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Abstract

Self-assembly and aggregation of amyloid peptides, such as Ap(1-40) and Ap(1-42), lead to the
development of Alzheimer disease and similar neurodegenerative disorders associated with protein
aggregation. The structures of large aggregates, specifically fibrils, are well characterized.
However, our understanding about the structure of oligomeric forms of amyloids is incomplete and
needs to be expanded, particularly given the finding that oligomeric rather than fibrillar amyloid
morphologies are neurotoxic. This lack of knowledge is primarily due to the existence of transient
oligomeric forms that require the use of non-traditional approaches capable of probing transiently
existing amyloid forms. We have recently developed the Single-Molecule Force Spectroscopy
(SMFS) approach enabling us to probe dimeric forms of amyloids. These studies suggest that the
assembly of amyloid proteins into dimers leads to extremely stabilized amyloids in non-native,
misfolded states [1]. Herein, we applied the SMFS approach to probe amyloid trimers. We used
the AB(14-23) segment of Ap42 protein that is responsible for full-size protein aggregation. The
dimerization of this peptide was recently characterized [2]. The dimeric form of Ap (14-23) was
assembled by the use of a tandem AB(14-23)-YNGK-AB(14-23), in which the YNGK motif
between the two AB(14-23) monomers makes a p turn to form a hairpin loop with an antiparallel
arrangement of AP(14-23) monomers[3]. The AB(14-23) monomer was tethered to the AFM tip,
and trimers were formed by approaching the tip to the mica surface on which the AB(14-23)-
YNGK-AB(14-23) dimer was immobilized via a polyethylene glycol tether. We identified trimers
by rupture forces that were considerably larger than those for dimers. Models for the trimer
assembly process are discussed.
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Introduction

The deposition of amyloid fibrils is a hallmark of many types of human neurodegenerative
diseases, including Alzheimer’s disease (AD)[1, 4-6]. AB(1-40) and AB(1-42) are two of
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the most common proteins generated from amyloid precursor protein by enzymatic (-
secretase and -y-secretase) cleavage, and are primarily responsible for amyloid fibril
formation [7-9]. In AD, the self-assembly propensity of these amyloid peptides causes
insoluble amyloid fibrils to be deposited into the extracellular space, which is a hallmark of
the disease. However, recent data showed that much smaller assemblies of oligomers are
neurotoxic rather than larger insoluble aggregates such as fibrils (review and references
therein) [10-12]. Therefore, a detailed study of oligomers is crucial to improve our
understanding of the molecular mechanism of amyloid aggregation and for the rational
design of new therapeutic strategies to prevent Ap aggregation and possibly treat AD.
Traditional structural techniques, including NMR [13,14] and X-ray fibril diffraction [15,
16], were instrumental in deciphering the amyloid protein structure within fibrils, but the
structure of distinct oligomers is unknown. Transient states exist along the Ap aggregation
pathway; therefore, the structures of oligomers depend on their sizes. In the majority of
published studies, only mixtures of relatively large aggregates with different morphologies
have been analyzed by different methods such as NMR [17-19], EPR [20], mass
spectroscopy [21,22] and X-ray crystallography [23,24]. However, these data do not provide
information on how the aggregation process is initiated and how the growth of oligomers
progresses. Computational approaches were very useful to model the process of how
monomers assemble into fibril segments, and these approaches provided the structure and
dynamics of aggregates at the atomic level [25-27]. However, these powerful simulations
require the knowledge of the initial structure.

