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ABSTRACT

Aggregation of B-amyloid (AB) is central to the pathogenesis of Alzheimer’s disease (AD). Ap
aggregation produces amyloid assemblies, such as oligomers and fibrils. In contrast to non-toxic AP
monomers, AB oligomers and fibrils can act directly as major toxic agents and indirectly as pools of the
toxic entities, respectively. Thus, the detection of AP aggregates is of diagnostic interest and should
benefit enhanced molecular understanding of AD. Among many molecular platforms, peptide-based
ligands hold promise as AP probes due to their relative simplicity, ease of optimization and facile
conjugation to other molecular contexts. In this regard, AB hydrophobic segments (critical in Ap self-
assembly) or variants thereof can serve as lead molecules for A probe development. Unfortunately, the
resulting peptides are either highly self-aggregation-prone or their probe potential has not been
thoroughly examined. In the present study, we characterized a novel peptide ligand, KLVFWAK, which
was created by simple point mutations of an AB hydrophobic segment (**KLVFFAE?). We found that
KLVFWAK displayed low self-aggregation propensity and was preferentially bound to A oligomers and
fibrils relative to AB monomers. Interestingly, binding of KLVFWAK to AP aggregates occurred at a
non-homologous AB segment (e.g., AB C-terminal domain) rather than the homologous “°KLVFFAE?,
We also show that detection of AP aggregates during incubation of fresh AR was possible with
KLVFWAK, further supporting KLVFWAK’s high probe potential for Ap aggregates. In short, this study
presents creation of a non-self-aggregating peptide ligand for AP aggregates through simple point

mutation of an AB-derived segment.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder affecting ~5 million people in the USA." It is
characterized by cognitive impairment and neuropathological hallmarks comprising amyloid deposits and
neuronal death in the brain.”® The principal constituent of amyloid deposits is a 40-42 amino acid peptide,
B-amyloid (AB) (Fig. 1).* Ap can self-aggregate spontaneously primarily due to hydrophobic interactions
mediated by the hydrophobic central domain (HCD, L17-A21) and the hydrophobic C-terminus (131-A40
or 131-A42) of AB.>° AP aggregation is a key molecular event responsible for AD pathology *® and
begins with structurally disordered Ap monomers,”® which self-assemble to p sheet structured oligomers
¥4 and fibrils.">*" In AB fibrils, AB HCDs and C-termini are oriented perpendicular to the long axis of
fibrils to form parallel in-register B sheets.">*" No such parallel in-register p sheets are formed by Ap
oligomers where intermolecular arrangements of Ap differ when compared to AB fibrils."*** The primary
toxic agents in AD are Ap oligomers, which may disturb cell membranes, cause oxidative stress and
inflammation, damage metabolism and perturb calcium homeostasis.”* It should also be noted that pre-
formed AP fibrils may still be associated with neurotoxicity % *®*° by serving as either a catalytic surface

2,20, 21

for oligomerization'® or a source of soluble oligomers by means of dissociation, which is highly

favorable at physiological Ap concentrations.??

Facile profiling of AP aggregates (i.e., oligomers + fibrils) thus represents a significant step toward the
development of early diagnostics and an enhanced understanding of a molecular basis of Ap aggregation.
Currently, the most widely used AP aggregate profiling methods are based on antibodies and antibody
fragments with affinity for AB oligomers or fibrils.”*> Antibodies and antibody fragments must be well-
folded in order for target binding but often suffer from insufficient conformational stability,?® which limits
their applications and further optimizations. Importantly, small peptide ligands may serve as an
alternative tool for the recognition of Ap aggregates and require no precise protein folding for binding to

targets. Rational and combinatorial sequence variations as well as multi-valent displays are readily
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available to further engineer peptide ligands for improved affinity and specificity. Peptide ligands can
also be conjugated to other molecular scaffolds with precise control of spatial orientation, broadening the
scope of sensing formats. Note that self-assembly of AP is mediated by its hydrophobic segments (e.g.,
*KLVFF?), which can self-assemble.?”* Motivated by these findings, Ap hydrophobic motifs have been
exploited to create peptide ligands with affinity for AB.?3* Unfortunately, most AB-derived peptides
display relatively low affinity for Ap aggregates compared to AB monomers®**? and exhibit high self-

aggregation propensity,?%3" 3 3

making Ap-derived segments ill-suited to profile Ap aggregates. Several
modifications, such as terminal attachment of multiple charged residues, have proven effective for
reduction of aggregation propensity of KLVFF-related sequences.*® **' However, potential of resulting

peptides as a probe for AP aggregates and the related binding sites within A have not been thoroughly

examined.

