
Contents lists available at ScienceDirect

BBA - Proteins and Proteomics

journal homepage: www.elsevier.com/locate/bbapap

Pseudo-peptide amyloid-β blocking inhibitors: molecular dynamics and
single molecule force spectroscopy study☆

B. Mehrazmaa,1, M. Robinsonb,1, S.K.A. Oparea, A. Petoyana, J. Louc, F.T. Haneb, A. Rauka,⁎,
Z. Leonenkob,c,⁎⁎

a Department of Chemistry, University of Calgary, Calgary, AB T2N 1N4, Canada
b Department of Biology, University of Waterloo, 200 University Avenue West, N2L 3G1 Waterloo, ON, Canada
c Department of Physics and Astronomy, University of Waterloo, 200 University Avenue West, N2L 3G1 Waterloo, ON, Canada

A R T I C L E I N F O

Keywords:
Molecular dynamics
Atomic force microscopy
Single molecule force spectroscopy
Peptide-peptide interaction
Amyloid-β(1–42)
Amyloid blocking inhibitor

A B S T R A C T

By combining MD simulations and AFS experimental technique, we demonstrated a powerful approach for ra-
tional design and single molecule testing of novel inhibitor molecules which can block amyloid-amyloid binding
– the first step of toxic amyloid oligomer formation. We designed and tested novel pseudo-peptide amyloid-β
(Aβ) inhibitors that bind to the Aβ peptide and effectively prevent amyloid-amyloid binding. First, molecular
dynamics (MD) simulations have provided information on the structures and binding characteristics of the
designed pseudo-peptides targeting amyloid fragment Aβ (13−23). The binding affinities between the inhibitor
and Aβ as well as the inhibitor to itself have been estimated using Umbrella Sampling calculations. Atomic Force
Spectroscopy (AFS) was used to experimentally test several proposed inhibitors in their ability to block amyloid-
amyloid binding – the first step of toxic amyloid oligomer formation. The experimental AFS data are in a good
agreement with theoretical MD calculations and demonstrate that three proposed pseudo-peptides bind to
amyloid fragment with different affinities and all effectively prevent Aβ-Aβ binding in similar way. We propose
that the designed pseudo-peptides can be used as potential drug candidates to prevent Aβ toxicity in Alzheimer's
disease.

1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder that leads
to progressive cognitive impairment, memory loss, and eventually
death. Recent prevalence estimates indicate that 36 million individuals
are living with AD worldwide costing an estimated $608 billion an-
nually, worldwide, and growing [1,2]. The societal impacts and the
effects on quality of life for both patients and caregivers are devas-
tating. With no therapeutics that modify disease progression [3,4], new
drug candidates that are rationally designed to interfere with disease
mechanisms are urgently required.

AD is a complex disease, with many suggested mechanisms and
contributing factors, central to these mechanisms is the definitive
amyloid-β (Aβ) pathology [5–9]. According to the amyloid cascade
hypothesis Aβ is a key contributor to neural degeneration [8]. In-
creasing data suggests that small soluble oligomers are a major source
of neurotoxicity [10–13]. One prospective strategy to prevent

neurodegeneration is to block the formation of toxic Aβ oligomers. The
common classes of drugs being explored that target Aβ are small non-
specific molecules (e.g., tramiprosate and flurizan) [14,15], or very
large specific monoclonal antibodies (MAbs) including Bapineuzumab
and Solanezumab [16,17]; to date these interventions have failed in or
before Phase III clinical trials [16–20]. Recently, Solanezumab has been
shown to delay disease progression in a subset of mild and prodromal
AD patients but failed to meet primary endpoint targets in expanded
phase 3 clinical trials and was discontinued [18,19]. Another MAb,
Aducanumab has been shown to lower Aβ aggregates with concomitant
diminishing of the cognition decline in pre-dementia and mild AD pa-
tients and is currently in phase 3 clinical trials [20]. These studies
suggest that targeting Aβ, especially in early and pre-AD patients, may
be a viable preventative strategy.

Small molecules lack target specificity due to their small size and
lack of recognition elements while larger MAbs have other significant
drug design challenges but seem to have shown the most promise in
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recent years [21]. MAbs are large molecules, that are designed to bind
Aβ and recruit microglial cells for uptake and phagocytosis, and
therefore have the capacity to prevent aggregation and facilitate
clearance of Aβ [22]; however, caution must be applied to their design
as they have been shown to activate a dangerous immune response
while the large size of MAbs make their delivery into the brain a
challenge [23–25]. The limitations that impede the use of small mole-
cules and large MAbs may not apply with rationally designed highly
specific peptide Aβ aggregation inhibitors. Peptide therapeutics in
general are quickly gaining a foothold in the market due to their high
specificity and the ease at which they can be modified, while the lim-
itations associated with peptide therapies are now possible to overcome
[26]. As such therapeutic peptides that target Aβ and prevent ag-
gregation represent an avenue for exploration.

