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Abstract

The soluble oligomeric form of the amyloid beta (AB) peptide is the major causative agent in the
molecular pathogenesis of Alzheimer’s disease (AD). We have previously developed a pyrroline-
nitroxy! fluorene compound (SLF) that blocks the toxicity of Ap. Here we introduce the multi-
parametric surface plasmon resonance (MP-SPR) approach to quantify SLF binding and effect on
the self-association of the peptide via a label-free, real-time approach. Kinetic analysis of SLF
binding to Ap and measurements of layer thickness alterations inform on the mechanism
underlying the ability of SLF to inhibit Ap toxicity and its progression towards larger oligomeric
assemblies. Depending on the oligomeric state of AB, distinct binding affinities for SLF are
revealed. The Ap monomer and dimer uniquely possess sub-nanomolar affinity for SLF via a non-
specific mode of binding. SLF binding is weaker in oligomeric Ap, which displays an affinity for
SLF on the order of 100 pM. To complement these experiments we carried out molecular docking
and molecular dynamics simulations to explore how SLF interacts with the Ap peptide. The MP-
SPR results together with 7 silico modeling provide affinity data for the SLF-A interaction and
allow us to develop a new general method for examining protein aggregation.

Graphical abstract

" jcvoss@ucdavis.edu.
S.H. and TRR. contributed equally to this work

Supporting I nformation

The following content is provided as Supporting Information:

« Additional experimental and theoretical considerations for MP-SPR.

« Expanded Table of affinity values determined for alternative Ap configurations.

« Demonstration of native AP binding to tethered AB.

« Controls for non-specific binding to the sensor surface.

« Figure illustrating the Interaction kinetics fitting using the 1:1 fitting model

« Plot of inter-molecular contacts for simulations at elevated temperature.

« Further Description of Monomeric Ap simulation with one or two SLF molecules.
« Animation of a longer simulation illustrating the dynamic AB-SLF interaction.
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Introduction

Alzheimer’s Disease (AD) is a progressive, devastating neurodegenerative disease that
currently affects nearly five million people in the US alone. The incidence of AD is expected
to triple by 20501, Although the etiology of AD is complex, multiple lines of genetic,
histological and biochemical evidence suggests the amyloid peptide (AB) is the primary
causative agent?. The AB is constitutively released in the brain through proteolytic
processing of the amyloid precursor protein (APP), which is, in turn, cleaved sequentially by
B and y secretases, two aspartyl proteases. Both the rate and site of APP cleavage, as well as
the efficiency of AP clearance determine eventual neuropathology. A is an intrinsically
disordered peptide that undergoes a dynamic aggregation pattern that can ultimately lead to
AB plaques deposited in the brain-4

Importantly, numerous studies have established that the soluble oligomeric form of A
(ABO) represents the neurotoxic form of the peptide®=’ Hence, there is significant interest in
identifying compounds that inhibit Ap oligomerization. To date, a diverse set of small
molecules have been found to interfere with AP oligomerization and amyloid fibril
formation, although the binding coordination and structural mechanism for inhibition
remains unknown®-12, A major obstacle to the development of such therapeutic agents is the
dynamic structure of the soluble AP peptide; toxicity results from various oligomeric forms
present throughout the aggregation pathway13.

We have previously shown that a novel, bifunctional compound can block both A toxicity
and oligomer growth14-15, This small molecule, named spin-labeled fluorene (SLF),
contains a fluorene moiety for AB-targeting as well as a nitroxide spin label (Fig. 1).
Biophysical studies indicate that SLF disrupts and inhibits oligomer growth14-15, The
protective effect of SLF against Ap toxicity is augmented by the free radical scavenging
property of the nitroxide spin label'# 16, which is efficient in addressing the strong oxidative
element of AD pathogenesis1’~20,

Although the toxic state of A is ill-defined, multiple lines of evidence correlate toxicity
with oligomers on the order of 10-60 kDa that contain a high degree of conformational
disorder distributed amongst oligomers in dynamic equilibrium (reviewed in?1). Depending
on the conditions, these oligomers progress to larger aggregates or transition into fibrillar-
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competent species. Obtaining a quantitative description of A structure and toxicity remains
a challenge, and the dynamic nature of oligomeric A further complicates efforts to address
the mechanism of small molecule modulators of Ap toxicity. We have therefore employed a
label-free approach using surface-immobilized Ap to measure SLF binding affinity to
different oligomeric states of the peptide. The method, multi-parametric surface plasmon
resonance (MP-SPR), is additionally useful because it also detects changes in layer
thickness?2, and thereby provides information on how small molecule binding can modulate
AP self-association.

MP-SPR is a powerful technique for studying label-free biomolecular interaction measured
in real-time, providing detailed analysis of affinity and kinetics of small molecule
interactions as well as a unique method for measuring peptide and protein self-assembly23,
Here we use MP-SPR to investigate how spin labeled fluorenes decrease Ap self-assembly
and aggregation. The measurements provide kinetic constants for distinct SLF-AB
interaction modes, leading to a better understanding of the role SLF plays in modulating Ap
aggregation and toxicity. Furthermore, by calculating layer thickness, the molecular masses
deposited onto the MP-SPR sensors are modeled in terms of oligomer size. We demonstrate
that MP-SPR is an effective tool for observing Ap self-assembly and evaluating agents that
can modulate peptide aggregation. Finally, we carried out molecular dynamics simulations
of the SLF-AB interaction, providing insights into possible conformational states that
correlate to a lowered toxicity and aggregation propensity for the Ap peptide. This work
represents a continuation in our development of the synergistic combination of label-free
analytics and molecular dynamics to obtain key mechanistic insights of pharmaceutical
relevance?4 The developed methodology represents a biofunctional assay platform where the
biological environment is mimicked in order to enhance the 7 vivo relevance of the study.
This platform can be extended to other similar systems where the modulation of disordered
peptide aggregation is a potential therapeutic target.

Experimental Methods

Materials

Hexafluoro-2-propanol (HFIP) was purchased from Sigma-Aldrich (catalog number
105228-25G, St. Louis, MO). Dimethyl sulfoxide (DMSO) was purchased from Fisher
Scientific (catalog number D12345, Pittsburgh, PA). Biotin-PEG-SH was purchased from
Nanocs Inc. (catalog number PG2-BNTH-5k, New York, NY). 11-Mercapto-1-undecanol
(HS(CH»)110H) was obtained from Sigma Aldrich, St. Louis, MO (catalog number
447528-1G). The thiols were used as received. Streptavidin was purchased from Thermo
Scientific (catalog number 43-4301, Pittsburgh, PA). Biotin was purchased from Sigma
Aldrich (catalog number B4501-500MG) St. Louis, MO). p-amyloid peptide (1-40) (Seq:
DAEFRHDSGYEVHHQKLVFFAEDV GS NKGAIIGLMVGGVYV) and Biotin labeled 8-
amyloid peptide (1-40) (Seq: Biotin-DAEFRHDSGY
EVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) were purchased from EZBiolab Inc.,
Carmel, IN. Spin-labeled fluorene HO-4160 (SLF) was synthesized as described in16.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2018 November 02.
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Preparation of amyloid beta (AB) peptide samples

Aqueous preparations of predominately monomeric or oligomeric AB were made in
solutions where conditions (pH, ionic strength, peptide concentration and incubation times)
either increase or decrease the rate of oligomer formation25-26, The predominance of
monomeric and oligomeric species was confirmed by dynamic light scattering (see below),
consistent with previous measurements using fluorescence correlation spectroscopy!®. To
prepare monomers of biotinylated or native Ap, the Ap peptide was dissolved in HFIP and
incubated at room temperature with gentle rocking for 48-72 hours. Vacuum evaporation
was then used to remove the HFIP, resulting in a monomeric AR pellet. Immediately before
the given experiment, the HFIP-treated pellet was warmed to room temperature and
reconstituted in 10 pL of fresh DMSO. To produce monomeric peptide, the Ap in DMSO
stock solution was subsequently diluted in low ionic strength buffer (25 mM Tris, 1 mM
EDTA, pH 8.0) to a 10 uM final concentration of the peptide monomer and the sample used
immediately?’.