In the study presented here, we report the development of a novel peptide ligand, KLVFWAK, which was
derived from an AP fragment, °KLVFFAE?. We found that KLVFWAK was highly resistant to self-
aggregation but still able to bind to AB. Importantly, KLVFWAK was bound to AB aggregates (i.e.,
oligomers and fibrils) at least 10-times stronger than AP non-aggregates (i.e., monomers). Our
competitive binding assays indicate that binding of KLVFWAK to AP occurred at a non-homologous A
segment (e.g., AR C-terminal domain) rather than the homologous *KLVFFAE?. In addition, we show
that formation of AP aggregates during incubation of fresh Ap samples was readily detected by
KLVFWAK. As discussed in this paper, KLVFWAK has high potential to serve as a lead ligand, which
might readily evolve further for improved affinity and specificity. To the best of our knowledge, this is
the first report to show that one can develop a non-self-aggregating peptide ligand for Ap oligomers and

Ap fibrils through simple point mutation of Ap-derived fragments.
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RESULTS

Design of an AB-derived, non-self-aggregating peptide ligand, KLVFWAK

We have created an A aggregate-specific, non-self-aggregating peptide ligand, KLVFWAK (Fig. 1), by
engineering an AB fragment, **KLVFFAE?, which is critical in Ap self-assembly.??* In this engineered
peptide, the E22K mutation was introduced to increase solubility and to reduce self-aggregation
propensity by enhancing self-electrostatic repulsion. The substituted tryptophan served for concentration
determination. Importantly, KLVFWAK displays a substantial sequence similarity to A hydrophobic
central domain (HCD, i.e. "LVFFA®). Thus, we initially thought that KLVFWAK was likely to bind to
AP HCD, as this AB region is involved in homotypic interactions (between identical AB segments) during
AB fibril formation.***® *? Another potential binding site within Ap for KLVFWAK includes the A C-
terminus (C'1IGLMVGGVV™), as this region is in contact with AR HCD in many Ap oligomer structure
models.”*™* The presence of multiple copies of AB HCD and AB C-terminus in proximity within Ap
aggregates (i.e., oligomers and fibrils) would allow relatively strong binding of KLVFWAK to these AB
aggregates compared to A monomers. We also postulated that this short peptide could form no typical
secondary structures (i.e., a helix and 3 sheet), making this peptide ligand difficult to bind to structurally

disordered AB monomers due to a relatively high energetic cost needed for the binding.

A non-aggregating peptide ligand is usually preferred due to simplicity and ease of control. Desirably,
KLVFWAK was found to be non-aggregating at 100 uM (i.e., a concentration 20-fold higher than that
used for detection of AP aggregates in a fluorescent dot blot assay, see below) during overnight
incubation, as determined by size exclusion chromatography (SEC) (Fig. 2A). The lack of significant
aggregation was also confirmed by dynamic light scattering, where KLVFWAK solution at 100 uM
scattered light no stronger than buffer during overnight incubation (i.e., 1.1 + 0.3 kilo counts per second
(kcps) for buffer and 1.2 + 0.4 keps for KLVFWAK solution). The size of KLVFWAK in solution could

not be estimated using DLS due to the low scattering intensity. Circular dichroism (CD) spectrum of

5
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KLVFWAK solution indicated the lack of typical secondary structures (i.e., o helix and 3 sheet) (Fig.
2B). A broad maximum at ~225 nm detected in this CD spectrum (Fig. 2B) is also consistent with the
presence of local, if not global, polyproline-1l helical structures within KLVFWAK.** More

sophisticated characterizations will be required for further structural analysis.

