peptide results in overall minor structural perturbations, limited to the changes in fatty acid
tail tilt angles with respect to the bilayer normal. We explained these observations by a
shallow insertion of Aβ, which weakly affects the density of fatty acid tails beneath the Aβ
binding footprint. Finally, shallow insertion of Aβ does not enhance water permeation
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through the DMPC bilayer and even results in considerable dehydration of the bilayerwater interface. Taken together, these results indicate that (i) Aβ aggregation mediated by
the zwitterionic lipid bilayer is likely to be different from that in bulk water and (ii) the
limited scope of structural perturbations in the bilayer caused by the Aβ monomer
represents the molecular basis of its low cytotoxicity.

This work was adapted with permission from Lockhart, C., & Klimov, D. K. (2014) Alzheimer’s Aβ10-40 peptide binds and penetrates
DMPC bilayer: an isobaric-isothermal replica exchange molecular dynamics study. J. Phys. Chem. B 118(10): 2638-2648. Copyright
2014 American Chemical Society; and from Lockhart, C., & Klimov, D. K. (2014) Binding of Aβ peptide creates lipid density depression
in DMPC bilayer. Biochim. Biophys. Acta 1838(10): 2678-2688. Copyright 2014, with permission from Elsevier.
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CALCIUM ENHANCES Aβ BINDING TO DMPC BILAYER

Calcium homeostasis is critical for cell vitality, and significant effort has accordingly been
made probing calcium interactions with cellular membranes. Experimental studies have
firmly established that calcium ions strongly interact with zwitterionic phosphatidylcholine
lipid bilayers32,33 and reorganize the distribution of lipids.34 Consistent findings have been
reported in MD studies.36–39 Because experimental and computational studies implicate
strong interactions of zwitterionic lipids with calcium and an ensuing reorganization in the
bilayer structure, one may expect that calcium ions influence the binding of Aβ peptides to
lipid bilayers. Furthermore, it is also conceivable that Aβ peptides embedded in the bilayer
affect the permeation of calcium through the lipid bilayer. Motivated by these
considerations, we performed simulations of Aβ monomers binding to the zwitterionic
DMPC bilayer in the presence of calcium ions.66

Our simulations demonstrate that, compared to simulations of Aβ interacting with the
DMPC bilayer without calcium, the presence of calcium produces a minor impact on Aβ
secondary structure. However, the tertiary structure of Aβ is affected as several long-range
interactions (particularly the salt-bridge Asp23-Lys28) are disrupted. In general, calcium
enhances Aβ-lipid interactions, causing deeper penetration of Aβ into the bilayer. This
phenomenon is mostly driven by strong electrostatic interactions between charged amino
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acids and polar lipid headgroups. As a result, calcium ions not only further promote bilayer
thinning caused by the bound Aβ monomer but also enhance lipid disorder within the Aβ
binding footprint. Because calcium demonstrates a strong binding affinity to negatively
charged amino acids, an influx of calcium into the area proximal to the bound Aβ monomer
is observed, elevating the local ion concentration by >25%. Based on our data, we propose
a mechanism by which calcium might strengthen Aβ-bilayer interactions. In conclusion,
we argue that, despite bilayer perturbation, the bound Aβ monomer does not enhance the
permeation of calcium through the DMPC bilayer.

Results
Aβ conformational ensemble in presence of bilayer and calcium
NPT-REMD simulations have allowed us to explore the binding of the Aβ monomer to the
DMPC bilayer coincubated with calcium ions. As controls, we consider the REMD
simulations of the Aβ monomer bound to the DMPC bilayer in a calcium-free
environment64,65 and REMD simulations of Aβ in water.61 For brevity, we refer to these
simulation systems as Aβ+BL+Ca, Aβ+BL, and Aβ+water, respectively. Similar to the
calcium-free system, Aβ in the presence of calcium is bound to the DMPC bilayer with a
probability of ≈1.0 at 330 K. We then focus on the structure of bound Aβ peptides.
Figure 43 presents the distribution of helix structure <H(i)> in Aβ for each amino acid i
(the distributions of turn <T(i)> and random coil <RC(i)> are not shown). On average, the
probabilities of <H>, <T>, and <RC> are equal to 0.34 ± 0.03, 0.36 ± 0.01, and
0.28 ± 0.02, respectively. The contribution of other secondary structure types is
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negligible (0.01). These data suggest that the secondary structure of Aβ approximately
equally partitions into helix, turn, and random coil.

Figure 43 Helix structure in Aβ bound to DMPC bilayer with calcium. This is quantified by the distribution
of helix structure <H(i)> in the Aβ monomer with respect to sequence position i. Data for the Aβ+BL+Ca
system are in black, whereas data for the calcium-free Aβ+BL and Aβ+water systems are in red and blue,
respectively. Sampling errors are denoted by vertical bars. The plot shows that calcium ions have a fairly
small impact on the formation of helix in the bilayer-bound Aβ monomer.

Next, we characterize secondary structure in Aβ sequence regions S1-S4 (Table 9). The
table indicates that turn structure is predominant in S1 and S3, that both turn and random
coil are well represented in S2, and that the C-terminal S4 features a stable helix structure,
in which <H(i)> > 0.5 for sequence positions 30-36 (Figure 43). Overall, the distribution
of secondary structure in the Aβ monomer bound to the DMPC bilayer is not significantly
affected by calcium (Table 9 and Figure 43). For example, the average probabilities of
helix <H>, turn <T>, and random coil <RC> in the calcium-free system are 0.39, 0.30,
and 0.31. According to Table 9, helix dominates the conformational ensemble of the
C-terminal S4 in both bilayer environments.
123

Table 9 Change in secondary structure in Aβ regions S1-S4 induced by calcium
Environment

Secondary structure

S1a

S2a

S3a

S4a

Aβ+BL+Ca

<H>

0.14 ± 0.03

0.11 ± 0.03

0.30 ± 0.03

0.59 ± 0.08

<T>

0.48 ± 0.03

0.46 ± 0.04

0.48 ± 0.05

0.18 ± 0.05

<RC>

0.38 ± 0.03

0.40 ± 0.05

0.22 ± 0.03

0.22 ± 0.02

<H>

0.14 ± 0.08

0.10 ± 0.03

0.39 ± 0.05

0.65 ± 0.05

<T>

0.46 ± 0.06

0.39 ± 0.03

0.41 ± 0.06

0.10 ± 0.05

<RC>

0.40 ± 0.04

0.50 ± 0.01

0.20 ± 0.02

0.26 ± 0.01

<H>

0.04 ± 0.01

0.02 ± 0.00

0.16 ± 0.01

0.17 ± 0.02

<T>

0.41 ± 0.02

0.59 ± 0.01

0.65 ± 0.02

0.42 ± 0.02

<RC>

0.55 ± 0.01

0.38 ± 0.01

0.19 ± 0.01

0.40 ± 0.01

Aβ+BL

Water

a

S1-S4 are defined in Figure 10

The impact of calcium on Aβ tertiary structure was assessed by computing the difference
contact map <ΔC(i,j)>, which reports the changes in the equilibrium probabilities of
forming contacts between amino acids i and j in the systems Aβ+BL+Ca and Aβ+BL.
Figure 44 demonstrates that there are six intrapeptide contacts for which |<ΔC(i,j)>| ≥ 0.2,
including Asn27-Ala30 (<ΔC(i,j)> = 0.33), Asp23-Lys28 (−0.31), Gly29-Ile32 (0.24),
Asn27-Ile32 (0.24), Gly29-Gly33 (0.21), and Phe19-Ile31 (−0.20). Three of these contacts
(Asn27-Ala30, Gly29-Ile32, and Gly29-Gly33) are short-range (|j − i| < 5) and responsible
for moderate enhancement of helix at sequence positions 27-30 (Figure 43). The remaining
three contacts (Asp23-Lys28, Asn27-Ile32, and Phe19-Ile31) are long-range interactions
(|j − i| ≥ 5), of which the salt-bridge Asp23-Lys28 is of particular interest. First, this contact
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is the only significantly stable long-range contact observed in the Aβ+BL system and is
destabilized by calcium more than any other long-range intrapeptide interaction. Second,
the Asp23-Lys28 salt-bridge involves an anionic amino acid, which is likely to be directly
affected by calcium. Indeed, the probability of forming the salt-bridge Asp23-Lys28 in the
Aβ+BL+Ca system is only 0.48 ± 0.03. For comparison, the salt-bridge forms with a
probability of 0.79 in the calcium-free system Aβ+BL.

