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ABSTRACT: Misfolding of the Af protein and its subsequent
aggregation into toxic oligomers are related to Alzheimer’s
disease. Although peptides of various sequences can self-
assemble into amyloid structures, these structures share
common three-dimensional features that may promote their
cross-reaction. Given the significant similarities between
amyloids and the architecture of self-assembled cyclic p,L-a-
peptide, we hypothesized that the latter may bind and stabilize
a nontoxic form of Af, thereby preventing its aggregation into
toxic forms. By screening a focused library of six-residue cyclic b,L-a-peptides and optimizing the activity of a lead peptide, we
found one cyclic p,.-a-peptide (CP-2) that interacts strongly with Af and inhibits its aggregation. In transmission electron
microscopy, optimized thioflavin T and cell survival assays, CP-2 inhibits the formation of Af aggregates, entirely disassembles
preformed aggregated and fibrillar Af, and protects rat pheochromocytoma PC12 cells from Ap toxicity, without inducing any
toxicity by itself. Using various immunoassays, circular dichroism spectroscopy, photoinduced cross-linking of unmodified
proteins (PICUP) combined with SDS/PAGE, and NMR, we probed the mechanisms underlying CP-2’s antiamyloidogenic
activity. NMR spectroscopy indicates that CP-2 interacts with Af through its self-assembled conformation and induces weak
secondary structure in Af3. Upon coincubation, CP-2 changes the aggregation pathway of Af and alters its oligomer distribution
by stabilizing small oligomers (1—3 mers). Our results support studies suggesting that toxic early oligomeric states of A may be
composed of antiparallel S-peptide structures and that the interaction of Af with CP-2 promotes formation of more benign
parallel fB-structures. Further studies will show whether these kinds of abiotic cyclic p,L-a-peptides are also beneficial as an

intervention in related in vivo models.

B INTRODUCTION

An increasing body of evidence suggests that protein misfolding
and aggregation is the fundamental cause of many amyloido-
genic diseases. The deposition of proteins in the form of
amyloid fibrils and plaques is the characteristic feature of more
than 20 degenerative conditions affecting either the central
nervous system or a variety of peripheral tissues.' These
conditions include Alzheimer’s, Parkinson’s, and Huntington’s
diseases, and type II diabetes.

It is well established that misfolded proteins are not normally
biologically active; nevertheless, they are present in a dynamic
equilibrium between monomeric and oligomeric forms that can
lead to an aggregated state that is toxic to cells. At the present
time, the link between amyloid formation and the diseases they
cause is based mainly on a large number of biochemical and
genetic studies.” However, intense debate surrounds the
specific natures and structure of the pathogenic species and
the molecular basis for their ability to damage cells."*™>

For Alzheimer’s disease (AD), the oligomerization of
amyloid beta (Af) to soluble oligomers and their accumulation
in the brain are believed to be the primary pathogenic events
that lead to synaptic loss and selective neuronal cell death.>®”
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Ap is a short amyloidogenic polypeptide (40—43 amino acids)
generated from the proteolytic cleavage of the transmembrane
amyloid precursor protein (APP). Reducing Af levels in the
brain by recruiting the immune system® or inhibiting Af
aggregation via agents that interfere with its self-assembly'>'!
are promising strategies for AD therapy.'” However, Af} can
adopt different structural conformations depending on the
environment. Moreover, although the toxic species in AD is
hypothesized to be soluble low molecular weight (LMW) Af
oligomers, the overall structure of these oligomers and the
conformation of Af} within these species are still unknown. This
dearth of structural information clearly makes rational design of
therapeutic agents a challenging task.

Recent studies have shown that pathogenic amyloids share
common structural features despite being composed of
different proteins and amino acids. Indeed, a large degree of
P-structure is evident in different aggregated proteins, even
when the monomeric peptide or protein is substantially
disordered or rich in a-helical regions.B’14 Moreover, soluble
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Scheme 1. Structural Similarities between the Self-Assembly Process of (A) Af Peptide and (B) Cyclic p,L-@-Hexapeptide”
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“For clarity, all of the side-chains have been omitted. The amyloid structure is adapted from Liihrs et al., while the structure of the cyclic peptide is

based on the known core structure of cyclic b,L-a-peptide octamer.”**’

aggregates of various amyloidogenic proteins, such as insulin,
islet amyloid polypeptide (IAPP, also called amylin), and a-
synuclein, are equally recognized by polyclonal antibodies
raised against prefibrillar assemblies of A peptides.'> Overall,
these results suggest that amyloid cytotoxicity may arise from
some common aspect of the supramolecular structure of the
aggregates rather than from specific sequences or characteristics
of their amino acid composition.

The strong structural similarities between the amyloidogenic
protein aggregates may also be related to their cross-reactivity,
as may be expected in a dynamic and reversible self-assembly
system.'® For example, Af interacts specifically with various
amyloidogenic proteins, including tau, a@-synuclein, trans-
thyretin, and IAPP, and modulates their aggregation.17_20 On
the basis of these interactions, Kapurniotu and co-workers
developed novel IAPP-mimics that inhibit the aggregation and
toxicity of Af, insulin, and IAPP."”*" Cross-reactivity between
Apf and IAPP may also be responsible for the increased
incidence of Alzheimer’s disease (AD) among patients with
type II diabetes.”