To obtain oligomeric Ap (ApO), the DMSO A stock was diluted into high ionic strength
buffer (25 mM Tris, 150 mM NacCl, pH 7.0) to a final concentration of 40 uM and allowed to
incubate at room temperature for 4 hours. Just prior to MP-SPR measurements the ABO
solution was centrifuged at 15,000 x g for 5 minutes for amorphous aggregate removal. The
supernatant contained the ABO used for MP-SPR measurements. As demonstrated
previouslyl4 27 these oligomeric preparations are anti-amyloid (A11)-positive oligomers,
with a 40 uM solution producing particles at 4-hours of ~10 nm in diameter by AFM
imaging. The ABO 40 uM solutions were diluted to 10 uM in high aggregation buffer just
prior to injection into MP-SPR fluidic channels.

To produce SLF labeled ABO, we treated the 4 hrs ABO incubations with either 80 uM SLF
(1:2 AB/SLF molar ratio to saturate AP binding sites) or vehicle, and allowed these solutions
to incubate at room temperature for 4 hrs. Just prior to MP-SPR measurements the ABO/SLF
and ApO/vehicle solutions were centrifuged at 15,000 x g for 5 minutes, and the supernatant
removed for MP-SPR measurements.

Characterization of monomer and oligomer preparations by dynamic light scattering

Particle size analysis of the Ap monomer and oligomer solutions was carried out at using
dynamic light scattering (DLS) with a Brookhaven 90Plus instrument that monitors scattered
light at 90° to the excitation. For monomer samples, AB(1-40) was HFIP-treated and dried.
Immediately before measurement, dried pellets were dissolved in DMSO and diluted into
either low salt buffer, pH 8.0 (for monomeric preparations) or diluted into high salt buffer,
pH 7.0 (for oligomeric preparations). Monomeric samples were measured for 20 minutes,
immediately after solvation into aqueous buffer to a concentration of 10 uM. Oligomeric
samples were first incubated for 4-hr incubation in high ionic strength buffer. All samples
were filtered through 0.22 um filter to remove dust particles and large amorphous aggregates
just prior to measurement. The average hydrodynamic radius was calculated using the
ZetaPlus Particle Sizing Software Version 3.57 (Brookhaven Instruments). The calculated
hydrodynamic diameters of Ap monomers was ~1.4 nm, while the ABO species have an
average hydrodynamic radius of ~75 nm.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2018 November 02.
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MP-SPR measurements

MP-SPR measurements were performed by using an SPR-Navi 200™ instrument (BioNavis
Ltd., Tampere, Finland). The MP-SPR instrument allows for expanded SPR sensing, having
the capability to record the full SPR angular spectra over a wide angular range (~ 40-78
degrees). The instrument was equipped with two different wavelength lasers (670 nm and
785 nm) for plasmon excitation in two independent fluidic channels, which are integral parts
of a PDMS flow cell (volume of each flow cell 1 pL). The liquid flows were controlled via a
peristaltic pump and a 12-port chromatography injector, the typical flow rates varying
between 10-100 puL/min, and in this particular study, between 10-20 uL/min. The scanning
angle feature and utilization of two or more wavelengths enables recording full SPR angular
spectra (intensity of reflected light as a function of angle of incidence) in real time. These, in
turn, can be used to model and calculate e.qg. the layer thicknesses (d) and refractive indices
(n) for the studied molecular layers as well as kinetic parameters for the interaction
phenomena using well-established physical models. Additional technical details are given in
Supporting Information.

Preparation of the gold sensors for MP-SPR measurements

We used the SPR Navi™ gold sensor slides SPR102-AU-10 (Au as the plasmonic layer, d =
50 nm) provided by BioNavis for all of our MP-SPR measurements. To functionalize the
gold sensor surface we followed the standard protocol, as described by23 and adapted it to
using biotinylated AP peptide as the ligand layer as shown in Fig. 2. We constructed a
supramolecular assembly composed of a self-assembled monolayer (SAM) to which we
attached the biotinylated Ap peptide to form the functionalized gold sensors. Before surface
assembly, the plain gold sensors were cleaned with absolute ethanol, and dried with nitrogen
gas. First, we reconstituted the 11-Mercapto-1-undecanol and the biotin-PEG-SH in absolute
ethanol to form a MuOH: Biotin-PEG-thiol (85:15 mol %, 5mM) (MBP-thiol) SAM
solution. An adsorbed biotinylated, self-assembled monolayer (SAM) was generated directly
on the gold sensor; the mixed, MBP/PEG thiols have been shown to make a better self-
assembly layer than PEG-thiol alone by resisting non-specific protein adsorption?3. The gold
sensors were then immediately immersed in an MBP-thiol SAM solution, in a glass Petri
dish, gold face up, and incubated for at least 16hrs, at room temperature, in the dark and the
MBP-thiol was allowed to adsorb onto the gold sensor. The Petri dish was sealed with wax
paper to prevent evaporation. Subsequently, the gold sensors were removed from the
solution, washed in absolute ethanol and dried with nitrogen gas and loaded into the
instrument. The second molecular layer was constructed by immaobilization of streptavidin
monitored /n situ with the MP-SPR instrument, as 200 pg/ml of Streptavidin in DI water,
was flowed over the MBP-thiol SAM sensor surface at 10 ul/min. After a stable baseline was
obtained we proceeded to build the third molecular layer by injecting 10uM biotinylated AB
in low aggregation buffer (25 mM Tris, 1 mM EDTA, pH 8.0) at 10puL/min, followed by low
aggregation buffer until a stable baseline was noted. For the control channel we followed the
same procedure for the first and second layer, except that the third layer was built by
injecting 300 pL of 1mM biotin, at 10 pl/min until a stable baseline was noted. Binding of
native A to the tethered biotinylated Ap was detected by measuring the shift in the SPR
peak minimum (OspR) before and after each sample injection. Example data are provided in
Fig. S1.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2018 November 02.
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To investigate SLF/AB binding, various SLF dilutions (10 uM, 20 pM, 30 uM, 40 pM) in
low ionic strength buffer, pH 8.0, were flowed over the biotinylated Ap biosensor surface at
the concentrations indicated in the figures. Non-specific binding to the MBP-thiol SAM
layer was tested by application of the same SLF dilutions over the MBP-Thiol SAM/
Streptavidin/biotin surface without AB. Similarly, to check for non-specific binding of Ap to
the MBP-thiol SAM layer, 10 pM of non-biotinylated (native) Ap was flowed over the
MBP-Thiol SAM/Streptavidin/biotin surface (See Fig. S2), followed by layer thickness
analysis.