Aβ oligomers have an internal anti-parallel β-sheet structure [12].
Blocking β-sheet formation with compounds specifically targeted to Aβ
is a rational strategy for the prevention of neurotoxicity [27]. It is be-
lieved that certain parts of Aβ have higher self-assembling probability
making these regions key targets for preventing aggregation. One of the
distinguished sections is Aβ16–20 (KLVFF) [28,29], which is often re-
ferred to as the main recognition site because of its high affinity to its
self. The KLVFF recognition region has been shown to be the smallest
section of Aβ that will aggregate [29]. Hence, many research groups
have targeted this section for finding an appropriate inhibitor for Aβ
aggregation [30,31,32,33,34,35,36,37]. Oligomerization is reported to
take place in an anti-parallel β-sheet fashion, for the full length Aβ [38],
and Aβ11–25 [39]. His13 and His14 have been reported to have im-
plications in metal binding and the concomitant metal cytotoxicity
theory of Aβ [40,41,42]. The amino acids Glu22 and Asp23 have been
reported to be important in the aggregation mechanism of the Aβ
peptide [43,44,45,46,47]. One hypothesis is that lys28 can form a salt-
bridge with either Glu22 or Asp23 and induce a turn in the structure of
the peptide [46]. As KLVFF is in the vicinity of these two regions, it is
convenient to target all these three sections together. For brevity, in this
work the section His13 to Asp23 of Aβ
(His13HisGln15LysLeuValPhePhe20AlaGluAsp23) is denoted R, the main
recognition site.

In Rauk's group the focus has been this particular section, with four
classes of pseudo-peptides designed to bind to Aβ with high affinity:
SGA, SGB, SGC, SGD [48,49]. The classification of the pseudo-peptides
are as follows: SGA and SGB groups bind to R as an antiparallel β-sheet,
and the SGC and SGD bind in a parallel mode; SGA and SGC are all L-
amino acids, and SGB and SGD are all D-amino acids. All of these
pseudo-peptides contain the unnatural amino acids; diaminobutyric
acid (daba), Ornithine (Orn), N-methylleucine (Me)Leu, N-methylphe-
nylalanine (Me)Phe, and beta-alanine (Bala). The N-methylated groups
aid in preventing aggregation from the other edge of the pseudo-pep-
tides, as has been reported by others [30,34,37,50,51]. When com-
plexes with Aβ form, the N-methylated groups on one edge of the SG
pseudo-peptides prevent intermolecular hydrogen bonding with the
amine backbone, and as a result, further aggregation from that edge
should, in theory, be halted. The small size and use of synthetic amino
acids (N-methylated residues, ornithine etc.) in SG inhibitors aid in
evasion of the immune system and prevent proteolytic degradation
compared to standard amino acid residues [52]. The present study
examines the inhibitory effect of two of these classes, SGA and SGC.

Detailed MD simulations and the energy analysis of R with itself and
one monomer of the peptides in the SGA class, with R was reported
earlier by our research group [53]. In this work, we compare the the-
oretical interaction energy of three more inhibitors (Myr-SGA1, SGA3
and SGC1) with R and the respective homodimers. A myristyl group
(Myr) was added to the pseudo-peptide with the expectation that it
would increase transport across the blood brain barrier [54].

SGA1 = N-Acetyl-Daba1-Orn2-(Me)Leu3-Phe4-(Me)Phe5-Leu6-
Pro7-Bala8

MyrSGA1 = N-Myristyl-Daba1-Orn2-(Me)Leu3-Phe4-(Me)Phe5-

Leu6-Pro7-Bala8
SGA3 = N-Acetyl-Daba1-Orn2-(Me)Leu3-Phe4-(Me)Phe5-Phe6-

Ala7-Glu8-NH2

SGC1 = N-Acetyl-Glu1-Leu2-(Me)Phe3-Phe4-(Me)Phe5-Leu6-Orn7-
Daba8- NH2

In Leonenko's research group, our previous work has shown that
single molecule force spectroscopy (SMFS), an operational mode of
atomic force spectroscopy (AFM), can be used to test the binding of
single amyloid monomers [55]. This technique has demonstrated to be
useful for testing amyloid aggregation inhibitors [56], as well as the
effects of metal ions, on the binding forces between individual amyloid-
amyloid peptides [57]. Previously, we showed that a rationally de-
signed inhibitor (SGA1), predicted to be a potential pseudo-peptide
candidate from MD simulations in Rauk's lab, demonstrated the ability
to inhibit dimerization of Aβ using this SMFS platform [56]. Here we
build on previous work testing several more Aβ peptide inhibitors
(SGA3, SGC1 and MyrSGA1) showing that these peptide inhibitors are
capable of preventing the dimerization of two individual Aβ monomers
supporting our hypothesis.

These two separate but complementary analyses of SG pseudo-
peptide inhibitors are reported here, first the molecular dynamics si-
mulations, and second the single molecule testing of SG inhibitors to
prevent individual Aβ dimerization. Although complementary, they
serve different purposes: MD simulations allow for the theoretical de-
termination of inhibitor binding affinity for Aβ whereas SMFS serves as
the next step, to experimentally determine how inhibitors affect amy-
loid dimerization. Overall, we show that these pseudo-peptide in-
hibitors are potential candidates for targeting the amyloid aggregation
pathway as a preventative AD treatment, which could be explored in
further pre-clinical studies.

2. Materials and methods

2.1. Molecular dynamics simulations and steered MD

The ligand monomers were docked into the R monomers by Hex
software 6.3 [58,59,60,61]. In order to study the self-assembly of the
monomers, the MyrSGA-MyrSGA1 and SGC1-SGC1 homodimers were
generated by Hex, as well. The computational data on R monomer,
SGA1, and SGA3, and their self-dimers have previously been published
[53,62]. Relevant details are repeated below for completeness.