Consistently with these conclusions, prefibrillar assemblies of
different proteins have been shown to interact similarly with
synthetic phospholipid bilayers and with cell membranes and to
cause their destabilization.>*** In most cases, interactions
between a misfolded protein and a membrane occur via a two-
step mechanism in which positively charged residues electro-
statically interact with negatively charged or polar lipid head
groups, and then hydrophobic regions insert into the
membrane. This mode of activity resembles that of
membrane-active antimicrobial peptides forming pore-like
assemblies on a membrane.”® Increased generation of reactive
oxygen species (ROS) and indirect activation of microglia and
immune cells by Af species have been also suggested as
possible mechanisms of amyloid toxicity.’

Remarkably, the structural and biochemical characteristics of
amyloids strikingly resemble those ofcyclic D,L-a-peptide
nanotubes (Scheme 1).2*” These supramolecular structures
are generated from the self-assembly of simple cyclic peptides
comprising an even number of alternating p- and L-@ amino
acids that can form flat and ring-shaped conformations. Under
conditions that favor hydrogen-bond formation, cyclic p,L-a-
peptides stack on top of each other to form hollow f-sheet-like
tubular structures that can act as effective ion channels.””** The
hydrogen bonds in such structures run parallel to the axis of the
nanotubes and separate the cyclic peptides from each other by
~4.8 A. A similar intermolecular distance is also evident in the

3475

p-strands of the amyloids (Scheme 1). Accordingly, the
structure of cyclic p,L-a-peptides, similarly to that of amyloids,
is dictated mainly by hydrogen bonding in the backbone, which,
in the case of cyclic p,L-a-peptide nanotubes, stems from an
alternating p- and L-a-amino acid configuration. Cyclic p,L-a-
peptides can exhibit diverse biological activities, including
antibacterial and antiviral properties.””*° Interestingly, the
mode of action of antibacterial cyclic p,L-a-peptides shares
some similarity with that of the amyloids, in that it involves
membrane interaction and perturbation via the formation of
nonspecific ion channels or pores that leads to the loss of
membrane integrity and cytotoxicity.***’

The strong similarities between amyloids and self-assembled
cyclic p,L-a-peptides led us to hypothesize that appropriately
designed cyclic D,L-a-peptides may cross-react with Af through
a complementary sequence of hydrogen-bond donors and
acceptors to modulate A aggregation and toxicity. In this
study, we report the discovery of a novel antiamyloidogenic
family that is based on abiotic cyclic D,L-a-peptide architectures.
By using a wide range of chemical, biophysical, and biochemical
techniques, we demonstrate that these cyclic peptides can
inhibit the formation of toxic aggregates and can disassemble
preformed Ap fibrils by interacting with several regions of the
soluble Af sequence and inducing structural changes to
unfolded Af. Moreover, the cyclic peptides are not toxic and
protect pheochromocytoma PC12 cells from Af toxicity.

B MATERIALS AND METHODS

Peptide Synthesis. Peptide analogues were synthesized by solid-
phase peptide synthesis, employing the common Fmoc strategy.
Detailed synthetic procedures are provided in the Supporting
Information.

Synthesis of Cyclic p,L.-a-Peptide Library. The cyclic peptide
library was synthesized on trityl chloride-loaded polystyrene macro-
beads (500—560 pum; Peptides International, Louisville, KY) as
described in the Supporting Information, using the split and pool
methodology.>" Fmoc-Lys-OAllyl was used as the first anchored amino
acid. Coupling reactions were carried out with S5 equiv of
diisopropylcarbodiimide/hydroxybenzotriazole (DIC/HOBt) in 1-
methyl-2-pyrrolidone (NMP). Completion of the reaction was
monitored by bromophenol dye.** Following assembly of the linear
sequence, the allyl protecting group was removed under an Ar
atmosphere by treating the resin with Pd(PPh;), (0.3 equiv) and
PhSiH; (10 equiv) in CH,Cl, for 4 h. This procedure was repeated to
ensure complete removal of the allyl protecting group. The resin was
washed with a solution of 1% sodium dimethylthiocarbamic acid in
dimethylformamide (DMF) and then with 1% N,N-diisopropylethyl-
amine (DIEA) in DMF. The linear peptide was then cyclized while still
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on the resin using a solution of benzotriazol-1-yl-oxytripyrrolidino-
phosphonium hexafluorophosphate (PyBOP), HOBt, and DIEA (S, S,
and 15 equiv) in NMP for 6 h. This procedure was repeated twice.
Methanol dried macrobeads were then individually arrayed into
discrete wells of a 96-well polypropylene plate and treated with a
mixture (100 pL) of trifluoroacetic acid:triisopropylsilane:water
(95:2.5:2.5) for 2 h. The volatiles were removed by reduced pressure
using a SpeedVac system (ThermoSavant, Holbrook, NY). Finally, the
crude cyclic peptides were dissolved in dimethyl sulfoxide (DMSO)
and diluted with H,O to afford a stock peptide solution of
approximately 1 mM (based on resin loading) in 10% DMSO.

Thioflavin T (ThT) Aggregation Assay. A$40 and Af42 were
purchased from Sigma and stored as lyophilized powder at —80 °C
until used. To ensure the monomeric state of the peptide, the Zagorski
method was employed.*® The inhibitory activity of the cyclic peptides
on Af} aggregation was determined in black 96-well flat-bottom plates
according to Richman et al.** Full experimental details and procedures
for screening of the library are given in the Supporting Information.