Significant progress has occurred in the characterization of dimers, which are the very first
amyloid oligomers. A critical factor in this advancement was the application of single-
molecule probing [28-30], including our Atomic Force Microscopy (AFM) spectroscopy
[31-37]. Previously, we used this technique to study protein misfolding and intermolecular
interactions to demonstrate that the strength of interprotein interactions correlates with the
propensity of proteins to aggregate [36,38]. Extension of this approach to the single-
molecule level enabled us to employ the dynamic force spectroscopy (DFS) methodology
[39] to characterize properties of transient dimeric states of misfolded a.-synuclein (a-Syn)
[33,37] and Ap peptides [35,38,40]. These studies led to the discovery that transiently
assembled dimers are very stable, suggesting that during appropriate conditions, dimers can
be used as transient seeds for additional aggregation processes. Recently, AR dimers capable
of causing neuritic degeneration were discovered as the predominate oligomeric species
isolated from the brains of humans with AD [10,11]. This finding points to an important role
of these small oligomeric species in neurodegenerative disease development. It was also
recently discovered that a-Syn aggregation, a hallmark of Parkinson’s Disease (PD), exists
in the cytosol of neurons as metastable tetramers and related oligomers with varying
amounts of free monomers. These observations suggest that a careful, detailed analysis is
required for higher oligomer structures [41].

In our previous study, we applied SMFS and Molecular Dynamic (MD) simulation to
investigate the dimerization process of AB(14-23) [2]. This 13-23 segment
(HHQKLVFFAED) of Ap contains the AB42 region that is crucial for A fibril formation
and mediates the strongest AB-Ap interaction within fibrils [42, 43]. The MD simulations
revealed that the structural rearrangement of monomers within the dimer assembly leads to a

Jacobs J Mol Transl Med. Author manuscript; available in PMC 2017 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maity and Lyubchenko Page 3

dimer structure with extremely long lifetimes compared to the short lifetimes of other
assemblies. In a subsequent paper, [44] we validated the simulated structures of dimers using
a novel computational approach enabling one to identify the structure by comparing the
simulated force spectroscopy results with experimental results. We showed that between two
different structures of dimers discovered during MD simulations, only one structure
containing an out-of-register assembly has a similar strength to that observed during
experimental conditions.

Herein, we continued the study of the amyloid assembly mechanism using AB(14-23)
peptide as an experimental system to determine whether the assembly of trimers alters the
stability of the system. To address this question, we assembled AB(14-23) into a preformed
dimer by the use of Ap(14-23)-YNGK-AB(14-23) tandem peptide. According to Tjernberg
et al., the YNGK motif forms a p turn, thereby arranging Ap(14-23) into an antiparallel type
hairpin [3].Trimer formation was analyzed by performing AFM probing experiments in
which AB(14-23) monomers were immobilized onto the AFM tip, and the Ap(14-23)-
YNGK-AB(14-23) dimer was tethered to the functionalized mica surface, as described in
our prior studies [32,45]. Cysteinyl was added to amyloid peptide sequences to facilitate the
covalent attachment of peptides via thiolmaleimide chemistry. Probing revealed that the
force necessary to unravel trimers is considerably higher than the force for dimers,
suggesting that monomers are arranged differently in trimers.

Materials and Methods

Materials

Cysteinyl peptides CHQKLVFFAED [AB(14-23)] and CHQKLVF-FAED-YNGK-
HQKLVFFAED [AB(14-23)-YNGK-AB(14-23)] were synthesized and HPLC purified by
Peptide 2.0 company (VA, USA). Similar to our previous publications, [35-40] the 10 mM
stock solution of B-mercaptoethanol (Sigma-Aldrich, USA) was prepared in sodium
phosphate buffer (10 mM, pH=7.0) and stored at —20°C. 1.0 mM Tris-(2-
Carboxyethyl)phosphine, Hydrochloride (TCEP; Hampton Research Inc., CA, USA) was
prepared in the same buffer. The 2.92 mM stock solution of maleimide-polyethylene glycol-
silatrane (MAS, ref [38,45]) was prepared in water and stored at —20 °C. A stock solution of
MAL-PEG-NHS (PEG M. Wt 3400) (Laysan Bio. Inc, USA) was prepared in DMSO
(Sigma-Aldrich, USA) at a concentration of 1.67 mM and stored at —20 °C. Deionized water
(18.2 MQ, 0.22 um pore size filter, APS Water Services Corp., Van Nuys, CA) was used for
buffer preparation and washing.