Ap binding of KLVFWAK
We examined binding of KLVFWAK to AB in monomeric, oligomeric and fibrillar forms using a
fluorescent dot blot assay. For the examination, AR samples were prepared in vitro following the

previously established protocols® 2 7

(Fig. 3). As expected, of the three Ap samples prepared in vitro,
only AP oligomers were positive in a dot blot assay when probed with an antibody A1l (Fig. 3A), which
recognizes a specific conformation of amyloid oligomers.”® We also confirmed Ap morphology in these
samples using transmission electron microscopy (TEM): no notable AP aggregates were present in our
AP monomer samples (Fig. 3B). In contrast, AB oligomer samples contained a mixture of globular
aggregates with ~20 nm in diameter and protofibrillar species with ~200 nm in length, while a few pum-
long mature fibrils were observed in AB fibril samples (Fig. 3B). In our AB monomer samples,
structurally disordered low molecular weight (LMW) AR represented the dominant fraction as determined
by native-PAGE (Fig. S1) and CD analysis (Fig. S2). The streaking bands corresponding to oligomeric
ApB rather than LMW AP were detected when our AB oligomer samples were run in native-PAGE (Fig.
S1). Evidently, there existed a fraction of Ap oligomers trapped in a well (Fig. S1). Collectively, this
result is consistent with our previous finding: the major fraction (> ~80%) of our AP oligomer samples
prepared using the same protocol was >70 kDa in size (corresponding to > 15-mer) with the minor
fraction (< ~20%) consisting of AB monomers at 23 puM, as determined by SEC.*® As expected, no band
for AR fibril samples appeared in native-PAGE, as most AP fibrils were trapped in a well without

entering a gel (Fig. S1).
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We then blotted Ap samples onto a membrane at 1 ug each. The membranes were subsequently incubated
with 5 uM of KLVFWAK, which was labeled with fluorescein iso-thiocyanate (FITC) at the N-terminal
o-amine (referred to as FITC-KLVFWAK) for easy identification. After multiple washing and rinsing of
membranes to remove unbound peptides, FITC-KLVFWAK, which remained bound to AB, was detected
and imaged based on fluorescence as described previously.” Our results indicate that FITC-KLVFWAK
was selectively bound to Ap aggregates (i.e., AB oligomers and Ap fibrils), but not to Ap monomers
under our experimental condition (Fig. 4A). An additional assay demonstrates that > 0.5 pug of AB
aggregates were readily detectable by FITC-KLVFWAK under the experimental setup (Fig. 4B). In
contrast, a fluorescence signal from FITC-KLVFWAK started to be noticeable at > 5 ug of AR monomers
(data not shown). It should however be noted that A monomers can rapidly form A oligomers at or
below pM concentrations.®® >* Similarly, our Ap monomer samples might contain non-negligible Ap
oligomers as shown in Fig. S1 and reported elsewhere,* particularly when a large mass of Ap monomers
was prepared. Thus, one may not exclude possibility that the aforementioned fluorescence signal with > 5
ug of AR monomers might stem from Af oligomeric contaminants in samples. Overall, our peptide ligand

exhibited at least 10 times stronger binding to AP aggregates compared to A monomers.

To identify AB segments involved in binding of A to KLVFWAK, we performed competitive binding
assays between KLVFWAK and AB sequence-specific antibodies in a dot blot format where A3 samples
were blotted. The tested antibodies include 6E10, 4G8, anti-Ap (22-35) and 9F1, recognizing Ap M1-K186,
AB L17-E22, AR E22-M35 and AB 132-V39, respectively.** ***" The panel of antibodies was carefully
chosen for comprehensive evaluation of AB linear sequences involved in binding to KLVFWAK. Our
competitive binding assay results indicate that binding of 9F1 to AB oligomers was significantly

weakened with KLVFWAK present; in contrast, there was no such interference for 6E10, 4G8 and anti-