Physical principles of the interaction kinetics analysis

Kinetic analyses were performed using the SPR Navi™ Data Viewer 4.0 (BioNavis Ltd.,
Tampere, Finland) and the TraceDrawer 1.6 software (Ridgeview Instruments AB, Vange,
Sweden) - data shown in Table 1. Graphs in all figures were constructed using OriginPro 8.6
(Northampton, Massachusetts, USA). We started the kinetic analysis by selecting the desired
interactions of each particular scheme. The Kinetic fitting is based on the sensorgrams,
which show the change in the SPR resonance angle (i.e. change in the SPR peak minimum
(6spRr)) as a function of time. We performed the analysis of SLF interactions in 4 different
schemes; (i) SLF interacting with biotinylated AR, (ii) with native (non-biotinylated) AB,
(iif) with ABO, and (iv) with ABO pretreated with SLF at a molar ratio of 1:2. The
sensorgrams were baseline corrected by using a baseline level correction algorithm.
Consequently, the bulk- and baseline-corrected sensorgrams were processed in the fitting
phase with two different binding models within the TraceDrawer 1.6 software. SLF-AB
interaction schemes were best fit using the 1:2 model appropriate for binding to two
independent targets on a solid support. The mathematical description of the two used models
is extensively described elsewhere (e.g.28-29). As the refractive properties of DMSO can
change the bulk conditions quite drastically, the fitting was performed by taking into account
the possible bulk effect the DMSO may have had during the experiment. The injection of an
analyte dissolved in the DMSO typically induces a clear shift in the total internal reflection
(TIR) angle. Since the full SPR angular spectrum is recorded, the bulk correction can be
performed by subtracting the contribution of the TIR shift from the overall change in the
angular position of the SPR peak minimum.

Basic SPR theory and physical principles of experimental layer thickness modeling

The fundamental mathematical depiction of SPR is derived from the Maxwell’s equations,
and has been described profoundly for example in2%-32, Briefly, when the matching of
incident light photons and plasmons occurs, the resonance condition is met:

1

® —. o €182 )2
?@Sm@o—?(gﬁgz) (1)

where c is the speed of light in vacuum, w is the light frequency, 8y is the angle of incidence
of the light beam, and &g, &1, £ are the dielectric constants of the prism, the metal, and the
medium in contact with it, respectively. In general, the dielectric constant e and refractive
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index n for a given material can be expressed in their complex forms as 7 = n + ik = \/u&, and
£ = e +ie’, where n, n and k are the complex refractive index, real- and imaginary part of the
complex refractive index, respectively. The quantity ¢ denotes permeability, occurring in
Maxwell’s equations. Since the majority of materials are non-magnetic at optical
frequencies, | can be approximated very close to 1. Similarly, £, e and &” are the complex
dielectric constant, real- and imaginary part of the complex refractive index. As a sum of the
definitions made here, the refractive index and dielectric constant are related as i = /2.

For the layer thickness and refractive index calculations, the shape and quantities associated
with the SPR spectra were utilized. The spectra can be described with Fresnel’s equations as
the reflectivity of a multilayered system for p-polarizedlight. In practice, the modeling and
solving for the matrix formalism was performed by mathematical fitting tools, or dedicated
software. The layer thicknesses and refractive indices of the thin bio-molecular layers were
solved by the two-wavelength method with angular scanning in all our experiments33-3%,
LayerSolver 1.0.2 (BioNavis Ltd., Tampere, Finland) software was used for modeling and
solving for the layer properties.

The thicknesses of the modeled layers were linked as common variables in the modeling
performed with the LayerSolver, i.e. the layer thickness was expected to be the same for
both wavelengths since the MP-SPR angular spectra were measured from the same spot in
the upper and lower sample channels. The complex refractive index was input as an
independent variable for background (pure metal layer) modeling, or as a linearly dependent
variable between the two used wavelengths.

Molecular docking, molecular dynamics simulations and analysis

Autodock Vina 1.1.236 was utilized to find the most probable binding sites and free-energies
for SLF at the surface of the AP peptide. We chose to carry out the initial docking
calculations to the solution structure of Ap (1-40) solved with NMR37 The PDB code for
the structure is 11'YT. The PDB structure consists of several different conformations for Ap,
but we chose to use only the first one since our aim was also to carry out 20 ns MD
simulation (referred to as S1) for the peptide in water surroundings. The docking
calculations were repeated for structures that were derived from S1 simulation (2 ns
intervals). All nonpolar hydrogens of Ap and SLF were merged to the corresponding heavy
atoms, a prerequisite for Autodock docking calculations. In general, the docking parameters
were kept to their default values. One rotatable dihedral present in the SLF molecules were
set to flexible. The size of the docking grid was set to 47 A x 47 A x 47 A, which overlaid
the entire AP peptide.

All molecular dynamics simulations were carried out using the GROMACS 5.0.4 package3®
and the GROMOS54A7 force field39. The GROMOS54A7 force field parameters for SLF
were generated with Automated Topology Builder (ATB) server version 2.240-41, The SPC
model was used for water molecules*2. To maintain zero net charge in the simulated systems
three Na* counter ions were added. All MD simulations were carried out under the isobaric—
isothermal (NPT) ensemble with periodic boundary conditions. A time step of 2 fs was used
for integrating the equations of motion. The v-rescale and Berendsen algorithms were

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2018 November 02.
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employed to maintain physiological temperature (except where indicated) at 310 K (0.1 ps
1) and an isotropic pressure of 1 bar (1.0 ps~1)43. The cutoff for Lennard-Jones interactions
were set to 1.4 nm. For long-range electrostatics the particle mesh Ewald (PME) method was
employed with a real-space cutoff of 1.4 nm#* The LINCS algorithm was applied to
constrain all bonds*°. The simulated systems consisted of one AP peptide, one SLF
molecule (except one simulation where the SLF molecules were not present), three Na*
counter ions and 4719 water molecules. Three different MD-simulations were carried out.
The simulated system 1 (S1) consisted of only the A peptide, ions and water molecules.
This simulation was performed up to 20 ns as previously described, solely to obtain four
independent initial docking conformations. In the simulation systems 2 (S2) and 3 (S3) the
SLF molecule was initially present in the docking sites 1 and 2 that were produced by the
initial docking calculation. S2 and S3 systems were simulated up to 100 ns. The secondary
structure of the Ap peptide was analyzed using the gmx do_dssp analysis tool included in
the GROMACS simulation package*®. The root mean square deviation (RMSD) of the AB
peptide was analyzed with the gmx rms program. The number of contacts was calculated
using the gmx mindist program, which is also included in the GROMACS simulation
package. The maximum distance for contacts between SLF and Ap atoms were set to 0.6
nm. VMD were used to visualize the docking and simulation results*’

General Considerations

We have shown in previous work that, the SLF small molecule binds to soluble AB
oligomers and protects against Ap-induced cell death!4-15, To characterize the binding of
spin labeled fluorenes to Ap, we employed real-time, label-free detection of SLF binding to
biotinylated AP tethered to a self-assembled monolayer (SAM) as shown schematically in
Fig. 2. The gold sensor surface is coated with biotin-functionalized (for streptavidin binding)
PEG derivative [MuOH: Biotin-PEG-thiol (85:15 mol %)(MBP-Thiol SAM)]. The MBP-
Thiol SAM surface is then coated with streptavidin, which immobilizes with high affinity
and specificity to biotin. Injection of biotinylated Ap results in the attachment of A to the
sensor surface through biotin binding to the available sites of the immobilized streptavidin.
The analytes (SLF and/or AB) are then passed over the surface of immobilized Ap, and SLF
binding and/or A self-association result in a change in the SPR signal response. The
volume of all injections is 300 pL and flow rate is 10 yL/min for a total of 30 min injection
time followed by 10 min of wash time for streptavidin, biotin, and Ap, and 20 uL/min for
SLF (20 min total injection time).