Figure 44 Difference intrapeptide contact map between Aβ+BL+Ca and Aβ+BL. The difference contact
map <ΔC(i,j)> shows changes in the probabilities of contacts being formed between amino acids i and j.
<ΔC(i,j)> is defined as <C(i,j)>1 − <C(i,j)>2, where indices 1 and 2 stand for Aβ+BL+Ca and Aβ+BL,
respectively.

In the Aβ+BL+Ca system, the Asp23-Lys28 salt-bridge acts as a switch modulating the
formation of other long-range contacts. For instance, the probability of the Phe19-Ile31
contact is 0.12 when the salt-bridge is disrupted but increases to 0.45 when the salt-bridge
is formed. Note that the Aβ+BL system with the stable salt-bridge has nearly the same
equilibrium probability for the Phe19-Ile31 contact (0.48). Similar conclusions can be
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made for the long-range contact Asn27-Ile32, which has a formation probability of 0.16
when the salt-bridge is disrupted but 0.58 when the salt-bridge is formed.

Aβ-bilayer interactions
Figure 45 describes the probability P(z;i) of an amino acid i occurring at the position z
along the bilayer normal, providing insight into Aβ-bilayer interactions. It can be seen that
most amino acids from the central hydrophobic cluster S2 and C-terminal S4 are inserted
into the bilayer below phosphorus atoms (i.e., their average positions are <z(i)> < zP, where
zP = 17.35 Å). In contrast, the amino acids from the N-terminal S1 and turn region S3
generally prefer to remain near the bilayer surface (<z(i)> > zP).

Figure 45 Distribution of Aβ amino acids along bilayer normal in Aβ+BL+Ca. This is quantified by the
probability distribution P(z;i) of each amino acid i at the position z along the bilayer normal. The black and
red lines show the average positions of each amino acid i along the z axis for Aβ+BL+Ca and Aβ+BL,
respectively. The horizontal dashed line marks the average position of the center of mass of phosphorus
atoms zP. The plot reveals that calcium promotes deeper insertion of Aβ into the DMPC bilayer.
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These observations are supported by the average z positions <z> of sequence regions S1S4 (Table 10). For S2 and S4, <z> < zP, suggesting that they have inserted into the bilayer
hydrophobic core. For surface-bound S1 and S3, <z> > zP, Table 10 also evaluates the
impact of calcium on Aβ insertion into the bilayer, showing the change in <z> between
Aβ+BL+Ca and Aβ+BL systems. According to Table 10 and Figure 45, all regions S1-S4
penetrate deeper into the bilayer in the presence of calcium, with the deepest insertion
observed for the polar sequence regions S1 (<Δz> = −3.3 Å) and S3 (−2.3 Å).

Table 10 Changes in binding and insertion of Aβ into bilayer induced by calcium
Measure

S1

S2

S3

S4

<z>a

20.8 ± 0.06

16.3 ± 1.4

18.5 ± 1.5

14.3 ± 2.2

<Δz>b

−3.3 ± 0.06

−1.5 ± 1.4

−2.3 ± 1.5

−1.5 ± 2.2

ΔPs b

0.14 ± 0.02

0.02 ± 0.06

0.02 ± 0.07

0.11 ± 0.09

ΔPi b

0.15 ± 0.04

0.09 ± 0.11

0.12 ± 0.11

0.03 ± 0.14

a

Data for Aβ+BL+Ca. b<Δz> = <z>1 − <z>2, where indices 1 and 2 stand for Aβ+BL+Ca and Aβ+BL,
respectively. ΔPs and ΔPi are defined in a similar way.

The results presented above are supported by our computations of the probabilities of
binding to the bilayer surface Ps(i). Specifically, Ps(i) is defined as the probability of an
amino acid i occurring in the interval (zP, zP + 6.5 Å). Table 10 shows the calcium-driven
changes in Ps for the peptide sequence regions S1-S4. The largest change occurs for S1
(ΔPs = 0.14). As a direct measurement of Aβ penetration into the bilayer, we computed the
probability of insertion Pi(i) when an amino acid i is located below zP. Table 10 reveals
that S1 and S3 are characterized by the largest changes in Pi (ΔPi = 0.15 and 0.12,
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respectively). Thus, consistent with the results shown in Figure 45, addition of calcium
causes all regions, particularly S1 and S3, to penetrate deeper into the bilayer.

If calcium induces deeper insertion of Aβ into the bilayer, it is important to map the
interactions responsible for this effect. To this end, we have computed the average number
of contacts <Cl(i,k)> between each amino acid i and the lipid structural group k. Figure 46
presents the thermally weighted difference <ΔCl(i,k)>, defined as the change in <Cl(i,k)>
between the Aβ+BL+Ca and Aβ+BL systems. The top contacts (with <ΔCl(i,k)> > 0.3)
are Lys28-G2 (<ΔCl(i,k)> = 0.47), Glu11-G2 (0.47), Lys28-G3 (0.43), Asp23-G2 (0.41),
Glu22-G2 (0.32), Tyr10-G3 (0.32), and His13-G1 (0.31). All the residues involved occur
in sequence regions S1 or S3, and the five most strengthened contacts are formed by
charged amino acids.

Figure 46 Difference peptide-lipid contact map between Aβ+BL+Ca and Aβ+BL. The difference contact
map <ΔCl(i,k)> shows changes in the probabilities of contacts being formed between an amino acid i and
the lipid structural group k. <ΔCl(i,k)> is defined as <Cl(i,k)>1 − <Cl(i,k)>2, where indices 1 and 2 stand for
Aβ+BL+Ca and Aβ+BL, respectively. The plot implicates calcium ions in promoting stronger binding of
polar sequence regions S1 (residues 10-16) and S3 (22-28) to lipid headgroups.
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Furthermore, Table 11 lists <ΔCl(i,k)> averaged across the sequence regions S1-S4 and
lipid groups G1-G3 and G4-G5. The largest change occurs in the binding of S1 and S3 to
lipid headgroups (<ΔCl(k)> = 0.18 and 0.07, respectively). These observations suggest that
calcium mainly enhances Aβ-lipid electrostatic interactions, resulting in stronger binding
of polar sequence regions S1 and S3 (particularly charged amino acids Glu11, Glu22,
Asp23, and Lys28) to the lipid headgroups.

A simple way to assess the contribution of charged amino acids to Aβ-bilayer interactions
is to compute the ratio of <ΔCl> attributed to Glu11, Glu22, Asp23, and Lys28 to the total
<ΔCl> caused by calcium. We have found that 52% of the increase in Aβ interactions with
the lipid headgroups is related to these four amino acids. These conclusions are consistent
with the above analysis of the insertion of amino acids and with the disruption of the
Asp23-Lys28 salt-bridge.

Table 11 Changes in Aβ-bilayer interactions induced by calcium
<ΔCl(k)>a

S1

S2

S3

S4

G1-G3b

0.18 ± 0.04

0.01 ± 0.02

0.07 ± 0.03

0.01 ± 0.02

G4-G5c

0.05 ± 0.01

0.06 ± 0.06

0.06 ± 0.04

0.03 ± 0.06

a

Changes in the average number of contacts <ΔCl(k)> between amino acids from an Aβ sequence region and
the lipid structural group k are quantified by <ΔCl(k)> = <Cl(k)>1 − <Cl(k)>2, where indices 1 and 2 stand
for Aβ+BL+Ca and Aβ+BL, respectively. The data are normalized by the number of lipid structural groups
in each category. bLipid surface structural groups. cLipid fatty acid structural groups.
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Impact of Aβ on bilayer structure
It follows from the results above that calcium enhances interactions of Aβ with the DMPC
bilayer and causes deeper peptide insertion. Therefore, one may expect that Aβ binding
affects bilayer structure. Figure 47 displays the number density of lipid heavy atoms nl(r,z)
at the distance r from the peptide center of mass and the position z along the bilayer normal.
The figure vividly illustrates that the bound Aβ monomer indents the lipid bilayer and
depresses lipid density.