AB (22-35) antibodies (Fig. 5, also see Fig. S3 for a result from another independent experiment with
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9F1). The implication of this result is that KLVFWAK was bound to the A C-terminus in A oligomers.
We confirmed that Ap oligomers remained oligomeric during competitive binding assays (Fig. S4). We
observed no similar interference by KLVFWAK for binding of antibodies to Ap fibrils (Fig. 5), despite
the notable binding between FITC-KLVFWAK and AP fibrils in a fluorescent dot blot assay (Fig. 4). The
results are consistent with the view that KLVFWAK might be bound to Ap fibrils at non-consecutive Ap
residues originated from multiple AB molecules rather than consecutive amino acids in a single AB chain.
Unlike Ap oligomers and AP fibrils, no detectable binding to AB monomers of 9F1 occurred in the
absence of KLVFWAK. The lack of binding might be due to intramolecular shielding of the Ap C-
terminus via its hydrophobic collapse occurring locally rather than globally or without forming any

significant secondary structural elements in the AB monomeric state.” *®

Ap aggregation probed by KLVFWAK

Encouraged by the observed AP aggregate-specific recognition of FITC-KLVFWAK, we sought to
examine AP aggregation using FITC-KLVFWAK. For this examination, we first prepared fresh AB
solution at 50 pM and initiated AB aggregation by incubating the samples at 37 °C under a quiescent
condition. Note that no FITC-KLVFWAK was added to these Ap samples during incubation. Aliquots of
AP samples were then withdrawn at several time points during incubation and subject to characterizations
using Thioflavin T (ThT) fluorescence and TEM. ThT is a fluorescent dye recognizing amyloid 3 sheet
structures found in AP oligomers and Ap fibrils.>® As reported elsewhere,®® ® ThT fluorescence of Ap
samples withdrawn during incubation showed a lag phase followed by a sigmoidal increase over time
(Figs. 6A and S5). TEM images taken on the aliquoted AP samples further verified the progression of Ap
aggregation during incubation: A samples lacked aggregates when freshly prepared (day 0) whereas
significant AP aggregation took places to form a mixture of curved protofibrils and fibrils with a handful

of globular oligomers (day 4), followed by emergence of dense fibril networks (day 9) (Fig. 6B). Aliquots



Molecular BioSystems

of the same AP samples were also blotted onto a membrane at 1 ug each for a fluorescent dot blot assay
using FITC-KLVFWAK. In this assay, fluorescence signals were noticeable with A samples incubating
for 4-5 days or longer (Fig. 6C), verifying that FITC-KLVFWAK can detect AB aggregates in relatively
complex samples obtained during AP aggregation. The lack of fluorescence signals from FITC-
KLVFWAK with Ap samples incubating less than 4 days indicates relatively low quantities of Ap

aggregates formed in the early stage of aggregation.

DISCUSSION

In this study, we explore the potential of an engineered AB fragment, KLVFWAK, as a peptide probe for
AP aggregates. We show that KLVFWAK was preferentially bound to AB aggregates relative to Ap
monomers and could be used for probing of Ap aggregates during Ap incubation. Compared to many
other KLVFF-related sequences, the lower aggregation propensity of KLVFWAK may facilitate reliable
AP aggregate profiling by making interpretation of binding results straightforward. We also examined the
related binding sites within A aggregates and the results would benefit additional optimization of a

peptide probe for improved affinity and specificity (see below).

Binding of KLVFWAK to structurally ordered AP oligomers and AP fibrils might be energetically
favorable as suggested by computational studies of KLVFF binding to AB aggregates.®” Conceivably,
KLVFWAK binding to AB monomers can be relatively weak, as these A forms are structurally
disordered when compared to B sheet-structured AP aggregates (i.e., oligomers and fibrils).”® Our
competitive binding assays indicate that Ap oligomers, but not Ap fibrils, were bound to KLVFWAK via
the Ap C-terminus. The lack of involvement of the AB C-terminus in binding between Ap fibrils and
KLVFWAK might be due to low solvent accessibility of the Ap domain in A fibrillar states. However,

our results indicate that the Ap C-terminus was solvent-exposed in A oligomers and fibrils to a sufficient
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extent for binding to 9F1 (Fig. 5). The implication is that affinity of KLVFWAK to the A C-terminus

may at least in part depend on AB conformations, which are different between Ap oligomers and fibrils.*"