All the calculations were performed by GROMACS 4.0.7 or 4.6.5
software [63]. The GROMOS96 53a5 force field was chosen for the
simulations [64]. The energy analysis is done by the GROMACS soft-
ware. The VMD software was used for visualization [65].

2.1.1. The structural search of monomers and dimers
Each monomer or dimer was put in a cubic box with the dimension

of 6x6x6 nm3. The system was solvated by the simple point charge
water model (SPC) [66]. The systems were neutralized by either Na+ or
Cl− ions. Initially a 10,000 step steepest descent energy minimization
was performed. Moreover, to remove any high energy interactions
within the water model, a 100 ps position-restrained MD simulation on
the peptides was performed. Next, the MD equilibration was performed
by having the position restraining removed. The Isothermal-isobaric
(NPT) ensemble was chosen for the MD equilibration with the time step
of 2 fs. The monomers were equilibrated for a range of 50 to 200 ns,
depending on their flexibility. The dimers and complexes were equili-
brated for 200 ns. For long range electrostatic interactions, the Particle
mesh Ewald summation was chosen, with the Fourier spacing of
0.12 nm. The LINCS algorithm was used to constrain all the bonds. The
Nose-Hoover temperature coupling [67,68] was used to set the tem-
perature at 310 K. Additionally, the pressure was kept at 1 bar with the
Parrinello-Rahman pressure coupling [69,70]. The cluster analysis, as
well as the RMSD calculations, was used as a guide to find the local
minimum energy structure. By the former, the most representative
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structure was found. The cluster analysis is based on the main-chain
atoms for grouping within RMSD of 2.5 nm. Protein main chain atoms
contain N, C, the carbonyl C and O, including oxygens in C-terminus,
and it does not include the side chain atoms.

2.1.2. Steered MD (SMD) calculation
To benchmark the efficiency of different ligands at the binding

ability to the R, the free energy of binding was calculated by the use of
SMD calculation and the umbrella sampling calculation (MD-US). It is
worth noting that the calculated free energy of dissociation (ΔGdis) in
this paper is an approximate value, mainly due to the fact that the si-
mulation will not be long enough to search for all the possible con-
formations to calculate the correct entropy contribution to the energy,
but it can be used to compare relatively the binding of different sys-
tems. In addition, the choice of the force field and the approximations
can affect the absolute value of calculated ΔGdis.

The dimers were put in a cubic box of 9 × 9 × 9 nm3 for SMD si-
mulations. The system preparation is the same as the previous section.
A 200 ns steered MD (MD-SMD) calculation in which the centres of
mass were gradually pulled apart to a distance of about 4 nm was
performed on the dimers. The pull rate for SMD calculation was chosen
to be 0.000015 nm/ps, and hence enforcing a 3.0 nm separation of the
centres of mass (COM) of the two monomers beyond their equilibrium
separation (about 1 nm). From the reaction coordinate defined by the
SMD calculation, at least 30 points at 0.1 nm intervals (called windows)
were chosen to undergo a MD simulation (MD-US) to sufficiently
sample different conformations, even those far from the equilibrium.
The umbrella sampling in each window was run for 50 ns with a force
constant of 1000 kJ/(mol nm2). For proper umbrella sampling, the
distribution of structures (histogram) in adjacent windows should
overlap to a significant extent. The coordinates were saved each 100 ps.
The histograms were monitored for any gaps, and if needed additional
windows were generated to fill the gaps. By looking at the RMSD and
cluster analysis of different windows, the first 10 ns of the simulation
(the approximate equilibration time) were ignored for analysis.

The MyrSGA1 homodimer was equilibrated with the same proce-
dure as other compounds. As always the compound was centered in a
9 × 9 × 9 nm3 cubic box, and the homodimer was solvated with
24,124 SPC water molecules. Next the system was neutralized. And
after that a 200 ns MD equilibration was performed. For SMD and US
calculations a smaller box size was chosen 6 × 6 × 9 nm3, and COM
was pulled apart in the longer direction.

The weighted histogram analysis method [71] was applied to re-
trieve the PMF curves and histograms. Additionally, error estimates was
calculated by Bayesian bootstrap analysis [71], with autocorrelation
turned on. The salt-bridge distance and the number of hydrogen bonds
within each window was averaged and reported within the same graph
as the PMF curve.

2.2. Atomic force spectroscopy

2.2.1. Materials
HEPES buffer (50 mM HEPES, 150 mM NaCl, pH 7.4), (3-amino-

propyl)triethoxysilane (APTES), triethanolamine, and Tris(2-carbox-
yethyl)phosphine(TCEP) purchased from Sigma-Aldrich; Mal-PEG-SVA
3400 was purchased from Laysan Bio Inc.; SG inhibitors: MyrSGA1,
SGA3, and SGC1, as well as cysteine modified Aβ purchased from
AnaSpec Inc.; MLCT silicon nitride cantilevers purchased from Bruker
Nano Inc. (spring constants from 0.01 to 0.6 N/m).