To determine if there is non-specific binding of Ap and SLF to the layer surface, we used
SPR signal changes from the baseline as an indicator of either SLF or non-biotinylated Ap
retained to the surface layer®8. The absence of resonance signal increase above the baseline
following injection washout demonstrates minimal non-specific interactions between the
non-biotinylated AP peptide and SLF molecule with the MBP-Thiol SAM surface coated
with streptavidin that do not significantly affect the binding kinetics calculations (see Fig.
S2). We probed the Ap and SLF interaction with the bare sensor chip surface by injecting
the same concentrations of native (non-biotinylated) Ap and SLF over the bare chip (Au)
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surface and found no retention of either the Ap or the SLF to the Au chip surface (data not
shown).

Two separate wavelengths, 670 nm and 785 nm were used to record the signal responses in
all MP-SPR measurements. However for reader simplification, only the 670 nm laser signals
are shown in the sensorgrams and MP-SPR angular spectra. The mobile phase in the
experiments consisted of the buffer specific to the form of Ap applied in the MP-SPR
analysis. The physicochemical characterization of SLF was performed in scenarios whereby
different AP peptide compositions were mimicked and investigated. As described in
Methods, predominantly monomeric AP was prepared at low ionic strength, slightly alkaline
buffer and used immediately, whereas the sample of predominantly small oligomeric A
(ABO) was prepared in a neutral buffer containing 150 mM NaCl. Dynamic light scattering
(DLS) measurements were performed to confirm that the low- and high-ionic strength
conditions promote monomeric and oligomeric peptide, respectively. As determined by the
DLS, monomeric A in low ionic strength buffer displays a mean diameter of 1.4 nm, in
agreement with earlier measurements of the AR monomer25. In contrast, the 4-hour ABO
species in high ionic strength buffer have an average hydrodynamic radius of 75 nm.

SLF binds Ap monomer with a very high affinity

We first measured the SLF binding kinetics to the immobilized monomeric AP alone.
Affinity measurements were carried out by flowing increasing concentrations of SLF over
the surface, which has been shown advantageous in the SPR study of high-affinity molecular
interactions#®-51, Serial injections of increasing concentrations of SLF over the biotinylated
AB (Fig. 3) result in an increase in baseline maintained after the dissociation phase,
indicative of SLF binding AP and retained as an AR/SLF complex.

Kinetics of SLF binding were best fitted according to a 1:2 binding model (Fig. 4), with a
comparatively low 2 value = 34.39. The success of the fitting can also be estimated in the
curves of Fig. 4, where the bold red line is the measured data, and the dotted line represents
the fitting. This implies that the AR monomer can accommodate two molecules of SLF. With
the 1:1 binding model, a substantially higher error (i.e. higher 2 values) is observed in the
fit (Fig. S3, panels A and B). The 1:2 binding model generates two affinity constants, Kpq
and Kp, (Table 1). Other parameters of the interaction kinetics analysis (Ka1, Kq1, €tc.) are
shown in Table S1 of Supporting Information. The first value, Kpy (~ 1.5x1075 M) reflects a
relatively strong binding of SLF (Table 1). However, the value for Kp, reveals an even
stronger binding of SLF to Ap, indicating binding at some sites is effectively irreversible on
the time scale of these measurements. Because the calculation for Kp, carries a high level of
uncertainty as determined within the time domain of these experiments, its value cannot be
accurately determined. However, we can conclude that Kp, corresponds to a binding affinity
of 1 nM or less. The lack of SLF dissociation is also reflected in the time-resolved
presentation of the MP-SPR signals where the baseline raises after each concentration. The
rates of SLF binding are also informative, consistent with a 2-step “induced fit” binding
mechanism®2. The value for kq, (Table S1) in the order of 10! for SLF binding tethered A
indicates a relatively slow association rate. The value for kg, is significantly smaller for the
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same scenario, specific for a considerably slower dissociation rate. These differences are
consistent with a slow on/off kinetic model for the binding of SLF to tethered Ap.

SLF binds to non-biotinylated A similar to biotinylated AB

To compare the binding of SLF to non-biotinylated (native) AP we injected 10 pM non-
biotinylated AB over the biotinylated AR, at 10 uL/min for 30min, in low aggregation buffer.
The low aggregation buffer prevents higher order oligomerization of A, so we expect that
some small scale dimerization to occur given the known affinity of Ap for self-aggregation.
Under these conditions, we predict a native monomer binding to the tethered A, resulting in
a mostly dimeric species on the surface. As shown in Fig. 5A, injection of the native
monomer followed by buffer wash shows an increase from the baseline in the SPR signal.
This increase is consistent with the native Ap monomer pairing with the tethered AB
species. The same effect is also reflected in layer thickness calculations showing that in the
absence of SLF, ~34x more native AP associates with tethered Ap forming a quasi-uniform
layer of mostly dimeric Ap (see below). After the baseline was stabilized, we injected the
same series of increasing concentrations of SLF over the non-biotinylated (native) Ap (Fig.
5A). The data indicate a similar binding pattern of SLF to both non-biotinylated and
biotinylated AB. As with the tethered monomer alone, the data are best fitted by the 1:2
binding model (dashed line in Fig. 5B), consistent with monomeric and dimeric A binding
two molecules of SLF, with similar Kp values for each preparation (Table 1.). While kj, and
kg2 values for SLF/native AP interaction (Table S1) are indicative of the same slow on/off
kinetic mechanism as for SLF/tethered AR, k2 Seems to be slower by an order of 10. As
with tethered AR, native Ap exhibits a second binding mode for SLF with significant lower
affinity (kgi and kg1, Table S1). This result suggests that dimeric AR retains sub-nanomolar
affinity for SLF as well as the capacity to bind SLF with two distinct affinities.

Oligomeric A lacks very high binding affinity

We next investigated SLF binding to complexes of oligomeric Ap (ApO) associated with
the surface-immobilized AB. ApO was prepared in an aggregation-promoting buffer as
described in Experimental Procedures, and measured by MP-SPR (Fig. 6, green trace).
Kinetic analysis of the ABO/SLF complexes was initially performed using the 1:1 binding
model that again yielded a substantially higher error (i.e. higher XZ values) than the 1:2
binding model. Thus, SLF binding to ABO is also best described by a model with two modes
of ligand binding (Table 1; Fig. 7A). However, unlike the monomeric/dimeric preparations
of A, the Kp1.» values of oligomeric samples are of the same order of magnitude
(~1074-1075 M), indicating that oligomer formation interferes with peptide adopting the high
affinity conformation on the time-scale of these measurements. Thus, the pre-assembled
ABO lacks the very high affinity binding, displaying a comparable lower affinity for SLF in
both Kpz and Kpy. This finding suggests that monomeric/dimeric Ap displays a uniquely
high-affinity binding site for SLF, which may also serve to dock other amyloidophilic
compounds as well.