16

In contrast to the in-register, homotypic interaction present among AB *KLVFFAE? residues on fibrils
of the full length AB, no similar interaction was realized between KLVFWAK and the full-length AB (Fig.
5). This finding may point out the importance of Ap residues flanking the AR HCD in arrangement of the
in-register, p sheet-structures, as noted in computational docking of KLVFF to Ap fibrils.? Our results
shown in Figs. 4 and 5 are consistent with the view that KLVFWAK can bind to AB fibrils across
multiple constituting A molecules. This binding did not seem to be primarily mediated by the conjugated
FITC, as we also detected binding to Ap fibrils of KLVFWAK with biotin attached at the N-terminus in a
dot blot study with horseradish peroxidase-conjugated streptavidin (data not shown). In AB fibrils, AB
residues 1-15 are mostly structurally disordered.’>*” On the other hand, the remaining AP residues form
in-register B strand-loop-B strand structures.”” These AP residues include those charged, such as D23
and K28 forming a buried salt-bridge in Ap fibrils.*>'® On the other hand, Ap E22 residues may form a

negatively charged ladder on AP fibril surface™ *®

and may serve as a potential binding site of positively
charged KLVFWAK. Similarly, binding of a KLVVFF-derived penta peptide was proposed to occur across
multiple successive Ap molecules constituting Ap fibrils.®* ® In contrast, AB oligomers do not form in-

register parallel B sheets ****

and thus a similar E22 ladder is unlikely to exist on A oligomer surface.
Instead, the E22 residue may salt-bridge with K28 and the side chain of D23 be buried by forming
hydrogen bonds with the backbone amide groups of V24-K28 in non-fibrillar AB structures.”® The

relatively inefficient intermolecular electrostatic interaction may favor binding of KLVFWAK to the Ap

C-terminus, which is available for inter-molecular binding between AB oligomers and a KLVFF-related

10
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sequence.” The two terminal lysine residues may improve KLVFWAK’s heteromolecular interactions

with AB C-terminus by disfavoring self-assembly of KLVFWAK.

The current detection limit of KLVFWAK for AB aggregates was determined to be 0.5 ug of AB. The

22,52, 65 66, 67

physiological Ap concentration is in the range of low nM in brain and low pM in body fluids,
requiring higher sensitivity for reliable in vivo or ex vivo detection using KLVFWAK. While the
sensitivity of KLVFWAK appeared lower compared to currently available positron emission tomography
(PET) ligands,®® ® the prototypical structure of our peptide ligand has high potential for enhanced
sensitivity and desired specificity. For example, one may consider increasing AP aggregate-affinity by
exploiting multivalency of KLVFWAK.® A multivalent display of peptide ligands has proven effective at
increasing binding affinity substantially (e.g. > several orders of magnitudes) by elevating local ligand

concentration and favoring multi-site binding to multimeric target analytes,™

such as AP aggregates.
For the multivalent display, information on binding sites within Ap may facilitate systematic
improvement for functional affinity and specificity by optimizing intramolecular distance between
multiple copies of KLVFWAK. For example, connection of two KLVFWAK motifs using molecular
linkers spanning ~1-1.5 nm may enhance binding of these motifs to Ap oligomers. This is because
intermolecular distance between the AP binding sites, Ap 132-V39 residues, is in this range in Ap
oligomers.'® **'* One can vary the relative spatial position between KLVFWAK motifs in the multivalent
peptide to explore both parallel and anti-parallel arrangements of AP binding sites. This exploration may
lead to fine tuning of binding specificity, as B strands formed by AP 132-VV39 residues are aligned
differently between AB oligomers and A fibrils.""*® Note that Ap oligomers detectable by KLVFWAK
may not necessarily represent all A oligomers present. Thus, it would also be interesting to examine
whether the nature of Ap oligomer subpopulations detectable by peptide ligands can be altered by the

multivalent display. This is because specific sets of a molecular linker and a spatial arrangement of

KLVFWAK motifs might facilitate strong binding to AB oligomers in specific size and conformation.