2.2.2. AFM tip and mica surface chemistry for single molecule force
spectroscopy

Surface preparation for attaching Aβ to mica slides and cantilever
tips was conducted as detailed previously [55–57,72]. Briefly, MLCT
tips (Bruker Nano Inc.) were cleaned in an ethanol bath by soaking for
10 min, rinsed in ultrapure water, dried under gently nitrogen gas

stream, followed by 30 min UV cleaning (Nano instruments). Mica was
freshly cleaved prior to surface modification. MLCT cantilevers and
mica are submerged in 167 μM APS for 30 min. APS was synthesized by
reaction of APTES with triethanolamine in the presence of sodium
catalyst at 60 °C in an oil bath. Cantilevers and mica were rinsed in
ultrapure water and dried. MLCT cantilevers and mica were incubated
in a 167 μM MAL-PEG-SVA solution for 3 h and rinsed with DMSO
followed by HEPES buffer solution. Cys-Aβ was dissolved in DMSO at a
concentration of 1 mg/mL and further diluted in HEPES buffer to a final
concentration of 11 nM. Equivolume 200 nM TCEP was added to the
Cys-Aβ solution. Tips were incubated in the Cys-Aβ solution for 30 min.
Cantilevers and mica were rinsed with HEPES and treated with β-
mercaptoethanol for 10 min then rinsed and stored in HEPES buffer.

2.2.3. SG inhibitors and solutions
SG inhibitors were synthesized by AnaSpec Inc. prepared in lyo-

philized powdered form and stored at−20 °C. SG compounds were first
dissolved in HEPES buffer, to a stock of 2 μM and stored at−20 °C then
diluted to 40 nM for force spectroscopy experiments.

2.2.4. Single molecule force spectroscopy
JPK Nanowizard II AFM instrument operating in force spectroscopy

mode was used for all force curves. Mica coated with Aβ was placed on
the stage in the fluid cell and filled with 200 μL HEPES buffer or SG
inhibitor solution and the MLCT cantilever coated with Aβ was
mounted into the AFM head. The Aβmodified tip was then brought into
contact with the surface (approach) followed by 0.5 s pause at the
surface to allow for Aβ dimerization and then retracted to a sufficient
height above the surface to measure the unbinding forces. A series of
625–900 force curves were taken at a speed of 0.200 μm/s for an ef-
fective loading rate of 10 to 100 nNs first in buffer as control, the buffer
was then removed and replaced by the SG inhibitor solution and an-
other 625–900 force curves were taken with the same parameters and
cantilever. The number of observed unbinding events was then com-
pared to the total number of curves; this value is referred to as the
experimental yield. For each tip - mica pair control force curves with
only HEPES buffer was performed first followed by removal and re-
placement of buffer with SG inhibitor solution. For control experiments
in HEPES buffer if experimental yields for the control was 10% the
surfaces were inadequately covered with Aβ and the data set was dis-
carded. Each experiment was conducted until at least three usable data
sets were acquired. To generate histogram of the force distribution,
unbinding events from the first part were analyzed further using JPK
Data Processing software; curves were fit to worm-like chain (WLC)
model with significance p < 0.05. The distribution of forces was then
plotted for aggregate of all binding curves for each inhibitor.

2.2.5. Statistical analysis
Statistical analysis of experimental yields was performed using

Graphpad Prism software. The experimental yields for control and in-
hibitor group were averaged and compared using paired t-test, for each
control/inhibitor pair. ANOVA (p < 0.05) applied to the means of the
difference in experimental yields of each inhibitor. Unbinding forces
were calculated by fitting curves to WLC model with significance set to
p < 0.05. This histogram of unbinding forces was than further ana-
lyzed by fitting multiple Gaussian peaks to the distribution of forces
using OriginPro software.

3. Results and discussion

3.1. Molecular dynamics

The cluster with the highest population during the simulation is
considered to be the first cluster which is the most representative
structure. Fig. 1, illustrates the most stable structures for SGA1, SGA3,
MyrSGA1 and SGC1, obtained from the MD simulations. The structure
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of the R peptide was reported in our earlier work [62]. The first cluster
of R had the population of 63%, with a turn at Val18Phe19 which
rendered the structure to form a hairpin consisting of an intramolecular
β-sheet. Based on the population size of the first clusters, the structure
of SGC1 is observed to be less flexible than the R as shown in Table 1.
SGA1 and SGA3 were reported previously [53]. The first clusters had
fractional populations of 65% and 38%, respectively. By contrast, the
first cluster of MyrSGA1, has the population of 13%, having the Myr
group turned over close to the methyl groups inserted on the backbone
(Fig. 1a). The second cluster has a population of 9%, having the tail
interacting with (Me)Leu3 and (Me)Phe5 side chains. The added flex-
ibility of MyrSGA1 ensues largely from the orientations of the long
hydrocarbon tail. For SGC1, the first cluster has a population of 71%,
and the second cluster, 15%. Since the population of the first cluster is
relatively high, it is concluded that the structure of the monomer is
quite rigid. The result is not surprising as the pseudo-peptides were
designed to be rigid due in part to N-methylation of two of the amino
acids in the backbone, as well as the inserted shorter side chains, such
as ornithine, compared to lysine. In addition, the relative energies of
the all structures of monomers, derived from the population analyses,
are reported in the Table 1. The most stable structures of all the
monomers (cluster 1) persist through the whole of trajectory (data not
shown). This implies that the first clusters retrieved from MD simula-
tions are the most probable structures.

3.1.1. Structure and stability of the complexes
The backbone N-methylation causes each peptide to only make one

unique β-sheet with itself, two isomeric β-sheets with R, arbitrarily
designated RT (top edge) and RB (bottom edge), while R itself can make

three isomeric antiparallel β-sheet complexes, RT-RB, RT-RT and, RB-RB.
The estimated energy of binding R to itself ranges from 45 to
53 ± 3 kJ/mol [53], this value is important to take into account when
comparing the binding energies of SG-R complexes. The self-dimeriza-
tion energy of R should be viewed at the approximate energy gained
from the first step of the oligomerization of Aβ itself. Finding a pseudo-
peptide with good affinity on both edges of R will be very beneficial.
Failing that, if one pseudo-peptide can bind to the top edge and another
one could bind to the bottom edge both with high affinity, then we
could have a 1:1 mixture of the pseudo-peptides at once to stop further
aggregation.