In order to evaluate how SLF affects ABO binding, we compared the MP-SPR response of
ABO applied over the surface of immobilized AR (Fig. 6, green trace) to ABO pre-incubated
with a 2-fold molar ratio of SLF (Fig. 6, blue trace). As shown over the first two injections,
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ABO without SLF pretreatment binds and sharply returns to the baseline value, however
ABO with SLF pretreatment displays a prominent dissociation phase, suggesting that ABO
pretreated with SLF is a more optically-active entity than ABO without SLF pretreatment.
Thus the initial interaction signals induced by the pretreated ABO are also stronger. In
addition, the dissociation of loosely bound SLF can be clearly seen for the case of pretreated
ABO, as it resembles the dissociation kinetics observed when the compound is consecutively
injected over ABO. As with the previous SLF binding schemes, the SLF binding to
pretreated ABO was performed using the 1:2 binding model (Fig. 7B), which yields Kp
values similar to ABO without SLF pretreatment (Table 1). Noteworthy are the injections of
SLF after adsorption of ABO or ABO pretreated with SLF on the surface. As indicated by
the smaller increase in the baseline of the sample pretreated with SLF (pretreated ABO; blue
trace), a smaller net SLF binding is observed, consistent with this sample having a lower
binding capacity for additional SLF.

SLF inhibits the self-association of AB

To investigate whether or not SLF inhibits the selfassociation of AP, we compared the
binding of Ap pre-mixed with SLF (at 1:2 molar ratio based on our previous two binding
sites or modes results) with the binding of Ap alone. Both sample solutions and flow solvent
were in low aggregation conditions, favoring monomeric AB. As shown in Fig. 8, we flowed
monomeric Ap+SLF (blue trace) and monomeric AP alone (green trace) over the non-
biotinylated AB immobilized on the sensor surface. The Ap without SLF was retained on the
sensor surface in a much higher amount, as revealed by the increase in the baseline (green
trace) and AP+SLF was retained in a much lesser quantity as shown by the lower baseline
(blue trace). This result is consistent with previous spectroscopic studies showing that SLF
inhibits AB self-association14-15,

SLF inhibition of A oligomerization is detected by change in layer thickness

Since the theoretical findings33-3°, the multi-wavelength approach in MP-SPR for surface
characterization has been successfully demonstrated in multiple applications®3-55, The
unique solution for the apparently interconnected thickness (d) and refractive index (n) of
the sample layer can be found from the intersection of two continuum solutions, thus the
MP-SPR measurements performed at multiple wavelengths can provide a direct indication of
the layer thickness, thereby quantification of the mass added to the surface>3-54,

The MP-SPR angular spectra in Fig. 9 represent the experimental layer modeling procedure
with intermediate steps shown, based on the data in Fig. 8. We started the modeling by
determining first the background for our measured layer system, i.e. the metal (gold) layer. It
should be noted that this background modeling step was performed with the inclusion of the
SAM layer into the background calculation for two reasons; firstly, the contribution of SAM
layer was considered very small to the measured MP-SPR angular spectra, and secondly,
previous observations support the estimate that the calculation does not suffer from
inaccuracies within the context of this analysis®®. The layer after the streptavidin
immobilization was measured next, and lastly the final situation after injection of the native
AP monomer. A shift in the MP-SPR angular spectrum resonance angle to higher angles is
observed as the peptide layer is building up in the lower sample channel (Fig. 9B and the
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inset displaying the SPR peak minimum (B©gpR) shift; see also Fig. 8A green trace). The
corresponding shift is distinctly smaller in the MP-SPR angular spectrum representing the
upper channel where the SLF was disrupting Ap self-assembly and oligomerization (Fig. 9A
and inset; see also Fig. 8A blue trace). The measured and modeled MP-SPR angular spectra
at the end of the interactions are in relatively good agreement for both sample channel
layers. Thus we can consider the calculated layer thicknesses (31.89 nm and 1.33 nm) and
refractive indices (1.34070 and 1.37139, respectively) being relatively good and descriptive
in the context of this analysis.

The layer thickness is clearly increased when SLF was not present in comparison to the
situation where SLF was disrupting the self-assembly of the Ap (Table 2). Furthermore, an
interesting physical phenomenon can be observed in the refractive indices (RIs); the thinner
layer (1.33 nm) without AP aggregation has a higher RI than the thicker layer (31.89 nm).
This is in agreement with previous observations where a thin molecule layer can possess a
higher RI than a thicker layer. Since the molecules can be assembled in a thin layer much
more densely than in a sparse, aggregated layer, the light is also refracted more in a denser
(but virtually thinner) layer. Another possibility lies in the different swelling properties of
the layers; the water-based buffer content of the denser bio-molecule layer is smaller than
the buffer content in the sparse, aggregated layer, thus resulting in the observed difference in
refractive indices.

Molecular docking and molecular dynamics simulations as a computational tool for
modeling SLF interaction with AB peptides

Molecular dynamic simulations were run to generate AP structures for exploring the most
likely interaction sites for SLF at the surface of the AP peptide. First we carried out a single
20 ns long simulation of the AB monomer in water (referred to as S1; see Table 3), using an
aqueous structure determined by NMR37 as the initial AR conformation. To account for the
inherent conformational disorder of the AR monomer in water, four intervals (5, 10, 15, 20
ns) from S1 were used for docking calculations and subsequent molecular dynamic
simulations involving SLF. The RMSD results from S1 show the A backbone is stabilized
after 3 ns (Fig. 10A). In addition, the secondary structure of the AP peptide did not deviate
considerably from the starting conformation (Fig. 10B), although minor changes as
anticipated for its weakly ordered structure in solution®®-5%. We chose four structural
snapshots starting from time points separated by 5 ns intervals for docking. The docking
results for each interval are provided in Fig. 10C, showing the SLF docking geometry
resulting in the lowest free energy of binding. For each unique starting AB conformation,
comparably stable docking of SLF to A is achieved. However, SLF does not dock to Ap in
a preferred manner despite achieving comparable binding energies (ranging from —-7.5 to
-6.8 kcal/mol) with each of the four starting conformations for the peptide. Rather the
results indicate SLF interacts non-specifically with hydrophobic core | of AR (residues
17-21; green side chains in Fig. 10C), one of two hydrophobic cores (the other being
residues 30-35; blue side chains in Fig. 10C) that are targets for agents blocking peptide
assembly and toxicity®%-61, These calculated binding energies are in good agreement with
the SPR-derived binding free energies of —6.7 and —-6.1 kcal/mol (Kp1 with native
biotinylated or non-biotinylated Ap, respectively). Notably, these binding energies are on par
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with those obtained by previously published simulations of Ap and a bromofluorene
containing a dimethyl-amino group in the position of our spin-label®0. We therefore have a
reasonable thermodynamic basis for the low docking free energies that are observed
experimentally, consistent with an interaction between the Ap peptide and SLF that does not
involve a specific binding site. The consequences of the docked SLF on Ap structure were
subsequently examined with molecular dynamic simulation of the binary complex (see
below).

Since the results of the docking calculations indicated that the interaction between the SLF
with the Ap peptide were strong yet mostly non-specific, we carried out two 100 ns long
molecular dynamics simulations to follow the dynamics of the SLF molecule interacting
with the Ap peptide. These simulations were initiated from the lowest free-energy docking
configurations of the 15 and 20 ns snapshots of S1 (Fig. 10), and are referred to as
simulations S2 and S3, respectively. The snapshots and atomic contacts between the SLF
molecules and the A peptide revealed that the SLF molecule remains largely solvent
exposed, but stays bound to the AR peptide during the entire simulation time in both S2 and
S3 systems (Fig. 11).