Preparation of peptide stock solution

A measured amount of peptide was first dissolved and sonicated for 5 min in 100 L of
1,1,1,3,3,3 Hexafluoroisopropanol (HFIP) to destroy pre-aggregated oligomers. The solvent
was then evaporated in a vacuum for 2h to completely remove HFIP from the sample. The
stock solution of peptide was prepared in DMSO (concentration 2 pM) and stored at —20 °C
until needed.
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Tip modification

The procedure was the same as described in ref [35-40]. Briefly, silicon nitride (SizNg)
AFM tips (MLCT, Bruker AFM Probes) were immersed in 98% ethanol for 30 min, rinsed
thoroughly with deionized water and dried under gentle flow with dry argon, followed by
UV treatment for 40 min (CL-1000 Ultraviolet Cross-linker, UVP, Upland, CA). AFM tips
were then immersed in an aqueous solution of 167 uM maleimide-polyethylene glycol-
silatrane (MAS) for 3h followed by multiple rinses with deionized water. The peptide was
diluted with sodium phosphate buffer (10 mM, pH=7.0) to 10 nM and treated with a few
microliters of 1.0 mM TCEP for 10 min to reduce any disulfide bonds that formed. The
MAS functionalized AFM tips were then dipped into the peptide solution for 1h and washed
with deionized water. Any unreacted maleimide moieties on the tips were quenched with 10
mM B-mercaptoethanol in PBS for 10 min. The tips were then washed several times with
water and stored in sodium phosphate buffer (10 mM, pH=7.0) at 4°C until needed.

Mica surface modification

We followed the protocols described in ref [32-37] including Parkinson’s disease (PD].
Mica sheets (Asheville-Schoon-maker Mica Co., Newport News, VA) were cut into ~1.5 cm
x 1.5 cm squares and glued onto glass slides using epoxy glue EPO-TEK 353ND (Epoxy
Technology, Inc., Billerica, MA). The upper surface of the mica was cleaved with scotch
tape, and the surface was immediately treated with 167 uM of 1-(3-Aminopropyl) Silatrane
(APS) in water for 30 min. The surface was washed with fresh water several times to remove
any unbound APS. The surface was then dried with argon, followed by treatment with 167
UM MAL-PEG-NHS (PEG M. Wt = 3400) in DMSO for 2h. The surface was washed with
fresh DMSO and water to remove unreacted compound. 20 nM AB(14-23)-YNGK-AR(14-
23) in phosphate buffer (10 mM, pH = 7.0) pretreated with a few microliters of 1.0 mM
TCEP was then added to the surface and incubated for 1h in a humid environment. The
surface was then washed with fresh buffer several times and unre-acted maleimide groups
were blocked by treating the surface with 10 mM p-mercaptoethanol in PBS for 10 min.
Finally, the surface was washed with deionized water, covered with phosphate buffer and
stored at 4°C until needed.

Force measurement

The force-distance (F-D) measurements were performed in sodium phosphate buffer (10
mM, pH = 7.0) at room temperature in MFP 3D AFM (MFP-3D, Asylum Research, Santa
Barbara, CA), as described previously [35,38,40]. AFM probes with nominal spring
constants of 0.03 N/m were used throughout the experiments. The thermal noise analysis
method (Igor Pro 6.31) was used for calculating the spring constant of the AFM probes. The
ramp size was set to 200 nm throughout the experiments. A low trigger force (100 pN) was
applied to the AFM probes to facilitate contact between the two types of pep-tides under
observation. For the DFS study, F-D curves were acquired at different retraction velocities in
a range from 100 nm/s to 2500 nm/s. F-D curves were acquired by probing different points
on the surface set by a grid (5 x 5 pm), with points separated from each other by 100 nm.
The dwell time was set at 0.5 second. Approximately 1500 curves were acquired during each
retraction speed for statistical analysis.
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Data analysis