3.1.2. RT-MyrSGA1 and RB-MyrSGA1
From the previous paper, RT-SGA1 and RB-SGA1 had the registry of

i + j = 24 and 25, respectively; where i and j are the natural num-
bering of the pseudo-peptide and the peptide Rs [53]. The dissociation
energy corresponding to these complexes is 43 ± 3 and 28 ± 2 KJ/
mol [53]. Here, we have tested whether the addition of myristyl group
in place of the acetyl group could have an effect on affinity of the SGA1
sequence to R and as well as to itself.

RT-MyrSGA1 and RB-MyrSGA1 complexes studied had the registry
of i + j = 24 and 23, respectively (Fig. 2A, and B, respectively). Both
complexes are in β-sheet structure. Since the fatty acid tail is very hy-
drophobic, the cluster analyses for MyrSGA1 systems were all calcu-
lated based on the myristyl group added to the mainchain atoms. The
first cluster of RT-MyrSGA1 had the population of 37%. The corre-
sponding structure had the myristyl tail to be laid between the two
peptides, having interactions with R at residues Phe19 and Ala21. For
RB-MyrSGA1, the most stable cluster had the population of 13%, and
myristyl was having interactions with Phe19, Phe20, and Ala12 of R,
and no interaction with residues within the SGA1. This fact can be at-
tributed to a higher energy of binding to R compared to the other edge.
When the myristyl wraps around R, there are more possibilities for
intermolecular hydrophobic interactions. When the myristyl group lo-
cates between the two peptides, for instance in the first cluster of the
top edge, the myristyl can interact with both R and SGA1. To further
test this hypothesis, the number of contacts between the corresponding
residues and the myristyl residue within the radius of 0.6 nm, was
calculated. For RT-MyrSGA1, myristyl had interactions within Phe19
and Ala21 from R and also Phe6 and (Me)Leu4 from SGA1, with the
total number of contacts of myristyl with R to be 41. For RB-MyrSGA1,
the interactions are within residues Phe19, Phe20 and Ala21 from R
and the total number of contacts of 50. As the number of contacts of
myristyl with R is higher in the B-edge, it is concluded that the myristyl

Fig. 1. The most stable structures obtained from
the MD simulation, representing the structure of
the designed pseudo-peptides. The numbering is
from the N-terminal amino-acid.

Table 1
The stability of pseudo-peptides monomers, based on the MD simulation for SGA1, SGA3,
MyrSGA1 and SGC1. The relative energy for the two most stable structures during the
simulation.

The monomer Cluster numbers Relative energy (kJ/mol)

SGA1a Cluster1 0.0
Cluster2 4.9

SGA3a Cluster1 0.0
Cluster2 3.0

MyrSGA1 Cluster1 0.0
Cluster2 1.0

SGC1 Cluster1 0.0
Cluster2 0.9

a These values are from our earlier study, Mehrazma et al. [53].
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group contributes to the higher binding energy value of B-edge com-
pared to the one from T-edge. Of course, differences in the registry
should not be underestimated, as different residues will have different
Van der Waals and hydrophobic interactions with each other.

The cluster analysis is in accordance with the observed results from
the umbrella sampling. The RT-MyrSGA1 which has the myristyl group
in a hairpin between the dimer had ΔGdis = 52 ± 2 kJ/mol. However,
the RB-MyrSGA1 complex, with myristyl group wrapped around the R
peptide had a relatively higher stability, with ΔGdis = 57 ± 4 kJ/mol.

The dissociation energy for these two complexes is substantially
higher than their non-myristylated counterparts, the SGA1-R com-
plexes. This could be explained by the observed interaction of the fatty
acid tail with the R peptide, which makes it more difficult for dis-
sociation. Although not all the clusters have this feature, but it is clear
that the myristyl group is mobile enough to have this particular inter-
action for substantial amount of time to make differences within the
ΔGdis value.

3.1.3. RT-SGC1 and RB-SGC1
The stability and structural data on RT-SGC1 and RB-SGC1 are

gathered shown in Table 2. Details on the umbrella sampling and the
most stable structures are provided in Fig. 3A, and B, respectively. The
all L-amino acid SGC1 is designed to bind to R in parallel β-sheet
fashion. For RT-SGC1, VMD detected the most stable structure to be a
pair of parallel β-strands (Fig. 3A). However the structure is not far
from a parallel β-sheet. On the other hand, the binding of SGC1 on the
other edge is clearly distinguished as a parallel β-sheet (Fig. 3B). Both
complexes have their N-methylated groups protruding outside the
complex, as it is presumed to do so for all the four classes of designed
pseudo-peptides. RT-SGC1 has the population of 80% throughout the
course of 200 ns MD simulation.

RB-SGC1 had the population of 92% during 100 ns MD simulation.
The umbrella sampling of the complexes shows that both edges are
almost competing with each other, with top edge being slightly more
favourable. The PMF curve (the purple line in graphs) suggests ΔGdis of
53 ± 3 kJ/mol for RT-SGC1 (Fig. 3A) and ΔGdis of 50 ± 2 kJ/mol for
RB-SGC1 (Fig. 3B).