As in the Aβ+BL system, bilayer indentation was quantified by defining the boundary zb(r),
which corresponds to a ≈50% drop in lipid density with respect to the maximum nl(r,z) for
a given r. For distant lipids, this boundary approximately matches the bilayer-water
interface, where heavy atom number densities of water and lipids are equal. Then, the
indentation depth is taken as the difference between the average values of zb(r) for distant
(r > Rc = 14 Å) and proximal lipids located in the center of the Aβ binding footprint
(r < 6 Å). In the Aβ+BL system, the indentation depth was found to be 6.2 Å. With the
addition of calcium, the bilayer indentation depth increases to 7.5 Å. Figure 47 also reveals
a minor but noticeable indentation of the lower leaflet immediately underneath the Aβ
monomer bound to the upper leaflet. Taking this into account, the total thinning of the
DMPC bilayer ΔD is 8.5 Å in the Aβ+BL+Ca system. For comparison, ΔD in Aβ+BL is
7.2 Å, implying that calcium increases bilayer thinning induced by Aβ by 1.3 Å.

130

Figure 47 Effect of Aβ and calcium on the number density of lipid heavy atoms. The number density of
lipid heavy atoms nl(r,z) is computed as a function of the distance r to the Aβ center of mass and the position
z along the bilayer normal. The black and red lines mark the boundaries of the lipid bilayer zb(r) for the
Aβ+BL+Ca and Aβ+BL systems, respectively. The extent of lipid density depression with the radius
Rc = 14 Å is shown by vertical dashed lines. This figure shows that calcium enhances the thinning of the
DMPC bilayer caused by the bound Aβ monomer.

Thinning of the DMPC bilayer is consistent with the analysis of the lipid carbon-deuterium
order parameter −<SCD>, which probes the orientation of carbon-hydrogen bonds in sn-2
fatty acid tails. Figure 48 shows −<SCD(i)> computed for proximal and distant lipids. All
fatty acid carbons i in proximal lipids feature smaller −<SCD(i)> compared to those in
distant lipids. Indeed, the average −<SCD> for proximal and distant lipids are 0.12 ± 0.01
and 0.17 ± 0.00, respectively. This finding should be contrasted with that obtained for the
Aβ+BL system, where the corresponding quantities are 0.13 and 0.16, respectively. The
decrease in −<SCD> for proximal lipids can be attributed to the disordering of fatty acid
tails by Aβ. Compared to Aβ+BL, there is a statistically significant decrease in −<SCD(i)>
for six carbons in proximal lipids in Aβ+BL+Ca. Thus, calcium ions not only increase
bilayer thinning but also enhance lipid disorder within the Aβ binding footprint.
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Figure 48 Effect of Aβ and calcium on the lipid carbon-deuterium order parameter. The lipid carbondeuterium order parameter −<SCD(i)> is computed for carbon atoms i in sn-2 fatty acid chains. The parameter
SCD probes the orientation of carbon-hydrogen bonds with respect to the bilayer normal. The system
Aβ+BL+Ca is in black, whereas the system Aβ+BL is in red. Solid and dashed lines represent the
distributions computed for proximal and distant lipids, respectively. Sampling errors are indicated by vertical
bars. The plot reveals that calcium ions slightly enhance the disorder in proximal lipid tails.

It is worth noting that calcium impacts the bilayer structure outside of the Aβ binding
footprint. For example, calcium leads to a minor but systemic increase in −<SCD> for all
carbons in distant lipids (average −<SCD> increases from 0.16 in Aβ+BL to 0.17 in
Aβ+BL+Ca). The effect of calcium on distant lipids is therefore the opposite of that
observed for proximal lipids. It is likely that these conflicting effects of calcium on fatty
acid structure are due to the enhancement of Aβ insertion into the bilayer caused by calcium
and the ordering effect of calcium on bilayer structure.
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Calcium distribution in bilayer and interactions with Aβ
To understand the impact of calcium ions on Aβ binding to the DMPC bilayer, it is
important to probe the interactions between Aβ and calcium. We measured calcium affinity
to Aβ by computing the number of contacts <Ci(i)> calcium ions form with each amino
acid i. Figure 49 indicates that all three negatively charged amino acids (Glu11, Glu22, and
Asp23) form strong interactions with calcium. On average, these amino acids each form
1.0 ± 0.1 contact with calcium ions. For comparison, the number of contacts formed by
other residues is more than ten-fold smaller (0.04 ± 0.01). The average number of calcium
ions bound to the Aβ monomer per leaflet <Ni> is 2.4 ± 0.1. If the computation is restricted
to those ions bound to negatively charged amino acids, <Ni> is barely reduced to 2.2 ± 0.2.
Therefore, ≈90% of all calcium ions interacting with Aβ are bound to anionic amino acids,
highlighting the importance of electrostatic interactions in the binding of calcium to Aβ.

Figure 49 Contacts formed between calcium ions and Aβ amino acids. The average number <Ci(i)> of
calcium ions interacting with each amino acid i is depicted in black. Green and orange lines represent <Ci(i)>
computed with the Asp23-Lys28 salt-bridge formed and disrupted, respectively. Sampling errors are denoted
by vertical bars. The plot underscores the strong affinity of calcium ions for negatively charged amino acids
and the effect of salt-bridge disruption on calcium binding to Glu22 and Asp23.
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To explore the interactions between calcium and lipids, we computed the number of
contacts <Cil(k)> formed between calcium ions and the lipid structural group k = G1-G5.
We found that <Cil(k)> values for k = G1, G2, G3, and G4/G5 are 0.42 ± 0.02, 0.49 ± 0.02,
0.39 ± 0.01, and 0.00 ± 0.00, respectively. Qualitatively, this distribution of ion-lipid
interactions applies to distant as well as proximal lipids. Thus, calcium binds exclusively
to the polar headgroups, whereas there are virtually no calcium ions in the bilayer
hydrophobic core.

Spatial distribution of calcium within the DMPC bilayer can be directly deduced from
ni(r,z), the number density of calcium ions at the distance r from the peptide center of mass
and the position z along the bilayer normal (Figure 50). This plot shows that, in the distant
region (r > Rc), the maximum density of calcium occurs at z ≈ 17.4 Å, which is consistent
with calcium binding to the phosphate group (zP = 17.35 Å). In the center of the Aβ binding
footprint (r < 6 Å), the maximal ni(r,z) occurs at a larger distance from the bilayer midplane,
z ≈ 20.8 Å. As an additional measure, we analyzed the calcium surface density ns. Strictly
speaking, ns refers to the number of ions bound either to Aβ or lipids. In the proximal
region, ns = 3.4 x 10−3 Å−2, whereas, in the distant region, ns is reduced to 2.7 x 10−3 Å−2.
Using surface number densities is a straightforward way to determine the total numbers of
calcium ions located in the proximal and distant regions per leaflet, which are 2.1 and 7.1,
respectively.
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Figure 50 Distribution of calcium ions in DMPC bilayer. The number density of calcium ions in the bilayer
ni(r,z) is computed as a function of the distance r to the Aβ center of mass and the position z along the bilayer
normal. The boundaries of the proximal region at the radius Rc = 14 Å are shown by vertical dashed lines.
This figure illustrates the influx of calcium into the Aβ binding footprint driven by the affinity of the ions for
negatively charged amino acids.