The F-D curves were analyzed with the data processing software Igor Pro 6.31, provided by
Asylum Research. The force curves were fitted with the Worm-like chain (WLC) Model
[46], as shown below
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where F(x) is the force at the distance of x, kg is the Boltzmann constant, T is the absolute
temperature, and L, and L are the persistence length and the contour length, respectively.
The WLC model was chosen because it properly describes the elasticity of a polypeptide
chain [47, 48]. The persistence length was allowed to be varied for the best fitting curve and
evaluated as a variable parameter along with the contour length. A set of rupture forces (F),
contour lengths (L), and persistence lengths (L) were obtained from fitting. The contour
length (L) values were used to construct histograms for contour length that were fitted with
the Gaussian function.

Apparent loading rates at different retraction speeds were calculated using the following

equation [36]
11 keLe |F,
r kev (H 4 F3)

where F, =kgT/Ly, K is the spring constant (N/m), v is the tip velocity, F is the rupture
force, and r is the apparent loading rate (pN/s). The calculated apparent loading rates were
taken in the form of mean = SEM. These apparent loading rates were used to fit force
histograms with the probability density function [49].
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where p(F) is the most probable force, kq is off-rate constant, F is the measured force, and
Xp is the distance of energy barrier.

The most probable rupture forces were obtained from each histogram with its corresponding
apparent loading rates. For each speed, we obtained a value for the most probable rupture
force and apparent loading rate. In DFS experiments, we have plotted the most probable
rupture force (F) against the logarithmic apparent loading rate (r) and fitted the data points
with the Bell-Evan equation [50-51].

Jacobs J Mol Transl Med. Author manuscript; available in PMC 2017 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maity and Lyubchenko Page 6

Ty
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From the extrapolation of the best fit, the zero pulling rate, the off-rate constant k¢ and the
distance of the energy barrier x,, for monomerdimer interactions are obtained.

The energy landscape profile was constructed according to our previous papers [37,40] using
the following equation

k, T
k. T
koﬂ?h> b (5)

AG=In (

where AG is the height of the energy barrier, kg is the Boltzmann constant, T is temperature,
Koff is the off-rate constant, and h is Plancks constant.

Results and Discussion

Experimental design and approach

The schematics of the experimental set up and SMFS experiments are shown in Figure 1.
The Ap(14-23) trimer is formed when the monomer immobilized on the AFM tip is brought
into contact with the hairpin construct tethered to the surface. The dimer was assembled by
the intramolecular folding of the tandem peptide consisting of two AB(14-23) monomers
connected by the YNGK motif. According to NMR studies, [3] this motif forms a U-turn
structure, arranging the Ap(14-23)-YNGK-AB(14-23) monomers in a tandem antiparallel
fashion. The rationale for this design comes from our recent computational analysis showing
that AB(14-23) monomers are arranged in an antiparallel orientation in the dimer [44].

The cysteinyl peptides were covalently anchored to either the AFM tip or the mica surface
via flexible tethers (MAS or PEG) terminated with maleimide groups. According to NMR
and hydrogen-deuterium exchange experiments, conjugation of cysteine to the N-termini of
AP should not effect its intrinsic amyloid character [52,53]. The amyloid peptides were
pretreated with TCEP before coupling to the maleimide functionalized surface or tip to
minimize S-S bond formation and reduce S-S bonds to free SH groups. The propensity of
self-aggregation was minimized by using a very low peptide concentration (10 nM for the
AFM tip and 20 nM for the mica surface) during the covalent attachment of peptides to the
maleimide groups. A peptide concentration of several orders of magnitude is required for
aggregation [54]. The specific interactions between AB(14-23) monomers and hairpin Ap
(14-23) dimers were measured by multiple approach-retraction cycles over various spots of
the mica surface.