3.1.4. Structure and stability of the homodimers
The structure and dissociation pattern detail of the homodimers can

be found in Table 2. The structures as well as the PMF curves of the
three homodimers of MyrSGA1 and, SGC1 are shown in Figs. 4 and 5,
respectively. All the homodimers are in a β-sheet form, having the
methyl group in the N-methylated amino acids protruding outside of
the β-sheet.

3.1.4.1. MyrSGA1 homodimer. The results for the equilibration and
SMD calculation are shown in Fig. 4 and Table 2. The 200 ns simulation
of the MyrSGA1 homodimer found a structure with the population of
80%, which persisted through the whole time of the trajectory (100%
population based on main-chain with RMSD of 2.5 nm). The dimer had
the registry of i + j = 8; where i is the natural numbering of the

Fig. 2. The binding of MyrSGA1 to R at (A) top edge, RT-MyrSGA1 (B) bottom edge, RB-MyrSGA1. Structure with its dissociation pattern; the PMF curve (in kJ/mol) is in purple with error
bars. The horizontal axis is the separation of the centres of mass in nm.

Table 2
The registry and population for the first clusters of Rec-complexes of pseudo-peptides (the
top and bottom edge) and the homodimers, with their corresponding ΔGdis, from um-
brella sampling calculations.

Complex Registrya Pi ΔGdis (kJ/
mol)

ΔΔG (kJ/mol) Effective ΔGb

(kJ/mol)

RT-SGA1c 25 0.19 43 ± 3 − −12
RB-SGA1c 26 0.47 28 ± 2 15 ± 5 +18
RT-SGA3c 24 0.35 56 ± 3 − −13
RB-SGA3c 21 0.31 47 ± 2 9 ± 5 5
RT-MyrSGA1 24 0.78 52 ± 2 − 11
RB-MyrSGA1 23 0.67 57 ± 4 −5 ± 6 1
RT-SGC1 −d 0.80 53 ± 3 − −27
RB-SGC1 −d 0.92 50 ± 2 +3 ± 5 −21
SGA1-SGA1c 10 0.90 21 ± 4 −
SGA3-SGA3c 10 0.72 46 ± 4 −
MyrSGA1-

MyrSGA1
10 0.83 62 ± 2 −

SGC1-SGC1 8 0.97 26 ± 3 −

a Aβ(1–42) numbering of R, natural numbering of the pseudo-peptides.
b The Effective ΔG = ΔG¬RR + ΔGLigand-Ligand − 2 ΔGR-Ligand.
c These values are from the former study of Mehrazma et al. [53].
d For the parallel β-sheets, the registry doesn't apply.
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Fig. 3. The binding of SGC1 to R at (A) top edge, RT-SGC1 (B) bottom edge, RB-SGC1. The structure and the PMF curve is in purple in kJ/mol, the error bars are included as well. The
horizontal axis is the separation of the centres of mass in nm.

Fig. 4. The myrSGA1-self homodimer. The structure and the PMF curve is in purple in kJ/mol, the error bars are included as well. The horizontal axis is the separation of the centres of
mass in nm.

Fig. 5. The SGC1-self homodimer. The structure and the PMF curve is in purple in kJ/mol, the error bars are included as well. The horizontal axis is the separation of the centres of mass in
nm.
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pseudo-peptide. Fig. 4 shows the first cluster, which is in an antiparallel
β-sheet, having myristyl groups interacting with the hydrophobic
residues within the counterpart peptide. Since both monomers are
wrapped by the myristyl, a high dissociation energy is not unexpected.
In addition the average number of hydrogen bonds of 8.3 is relatively
higher than the rest of the homodimers. This implies the addition of the
myristyl groups can lead to a more robust structure. The umbrella
sampling estimated ΔGdis = 62 ± 2 kJ/mol (purple line in Fig. 4).
This value is in accordance with the cluster analysis results discussed
earlier.

The non-myristylated counterpart, SGA1 homodimer with the same
registry of i + j = 10, is much less stable, ΔGdis = 21 ± 2 kJ/mol
(Table 2). This result is consistent with the behaviour observed in R-
SGA1 and R-MyrSGA1 complexes, where the addition of the myristyl
tail, added to the binding energy of the pseudo-peptide.

3.1.4.2. SGC1 homodimer. The registry of the dimer is 8. The average
number of intermolecular H-bonds is 6.7, and the first cluster had the
population of 97% throughout the course of 50 ns MD simulation, and
ΔGdis = 26 ± 3 kJ/mol. Fig. 5, shows an uncommon PMF curve
comparing to the rest of our systems. Looking at the structures at
each window, it was detected that the peptides are sliding on each other
till the COM separation reaches around 0.7 nm. After this point, the two
monomers conventionally start to separate from each other, and
ultimately at the COM of 2 nm they are completely separated.