Because calcium ions demonstrate a strong affinity to phosphate groups (G2) and
negatively charged amino acids, it is also important to directly evaluate the ability of
calcium ions in the proximal region to coordinate phosphate G2 and anionic amino acids.
We have found the average number of such calcium ions involved in coordination in both
leaflets to be 0.7, or ≈17% of proximal ions. Therefore, there are relatively few calcium
ions coordinating negatively charged amino acids and phosphate groups. However, we
show in the Discussion that this apparently small number of coordinating calcium ions is
sufficient to enhance the interactions between Aβ peptides and the DMPC bilayer.
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Discussion
Calcium changes the structure of Aβ bound to DMPC bilayer
NPT-REMD simulations have allowed us to compute the equilibrium properties of the Aβ
monomer interacting with the DMPC bilayer coincubated with calcium. It follows from
our simulations that calcium ions change the conformational ensemble of the bilayer-bound
Aβ monomer. The most pronounced change is observed in Aβ tertiary structure, in which
calcium introduces two equally probable states with the salt-bridge Asp23-Lys28 formed
(<C(i,j)> = 0.48) or disrupted (0.52). For comparison, this salt-bridge is formed with an
overwhelming probability (0.79) in the simulations without calcium.64 We have argued that
the disruption of this salt-bridge affects other long-range contacts (e.g., Phe19-Ile31 and
Asn27-Ile32).

Figure 49 indicates that salt-bridge stability is linked to calcium binding. When the saltbridge Asp23-Lys28 is formed, amino acid Asp23 and its neighbor Glu22 each bind on
average 0.7 calcium ions. Disruption of the salt-bridge makes these amino acids available
for calcium, increasing the number of bound ions more than two-fold to 1.6. On average,
these amino acids together interact with 1.5 calcium ions, of which 60% (or 0.9) are
attributed to those ions simultaneously bound to both amino acids. Another charged amino
acid, Glu11, interacts with a smaller number of calcium ions (0.7). Thus, preference of
calcium to bind to Glu22 and Asp23 can be explained by their adjacent positions in the Aβ
sequence, which allows a single divalent calcium ion (Ca2+) to interact with two negatively
charged amino acids at once. Furthermore, electrostatic interactions of calcium ions with
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negatively charged amino acids interfere with the intrapeptide salt-bridge Asp23-Lys28,
resulting in a shift in the Aβ conformational ensemble.

In addition, calcium subtly but systemically affects Aβ secondary structure. In general,
binding of the Aβ monomer to the DMPC bilayer elicits a dramatic structural conversion
in the C-terminal region S4 from random coil and turn to stable helix (Figure 43 and
Table 9). Indeed, according to Table 9, <H> of S4 is 0.17 in water, which increases fourfold to 0.65 in calcium-free bilayer-bound Aβ. The addition of calcium lowers <H> in S4
to 0.59. We have explained helix stabilization in the Aβ+BL system by lipids forming
cross-bridges between residues i and i + 3 or i and i + 4. Specifically, we have shown that
60% of DMPC lipid contacts are involved in such cross-bridging of S4 residues, which
stabilizes helical structure. With the addition of calcium, this percentage decreases to 55%,
consistent with the weaker helix propensity in the Aβ+BL+Ca system.

Calcium strengthens Aβ peptide interactions with DMPC bilayer
We have also observed that calcium increases the binding affinity of Aβ peptides to the
DMPC bilayer. In particular, Aβ penetrates deeper into the bilayer compared to the
calcium-free system. This conclusion follows from the data reported in Figure 45 and
Table 10, where <Δz> is negative for all Aβ sequence regions. Specifically, calcium causes
hydrophobic S2 and S4 to penetrate deeper into the bilayer by 1.5 Å, whereas the polar
sequence regions S1 and S3 move 3.3 and 2.3 Å, respectively, closer to the bilayer
midplane. As a result, the central hydrophobic cluster S2 and C-terminal S4 are positioned
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below phosphorus atoms in a leaflet (<z> < zP = 17.35 Å). These changes are reflected in
the ΔPs and ΔPi values, which show that, compared to Aβ+BL, Aβ regions (particular S1
and S3) in Aβ+BL+Ca demonstrate stronger binding to the bilayer surface and an increased
probability of insertion into the bilayer (Table 10).

Tighter binding of Aβ to the DMPC bilayer is largely due to stronger electrostatic
interactions of charged amino acids with polar lipid headgroups. Analyzing the data in
Figure 46, we have identified seven contacts most strengthened by calcium. Among these,
the top five contacts all involve charged residues (Glu11, Glu22, Asp23, and Lys28) and,
in all but one case, the anionic phosphate group G2. Generally, these four charged amino
acids deliver 52% of the increase in interactions between Aβ and lipid headgroups. This
result agrees with Table 11, showing that the largest change in Aβ-lipid interactions is due
to stronger contacts of polar Aβ sequence regions S1 and S3 with lipid headgroups.

Due to enhanced interactions between Aβ and the DMPC bilayer, we have observed a
stronger impact of peptide binding on the bilayer structure. Specifically, binding of the Aβ
monomer causes bilayer thinning by ΔD = 8.5 Å (Figure 47). For comparison, in the
calcium-free system, ΔD = 7.2 Å. The enhanced thinning of 1.3 Å observed in Aβ+BL+Ca
compared to Aβ+BL is reflected in a suppressed carbon-deuterium order parameter
−<SCD> for proximal lipids, which implicates their increased disorder in the system
containing calcium (Figure 48). This observation is interesting because calcium is known
to increase the ordering of lipids,36 which is also seen in our simulations for distant lipids.
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Therefore, we surmise that the impact of Aβ on lipid structure overrides the increase in
lipid ordering by calcium.

Calcium redistribution in bilayer driven by anionic amino acids
Our simulation results demonstrate a strong affinity of calcium ions for negatively charged
amino acids. According to Figure 49, the average number of calcium ions bound to these
amino acids is 1.0, whereas the corresponding number bound to other amino acids is more
than ten-fold smaller (0.04). Furthermore, ≈90% of all ions bound to the Aβ monomer
interact with just three anionic amino acids: Glu11, Glu22, and Asp23. These findings
emphasize that electrostatic interaction is the dominant factor governing the binding of
calcium ions to Aβ. We have argued above that these interactions change Aβ tertiary
structure by disrupting the Asp23-Lys28 salt-bridge. Below, we analyze the consequences
of the strong affinity of calcium for negatively charged amino acids on the distribution of
ions within the bilayer.

Consistent with prior studies,36,37 calcium almost exclusively interacts with polar
headgroups G1-G3, showing the strongest affinity for the phosphate group G2.
Accordingly, in Figure 50 the average location of calcium along the z axis in the distant
region is 17.4 Å, which matches the average z position of the phosphorus center of mass
(zP = 17.35 Å). However, the average position of proximal calcium along the z axis is
moved 3.4 Å away from the bilayer midplane. This redistribution of calcium may be
explained by its strong affinity for negatively charged amino acids, which partially extract
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calcium from the bilayer. Another consequence of calcium affinity for negatively charged
amino acids is revealed by the analysis of calcium surface number density ns. Comparing
ns values for the proximal and distant regions, we detected an influx of calcium into the
proximal region that increased ns by >25%. Also, using ns and the areas of proximal and
distant regions, we can estimate the probability of calcium binding to the DMPC bilayer
and/or the Aβ peptide. We have found that the number of bound calcium ions is 18.3. Since
the total number of ions is 20, the probability of calcium binding to lipids or peptides is
≈0.92, in agreement with previously published reports.36 Furthermore, the binding
probability for calcium permits us to compute the average number of free ions, which is
1.7. This number corresponds to a concentration of free calcium of 13 mM, which is close
to experimental concentrations.33

Mechanism of calcium effect on Aβ-bilayer interactions
The results discussed above raise the question of the mechanism by which calcium
increases the binding affinity of the Aβ monomer for the DMPC bilayer. To answer this
question, we need to consider the balance of interactions of calcium with amino acids and
lipids. The average number of proximal calcium ions is 4.2 in both leaflets, of which 3.2
(or 76%) are bound to negatively charged amino acids and only 0.7 (or 17%) coordinate
anionic amino acids and phosphate groups. Nevertheless, only a few calcium ions (0.7 in
both leaflets) coordinating negatively charged amino acids and phosphate groups are
apparently sufficient to increase Aβ affinity to the DMPC bilayer. To confirm this
assertion, we recomputed Figure 46 first applying the requirement that an amino acid i is
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bound by calcium and then that i is not bound by calcium. The results (available in the
supplementary material of our publication)66 show that the binding of calcium to Glu11,
Glu22, and Asp23 dramatically increases their affinity with respect to the bilayer,
particularly phosphate groups. Indeed, the numbers of lipid groups G1-G3 forming contacts
with calcium-bound Glu11, Glu22, and Asp23 are 0.81, 1.38, and 0.86, respectively. When
calcium is not bound to these amino acids, these numbers are reduced to 0.39, 0.03, and
0.02, indicating a striking loss of affinity of negatively charged amino acids with respect
to the bilayer. Thus, calcium coordination explains the stronger binding of negatively
charged amino acids to the bilayer as seen in Figure 46.