11
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While multivalent peptide ligands for Ap were previously developed based on KLVFF, % ™ their
functional affinity and specificity were difficult to optimize systematically. This is in part due to high
aggregation propensity of the peptide ligands and/or the lack of experimental determination of binding
sites within AB. The specific chemical nature of PET ligands would also make similar systematic
optimization of specificity and affinity difficult.”® It should also be noted that the low aggregation
propensity of peptide ligands would benefit the improvement of their binding affinity by increasing the
number of binding sites available for AB. In short, our study presents promising potential for KLVFWAK
as an alternative prototypical AP aggregate probe, which could readily be evolved for enhanced affinity

and specificity.

EXPERIMENTAL

Materials

KLVFWAK was synthesized using solid-phase chemistry and purified using reverse-phase HPLC by
Genscript (Piscataway, NJ, USA). KLVFWAK labeled with a fluorescent dye, fluorescein iso-thiocyanate
(FITC) at the N-terminal a-amine (referred to as FITC-KLVFWAK), was similarly produced by
Genscript. Lyophilized B-amyloid (Ap) containing 40 residues (D1-V40) was purchased from the ERI
Amyloid Laboratory (Oxford, CT, USA). AB sequence-specific antibodies, 6E10 and 4G8 were
purchased from Covance (Princeton, NJ, USA). Other AB sequence-specific antibodies, anti-Ap (22-35)
and 9F1, were obtained from Sigma Aldrich (St. Louis, MO, USA) and Enzo Life Sciences (Farmingdale,
NY, USA), respectively. A precision column prepacked with Superdex 75 was purchased from GE
Healthcare (Piscataway, NJ, USA). All other chemicals were purchased from Fisher Scientific (Pittsburg,

PA, USA), unless otherwise stated.

12
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KLVFWAK sample preparation

Lyophilized KLVFWAK was dissolved at 1.12 mM in phosphate-buffered saline with azide (PBSA, 1X
PBSA contains 20 mM Na,HPO,/NaH,PO,, 150 mM NacCl, and 0.02% (w/v) NaN; at pH 7.4). The
peptide solution was then filtered with Millipore 0.45 pm syringe filters (EMD Millipore, Billerica, MA,
USA). FITC-KLVFWAK solutions were prepared similarly in PBSA at an initial concentration of 100

uM.

Ap sample preparation
AP samples were prepared according to established protocols where lyophilized AB powders were pre-

p 24748 and then vacuum-

treated with hexafluoroisopropanol (HFIP) at 1 mg of Ap per 500 ul of HFI
dried. The HFIP-treated, re-dried samples were then stored at -80°C until preparation was needed. Ap
samples were prepared in glass vials. The following protocols were previously shown to successfully

produce AB monomer, AB oligomer and A fibril samples.® ***

For preparation of A monomer samples, 20 mM NaOH was first added to the HFIP-treated, re-dried Ap
for 20 min at a peptide concentration of 650 uM in solution. AP solution in NaOH was kept on ice
throughout this procedure. This NaOH treatment was found to be effective for disrupting initial structures
of AR and dissociating pre-existing aggregates to their unfolded monomeric states.”® ™ Then, cold
deionized water, 10X PBSA, and 30X PBA (i.e., PBSA without NaCl) were added to the sample for a
final buffer concentration of 80 mM Na,HPO,NaH,PO,, 150 mM NaCl and 0.02% (w/v) NaN; at pH 7.6.
The sample was then filtered with Millipore 0.45 um syringe filters. The concentrations of the filtered AB
solutions were measured by UV at 280 nm with correction for light scattering effects.” AB concentration
of the sample was then adjusted to 230 uM or 50 uM by adding buffer. AR monomer samples were

freshly prepared each time and used immediately.