Seeding Assay. Ap40 fibrils were prepared at a concentration of
100 uM by aging monomeric AB40 (100 uM, in SO mM phosphate
buffered saline; PBS) for S days at 37 °C, and were stored at —80 °C
until used. For the seeding experiments, Af fibrils (5% v:v based on
the amount of monomeric Af}40) were sonicated in an ice—water bath
for 5 min and incubated for S min with vehicle or CP-2 (100 uM) in
PBS-Gly buffer (50 mM) containing ThT (18 zM). Monomeric AB40
(10 uM) was then added to the wells, and the plates were sealed with
clear polyolefin foil and incubated at 37 °C. The fluorescence of
amyloid-bound ThT was then measured for 48 h using a plate reader
(Infinite M200, Tecan, Switzerland) at excitation and emission
wavelengths of 430 and 492 nm, respectively.

Transmission Electron Microscopy (TEM) Analysis. Samples
were prepared for TEM studies by spotting aliquots (S uL) of the
aggregation assay onto glow-discharged, carbon-coated Formvar/
copper grids (SPI supplies, West Chester, PA). The samples were
then blotted with a filter paper and allowed to dry for 20 min. The
samples were negatively stained with 2% uranyl acetate in water (S uL)
for 30 s, blotted with filter paper, and dried for an additional 20 min.
Samples were then analyzed by a Tecnai G2 TEM (FEI TecnaiTM
G2, Hillsboro, OR) operated at 120 kV.

Circular Dichroism (CD) Spectroscopy. CD measurements were
carried out using a Chirascan spectrometer (Applied Photophysics,
UK). Samples were prepared in a manner similar to that for the ThT
aggregation assay and analyzed daily. Measurements were performed
at room temperature in a 2 mm optical path length cell without
dilution, and the spectra were recorded from 260—190 nm with a step
size and a bandwidth of 1 nm. The spectra are the average of three
measurements after background subtraction.

Photo-Induced Cross-Linking of Unmodified Proteins
(PICUP). PICUP was performed according to the protocol of Bitan
et al.>® Samples were prepared for PICUP in a manner similar to that
for the aggregation assay and were analyzed daily. The concentrations
of Af40 and of the cyclic p,L-a-peptide CP-2 in all samples were 50
and S00 uM, respectively. After each time interval, samples (18 uL)
were mixed with ammonium persulfate (APS; 1 uL, 20 mM) and
[tris(2,2’-bipyridyl)-ruthenium(II)] (1 L, 1 mM), both in PBS (10
mM). The mixture was then irradiated for 30 s using a 150 W lamp
positioned 15 cm from the bottom of the reaction tube. Cross-linking
reactions were quenched immediately with 10 pL of sample buffer
(Invitrogen) containing 5% p-mercaptoethanol. Samples were then
analyzed using a 10—20% tricine SDS-poly acrylamide gel and
visualized by the silver stain method.

Dot Blot Assay. Monomeric AB40 and Ap42 (50 uM) were
incubated for different intervals in the absence or presence of CP-2
(500 uM) in PBS and kept at —80 °C until analyzed. Samples (S pL)
were then spotted onto nitrocellulose membranes (0.2 ym) and dried
at room temperature. The membranes were then blocked for 1 h with
5% nonfat milk in Tris buffered saline (TBS, 10 mM) containing
0.01% Tween 20 (TBST), washed three times (5 min) with TBST,
and incubated at 4 °C overnight with polyclonal antibody All
(Millipore) at 1:1000 in 0.5% nonfat milk in TBST. The membranes
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were washed with TBST and incubated for 1 h with horseradish
peroxidase (HRP) conjugated antirabbit IgG at 1:5000 in 0.5% nonfat
milk in TBST at room temperature. The blots were then washed five
times with TBST and developed using the ECL reagent kit (Pierce).
The same membranes were stripped as described,> washed five times
with TBST, blocked for 1 h with 5% nonfat milk, and incubated at 4
°C overnight with 6E10 antibody (Covance) at 1:1000 in 0.5% nonfat
milk in TBST. The TBST-washed membranes were then reacted for 1
h with HRP conjugated antimouse IgG (1:10 000) and developed with
ECL.

ELISA Assay. Af oligomer-specific antibody (OMAB, Agrisera,
Sweden) at 2 ug mL™" in PBS was adsorbed overnight onto Nunc-
Immuno MaxiSorp plates (Nunc, Denmark) at 4 °C. Wells were then
blocked for 1 h at 4 °C with 5% nonfat milk in PBS containing 0.1%
Tween 20 (PBST), washed three times with PBST, and incubated for
45 min with Aff samples (50 uM) that had been incubated for different
intervals in the absence or presence of CP-2 (500 uM) in PBS.
Samples were diluted 1:50 with PBS prior to the assay. The treated
wells were washed three times with PBST and exposed to the 6E10
antibody (1:1000 dilution in 5% nonfat milk in PBST) for 1 h at room
temperature. The wells were washed three times with PBST, incubated
with an antimouse HRP-conjugated IgG (1:10000 dilution in 5%
nonfat milk in PBST) for 1 h, and developed by 3,355'-
tetramethylbenzidine (TMB). The reaction was stopped with 1 N
H;PO,, and the absorbance of each well was measured at 450 nm
using a plate reader.