Figure 46 also implicates positively charged Lys28 in stronger interactions with phosphate
groups. Given that Lys28-bilayer interactions are activated in the system containing
calcium, it is reasonable to suggest that destabilization of the Asp23-Lys28 salt-bridge by
calcium frees Lys28 to interact with the bilayer. Indeed, if the salt-bridge is formed, the
number of contacts between Lys28 and the phosphate group G2 is just 0.01, but, when the
salt-bridge is disrupted, this number increases to 0.60. Thus, calcium ions enable four
charged amino acids to interact with lipid headgroups, and these amino acids together
account for 52% of the increase in Aβ binding affinity. In summary, we propose that the
mechanism by which calcium ions strengthen Aβ-bilayer interactions is based on two
factors. First, calcium ions make the DMPC bilayer partially cationic and thus attractive to
anionic Aβ. Second, destabilization of the Asp23-Lys28 salt-bridge makes Lys28 available
for interactions with the bilayer.
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Comparison with previous studies and possible biomedical implications
It is important to compare our results with those of previous studies. An MD study probing
calcium interactions with the zwitterionic DOPC bilayer has shown that the area per lipid
Al decreases depending on the calcium concentration.37 Specifically, when ten calcium ions
are added to the DOPC leaflet (approximately matching our stoichiometric ratio), Al
decreases by 6% from 66 to 62 Å2 at 310 K. For our Aβ- and calcium-free DMPC bilayer,65
the area per lipid Al is 65.1 ± 0.0 Å2 at 330 K. In an additional control Aβ-free BL+Ca
system, we found Al to be reduced by 11% to 57.7 ± 0.2 Å2. Also in the BL+Ca system, we
obtained the radial number density function for phosphorus atoms gPP(r), where r is the
distance between phosphorus atoms (figure available in the supplementary material of our
publication).66 In the Aβ- and calcium-free DMPC bilayer, gPP(r) reaches its maximum at
6 Å. When calcium is added, this maximum shifts to 4.5 Å, indicating a closer packing of
lipids. Thus, our results show a tendency of calcium ions to induce tighter packing of lipids,
as reported earlier (although for different lipid types).37 Our findings are also consistent
with experiments in which calcium ions were implicated in increasing the mechanical
stability of DMPC bilayers.35 The ability of cations to coordinate multiple lipid molecules
has been observed in numerous previous studies.36,38,39 In agreement, our simulations report
that, in Aβ-free regions, a single calcium ion coordinates up to three or four lipid phosphate
groups (figure available in our publication).66 Finally, our REMD simulations reveal that,
because calcium ions prefer binding to lipid phosphate groups, the distribution of ions
along the z axis peaks at the location of phosphorus atoms in the distant region. The same
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observation was made in a previous study.36 Thus, we conclude that our results agree well
with those of previous studies.

It has been suggested that the cytotoxicity of Aβ peptides is associated with structural
perturbations in lipid bilayers induced by binding peptides.30,31 Our REMD simulations
demonstrate that the Aβ monomer indeed depresses lipid density near its binding footprint
and causes bilayer thinning. Nevertheless, our results give no indication that binding of the
Aβ monomer can promote calcium permeation through the zwitterionic lipid bilayer. For
example, the data in Figure 50 give no evidence that calcium ions penetrate deeper into the
bilayer near the Aβ binding footprint. In fact, the anionic Aβ monomer may even impede
calcium traffic through the lipid bilayer serving as an attractor to the ions. These
observations offer a possible explanation for the low cytotoxicity of Aβ monomers.

Conclusion
Using NPT-REMD, we studied the equilibrium binding of Aβ monomers to the
zwitterionic DMPC bilayer coincubated with calcium. Using as a control our previous
REMD calcium-free simulations, we have reached several conclusions. First, calcium ions
change the tertiary structure of the bound Aβ monomer by destabilizing several long-range
intrapeptide interactions, particularly the salt-bridge Asp23-Lys28. Second, calcium
strengthens the binding of the Aβ monomer to the DMPC bilayer by enhancing electrostatic
interactions between charged amino acids and lipid polar headgroups. As a result, the Aβ
monomer penetrates deeper into the bilayer, disordering proximal lipids and making
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bilayer thinning more pronounced. Third, because calcium ions demonstrate strong affinity
with respect to negatively charged amino acids, a considerable influx of calcium into the
area proximal to the bound Aβ monomer is observed. Based on our data, we propose a
mechanism by which calcium ions strengthen Aβ-bilayer interactions. This mechanism
involves two factors: (i) calcium ions make the DMPC bilayer partially cationic and thus
attractive to anionic Aβ and (ii) destabilization of the Asp23-Lys28 salt-bridge makes
Lys28 available for interactions with the bilayer. Finally, we concluded that a sole Aβ
monomer does not promote the permeation of calcium ions through the zwitterionic DMPC
lipid bilayer.

This work was adapted from Lockhart, C., & Klimov, D. K. (2015) Calcium enhances binding of Aβ monomer to DMPC bilayer.
Biophys. J. 108(7): 1807-1818. Copyright 2015, with permission from Elsevier.
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REPLICA-EXCHANGE FOR HETEROGENEOUS COMPUTING GRIDS

In this final chapter, we present our most recent work67 that details an implementation of
REMD suitable for distributed computing environments. This work was supported by the
National Institute on Aging (National Institutes of Health) grant R41 AG044022. The
results discussed here concern the underlying logic used to practically employ REMD.
Therefore, these results do not provide new insight into the conformational ensemble of
the Aβ monomer but are designed for the development of future REMD applications.
Below we compare two implementations of REMD which differ in the management of
replica simulations. We demonstrate that, when using a homogeneous local cluster, the
management scheme of simulations is inconsequential; however, the difference between
these two proposed REMD implementations becomes apparent when using a
heterogeneous distributed computational grid.

Straightforward implementations of REMD are based on synchronous execution of
simulations in all R replicas, collecting and analyzing the final R replica states, computing
the exchange probabilities, swapping the replicas over the RE reaction coordinate (e.g.,
temperature), and restarting new R replica simulations. This implementation, which we
refer to as standard REMD, requires a master process (server) that centrally performs all
of these tasks. Accordingly, the approach has two serious limitations. First, because replica
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simulations are launched sequentially, each replica must wait for its own turn in a launching
queue leading to considerable delays in initiating the simulations of the last few replicas.
Second, the underlying assumption in standard REMD is that all replica simulations are
performed on similar computing resources with similar speeds.

Although the above assumption is usually satisfied on dedicated Linux clusters, it is not
valid if REMD simulations are performed on heterogeneous distributed computing nodes
such as those typically found on computational grids. As a rule, these nodes have wideranging levels of performance and reliability. Furthermore, compute nodes on public grids
frequently operate on a cycle-stealing basis, where grid computations are only permitted to
run when the machine is otherwise idle. Computations running on these nodes are then
subject to interruptions causing their delays or forcing their restart on other nodes. In these
cases, the performance of REMD is limited by the slowest computing node on the grid
assigned to simulations. The consequences are (i) a slowdown in REMD simulations and
(ii) low utilization of each processor tasked with executing replica simulations. As a result,
the performance of REMD on heterogeneous computational grids is severely degraded
compared to its execution on local dedicated clusters.