Probing of trimers

SMFS was performed with the Molecular Force Probe 3D AFM system (MFP-3D, Asylum
Research, Santa Barbara, CA) in sodium phosphate buffer at room temperature (25°C).
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Figure 2a shows typical approach (black) and retraction force curves. The rupture event
appears on the retraction force curve as a drop of the force after which the system dissociates
and no force changes are detected. The rupture force value was calculated after fitting each
force curve with the WLC approximation using equation 1. An example is shown in Figure
2a, in which the fit is depicted by a red curve with the rupture event evident as a sharp
transition. A large peak appears at the beginning of the retraction force curve that
corresponds to non-specific interactions that typically appear in AFM experiments [37, 36].
The specific interaction peak is identified by its position on the rupture profile and appears
after stretching the PEG and unstructured segments of the peptide [38].

Similar force curves were obtained by multiple probing cycles at various positions on the
substrate. The superposition of the force curves is shown in Figure 2b and illustrates the
overall visual reproducibility of the probing experiments. Typically, ~1500 curves were
acquired at a speed of 500 pum/s at different positions on the mica surface. Among them, 9-
10% of the curves showed specific monomerdimer interactions. This is a high yield, given
the requirement to measure single-molecule interactions between AB(14-23) monomers and
hairpin Ap(14-23) dimers [55].

The force curves were used to measure two major parameters, the rupture force and the
contour length. The histograms for both parameters are shown in Figure 2c and d,
respectively. The force histogram was fitted with the probability density function (eq. 3;
black curve), demonstrating a good fit. The most probable force for the rupture of the
AB(14-23) monomer and hairpin Ap(14-23) complex is 185 + 42 pN. This value is twice as
large as the value obtained for the rupture of Ap(14-23) dimers in monomer-monomer
probing experiments [2].

Figure 2D shows the contour length distribution. The histogram is symmetric, and
approximation of the distribution with the Gaussian equation produces a contour length
corresponding to the maximum distribution of 33 = 5 nm. Given the fact that flexible tethers
are stretched prior to the rupture of the complex, it is important to compare this value with
the known lengths of the flexible tethers (Figure 1b). The corresponding lengths are: ~3 nm
for MAS, ~4 nm for the peptide, and ~25 = 5 nm for PEG, yielding 32 + 5 nm for the total
length of the tethers. This value is very close to that obtained during the experiments. In fact,
these estimates were made for the peptide position at the apex of the tip. During tip
functionalization, various positions are possible, leading to contour length values that are
shorter than expected [45,56]. This is also illustrated by the data in Table 1, which shows the
contour length values obtained from four independent experiments.

Dynamic Force Spectroscopy

Next, we applied the DFS (Dynamic Force Spectroscopy) approach to estimate the stability
of the trimers (eq. 4). We performed force spectroscopy experiments with pulling rates
ranging from 100-2500 nm/s that correspond to the apparent loading rates in the range of
500-50000 pN/s. The full data set showing the dependence of rupture forces on the
logarithm of apparent loading rates [57] is shown in Figure 3. The entire set was divided into
five different groups of loading rates. The force and loading rate distributions were obtained
and maxima values were used to generate the DFS plot as shown in Figure 4. The bar sizes
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in the plot correspond to the SEM values for the force distributions. The linear fit, according
to equation 4, produced kinetic parameters for the complexes, including their stability, off-
rate constant (Kof = 8.9 + 2.2 s71), and the energy barrier position (x, = 0.6 = 0.1 A) [58].
The off-rate constant corresponds to the complex lifetime of 0.11 + 0.02 seconds that is
similar to the AB(14-23) dimer lifetime of 1.06 + 0.95s obtained in ref [2]. The height of the
energy barrier was calculated from the off-rate constant using Eq. 5, AG= 21.3 kgT, and the
energy landscape profile corresponding to this AG value is shown as an inset in Figure 4.