Cell Culture Experiments. PC12 cells were maintained in low-
glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with horse serum (10%) and fetal bovine serum (FBS; $%), L-
glutamine, penicillin, and streptomycin in a 5% CO, atmosphere at 37
°C. To evaluate the effect of the cyclic p,L-a-peptides on Af-induced
toxicity, Af40 (200 uM) and Af42 (400 uM) were aged for 48 h in
the absence or presence of the cyclic peptides (up to a 10-fold mole to
mole excess of CP-2 to Af) in 5% DMSO in PBS in a total volume of
S0 pL. Prior to the addition of the samples to the cells, the aggregation
of Af40 in each sample was confirmed by ThT assay. On the day of
the experiment, the medium was replaced with fresh medium (90 uL),
and the aged samples (10 L) were then diluted by a factor of 10 in
the medium. Control wells received PBS (10 uL) containing 0.25%
DMSO (100% cell viability) or 2% SDS solution as a positive control
to kill all of the cells (0% cell viability). Cells were incubated for an
additional 24 h, and cell viability was then determined by the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay.
Each experiment was performed in quadruplicate and repeated three
times.

NMR Spectroscopy. NMR experiments were carried out with
Bruker 600 and 700 MHz instruments. Unlabeled and '*N-labeled
Ap40 peptide was purchased from AlexoTech AB (Sweden) and
prepared in D,O or D,0:H,0 (1:9; v:v) according to a previously
published protocol to obtain monomeric NMR samples in the 50—75
UM range.*® A stock solution of the cyclic peptide was prepared by
dissolving it in D,0:DMSO-d¢ (1:1; v:v) to obtain a peptide
concentration of 17.5 mM. The concentration of the peptide was
determined spectroscopically at 280 nm, using an extinction coefficient
of 5690 M™' cm™'. NMR samples were prepared using a 10 mM
sodium phosphate buffer at pD 7.4 that contained a small amount of
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) for spectrum refer-
ence purposes. NMR spectra were recorded at +5 °C both as 2D
"H—""N-HSQC spectra and in a 1D format using excitation sculpting
water suppression. The 'H—""N-HSQC spectrum of Af40 was
assigned according to our previously published assignment.36

B RESULTS AND DISCUSSION

The biological activity of most bioactive cyclic b,L-a-peptides is
sensitive to minor amino acid modifications.””** For this
reason, and because of the large potentially bioactive sequence
space within cyclic b,L-a-peptides that can interact with Af, we
employed the “one-bead-one-compound” combinatorial ap-
proach® to select peptides that could potentially cross-react
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with Af and inhibit its aggregation and toxicity. To probe the
general topological requirements for antiamyloidogenic activity,
representative amino acids with different functional side chains,
including positively (Lys) and negatively (Glu) charged, neutral
hydrophilic (Ser), neutral hydrophobic (Leu), and aromatic
(Trp, His) amino acids, were introduced to five positions of the
cyclic b,L-a-peptide hexamer. Position one was fixed with Lys to
allow the peptides to be attached to a solid support via the free
amine side chain and cyclized through head-to-tail cyclization.
These amino acids were chosen to provide manageable library
diversity and a broad representation of sequence—activity
relationships. Figure 1 schematically depicts the synthesized
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Figure 1. Schematic representation of the 7776 member cyclic b,L-a-
peptide library that was synthesized and screened for antiamyloido-
genic peptides.

library and its corresponding diversity. The library was prepared
on macrobeads using standard solid-phase peptide synthesis
(SPPS) techniques, using the Fmoc methodology. Following
the synthesis of the linear peptides, they were cyclized on the
solid support as described in Scheme S1.

Next, we screened 500 randomly chosen members of the
library for their antiamyloidogenic activity. Each of the 500
candidates (10 #M) was screened for its ability to inhibit the
aggregation of AB40 (10 uM). The optimized ThT assay was
used to probe the formation of amyloid aggregates, in which a
large increase in ThT fluorescence is generated upon binding of
ThT to aggregated AB.>” The sequences of two cyclic peptides
that were found to show antiamyloidogenic activity also at 3
UM were then determined by tandem mass spectrometry
(MS?).*® The antiamyloidogenic activities of the synthesized
hits were revalidated at several concentrations. Ac-KLVFF-NH,
was used as a positive control with a known inhibitory effect on
AP aggregation.” The sequence and antiamyloidogenic activity
of the two hits are presented in Figure 2A. Both hits caused a
dose-dependent reduction in Af aggregation; however, cyclic
p,L-a-peptide [ILwHsK], CP-1, demonstrated somewhat better
inhibitory activity in the low micromolar range and was
therefore selected for further studies.

To elucidate the contribution of each amino acid to the total
antiamyloidogenic activity of CP-1, an Ala scan study was
performed. Here, each of the amino acids in CP-1 was replaced,
one at a time, with L-Ala or p-Ala according to the original
amino acid configuration. The antiamyloidogenic activity of the
analogues was then determined at 3 and 10 yM by the ThT
assay. Table 1 summarizes the representative ThT results
obtained from Ala-substituted derivatives of cyclic peptide CP-
1.

Most of the Ala-substituted derivatives showed similar
amyloid inhibitory activity at a 1:1 Af:peptide ratio. Never-
theless, Ala-mutated cyclic p,L-a-peptides w4a, LSA, and 16a
exhibited considerably lower antiamyloidogenic activity at a
1:1/3 Apf:peptide ratio than the parent peptide ([ILwHsK],
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CP-1). Replacing Leu with the less hydrophobic Ala abolished
antiamyloidogenic activity at a 1:1/3 ratio and considerably
reduced activity at a 1:1 ratio in LSA. Similarly, antiamyloido-
genic activity was reduced in l6a at a 1:1/3 ratio (but not at a
1:1 ratio). Substitution of p-Trp with p-Ala (to create w4a)
completely arrested antiamyloidogenic activity at both of the
tested ratios, which supports the importance of aromatic
interactions in A binding and antiamyloidogenic activity.*’

Because substituting Leu for Ala reduced the antiamyloido-
genic effect of LSA and I6a, we tested the effect of more
hydrophobic amino acids, such as norleucine (J in LSJ or CP-
2) and 2-aminooctanoic acid (Z in L5Z), on the antiamyloido-
genic activity of CP-1. Replacing Leu with Z in LSZ had little
effect on the antiamyloidogenic activity of the cyclic peptide,
while J in CP-2 preserved its activity as compared to that of
CP-1 (Table 1). CP-2 also demonstrated potent antiamyloido-
genic activity against Af42 (Figure S1), and therefore it was
used for further studies.