It is important to emphasize that both of the limitations outlined above are exclusively
related to the management of replica simulations. For example, REMD does not require
exchange attempts to be performed synchronously for all selected replica pairs. This
opportunity has been used to develop alternative replica management strategies. For
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instance, the REMD implementation in NAMD80 uses a local replica management strategy,
in which pairs of replicas are attempted to exchange once they become available. However,
this local management strategy utilizes MPI and therefore may not be suitable for all
heterogeneous grids. Consequently, REMD distributed computations require a different
approach. For example, asynchronous REMD decouples the exchanges between different
replica pairs through local management of their exchange attempts.169 Other studies have
addressed the REMD synchronization problem by replica multiplexing,170 which increases
the pool of replicas available for exchange attempts. A radically different approach was
implemented in serial REMD,171,172 which allows one to completely decouple replica
simulations while still preserving a REMD-like random walk over temperatures.

Here, we propose another local replica management scheme suitable for heterogeneous
grids that we call greedy REMD (gREMD), which is now commercially available from our
collaborators as part of the Parabon Frontier Grid Platform. gREMD exploits the fact that
a pair of replicas can attempt an exchange independent of the states of the other R − 2
replicas. To utilize this circumstance, we pre-compute the schedule of exchange attempts
before initiating REMD simulations. Then, when a pair of replicas set for exchange attempt
according to the schedule becomes available, the exchange is attempted irrespective of the
current states in other replicas. Similar to asynchronous REMD,169 gREMD breaks the
synchronicity in the management of replica simulations. Thus, gREMD alleviates poor
REMD performance on heterogeneous computational grids because exchange attempts no
longer depend on the completion of all R replica simulations (as in standard REMD) but
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are determined only by the states of two replicas. To illustrate an application of gREMD,
we used the massively parallel grid computing architecture Parabon Frontier
(www.parabon.com). We show that greedy management of replica simulations offers
significant wall-clock acceleration of standard REMD simulations and increases CPU
utilization. We conclude with a discussion comparing gREMD with other approaches in
managing replica simulations.

Results
To test gREMD, we used two simulation systems described previously in this dissertation:
the Aβ29-40 monomer63 and two Aβ10-40 monomers interacting with the DMPC bilayer.64
gREMD utilized two heterogeneous networks of computing nodes controlled by the
Parabon Frontier server. The first grid, referred to as the Mason grid, consisted of 22
Windows workstations with i5 and i7 quad-core processors located at George Mason
University. The second grid, referred to as the CAAD grid, consisted of distributed nodes
donated by volunteer users within the scope of the Compute Against Alzheimer’s Disease
campaign (CAAD; www.computeagainstalzheimers.org). This grid included laptops,
desktops, and servers running Windows, Linux, and Mac OS X. The node capabilities
ranged from quad-core workstations to 16-core Intel Xeon servers. For benchmarking
purposes, we used both grids and our in-house cluster to perform short gREMD and
standard REMD runs. The latter were treated as controls.
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We begin the analysis of gREMD by presenting the results of its computational
performance. We denote τit as the wall-clock time of completing one REMD iteration,
which is the sum of two contributions, τw and τsim (i.e., τit = τw + τsim). Figure 51 shows a
cartoon detailing the difference in computation of τit between standard REMD and
gREMD. The wait time τw accounts for the queued launching of replica simulations and for
idling periods during which replicas expect exchange attempts. The simulation time τsim
measures the duration of replica MD simulations in a REMD iteration.

replicas

Standard REMD
4
3
2
1

replicas

1

3

2

replica iterations

τsim

Greedy REMD

τw

4
3
2
1
1

2

3

replica iterations

Figure 51 Standard REMD versus gREMD. Green and red arrows represent MD simulations running for
the time τsim and the wait (idle) time τw, respectively. Vertical black lines mark exchange attempts. In standard
REMD, exchange attempts are applied to all replica pairs simultaneously, whereas gREMD localizes
exchange attempts to individual replica pairs.
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Figure 52 shows the probability distributions P(τit) of iteration times τit collected from
standard REMD simulations of the large system containing Aβ10-40 monomers binding to
the DMPC bilayer. An extremely narrow distribution of τit is characteristic of standard
REMD simulations performed on a dedicated Linux cluster. As expected for this
homogeneous environment, the standard deviation in τit is very small (σ = 8 s). However,
standard REMD simulations performed on the heterogeneous Mason and CAAD grids
result in broad P(τit) distributions characterized by σ equal to 1103 and 1880 s, respectively,
which are two orders of magnitude larger than σ observed for cluster-based standard
REMD.

Figure 52 Probability distributions of iteration times. This figure displays the probability distributions P(τit)
of iteration times τit for cluster-based standard REMD (black), Mason grid standard REMD (red), and CAAD
grid standard REMD (blue). The data were collected from standard REMD simulations of Aβ10-40
monomers binding to the DMPC bilayer. The log scale for τit underscores the narrow distribution produced
by cluster-based standard REMD and the broad distributions associated with grid-based standard REMD.

From above, one might expect that heterogeneous grids severely degrade the performance
of standard REMD. To test this expectation and quantify the performance of standard
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versus greedy REMD, we obtained several benchmarks. For the small (Aβ29-40 monomer)
and large (Aβ10-40 monomers binding to the DMPC bilayer) simulation systems, we
performed 50 REMD iterations using standard REMD and gREMD. As a result, we
computed τit and τsim as well as the utilization rates γ = τsim / τit , where bars indicate the
averages over iterations. The results for the small simulation system are presented in
Table 12. It follows from this table that application of gREMD to cluster-based simulations
does not reduce the time required to complete one iteration τit or impact γ. However,
compared to standard REMD, gREMD does reduce τit on Mason and CAAD grids by a
factor of 1.3 and 1.5, respectively. Also, gREMD marginally improves utilization rates γ.

Table 12 Benchmark results for small simulation system
Simulation

τit, s

τsim, s

γ

cluster-based standard REMD

136

127

0.93

cluster-based gREMD

131

127

0.97

Mason grid standard REMD

565

57

0.12

Mason grid gREMD

435

56

0.19

CAAD grid standard REMD

614

71

0.14

CAAD grid gREMD

420

73

0.22

In Table 13 we also present the results for the large simulation system. Similar to Table 12,
the large simulation system shows that gREMD does not affect iteration times τit or
utilization rates γ in cluster-based simulations. In contrast, when applied to Mason and
CAAD grids, gREMD accelerates simulations by a factor of 1.7. Simultaneously, gREMD
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increases the utilization rates from about 0.26 to 0.43. It is important to note that Table 12
and Table 13 demonstrate that grid-based simulations are slower than cluster-based
simulations, even though the former execute MD simulations faster as measured by τsim
(due to newer hardware). This observation is related to relatively low γ values in Table 12
and Table 13 for grid-based REMD. In the Discussion we argue that the primary reason for
low utilization rates is large replica management overhead associated with REMD
simulations performed on distributed networks of computing nodes. Taken together, these
results imply that, for grid-based simulations, gREMD accelerates run-time execution and
increases utilization rates. Importantly, comparison of Table 12 and Table 13 indicates that
the benefits of gREMD become more apparent with an increase in the size of simulation
systems.

Table 13 Benchmark results for large simulation system
Simulation

τit, s

τsim, s

γ

cluster-based standard REMD

463

420

0.91

cluster-based gREMD

452

420

0.95

Mason grid standard REMD

1361

304

0.27

Mason grid gREMD

782

305

0.43

CAAD grid standard REMD

1713

355

0.26

CAAD grid gREMD

1026

362

0.42
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Discussion
gREMD is useful for grid-based simulations
REMD simulations are an increasingly important tool in studying complex biomolecular
systems. Nevertheless, they remain expensive in terms of required computational resources
that limits REMD applicability. A relatively cheap alternative to REMD performed on
dedicated compute clusters is grid-based REMD simulations utilizing networks of
computing nodes such as PCs available in university classrooms or labs. However, due to
the intrinsic heterogeneity of such networks, the times of completing one REMD iteration
τit show very broad distributions P(τit) compared to those observed in cluster-based
simulations. This circumstance is dramatically illustrated in Figure 52, revealing that the
standard deviations in P(τit) characterizing standard REMD on heterogeneous Mason and
CAAD grids are about two orders of magnitude larger than that obtained for cluster-based
standard REMD. Because standard REMD management requires synchronous execution
and completion of all replicas before advancement to the next iteration, standard REMD
simulations are limited by the slowest node and may not be efficient on a heterogeneous
network. Indeed, Table 12 and Table 13 demonstrate that standard REMD performs three
to four times slower on a grid than on a dedicated cluster, even though individual grid
nodes are typically faster than cluster nodes. This latter result is likely related to faster
CPUs on the grids than in our in-house cluster.