By careful inspection of the simulation trajectories and atomic contacts it was found that the
AP peptide can at least transiently fold around the SLF molecule during both simulations
(See Fig. 11). To estimate the effect of a SLF induced binding pocket to its binding free-
energy, we calculated the free energy of binding for S2 and S3 after 100 and 84 ns of
simulation, respectively (see snapshots in Fig. 11). In these time points the AP peptide is
folded around the SLF molecule to shield it better from aqueous surroundings. The docking
calculation results showed that the refolding of Ap around the SLF molecule increases the
free energy of binding to —8.7 and —8.9 kcal/mol for S2 and S3, respectively. Because the
structure and oligomerization kinetics of Ap is highly sensitive to temperature2®, simulations
from the S2 and S3 states were run at both 313 K and 350 K. Similar to the above
simulations run at 310 K, the results reveal the SLF - Ap complex is stable up to 200 ns at
both of these higher temperatures (Fig. S4). The ability of SLF to remain largely shielded
from solvent within the AP hairpin formed in either S2 or S3 up to at least 350 K is shown in
Animation 1, Supporting Information. /web enhanced object]

Because MP-SPR indicates SLF binding with two distinct affinities, we also simulated the
interaction of AP with two SLF molecules (see S4 in Table 3). Initially the two SLF
molecules were randomly placed into the surrounding water phase, such that the SLF
molecules were not in contact with the AP peptide at the beginning of the simulation.
During the 150 ns simulation, both SLFs became bound to the surface of the Ap peptide.
After the number of contacts between the two SLF molecules and AB were in equilibrium
(50 ns), we analyzed the minimum distances between each SLF and the C-atoms of the A
backbone as a function of amino acid sequence (Fig. S5). Compared to the case of the single
SLF (S3 simulation, see Fig. S5), the plot of distances reveals a greater involvement of the
C-terminal residues in the 2-SLF binding, and a slightly lower level of interaction with
residues located in hydrophobic core | (positions 17-21). In addition, the two SLF molecules
interact orthogonally, which places one of the ligands at a closer proximity to the central
hairpin region (residues 23-26). Interestingly, if the SLF dimer is removed from the ternary
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complex and a single SLF re-docked to form a binary SLF-AR complex, the binding energy
of the remaining SLF rises to approximately —10.5 kcal/mol. This higher binding energy is
closer to the energy expected for sub-nanomolar binding (on the order of —12 kcal/mol),
suggesting a transient binding of SLF dimers may facilitate the formation of a higher affinity
bindings state. While these simulations demonstrate energies sufficient to maintain peptide
binding to both one and two SLF molecules, as well as clues to the residues involved, longer
simulations are needed to fully elucidate the specific interactions between SLFs and Af
peptides.

Discussion

As there is ample evidence in the literature that the neuronal damage in AD is derived from
the toxicity of soluble AB oligomers: 62, there remains, however, much to be discovered
regarding the toxicity of the Ap oligomers due to the many faces of the complex aggregation
pattern of AB. The relationship between function and structure is altered to a higher degree
when a dynamic oligomerization/aggregation pattern yields oligomers with a large number
of interchangeable, yet distinct conformational polymorphisms®3. It is thus very possible that
AP toxicity is associated with the process of aggregation and its many resulting species
rather than a specific oligomeric state?1: 63-64,

These studies were carried out on AB(1-40), although AB(1.42) is recognized as the more
neurotoxic species. We selected the ABy;.40) species to measure the interactions of a small
molecule, SLF, because control over its aggregation state is much more manageable than it is
for the longer peptide. Importantly, the 1-40 species shares the core regions known to
interact with agents affecting amyloid formation and neurotoxicity!2 61.65-68 | addition,
the lower neurotoxicity of AB(1-49) does not necessarily diminish its relevance as a drug
target. First, regarding the pool of soluble AB, AB(1-40) is typically 10x higher than AB(1-42),
with ABy1.40) largely responsible for the closely associated Cerebral amyloid angiopathy
(CAA) pathology. Second, oligomers /n vivo are heterogeneous for both AB(1-49) and
AP(1-42), and determining the influence of either peptide form with respect to the multiple
cellular targets of AB is a long way from being understood.

The SLF interaction Kinetics analysis was initiated using a relatively simple 1:1 interaction
kinetics model. However, none of the experimental data in the four calculated scenarios
satisfactorily fit to this model (XZ values being in the order of 500-700). Thus a 1:2 binding
model was employed yielding a significantly more accurate fit to the data. In addition, the
molecular docking simulations (discussed below) indicate a similar accommodation of 2
SLF molecules within a disordered AR monomer, further supporting the rationale for using
the 1:2 binding model in the interaction kinetics calculations. For monomeric Ap, Kp1 of 15
UM and Kp, in the sub-nanomolar range were calculated. When SLF interacts with a surface
comprised of native monomeric Ap bound to a tethered Ap monomer, Kp; (41 uM) and Kpy
(sub-nanomolar) are on par with the tethered monomer. It is noteworthy that the lack of
appreciable SLF dissociation within the high-affinity (Kp,) binding mode produces a
relatively large degree of uncertainty in its calculated value. Although the current
methodology cannot precisely generate Kp, values for the monomer/dimer samples, we
have designated these affinities as “subnanomolar”, which represents a conservative upper
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limit for the observed binding behavior. Nevertheless, these results indicate AR maintains a
highly avid SLF binding in both the monomer or dimer states. A strong binding capability
for SLF is also consistent with previous bioactivity measurements in cultured neurons,
where SLF protects against Ap toxicity in the nanomolar rangel4. For oligomeric AB, the
affinity of ABO for SLF is substantially lower, with both Kp; and Kp; in the 100 uM range.

A caveat to these studies is our limitations in examining peptide that is homogenous for
either monomer or defined oligomer. However, any method designed to capture a specific
sate of A is disrupting a dynamic equilibrium of self-associating, intrinsically disordered
peptides that likely have distinguishable toxicity and cellular targets. In fact the complexity
of AP aggregation and conformation partially explains the complexity of Alzheimer’s
pathogenesis?l. Another caveat relates to whether the surface chemistry employed here
affects the aggregation behavior of the peptide. Ryu et al reported non-specific binding of
AB(1-42) to the MUuOH SAM layer may affect the oligomerization state of AR, which was
prevented by adding a dextran layer®. However their approach involved amine coupling
chemistry, whereas we choose to use a biotin/streptavidin platform that offers very specific
and strong binding for the biotinylated AB;.40). Furthermore, we saturated the MuOH-biotin
layer with streptavidin in an effort to offer the least amount of surface available for non-
specific interaction between A and surface layer, and similar to the role of Dextran in the
above noted study, the PEG moiety in our configuration acts as an antifouling-agent to
prevent unsolicited AP aggregation during the MP-SPR measurements. Given that we do not
detect a fast aggregation component or layer thickness complication upon injection of the
monomeric preparation, the influence of our surface chemistry on AP aggregation is
minimal at best.