Next, we determined the influence of intermolecular
hydrogen bonding and cyclization on antiamyloidogenic
activity. Previous studies have demonstrated that the
antibacterial and antiviral activity of cyclic D,L-a-peptides
strongly correlate with the cyclic nature of the peptides and
the intermolecular hydrogen-bond-directed self-assembly of the
cyclic p,-a-peptide subunits.***° Accordingly, a linear
alternative p,L-a-peptide and a linear all L-a-peptide as well as
a backbone N-methylated analogue of peptide CP-2 were
synthesized, and their activities were compared to that of the
parent peptide, CP-2. In all cases, a significant decrease in
inhibition was evident (Figure S2), suggesting that the cyclic
nature of the peptides and intermolecular hydrogen bonding
are crucial to their activity. Interestingly, many studies have
shown that introducing backbone N-methyl groups onto
peptides that bind Af increases their antiamyloidogenic
activity.'”*" In contrast, our results suggest that intermolecular
hydrogen bonding between Af and the backbone of cyclic D,L-
a-peptides is essential for the binding of cyclic b,L-a-peptides to
Ap or, alternatively, that self-assembly of cyclic peptides is
required for their activity.

The antiamyloidogenic activity of the selected analogues was
also confirmed by transmission electron microscopy (TEM;
Figure 2B,C and Figure S3). Samples that had been aged for 2
days were loaded onto TEM grids directly after the ThT
experiments. As shown in Figure 2B, Af tends to generate long
unbranched fibrils as it ages. We found that coincubation of
CP-2 with soluble Af drastically reduced fibril formation
(Figure 2C). In control experiments, fibrils were still observed
in the presence of the linear analogue, JwHsK, and the N-
methylated derivative [1(J)wH(s)K] (Figure S3). Notably,
further TEM studies demonstrated that 2-day aged CP-2
could also generate a fibrillar network (Figure S3), which is in
accordance with previous studies suggesting that cyclic p,L-a-
peptides can self-assemble into peptide nanotubes.”” Never-
theless, it seems that coincubation of CP-2 with A resulted in
the generation of coaggregates, which inhibited their mutual
fibrillization. Our NMR analysis of fresh CP-2 in PBS also
revealed that it exists mainly in its self-assembled form (see
below). Thus, these results, together with the low antiamyloi-
dogenic activity of N-methylated CP-2, suggest that the
bioactive form of CP-2 is most likely aggregated or has a
structure similar to that of the aggregated species.

To evaluate the effect of CP-2 on the aggregation kinetics of
Ap, the ThT fluorescence of AB40 and ApB42 was followed over
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Figure 2. Antiamyloidogenic activity of cyclic p,L-a-peptides discovered by library screening. (A) A40 (10 M) was incubated for 2 days at 37 °C in
the presence or absence of the peptide analogues, and the degree of aggregation was determined using the ThT fluorescence assay. The ThT
fluorescence value obtained from aged Af40 is referred to as 0% inhibition, while the value obtained from a PBS solution is referred to as 100%
inhibition. The results are presented as the mean + SD of three experiments (n = 3). Single letter codes are used for amino acids (upper and lower
case letters represent L- and D-amino acid residues, respectively). Square brackets are used to indicate a cyclic structure. TEM images of A$40
samples that were treated for 72 h (B) without or (C) with CP-2 (100 x#M). Negatively stained samples are shown. (D,E) ThT fluorescence kinetics
of Af}40 and A42 in the presence or absence of CP-2. Monomeric (D) Af40 (10 uM) and (E) Af42 (20 uM) were incubated at 37 °C in a ThT
solution (18 uM, SO mM glycine in PBS, pH 7.4) in the absence or presence of 5- and 10-fold excesses of CP-2 for 2 days under constant shaking,
and the fluorescence was monitored over time. (F) Effect of CP-2 (10-fold excess) on the kinetics of AB40 aggregation under seeding conditions.
A340 fibrils (100 uM; 5% v:v based on the amount of monomeric Af and act as seeds) were sonicated for S min and incubated with either vehicle or
CP-2 (100 uM) for 5 min prior to the addition of monomeric A$40 (10 M) solution containing ThT (18 uM). Fluorescence was then monitored
up to 48 h. Experiments were carried out in triplicate and repeated twice.