Recognizing the necessity to improve REMD performance on computing grids, we
proposed a new scheme managing replicas in REMD simulations, which we termed
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gREMD (Figure 51). From a theoretical perspective, REMD does not require synchronous
replica execution and exchanges as the outcome of exchange in a replica pair solely
depends on their states and not the states of the other R − 2 replicas. gREMD exploits this
circumstance and pre-computes the schedule of RE attempts ahead of REMD simulations.
Once a pair of replicas at the temperatures set a priori for exchange attempt by the schedule
becomes available, gREMD attempts the exchange irrespective of the states of other
replicas. Consequently, gREMD breaks the synchronicity in the management of replica
simulations.

Our analysis of Table 12 and Table 13 revealed that, depending on the system size, gREMD
accelerates grid-based REMD by a factor of 1.3 to 1.7. Importantly, the largest speed-up
factor corresponds to the large simulation system involving Aβ peptides interacting with
the DMPC lipid bilayer. Furthermore, gREMD boosts utilization rates γ for the large
simulation system. However, Table 12 and Table 13 also revealed that γ values for gridbased REMD are significantly lower than those observed for cluster-based simulations.
One can argue that low γ values are due to an inherent variability of iteration times τit
produced by heterogeneous grid environments and/or are the consequence of replica
management overhead. To evaluate these two possibilities and gain better insight into
gREMD performance, we have developed a simple program that emulates execution of
standard REMD and gREMD. This code adds individual wait times τw and simulation times
τsim to the total time accumulated by each temperature, applying the rules taken from
standard REMD and gREMD. As a test, using this emulator with τw and τsim taken from the
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actual distributions collected from Mason and CAAD grids, we were able to reproduce the
data in Table 12 and Table 13.

According to our analysis, the distribution of τsim obtained from grid-based simulations is
relatively narrow with a standard deviation about two orders of magnitude smaller than
that characterizing the distribution of τw. Accordingly, we focus on the impact of τw
variations on utilization rates γ. To this end, we used the emulation code and applied the
following approach. The observed wait times τw were scaled according to
τw ∆ = τw + ∆(τw

τw ), where bars denote the average over the observed distribution. By

varying Δ, we can control the contribution of dispersion in the distribution of τw. When
Δ = 1, we recover the observed distribution of wait times, whereas Δ = 0 completely
eliminates variations in τw across iterations. Figure 53 shows the dependence of utilization
rates γ on Δ for Mason grid gREMD and standard REMD. First, this figure demonstrates
that, for all Δ values, gREMD provides better utilization rates compared to standard
REMD. Second, γ reveals a weak dependence of the heterogeneity of the τw distribution as
γ at Δ = 0 is just 10% lower than γ at Δ = 1. A slight decrease in γ as Δ approaches 0 is due
to a negative skew in the τw distribution. For instance, the times τw for Mason grid gREMD
are split almost 60% and 40% to the left and right of τw . A similar trend is seen in τw
obtained for Mason grid standard REMD. Note that γ at Δ = 0 for gREMD is still higher
than that for standard REMD because, in standard REMD, τw at each iteration is R/2 times
longer than τw in gREMD. Thus, complete elimination of τw variations across iterations
does not improve utilization rates, and we conclude that low values of γ in Table 12 and
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Table 13 compared to cluster-based REMD are primarily determined by the replica
management overhead expressed in large values of τw.

Figure 53 Effect of wait time variability on utilization rates. This figure presents the dependence of
utilization rates γ on the scaling factor Δ for standard REMD (black) and gREMD (red), where Δ scales the
contribution of heterogeneity in τw to γ. Dashed lines mark the observed utilization rates in standard REMD
or gREMD for the large simulation system on the Mason grid.

To a large extent, the replica management overhead is related to the transfer of data over
networks and simulation scheduling. In principle, τw can be decomposed into the wait time
associated with replica scheduling τw,sch and the wait time associated with data transfer
between the master and distributed nodes τw,net. For the Mason grid executing standard
REMD for the large simulation system, the average τw,sch and τw,net times are 614 and 443 s,
respectively. The same quantities for the Mason grid executing gREMD are 106 and 370 s.
As expected, τw,sch in gREMD is much smaller than in standard REMD. These data indicate
that τw,net is a significant contributor to the total τw for both the standard (42%) and greedy
(78%) implementations of REMD. Complete elimination of network latency τw,net for
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Mason grid simulations would emulate an environment closely related to a cluster, where
τw,net ≈ 0. To explore this further, we defined a scaled τw ∆ = τw,sch + ∆τw,net and plotted γ
as a function of the scaling factor Δ in Figure 54. A value of Δ = 1 reproduces γ computed
in Table 13 for the Mason grid. As Δ is decreased, γ increases to 0.45 and 0.85 at Δ = 0 for
the standard and greedy implementations of REMD, respectively. These results
demonstrate that grid-based gREMD performance may approach that of cluster simulations
if the data transfer over the network is reduced to a minimum.

Figure 54 Effect of network wait time on utilization rates. The dependence of utilization rates γ on the
scaling factor Δ for standard REMD (black) and gREMD (red), where Δ scales the contribution of network
communication in τw to γ. Dashed lines mark the observed utilization rates in standard REMD or gREMD for
the large simulation system on the Mason grid.

Using our emulator code, it is also useful to examine the dependence of utilization rates on
the number of replicas R. Figure 55 presents γ(R), in which the distributions of τw and τsim
were taken from Mason grid simulations of the large system with R0 = 40 replicas. Note
that, in standard REMD simulations, τw must be scaled proportional to the number of

157

replicas. Theoretically, the dependence of the wait time τw on the number of replicas can
be represented as (R/R0)τw for standard REMD and as simply τw for gREMD. For standard
REMD, the factor R/R0 reflects the synchronization of all replicas before exchange
attempts. This factor is not present for gREMD because exchanges occur immediately after
a pair of replicas has completed MD simulations. Therefore, the time to complete a replica
iteration τit is not impacted by R in gREMD but grows linearly with R in standard REMD.
It follows from Figure 55 that utilization rates in standard REMD sharply decline with the
increase in R. In contrast, gREMD maintains an approximately constant γ as R increases.
These results argue that gREMD is useful in overcoming the inefficiencies of grid-based
REMD simulations with a large numbers of replicas.

Figure 55 Effect of the number of replicas on utilization rates. The dependence of utilization rates γ on the
number of replicas R for standard REMD (black) and gREMD (red). A minor increase in γ at small R for
gREMD is due to the contribution of the first and last replicas, which participate less frequently in exchanges.
Better utilization rates in standard REMD compared to gREMD at small R are related to the overhead
produced by executing the code for greedy management.
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In summary, this work extends local replica management to gREMD simulations
performed on heterogeneous computing grids. gREMD implements local replica
management through a pre-computed exchange schedule. Comparative analysis of
gREMD and standard REMD suggest three main conclusions: (i) gREMD accelerates gridbased REMD simulations by as much as 40%; (ii) gREMD increases utilization rates γ in
grid-based REMD by up to 60%; and (iii) gREMD is predicted to maintain approximately
constant utilization rates γ and iteration times τit with an increase in the number of replicas.
Importantly, gREMD compared to standard REMD also does not affect a system’s
thermodynamic properties. In our publication,67 we analyzed several such properties and
found the differences between gREMD and standard REMD simulation results to be
insignificant. Finally, it is important to emphasize that gREMD offers no benefits for
cluster-based simulations, which are characterized by small and uniform wait times τw. In
fact, cluster-based REMD simulations perform equally well utilizing local or global
management of replicas. Although in general grid-based REMD was shown to be
consistently slower than cluster-based REMD, our results demonstrate that modifying the
management of REMD can improve simulation performance.