Assembly and stability of the trimer

Monomer-monomer AB(14-23) interactions within a dimer were recently analyzed in ref
[44]. The experimental value was 53 pN, which is substantially less than the value 185 pN
obtained in this analysis of the trimer. According to the computational analysis performed in
ref [44], monomers can adopt two different conformations, out-of-register and in-register.
The dissociations of these different conformations produce rupture force values of 46 pN
and 178 pN, respectively. The experimental value for the trimer rupture is close to the value
obtained for the in-register arrangement of the monomer relative to another monomer within
the dimer.

According to Figure 1, two possible orientations of the monomer relative to the dimer are
possible, either parallel or anti-parallel orientations. A recent analysis [59] showed that the
parallel orientation of monomers produces rupture forces in the range of 30 pN that are
substantially lower that the values obtained for antiparallel orientations even in the out-of-
register arrangement. Therefore, we conclude that the antiparallel orientation is associated
with the trimer, thereby rejecting model I1.

In our model for the trimer depicted in Figure 1, we assume that the dimer is assembled as a
hairpin, with both monomers aligned in the in-register antiparallel orientation. Although this
assumption is supported by the NMR analysis of the YNGK containing peptides, additional
evidence comes from the force spectroscopy studies and computational analysis [44].
Indeed, the 185 pN rupture force value obtained in this paper is comparable to the 178 pN
value obtained in the simulations for the in-register assembly of the monomers. If the
monomer in the dimer did not assemble as a long B-hairpin, the rupture force between the
monomer and the dimer would be less than that value. The 7 pN higher rupture force value
obtained in this paper and the force for the in-register assembly of the Ap(14-23) peptides
indicates that the interactions within the trimer are higher than that for the dimer, suggesting
that the dimer structure is more dynamic than the trimer. However, this hypothesis requires
additional justification and represents a goal of our future research.

Conclusion

In summary, we report on a novel approach using SMFS that uses oligopeptides with pre-
assembled structures to provide insight into amyloid trimerization. The analysis revealed
that the Ap(14-23) trimer has elevated stability, providing a quantitative measure for
subsequent steps of oligomer assembly. This approach can be extended to explore
mechanisms of molecular interactions for higher oligomerization steps, such as tetramers,
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pentamers, hexamers, and so on. Performing computational analyses with recently
developed approaches can provide details of these mechanisms.
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a) N- terminus =3 C-terminus
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AB (14-23) monomer
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hairpin AB (14-23) dimer

b)
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PEG

(1) (1)

(a) Schematic representation of Ap(14-23) monomer and hairpin AB(14-23) dimer; (b)
Schematic representation of the experimental set up for the force measurements, where (1)
and (1) depict two types of possible monomer-dimer interactions.
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Figure2.
(a) A typical force-distance curves; approach curve (black), retraction curve (blue), and

WLC fit (red); (b) Overlay plot of retraction force-distance curves at a speed of 500 nm/s,
showing the superposition of specific interactions, with the number of curves taken = 165.
(c) Force histogram (grey bars) at 500 nm/s retraction speed with the PDF fit curve (black);
the most probable rupture force is 185 + 42 pN [peak point of PDF fitting + standard
deviation]. (d) Contour length histogram (grey bars) at 500 nm/s, speed of retraction with
Gaussian fit curve (black); the most probable contour length is 33 £ 5 nm [peak point of
Gaussian fitting = width of fitting]. The number of F-D curves used for making histograms
for the force and contour length is 165. The bin sizes are: force histogram = 20 pN; contour
length histogram =1 nm.
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Figure 3.
The dataset of the rupture force vs. loading rate (raw data) used for dynamic force

spectroscopy analysis.
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Figure 4.

Dynamic force spectroscopy data for Ap(14-23) monomer and hairpin AB(14-23) dimer
interactions. The black straight line represents the fit with the Bell-Evans model. The inset
shows the energy profile diagram.
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Table 1

Experimental contour lengths for AR (14-23) monomer and hairpin Ap (14-23) dimer complex formation
during four different experiments.

Experiment number 1t ond 3rd 4th

Contour length (nm) 27+6 | 33+5 | 23+5 | 2846
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