Table 1. Antiamyloidogenic Activity of the Cyclic p,L-a- 2 days in the absence or presence of CP-2 with constant
Peptide CP-1 and Its Ala-Substituted Analogues shaking. In the absence of CP-2, the ThT fluorescence of Af#40
(Figure 2D) gradually increased, after an initial lag time of 4 h,

inhibiti f q .
e until it reached a plateau at ~14 h, while the ThT fluorescence

amyloido enli)c activity

%) of Ap42 increased immediately until reaching a plateau at 30 h
e (e (Figure 2E). The presence of CP-2 dose-dependently
name sequence” 1:1 1:1/3 (min)* decreased the aggregation of Af340, while it completely arrested
CP-1 [ILwHsK] 60 + 7 32+9 132 the aggregation of AB42 even at a 1:5 AB:CP-2 concentration
KIA [lLwHsA] 67+ 5 48+ 6 14.2 ratio, which suggests that CP-2 has a somewhat stronger
s2a [ILwHaK] 56 + 4 39 + 10 13.5 inhibitory effect on the more neurotoxic Af42. The
H3A [LwAsK]  69+6  40+8 14.4 antiamyloidogenic activity of CP-2 toward Af42 was also
wda [ILaHsK] 4+4 54 11.0 evident at a 1:1 Af:CP-2 ratio (Figure S1).
LsA [[AWHsK] 44 +9 3+10 11.0 To shed light on the mechanism of action of CP-2, we
16a [aLwHsK]  S2+12 12+ 12 11.6 evaluated its effect on the kinetics of seed-induced Ap
Lsy(Cp2)  [JwHsK] 695 42110 135 aggregation. Amyloid fibrils are seeding-competent structures
Lsz (IZwHsK] 55+ 14 306 14.7 that can efficiently convert soluble and monomeric proteins to
“Upper and lower case letters represent L- and D-amino acid residues, their aggregated state.*? Figure 2F shows that aggregation of
respectively. Square brackets indicate a cyclic structure. J and Z denote monomeric Af40 is considerably accelerated in the presence of
norleucine and 2-aminooctanoic acid, respectively. “Inhibition of 5% AB40 seeds (v:v). Under the conditions we used for these

amyloidogenic activity was determined by the ThT method using 10 . . .
UM of soluble Af40 at AB:CP-1 ratios of 1:1 and 1:1/3. See legend to studies, the lag time of AS aggregation was shortened from ~20

Figure 2 for how antiamyloidogenic activity is derived form ThT h for monomeric Af40 alone to ~8 h when incubated in the
fluorescence measurements. “Retention time on RP-CS. presence of the seeds. We found that coincubation of CP-2

with 5% Af seeds and monomeric A completely inhibited the
formation of Af amyloids, suggesting that CP-2 interacts either
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Figure 3. Effect of CP-2, [IJwHsK], on the remodeling of A conformation. (A) A40 and (B) Af42 samples (S0 uM) were aged for 0, 24, 48, or 72
h in the absence or presence of CP-2 (500 uM), spotted onto nitrocellulose membranes, and probed with All antibody. (C,D) The same
membranes were also immunostained with 6E10 antibody to confirm identical loading of the samples. Effect of CP-2 on generation of (E) AS40-
and (F) Ap42-oligomers as tested by ELISA using the A oligomer-specific monoclonal antibody (OMAB). Experiments were carried out in
triplicate and repeated twice. (G) Effect of CP-2, [IJwHsK], on oligomer distribution of A40. AB40 samples (S0 M) were aged for 0, 24, 48, or 72
h in the absence (lanes 1—4) or presence (lanes 5—8) of CP-2 (500 M) and subjected to PICUP. Samples were then analyzed by SDS-PAGE and

silver staining. The gel is representative of two experiments.

with the monomers and/or binds and remodels the seeds to
incompetent structures, most likely via an “off-pathway”
mechanism.*?

Next, we tested whether CP-2 can modulate the formation of
soluble oligomers, which are considered the most toxic species
in the A aggregation process.”> Monomeric AB40 and Ap42
were incubated with a 10-fold excess of CP-2, and oligomer
formation was examined at various time intervals by dot
blotting assay using the oligomer-specific polyclonal antibody
All, a conformational antibody that was originally raised
against an oligomeric species of A and was found to react with
toxic A as well as other unrelated protein oligomers.'®
Identical blots were also probed with the sequence-dependent
6E10 antibody to confirm the loading quality. In the absence of
CP-2, the dot-blotting results showed a time-dependent
increase in the amount of All-reactive aggregates, which
reached a maximum between 24 and 48 h of aggregation
(Figure 3A,B). Co-incubation of Af40 (Figure 3A) or Af42
(Figure 3B) with CP-2 reduced the intensity of All-reactive
species, particularly following 48—72 h of incubation.
Remarkably, the nontoxic CP-2 is also recognized by the All
antibody (Figure 3A,B). This implies that CP-2 and soluble A}
oligomers may have similar structural conformations, which
could facilitate their cross-reaction. CP-2 also reduced the
reactivity of 6E10 toward Af42 (Figure 3D) and, to a lesser
extent, toward Af40 (Figure 3C), suggesting that the
interaction of CP-2 with Af impedes the ability of 6E10 to
recognize Ap.

The effect of CP-2 on the Af aggregation process was further
followed by ELISA, using the Af oligomer-specific monoclonal
antibody (OMAB).** While aging of monomeric A# gradually

increased the amount of oligomeric species over a 48 h period
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(Figure 3E,F), as was observed using the Al1 antibody (Figure
3A,B), the presence of CP-2 dramatically reduced their
amounts. Interestingly, the inhibitory effect of CP-2 on
oligomer aggregation was stronger for Ap42 (Figure 3F) than
for AB40 (Figure 3E). Further aging of Af samples decreased
the amount of OMAB-reactive oligomers (data not shown),
most likely because of the generation of Af fibrils that are not
reactive toward the OMAB antibody. A decrease in antibody
reactivity was also observed when A11 was incubated with 72 h-
aged A (Figure 3AB). These findings support our above
seeding results that interaction of CP-2 with Af may alter the
aggregation of Af from an “on-pathway” to an “off-pathway”
mechanism.