Comparing gREMD to other grid-based REMD
As pointed out above, the theoretical foundations of REMD do not stipulate synchronous
exchange attempts in all selected replica pairs. This circumstance has been exploited in
several replica management strategies. The strategy closest to our gREMD was proposed
in asynchronous REMD, which decouples the exchanges between different replica pairs.169
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In asynchronous REMD, each replica exists in either two states, computing or posted. In
the computing state, a replica is not available for exchange, whereas a replica in the posted
state is looking for a neighboring replica also in the posted state. Once such a partner has
been identified, an exchange is attempted and then simulations are restarted for both
replicas, which now enter the computing state. Similar to gREMD, asynchronous REMD
decentralizes the management of replicas, according to which the slowest node can no
longer dictate overall REMD performance. However, asynchronous REMD differs from
gREMD in two important aspects. First, in contrast to asynchronous REMD, gREMD uses
a pre-computed schedule of exchange attempts that easily decentralizes replica
management. Second, the amount of sampling per temperature in asynchronous REMD is
not constant, whereas gREMD follows a pre-computed schedule that samples each
temperature equally.

Most current REMD implementations for cluster simulations use local replica
management. For example, the NAMD REMD protocol implements a strategy similar to
gREMD by utilizing MPI.80 NAMD REMD is started with the number of MPI ranks
proportional to the number of replicas. NAMD REMD assigns the schedule of replica
exchanges based on a simple scheme, where a given replica alternates between using the
neighboring replica below or above itself on the temperature scale as an exchange partner.
Exchanges are attempted as soon as a replica and its partner have both finished MD
simulations for a current iteration. This decentralized scheme relies on the synchronization
provided by MPI. However, use of NAMD REMD is therefore limited to specific grid
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architectures. For instance, public grids (such as CAAD) are not guaranteed to be suitable
for MPI as the nodes on these grids may not be directly accessible except through a limited
number of standard protocols (e.g., HTTP).

Another approach to the synchronization problem in REMD is based on replica
multiplexing,170 in which a replica at each temperature is further replicated M times.
Because a replica ready for exchange attempt can now pair with any of M replicas at
neighboring temperatures, the requirement for rigid synchronization is relaxed, albeit not
entirely eliminated. Multiplexing boosts the overall REMD performance at the price of
expanding the scope of simulations M times. In contrast, gREMD does not change the
overall amount of simulations compared to standard REMD.

A completely different strategy is proposed in serial REMD.171,172 In this case, each replica
performs a random walk over temperatures by attempting exchanges with “virtual” replicas
created from pre-computed energy distributions. This strategy completely eliminates interreplica communication, making all R replica simulations fully independent. The main
difficulty in performing serial REMD is the requirement to obtain unbiased energy
probability distributions at each temperature of interest prior to production REMD
simulations. However, this strategy may be advantageous as it largely eliminates the
overhead associated with replica management by a central server for grid-based REMD.
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Conclusion
In this chapter, we proposed gREMD, a new REMD implementation particularly suitable
for computations performed on heterogeneous grids. To decentralize replica management,
gREMD utilizes a pre-computed schedule of exchange attempts between replicas. Our
comparison of gREMD against standard REMD suggests three main conclusions. First,
gREMD accelerates grid-based REMD simulations by as much as 40%, and the boost in
performance increases with the system size. Second, gREMD increases CPU utilization
rates in grid-based REMD by up to 60%. Third, we argued that gREMD is expected to
maintain approximately constant CPU utilization rates and iteration times with an increase
in the number of replicas. We believe that gREMD can find its place in largescale REMD
simulations on heterogeneous computing grids.

This work was adapted from Lockhart, C., O’Connor, J., Armentrout, S., & Klimov, D. K. (2015) Greedy replica exchange algorithm
for heterogeneous computing grids. J. Mol. Model. 21(9): 243. Copyright 2015, with kind permission from Springer Science and
Business Media.
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CONCLUSIONS

Using REMD simulations, we explored the changes in the conformational ensemble of the
Aβ monomer in various environments. In the simplest case, Aβ in water forms mostly turn
and random coil conformations. We showed that the anti-aggregation agent ibuprofen, the
zwitterionic DMPC lipid bilayer, and even the introduction of sequence truncation (to
generate the Aβ29-40 monomer) are capable of dramatically altering Aβ conformations,
resulting in a stable helical structure present in the Aβ C-terminal. Others have noted this
stable C-terminal helix54,55,107 and have suggested that its presence might hinder the
aggregation of the Aβ peptide and lower its cytotoxicity.107,132 In contrast, our simulations
have demonstrated that the biomarker FDDNP and other sequence truncations (e.g.,
Aβ23-40 and Aβ28-40 monomers) do not produce a strong change in Aβ conformations.
Thus, we conclude that there is an inherent helix propensity in the Aβ C-terminal that can
be revealed by only certain environments.

More specifically, our work has demonstrated that the binding of the anti-aggregation agent
ibuprofen is driven by the hydrophobic effect. In agreement with experiments,40 we have
observed that the binding affinity of (S)-ibuprofen is greater than that of (R)-ibuprofen.
Although ibuprofen promotes a change in Aβ helical content, its low binding affinity and
stabilization of the Asp23-Lys28 salt-bridge may partially explain its modest efficiency as
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an anti-aggregation agent.42,134,135 At the same time, the biomarker FDDNP, which also
binds via the hydrophobic effect, induces minor changes in the Aβ conformational
ensemble and is thus expected to be a weaker anti-aggregation agent than ibuprofen.
Although we argued that this benign effect on Aβ is advantageous for in vivo neuroimaging
of Aβ fibrils, we recognize that the high affinity binding of FDDNP to the Aβ monomer
raises the question of selectivity of this biomarker. The ability of FDDNP to distinguish
cytotoxic fibrils from benign monomers must be verified in future studies.

Finally, we have investigated the interactions of the Aβ monomer with the zwitterionic
DMPC bilayer. The bilayer causes a dramatic structural transition in Aβ, resulting in a
stable C-terminal helix and the formation of the Asp23-Lys28 salt-bridge. The central
hydrophobic cluster and C-terminal of Aβ not only govern binding to the bilayer but also
penetrate into the bilayer hydrophobic core. As a result, Aβ reduces the density of lipids in
its binding footprint and indents the bilayer. Addition of calcium to these simulations
results in a more profound effect, where lipid disorder and bilayer thinning by Aβ are
enhanced. These effects can be explained by a strengthening of Aβ-bilayer interactions by
calcium, most notably via enhanced electrostatic interactions between charged amino acids
and lipid polar headgroups. We propose that the limited scope of structural perturbations
in the zwitterionic bilayer caused by the Aβ monomer represents the molecular basis of its
low cytotoxicity. Indeed, the Aβ monomer enhances neither water nor calcium permeation
into the bilayer.
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In future studies, it will be useful to explore multi-component systems. For instance,
enhancement of bilayer structural properties by cholesterol173 could further prohibit the
insertion of Aβ into the bilayer. Likewise, it will be useful to examine ibuprofen or FDDNP
binding to the Aβ monomer in the presence of a lipid bilayer. Although investigation of the
Aβ monomer has its own merits, future study of Aβ aggregates in these environments will
be necessary to develop a more complete understanding of AD pathology.

As a final point, we compared the performance of REMD on a homogenous cluster and a
heterogeneous grid and demonstrated that a change in replica management strategy
improves performance on computational grids. By decentralizing replica management,
simulations on distributed environments were accelerated by as much as 40%, and CPU
utilization was increased by up to 60%. Furthermore, we showed that decentralized replica
management is particularly well suited when the number of replicas is large.

Fortuitously, REMD simulations have allowed us to estimate the properties of the Aβ
monomer at thermal equilibrium. The results presented in this work thus have been more
rigorously produced than possible using conventional MD. To our knowledge, our
application of REMD in the NPT ensemble used to study the properties of the zwitterionic
DMPC bilayer was novel. Therefore, this dissertation presents a unique and scientifically
relevant collection of studies on the Aβ monomer in various environments using a
statistically enhanced sampling algorithm. The results from this dissertation have been
published in seven peer-reviewed articles between 2012 and 2015.61–67
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