3.1.4.3. The Effective ΔG. The calculated ΔGdis are not enough to
consider the overall capability of the pseudo-peptides. There is a need
to include the importance of the self-binding of the monomers, as well.
Hence, the equation below is used to calculate the effective ΔG, and as
an example the MyrSGA1 and RB-MyrSGA1 is shown:

→ + =

→ +

=

+ →

= × −

= +

=

RR R R, ΔG 53 kJ mol,
MyrSGA1‐MyrSGA1 MyrSGA1 MyrSGA1, ΔG

62 kJ mol,
2 MyrSGA1 2 R 2 R ‐MyrSGA1, 2ΔG

2 57 kJ mol,
ΔG ΔG ΔG –2 ΔG

1 kJ mol

dis
RR

dis
MyrSGA1‐MyrSGA1

B
dis

RT‐MyrSGA1

eff
RT‐MyrSGA1

dis
RR

dis
MyrSGA1‐MyrSGA1

dis
RT‐MyrSGA1

The last column in Table 2 presents the calculated ΔGeff for all of the
complexes. In the example above, the MyrSGA1 which has high inter-
action with both sides of R and also a high self-binding value yields
ΔGeff essentially zero. Even for positive ΔGeff values, inhibition may
take place if the concentration of the inhibitor is elevated relative to R
(or Aβ).

The reversed pseudo-peptide, SGC1, has high negative values for
ΔGeff. (ΔGeff

RT-SGC1 = −27 kJ/mol and ΔGeff
RB-SGC1 =−21 kJ/mol).

For both RT-SGC1 and RB-SGC1, the ΔGdis is high, 53 and 50 kJ/mol,
respectively. The self-binding of SGC1 is slightly higher than that of
SGA1, with the value of 26 ± 3 kJ/mol. But all in all, the SGC1 can
still stand as a good candidate to be used as a target for stopping the
aggregation of R. The negative ΔGeff value confirms the fact that the R-
R complexes will be dissociated to form the R-SG complexes.

3.2. Atomic force spectroscopy

Atomic Force Microscopy (AFM) is a high resolution imaging tech-
nique [73,74], which also operates in Atomic Force Spectroscopy (AFS)
mode and may be used to directly measure unbinding forces between
single biomolecules [55,75]. We used this AFS to obtain experimental
evidence that pseudo-peptide inhibitors proposed by MD simulations
may prevent the binding of amyloid monomers, therefore inhibiting the
first step of toxic amyloid oligomer formation, as described previously
[56]. Thioflavin T, SDS-PAGE and AFM imaging assays (the usual

Fig. 6. Schematic representation of an atomic force spectroscopy measurement and the corresponding force plots for binding event (A) and non-binding event (B).
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suspects in analyzing amyloid aggregation) are capable of measuring
the gross effects of aggregation inhibitor including some structural and
dynamics information. These types of assays are limited in terms of
their resolution as they are evaluating a large statistical thermodynamic
ensemble of molecules and can only resolve changes in higher order
structures of larger aggregates (oligomers and fibrils) and cannot di-
rectly assess the dimerization step. This is the advantage of single
molecule approaches such as AFS where a direct measure of interac-
tions between two individual monomers (dimerization) can be ob-
tained.

In a force spectroscopy experiment, or force measurement, the AFM
probe is repeatedly moved towards and away from the sample and the
interaction force between the probe and the sample surface is measured
as a function of probe-sample separation. The distance dependence of
attractive and repulsive forces is obtained. When the molecules of in-
terest are attached to the AFM probe and the sample surface the specific
interaction between single molecules can be measured. The analysis of
the interaction forces and fitting the experimental curves to theoretical
models provides valuable information about the interactions between
biomolecules at a single molecule level. In the current AFS experiment,
the amyloid peptide was attached to the AFM probe and to the mica
substrate, as shown in the schematic (Fig. 6). When the AFM probe was
brought to the surface the binding between two amyloid monomers
occurred. When the probe moved away from the surface monomers
dissociate and (red curve, Fig. 6) the unbinding forces were recorded,
which resulted in adhesion peak in the force plot, (Figs. 6A, 7A). When
no binding occurs, the adhesion peak in the force plot is absent,
(Figs. 6B, 7B). A PEG linker is used to separate the amyloid molecule
from the surface to aid in differentiating the adhesion peak from non-
specific tip-substrate interactions.

The surface modifications to the tip and mica surface are carefully
designed to isolate individual amyloid-amyloid binding forces suffi-
ciently high above the surface to differentiate from non-specific binding
of the tip with the mica substrate that may otherwise obscure Aβ in-
teractions. Non-specific binding, as indicated by the small adhesion
peak below from the origin to around the 10 nm height mark, results
from non-specific tip interaction with mica surface (see Fig. 7 below).
The presence of PEG linker allows us to separate non-specific binding
from Aβ-Aβ binding. The PEG linker has an average expected length of
about 20 nm – calculated from the molecular weight – but experi-
mentally has been shown to be 35 nm as observed in previous force
spectroscopy experiments [56]. Therefore, we expect the unbinding
events to occur starting at 40 nm above the surface but have been ob-
served to occur between 35 and 80 nm above the surface due variance
in polymer length. To ensure that only single molecule interactions are
considered, curves with only one distinct adhesion peak are used. When
the density of Aβ on the surface or tip is too high each force plot will
have multiple (three or more) unbinding events and in these instances
the data sets are omitted as these interactions are not representative of
single molecules interactions.