We have also evaluated the effect of CP-2 on Af oligomer
distribution. Studies have shown that LMW oligomeric
intermediates of Af are potent neurotoxins. In particular,
dodecameric oligomer assemblies (~56 kDa) of Af42 and Af
intermediates that are recognized by the conformation-specific
All antibody have been su7ggested to be the key effectors of
neurotoxicity in AD.'>*™* Because the Af oligomers exist
under conditions of dynamic equilibrium, the PICUP method
was used to stabilize these species and determine their
oligomerization state by SDS/PAGE.*® The distribution of
PICUP-derived oligomers of Af40 revealed the presence of
several oligomeric species whose lengths ranged from monomer
to pentamer, with monomers as the most abundant species
(Figure 3G, lane 1). Following the aging process, a time-
dependent decrease in the amounts of Aff monomers and small
oligomers (2—S-mers) was evident, which was concomitant
with the appearance of LMW Af (Figure 3G, lanes 3, 4). More
specifically, LMW species were observed after 48 h of aging
(Figure 3G, lane 3), when according to dot blot and ELISA
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Figure 4. CP-2, [JwHsK], disassembles fibrillar A40 to species that are not reactive toward Al11- and OMAB-antibodies. (A) A$40 (10 uM) was
aged for 4 days to afford maximal ThT fluorescence. The aged samples were then incubated with freshly prepared cyclic peptide CP-2 (3, 10, or 100
uM) for a further 72 h and then examined by the ThT assay. The ThT fluorescence values (~10000 au) of aged Af40 represent 100% ThT
fluorescence, while those of PBS alone (~2000 au) represent 0% ThT fluorescence. Results are the mean + SD from 3 to § assays (n = 3 each). The
disaggregation of (B) Af fibrils to (C) amorphous aggregates was examined using TEM. The disaggregation products of Af fibrils were also tested
by (D) dot blotting assay using the A11 antibody and (E) ELISA using the OMAB antibody to detect the possible generation of neurotoxic amyloid
oligomers. Af40 oligomers were generated by aging monomeric Af40 for 48 h.

experiments the concentration of soluble aggregates increases
dramatically (Figure 3). The addition of CP-2 to Af solution
dramatically reduced the amount of LMW Af (Figure 3G, lanes
7 and 8 (with CP-2) vs lanes 3 and 4 (without CP-2)) and
stabilized the 1—3-mers (Figure 3G, lanes 6—8). These results
suggest that CP-2 is capable of binding early Af oligomers,
which may lead to the disaggregation of Af aggregates and
fibrils by shifting the equilibrium toward short oligomers.

To examine whether cyclic p,L-a-peptide CP-2 can
disassemble aggregated or fibrillar AB, AB40 was aged for 4
days at 37 °C to form aggregates/fibrils and then exposed to
increasing concentrations of CP-2 for a further 72 h. Although
aged Af exhibited a pronounced ThT signal, the addition of
fresh cyclic peptide CP-2 reduced the signal in a dose-
dependent manner (Figure 4A). The near-stoichiometric excess
of CP-2 required for effective disassembly most likely suggests
that the active CP-2 conformation generates relatively stable
1:1 coaggregates with monomeric or small oligomers (1-3
mers) of Af, and shifts the aggregation equilibrium toward
these species, provided that the overall concentrations are high
enough to allow assembly of these coaggregates. The
disaggregation of fibrillar AB by CP-2 was also confirmed by
TEM analysis (Figure 4B,C), which showed the transformation
of the fibrillar network (Figure 4B) to amorphous-like
structures (Figure 4C).

The disassembly of Af fibrils by CP-2 could conceivably
produce adverse effects in vivo if it increases the amount of

toxic intermediates.***** To confirm that the disaggregation of
Ap fibrils does not involve the formation of toxic soluble
oligomers, CP-2-treated Af fibrils were tested for their
reactivity toward the All (Figure 4D) and OMAB antibodies
(Figure 4E). Soluble Af oligomers generated from monomeric
Af40 that had been aged for 48 h were used as the control. The
results suggest that disaggregation of the Af fibrils by a near-
stoichiometric concentration of CP-2 leads to the generation of
coaggregates that are distinct from soluble aggregates (Figure
4D,E).

Because self-assembly and aggregation of A are associated
with pathogenesis in AD, we next probed whether CP-2 could
reduce Af-induced toxicity in rat pheochromocytoma PC12
cells. Cells were incubated for 24 h with A§40 (10 uM) or
Ap42 (20 uM) that had been aged for 48 h with increasing
concentrations of cyclic b,L-a-peptide CP-2. Cell viability was
then assessed by the MTT assay. Figure S shows that cyclic
peptide CP-2 dose-dependently decreased Af-induced toxicity
to PC12 cells. A maximal increase in cell viability was observed
when Af was incubated with a 5—10-fold excess of the cyclic
peptide. Interestingly, incubation of Af40 with the N-
methylated analogue of CP-2, [1(J)wH(s)K], which showed
lower antiamyloidogenic activity in the ThT assay, had a
minimal effect on toxicity, thereby further confirming the
importance of backbone hydrogens in antiamyloidogenic
activity. In control experiments, cyclic peptide CP-2 was
found to be nontoxic to PC12 cells even at the highest tested
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concentration (200 #M). Assuming that Af} is present in the
brain at subnanomolar concentrations,”® it remains to be seen
whether CP-2 will be effective in reducing the Af burden, in
vivo.