13
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For preparation of AB oligomer samples, the HFIP-treated, re-dried AB was dissolved in dimethyl
sulfoxide (DMSO) at a peptide concentration of ~ 5 mM for at least 20 min. Deionized water and 10X
PBSA were then added for a final concentration of 20 mM Na,HPO./NaH,PO., 150 mM NaCl, and .02%
(w/v) NaNj3 at pH 7.2, and a final AP concentration of 230 uM. AP samples were subsequently incubated
at 37°C for 3 days under a quiescent condition. Supernatants were then collected after centrifugation and

AP concentrations subsequently measured using UV at 280 nm as described above.

Fibril samples were prepared by dissolution of the HFIP-treated, re-dried Ap in DMSO at ~ 5 mM peptide
concentration for at least 20 min, followed by dilution into PBSA at a peptide concentration of 230 uM.
The AB samples were then incubated for ~4-6 weeks at 37 °C with continuous stirring by a magnetic stir
bar at 400 rpm. After incubation, samples were centrifuged for 15 min to discard soluble fractions.
Insoluble pellets were subsequently washed multiple times with PBSA and resuspended with the same
buffer. Soluble Ap concentrations were measured using UV at 280 nm during each washing, rinsing and

centrifugation, and the A fibril concentrations were then back-calculated.

Time-course AB aggregation

AP samples used for time-course aggregation analyses were prepared by initially dissolving the HFIP-
treated, re-dried AB in DMSO for 20 min. The initial DMSO dissolution was used to ensure that Ap
initially existed as monomers, as reported elsewhere.”® After subsequent dilution to PBSA at a peptide
concentration of 50 uM, the Ap samples were further incubated at 37 °C under a quiescent condition to
initiate aggregation. Aliquots of AB samples were removed at different time points during the aggregation
process and subject to characterizations using Thioflavin T fluorescence, Transmission Electron

Microscopy and fluorescent dot blot assays with FITC-KLVFWAK.

14
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Thioflavin T (ThT) fluorescence

Twenty pL of AP solutions were mixed with 5 uL of ThT solution at 0.1 mM and 175 pL of PBSA. The
ThT fluorescence of the samples was then immediately measured on a Photon Technology QuantaMaster
QM-4 spectrofluorometer (Photon Technology International, Edison, NJ, USA). The excitation

wavelength was 440 nm, and emission was monitored at 487 nm.

Dot blot assays

One ng, unless otherwise mentioned, of peptides in solution was applied to a nitrocellulose membrane
and allowed to air dry at room temperature for 15 min. Blocking, washing, incubation with primary and
alkaline phosphatase-conjugated secondary antibodies, and chemiluminescent development were
performed according to the manufacturer’s protocols. A fluorescence dot blot assay using 5 uM FITC-
KLVFWAK as a probe was performed similarly, except for the omittance of secondary antibody
incubation. In this case, detection was achieved using the Molecular Dynamics Storm 840 molecular
phosphorimager system housed at the NYU Chemistry Department Shared Instrumentation Facilities
Center or the NYU Langone Medical Center. For competitive binding assays, several A sequence-
specific antibodies were used as primary antibodies including 6E10, 4G8, anti-Ap (22-35) and 9F1, which
recognize Ap M1-K16, AR L17-E22, Ap E22-M35 and AP 132-V39, respectively.* > If necessary,
membranes were incubated in stripping buffer (0.2 M Glycine, 3.5 mM SDS, 1% (v/v) Tween-20, pH 2.2)
overnight to remove bound sequence-specific antibodies, followed by washing, rinsing, and a subsequent

blotting procedure with A11.

Transmission electron microscopy (TEM)
The aliquots (5 pL) of a sample were pipetted on copper grids and then negatively stained with 1% uranyl
acetate in deionized water for 15 min. The samples were imaged on a Philips CM12 Transmission

Electron Microscope (FEI Corp. Hillsboro, OR, USA) at 120 kV with a 4 k x 2.67 k GATAN digital

15
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camera located at the NYU Langone Medical Center.