3.2.1. Experimental yield of Aβ-Aβ unbinding
All force curves were sorted into either binding or no binding

events. A typical experimental non-binding event and unbinding curve
is shown in Fig. 7. The percent yield was generated as the ratio of
unbinding events by the total number of force curves taken; results from
each SG inhibitor are shown in Fig. 8A. We then compared the number
of binding events with and without inhibitor to get a reduction in ex-
perimental yield shown in Fig. 8B. The inhibitors are designed to block
the self-recognition region of the Aβ peptide and prevent dimerization
previous analysis of the specific unbinding forces for SGA1 showed no
differences between control and inhibitor [56]. We previously explored
the concentration dependent effects of SGA1 using this assay and found
an inverse exponentially decreasing relationship between the experi-
mental yield and concentration with an apparent asymptotic limit of
the inhibitor to block dimerization events [56]. As such we tested all

inhibitors at the low concentration of 40 nM where we expect each
inhibitor to be monomeric and previously found good Aβ-Aβ inhibition
activity.

The predicted dissociation energies for the SG-Aβ complexes are
shown in Table 2 above. It is also important to note that binding en-
ergies were predicted based on the recognition region R and neglect
important interactions that occur between the hydrophobic C terminal
ends of the Aβ (1–42) monomer which are expected to help stabilize the
β-sheet structure [76,77]. It may also be important to consider the
dissociation energy of the homodimer complex since a homodimer will
be unlikely to interact with Aβ. With this consideration one would
expect that Myr-SGA1 (with a positive ΔGeff) would perform less well
than SGC1 and SGA3 in this particular assay however with the con-
centration at 40 nM we expect the inhibitor to predominantly be in the
monomeric state and at a 2:1 ratio to Aβ allowing it to perform as
expected. The behaviour of the SG inhibitors on larger statistical en-
sembles is important for the characterization of anti-aggregative prop-
erties however this assay importantly explores the lowest limit of Aβ
concentration as it is a single molecule approach. This assay in some
respects mimics the earliest events in Aβ associated toxicity while as-
says performed in solution at higher concentrations may be more sui-
table to mimic later disease progression.

It can be seen that effective inhibition of Aβ dimerization is ob-
served with all three inhibitor molecules (paired t-test – p < 0.05;
Fig. 8). Experimental data show no significant difference in the ability
of each SG inhibitor to prevent dimerization between groups using one-
way ANOVA (GraphPad Prism analysis software – p < 0.05). Although
the three inhibitors have slightly different binding affinities towards Aβ
fragment as shown by MD data, they all effectively prevent the Aβ-Aβ
binding as shown by AFS experiments.

3.2.2. Force distribution histograms
The histograms below show the distribution of the unbinding forces

between Aβ monomers with and without the inhibitor compounds. It
can be seen from both experimental yield (Fig. 8) the force distributions
(Fig. 9) that all inhibitors reduce the total number of binding events.
Complex profile of force distribution (Fig. 9) suggests the inhibitors not
only block dimerization but each may cause different contributions to
the strength of Aβ-Aβ forces that are allowable, either by preventing or
failing to prevent certain types of interactions in a structurally depen-
dent way. The normal distributions were fitted to the Aβ–Aβ unbinding
force distribution using Origin Pro multi-peak Gaussian fitting.

In fitting two peaks to the force distribution two main peaks in the
control force distribution can be seen, one centered about 99 ± 5 pN
and the other about 217 ± 26 pN, with the first peak being narrower
than the second, similar to what has been reported previously [57]. It
appears that SGC1 does not appreciably change the position of the first
peak but drastically reduces its height and extent, while the position of
the second peak was shifted significantly towards higher energy
binding events centered about 280 ± 20 pN. This suggests that SGC1
may promote higher energy binding configurations at the expense of
lower energy binding ones. It appears as though SGA3 does not have a
significant effect on the position of the peaks but more uniformly blocks
binding events across the distribution. Myr-SGA1 seems to have the
most pronounced effect on the distribution of forces, dramatically
shifting the probability to favour low energy binding events while re-
ducing the probability of high energy binding events, where both peaks
shift to lower energy binding (peaks at 89 ± 1 pN and 164 ± 3 pN).
This large difference in the effects of the inhibitors on the force dis-
tribution we attribute to the myristic acid residue on Myr-SGA1 which
considerably increasing its overall hydrophobicity. We suggest that
Myr-SGA1 may significantly reduce high energy electrostatic or hy-
drogen-bonding sites of the recognition region quite efficiently but
cannot significantly reduce strongly hydrophobic C terminal Aβ-Aβ
interactions.
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Fig. 7. Typical experimental force curves, (A) an adhesion peak around 45 nm indicating an Aβ-Aβ unbinding event. (B) A force curve with no adhesion peak and thus no binding.
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4. Conclusion

In summary, with MD simulations we showed that the three de-
signed novel pseudo-peptide Aβ inhibitors all bind to Aβ peptide with
high but slightly different affinities. Using AFS, we experimentally
showed that all three inhibitors effectively prevent amyloid-amyloid
binding due to strong binding to Aβ peptide. We also show that SG
inhibitors can cause changes in the distribution of amyloid-amyloid
binding forces which may depend on structurally unique pathways of
amyloid dimerization. By combining MD simulations and AFS experi-
mental technique, we demonstrated a powerful approach for rational
design and single molecule testing of novel inhibitor molecules which
can block amyloid-amyloid binding – the first step of toxic amyloid
oligomer formation. The experimental AFS data are in a good agree-
ment with theoretical MD calculations and demonstrate that three
proposed pseudo-peptides bind to amyloid fragment with different af-
finities and all effectively prevent amyloid-amyloid binding in a struc-
turally dependent way. We propose that the designed pseudo-peptides
can be used as potential drug candidates to prevent Aβ toxicity in
Alzheimer's disease.
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