The simulations demonstrate a dynamic interaction of either one, two or three SLF
molecules. Interestingly the 1:1 simulations (S2 and S3) show that SLF molecules
preferentially reside closer to the two hydrophobic regions (amino acids 17-21 and 30-40) of
A that are presumed to interact with small hydrophobic molecules80-61. 67. 70-71 Thjs
suggests that the Ap peptide is folded around the SLF molecule in a horseshoe-like fashion
in which the close contact between backbone atoms of these hydrophobic regions is
prohibited. It is interesting to note that this kind of interaction with SLF could hinder the
formation of B-sheet structure of the Ap peptides, thought to be a prerequisite for the
formation of more stable amyloid fibrils’2. Modeling also shows that the wrapping of the A
peptide around the ligands is also possible for a stoichiometry of 1:2, with a stack of two
SLF molecules forming a dynamic interaction with the Ap peptide. Thus, even though the
interaction of SLF with the AR monomer is largely non-specific, simulations suggest SLF
binding may induce interactions among residues leading to a more stable hairpin structure
that sheilds the hydrophobic SLF ligand from water. We propose that the highest affinity
state involves interactions with both of the peptide’s two hydrophobic core regions. As
readily apparent in Animation 1, this induced conformational change in AP creates in a
hydrophobic pocket that can largely shield the SLF from the aqueous surroundings. Such a
conformational change is consistent with the anti-oligomerization activity of SLF14-15, since
it would diminish the driving force of aggregation via the hydrophobic effect. Furthermore
we have shown that SLF binding not only effects Ap oligomerization, but also the backbone
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structure of the peptide!®. Taken together, an induced fit manner of SLF binding is
consistent with the relatively slow on kinetics as measured by MP-SPR, whereas the induced
compaction of A structure around SLF following its binding may account for the very SLF
off-rate observed in the monomer®2,

How then to consider the lower binding affinity that is also measured in the monomeric Ap
preparation? Since the monomeric condidtions inhibit, but do not abolish oligomer
formation, the presence of residual ABO provides the most likely source of SLF binding
with the lower Kp; affinity. Two facts support this contention: (i) Kp; is on the order of the
the binding affinites measured for the ABO preparation, and (ii) MP-SPR measurements of
native Ap monomer binding to the preparation of tethered monomer Ap demonstrates that
self association of the peptide indeed occurs under the low aggregation conditions. Thus,
since the hydrophobic residues also mediate interactions within unstructured oligomers,
where the peptide is present in a disordered antiparallel arrangement’2-"4, we surmise that
inter-peptide interactions may preclude the high affinity binding conformation that is
available to the monomer. In the oligomer, both K values are in the 100 micromolar range.
It is likely that both binding modes involve a non-specific surface interaction of SLF with
the peptide, and that the different affinities reflect the heterogeneous structures within the
oligomers themselves.

Although SLF inhibits oligomer growth and reduces the size of preassembled oligomers, our
previous fluorescence correlation spectroscopy (FCS) analyses indicate that these complexes
assemble into a smaller, more stable form of ABO®. Thus, regardless of the mode of high
affinity SLF binding in the monomer, initial thermodynamic forces driving monomeric AB
and SLF interaction are not available in the oligomer. In addition to the steric factors
discussed above, other considerations can be a reduction of the hydrophobic effect on
binding once the peptide-SLF is buried in the oligomer or, given that SLF has both H-bond
acceptors and donors, the interference of coordinating H-bonds by groups involved in
intermolecular H-bonds. As discussed below, the consequences of SLF binding to Ap are
most profound with regard to oligomer growth. It is important to note that SLF does not
exclude peptide-peptide interactions. The binding of SLF to dimers of A is similar to that
of monomeric AB. These findings are consistent with earlier FCS measurements!® showing
SLF-treated oligomers collapse and decrease significantly in size, but not completely to the
monomeric state.

Layer thickness analysis provided additional support for the ability of SLF to slow the
progression of AB oligomerization, by showing that there is significantly more Ap deposited
on the sensor surface in the absence of SLF than in the presence of SLF, in fact a factor of 30
more (Table 2). The optical modeling performed on the basis of the measured full SPR
angular spectra yielded consistent results with the DLS measurements. In the presence of
SLF and in low aggregation buffer conditions, the layer thickness is very close to the mean
hydrodynamic diameter of Ap measured by DLS in the low aggregation buffer (~1.4 nm). In
the absence of SLF, and in the early stages of oligomerization, the optical modeling
demonstrates that the thickness of the layer to be 31.9 nm. This is in accordance with DLS
measurements (mean hydrodynamic diameter of ~ 75 nm for the ABO). By necessity, the
conditions for the two different approaches are distinct, which may account for the smaller
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apparent size of ABO observed by layer thickness. Nevertheless, the Ap layer thickness
grows towards the measured mean hydrodynamic diameter of ABO when SLF is not
employed to prevent the oligomerization process. In addition, the results also underline the
fact that the four different experimental schemes for investigating the physicochemical
properties and interactions of SLF can be considered to have successfully addressed the
progression of the monomeric, dimeric and oligomeric states of AB.

Based on docking calculations and MD simulations we suggest that the binding of SLF to
the surface of AR is non-specific since the binding site and energies were seen to depend on
the both the amino acid side chain conformations and secondary structure fluctuations.
These results are verified by the experimental results that show binding energy is in rough
agreement with our simulation results. Furthermore, the MD simulations indicated that the
SLF remains at the surface of the Ap peptide and can be surrounded or shielded by the
peptide. The docking calculations produced binding free-energies on the order of —6 kcal/
mol, comparable to the Kp-values produced by the experiments. Interestingly, when SLF
was docked to the hairpin structure, the resulting binding free-energies (=8.7 and 8.9 kcal/
mol) agreed very well with experimental values.

We were, however, not able to produce binding free-energies comparable with the highest
Kp reported by the experiments. (~—12 kcal/mol). As seen in our simulations, it is possible
that the structure of AP refolds when it interacts with SLF so that it can better shield the
hydrophobic SLF molecule from its aqueous surroundings. Consequently, the shielding of
SLF by the Ap peptide could increase the binding free-energy of SLF considerably as was
shown by our subsequent docking calculations. Admittedly, since AR is weakly structured,
our simulations were clearly not able to sample the accessible phase space of this complex
molecule completely, thus the specific highest Kp value conformations were probably
missed for this reason. Our simulation results are in broad agreement with the majority of
the experimental Kp measurements, however, indicating that the non-specific binding
mechanism, involving alteration of the peptide to shield the SLF is a probable mechanism. A
further, more rigorous simulation study, involving several simulations of microsecond
lengths and greater, could find the higher Kp binding conformation; this research is
currently being undertaken, however, it is beyond the scope of the current study. We
hypothesize that the SLF molecule binds strongly to the surface of the Ap peptide and
modify its conformational fluctuations in a way that hinders the aggregation of the peptides.
It is known that A is mostly unfolded in the aqueous solution although it possesses
transient structural fluctuations depending on the physicochemical surroundings’>~"5. Some
of these transient structures such as B-sheets are more prone to the formation of initial
peptide aggregation nuclei’’; if the rate of occurrence of such structures is minimized by the
presence of SLF or similar agents then this mechanism could be developed into a practical
therapy for the inhibition of AR peptide aggregation and formation into neurotoxic amyloid
fibrils.