Size exclusion chromatography (SEC)

Aggregation of KLVFWAK in solution was analyzed with size exclusion chromatography (SEC) using a
precision column prepacked with Superdex 75 (separation range from 3 to 70 kDa, GE healthcare) on a
GE FPLC system, as described previously.”™ " Briefly, the mobile phase flow rate was set at 0.1 ml/min
and elution peaks were detected by UV absorbance at 280 nm. The mobile phase buffer was PBSA used
for preparation of peptide samples. The column was calibrated using the following proteins as molecular
weight standards: ribonuclease A (13.7 kDa), carbonic anhydrase (29 kDa), ovalaloumin (44kDa) and

conalbumin (75kDa) (GE Healthcare).

Laser Light Scattering

Aggregation of KLVFWAK in solution was also monitored by laser light scattering using the Zetasizer
Nano-S system (Malvern Instruments Ltd., Malvern, UK). KLVFWAK samples were placed in quartz
cuvettes and intensities of scattered light at 633 nm were then measured at 90° relative to the incident

light at the same wavelength.

Circular dichroism (CD) spectroscopy
Secondary structures of proteins in solution were determined by CD. Spectra were collected on a Jasco J-
815 spectropolarimeter in the far-UV range with a 0.1 cm pathlength cuvette. The spectrum of the

background (buffer only) was subtracted from the sample spectrum.

Native-PAGE
ApB samples were resolved by native polyacrylamide gel electrophoresis (native-PAGE), which was
performed with an XCell SureLock Novex Mini-Cell electrophoresis system purchased from Life

technologies (Carlshad, CA, USA) under a non-denaturing condition. For native-PAGE, NativePAGE 4-

16
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16% Bis-Tris Gel (Life technologies) was used and 8 pg of a sample was loaded into a well without any

additional sample pretreatment.
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FIGURE LEGENDS

Fig. 1 An amino acid sequence of A containing 40 amino acids along with an engineered peptide ligand
for AB aggregates, KLVFWAK. The AP sequence, where KLVFWAK was derived, is colored in red.

Fig. 2 (A) Size Exclusion Chromatogram (SEC) of KLVFWAK at 100 uM obtained immediately after
preparation (red) and after 1 day incubation (blue) at room temperature. A column volume of Superdex 75
(separation range from 3 to 70 kDa) corresponds to ~2.4 ml at which small molecules less than 3 kDa in
size elute. The results shown here demonstrate the lack of significant aggregation of KLVFWAK under
our experimental setup. (B) Circular Dichroism (CD) of KLVFWAK at 100 uM (red) and 300 uM (blue)
measured at room temperature.

Fig. 3 (A) Dot blot assays and (B) morphologies of AB monomers (M), AB oligomers (O) and Ap fibrils
(F) prepared in vitro. In (A), an antibody A1l recognizing specific conformations of Ap oligomers was
used. In (B), scale bars : 200 nm.

Fig. 4 Fluorescent dot blot assays using FITC-KLVFWAK of AB monomers (M), AB oligomers (O) and
Ap fibrils (F) blotted onto a membrane at (A) 1 ug each and (B) 0.05 — 1 ug each. In (A), an image from
bright field illumination is shown in the bottom panel.

Fig. 5 Dot blot assays of A samples (monomers (M), oligomers (O) and fibrils (F) in the first, second
and third columns, respectively, in each panel) in the absence (N, the first row in each panel) and
presence (Y, the second row in each panel) of KLVFWAK using antibodies, 6E10, 4G8, Anti-Ap (22-35)
and 9F1. The molar concentration ratio of [AB]/[KLVFWAK] = 1:10 for the second row of each panel.
Fig. 6 Time course aggregation of Ap at 50 uM monitored by (A) ThT fluorescence, (B) TEM and (C)
fluorescent dot blot assays with FITC-KLVFWAK. AR samples were incubated at 37 °C under a
quiescent condition and aliquots withdrawn at designated time points during incubation for subsequent

characterizations. In (B), scale bars : 200 nm.
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AB:
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

Engineered AP aggregate-specific peptide ligand:
KLVFWAK

Fig. 1
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Fig. 3
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