Conclusions

In summary, in this work we have presented a novel hybrid experimental-computational
analytical approach for elucidating the mechanisms for protein aggregation and small
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molecules interactions relevant for the molecular pathogenesis of Alzheimer’s disease.
Experimental MP-SPR studies provided valuable kinetic binding data on a global
macroscopic scale without the use of labeling agents, while molecular dynamics simulations
provided a mechanistic view on the molecular scale. The new findings suggest that SLF not
only prevents AP oligomerization, but that the effect is expected to be significantly greater in
the early stage of peptide aggregation. In fact, this rationale for targeting monomeric Ap
prior to neurotoxic oligomer formation has been previously postulated’®. To our knowledge,
the findings present the first biomolecular layer thickness and refractive index evaluations to
measure the accumulation and aggregation of Ap, a process central to the elucidation of AD
pathogenesis. The avidin-biotin interaction coupled with the PEG-SAM surface chemistry is
suitable for aggregation prone, intrinsically disordered peptides, allowing for observation of
selected stages of assembly. The MP-SPR approach, when coupled with screens for rapidly
measuring Ap toxicity’9, can provide a high-throughput identification of anti-amyloid
candidates based on affinity, inhibition of peptide assembly, and bioactivity. Because other
neurodegenerative diseases involve the aggregation of intrinsically disordered polypeptides,
MP-SPR may circumvent experimental challenges of screening therapeutic candidates in
those systems as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The chemical structure of spin-labeled fluorene (SLF), a novel compound that disrupts the

formation of amyloid plaques. The amyloid binding moiety is shown in red, and the
nitroxide spin label in black.
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1 Substrate (Glass)
2 Electrode (Au)
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4 Streptavidin

33— 5 Biotinylated AR

Fig. 2.
Schematic diagram of the MP-SPR sensor surface construction (the MBP-Thiol SAM/

streptavidin + biotinylated Ap/analyte assembly). Details regarding the preparation of the
gold sensors are provided in Experimental Procedures.
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Fig. 3.

SLF binds biotinylated, monomeric Ap with high affinity. MP-SPR signal response after
injections of increasing concentrations of SLF (10, 20, 30, and 40 uM). The sensor surface
was pre-coated with 10 uM biotinylated monomeric Ap.
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Fig. 4.

Bi?]ding kinetics show AP presents two binding sites. The sensorgrams are extracted from
binding of SLF to the tethered monomers of biotinylated AB. The native AR monomer was
injected at 10 pL/min, and the flow rate for SLF addition was 20 pL/min. The sensorgrams
are shown as a red line, and the fits according to the 1:2 binding model are shown as a black
dashed line. The kinetic parameters obtained from the fits are shown in Table 1.
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High affinity SLF binding is also observed with native monomeric Ap. A. The MP-SPR

signal response after injections of various concentrations of SLF, 10, 20, 30, and 40 uM to a
sensor surface containing biotin-tethered A monomer were coated with 10 uM native

monomeric AP. SLF was injected at 20 pL/min. B. Binding kinetics of data in (A) fit (black

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2018 November 02.

dashed line) according to the 1:2 binding model. The kinetic parameters obtained from the
fits are shown in Table 1.
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Fig. 6.

SLF binding to oligomeric AB (ABO). MP-SPR signal response after two successive
injections of 10 uM ABO, with (blue trace) or without (green trace) pretreatment of the ABO
with 20 M SLF. After baseline stabilized, increasing concentrations (10, 20, 30 and 40 pM)
of SLF were applied through both flow channels. Mobile phase consisted of the high ionic
strength, pH 7.0 buffer.
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Fig.7.

Bi?]ding kinetics of SLF onto oligomeric AB. The sensorgrams are extracted from SLF
binding to ABO associated with tethered monomers of biotinylated AB. The binding of SLF
to ApBO pretreated with 20 uM SLF is shown in Panel (A). The binding of SLF to ABO alone
is shown in Panel (B). The ABO samples were injected at 10 yL/min, and the SLF solution’s
flow rate was 20 pL/min. The sensorgrams are shown as a red line, and the fits are shown as
a black dashed line. The kinetic parameters obtained from the fits are shown in Table 1.
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Fig. 8.

SLF inhibits AB self-association. MP-SPR signal response after injections of native
monomeric AP (10 pM) over a surface of tethered AR monomers. Sample without SLF
addition is shown by the green trace (lower channel). The same sample mixed with 20 uM
SLF is given by the blue trace (upper channel). In both channels the mobile phase is the low
ionic strength buffer, pH 8.0, with a flow rate of 10 pL/min.
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Fig. 9.

Layer modeling results for different situations of Ap layer build-up. Panel A represents the
biomolecular layer formation from the measurements in Fig. 8, where the SLF hampers the
self-assembly processes of AB. Panel B shows the layer construction from the measurement
in the absence of SLF, in Fig. 8, resulting in greater peptide aggregation (increased layer
thickness). For clarity, the only the 670 nm laser data is shown.
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Fig. 10.
Docking calculation results for four snapshots derived from S1 simulation. (A) The

secondary structure of the AP peptide as a function of S1 simulation time. A has been
rendered using cartoon representation and colored according to the secondary structure. (B)
The root mean square deviation (RMSD) of the AP peptide backbone as a function of time.
(C) The binding free-energies of SLF generated by the Autodock Vina are shown next to
SLF molecules in kcal/mol (van der Waals representation). The backbone of the A peptide
is shown in orange. Residues 17-21 of Ap (encompassing hydrophobic core 1) are displayed
in green. Residues 30-35 of AP (encompassing hydrophobic core Il) are displayed in blue.
The SLF molecule is displayed in magenta.
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Fig. 11.
Stability of the S2 and S3 simulations. The number of contacts between SLF and the Ap

peptide as a function of simulation time are plotted in panel (A). Panel (B) shows snapshots
of at the indicated time interval of simulation. The backbone of the AR peptide is shown in
orange. Residues 17-21 of AP (encompassing hydrophobic core I) are displayed in green.
Residues 30-35 of AB (encompassing hydrophobic core Il) are displayed in blue. The SLF
molecule is displayed in magenta.
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Table 1

Page 34

Affinity values deter mined for different interaction scenarios of AB/SLF binary complexes

Data was processed and fitted using TraceDrawer™ for MP-SPR Navi™. Values in parenthesis represent the

statistical uncertainty.

(+ 1.06x10°5)

(* 1.11x1077)

Kp1 Kp2 X
(M) (M)
SLF with biotinylated A monomer 1.49x107° <1x10-9% 34.39
(+8.81x107)
SLF with native A bound to biotinylated Ap monomer 4.06x107° <1x1079" 23.30
(+2.36x107%)
SLF with ABO 1.08x1074 1.21x1074 41.63
(+1.48x1075) | (+1.80x1077)
SLF with ABO pretreated with SLF 1.15x1074 9.84x107° 44,63

*
An upper limit for Kp2 is given, as precision in fits cannot be obtained due to the limited dissociation of SLF binding in these samples.
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Table 2

Layer thickness and refractive index calculations from the data in Fig. 9. For comparison, the hydrodynamic
diameters of AB monomers and A oligomers determined by DLS are shown.

Flow channel Layer Thickness (nm) | Refractive Index
Upper (SLF present) 1.33 1.37139
Lower (SLF not present) 31.89 1.34070
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Simulated systems and the length of simulations.

Page 36

Table 3

Simulation time

Molecules

Purpose

S1 | 5,10, 15and 20 ns AP peptide + water Generate discrete A conformations for SLF docking and provide initial states
for binary simulations (S2-S4)
S2 100 ns 1 AB peptide + 1 SLF + water Simulate 1:1 SLF and AB interaction
(from S1 @15 ns)
S3 100 ns 1 AB peptide + 1 SLF + water Simulate 1:1 SLF and A interaction
(from S1 @20 ns)
A 150ns 1 AB peptide + 2 SLFs + water Simulate 2:1 SLF and AB interaction

(from S1 @20 ns)
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