To acquire more detailed knowledge of the mechanism by
which CP-2 interacts with soluble or aggregated Ap, far UV-
circular dichroism (far-UV CD) spectroscopy studies were
carried out (Figure 6). These experiments focused on the effect
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Figure 6. Effect of CP-2, [[JwHsK], on the structural transition of Af
from a random coil to B-sheet structure. Time dependent far-UV CD
spectra of freshly prepared Af40 monomer (10 yM) incubated in the
absence or presence of CP-2 (10 and 100 M) in phosphate buffer
(50 mM, pH 7.4) and analyzed after 0 h (A) and 24 h (B). The spectra
of CP-2 alone at the same concentrations are also shown. Data are
representative of two independent experiments.

of CP-2 on structural transitions that occur early in the Ap
aggregation process. In the absence of CP-2, Af undergoes
secondary structural changes over time from a random coil
characterized by a negative CD peak around 197 nm (Figure
6A; the blue line (which is largely overlain by the purple line))
to a f-sheet-rich structure with a positive band around 195 nm
and a negative band at 215 nm (Figure 6B).>" Co-incubation of
Ap with CP-2 (10 uM) for 24 h caused a small shift of the
spectrum to higher wavelengths (positive and negative peaks at
197 and 218 nm, respectively). The shift of the negative
minimum toward higher wavelengths could suggest a reduction
in antiparallel f-sheet content and an increase in parallel S-
sheet content.>® On the other hand, incubation of a higher
concentration of CP-2 (100 #M) with A completely changed
the CD spectrum after 24 h to what appears to be an
aggregated fB-sheet with a strong positive band at 203 nm and a

3481

negative band at 223 nm (Figure 6B, green line).>” The shifting
of the minimum to 223 nm could again suggest formation of a
parallel fB-sheet. The negative band at 235 nm seen in the
spectrum of CP-2 alone or with AB40 (100 uM; Figure 6)
implies probable Trp—Trp interactions generated from the self-
assembly of CP-2 into peptide nanotubes.*® This band is
missing in the CD spectrum of the N-methylated analogue
(Figure S4), which is unable to self-assemble because of steric
hindrance from the N-methyl groups. The CD bands associated
with a parallel f-structure are seen also in the weak CD
spectrum of CP-2 alone (100 #M), which is in agreement with
previous studies suggesting that cyclic p,L-a-peptides can adopt
either a parallel or an antiparallel S-sheet conformation
depending on the physicochemical properties of the side
chains.””>* Overall, our CD observations suggest that the
incubation of Af with a 10-fold greater concentration of CP-2
transforms the conformation of the whole sample toward fS-
structures, most likely with dominant parallel f-structure. In
contrast, incubation of A with an equimolar concentration of
the N-methylated derivative of CP-2 ([1(J)wH(s)K]; 10 uM)
had no significant effect on the antiparallel structure of AS
(positive band around 195 nm and a negative band at 217 nm,
Figure S4). Incubation of Af with a higher concentration of
[1(J)wH(s)K] (100 M) generated a CD signal with a positive
peak at around 196 nm and a negative signal at around 228 nm
(Figure S4; orange line). An identical CD signature structure is
seen also in the weak spectrum of 100 uM [I(J)wH(s)K]
(Figure S4, pink line). Interestingly, very recent studies have
suggested that the toxic oligomeric form of Af may
preferentially adopt antiparallel conformations,*>~>” whereas
the fibrils formed later in the aggregation process and
investigated by solid-state NMR show parallel f-structures.”®
Thus, our CD and toxicity results are in agreement with these
observations, and selective targeting of the putatively more
toxic antiparallel conformations may have important implica-
tions for the development of new therapeutics.

To obtain more detailed information about molecular
interactions between Af40 and CP-2, NMR studies were
performed. The NMR spectrum of CP-2 in 1:1 D,0:DMSO-dj
consists of well-resolved NMR signals (Figure SS). Line-
broadening causes these signals to disappear almost entirely in
phosphate buffer, suggesting that the cyclic peptide quickly self-
assembles into a larger aggregated state in a water-based
environment. NMR diffusion measurements confirmed that
CP-2 is monomeric, or possibly arranged in very small
assemblies, when dissolved in 50—100% DMSO (data not
shown), as would be expected from the well-behaved NMR
signals (Figure SS). Interestingly, the critical micelle concen-
tration (cmc) of CP-2 alone (48 M) in aqueous PBS solution
also confirmed that the peptide forms aggregates at the
concentration used for NMR studies, while the N-methylated
derivative, [1(J)wH(s)K], self-assembled at a higher concen-
tration (102 uM; Figure S6D), as expected.

Figure 7 shows the amide region of the 'H—"N HSQC
NMR spectra at +5 °C obtained from titrating increasing
concentrations of CP-2 against A$40. At the beginning of the
titration, the NMR spectrum of the Af peptide in its
monomeric form derives from an essentially random coil
structure with some influence of a left-handed 3, helix.*®
Addition of CP-2 to Af40 induces concentration-dependent
chemical shift changes, confirming a fast (on the NMR time
scale) interaction between the two molecules (Figure 7 and
Figure S7). Chemical shift changes in the backbone amide
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Figure 7. '"H—""N HSQC spectra of 75 uM '*N-ApB40 peptide alone (red peaks) and after the addition of cyclic p,L.-a-peptide CP-2 at a
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groups of Ap40 induced by CP-2 and corrected for the slight
DMSO effect are presented in Figure 7C,D. Although the
changes are small relative to those expected for a full transition
to a-helix or f-sheet, there is a residue pattern resembling those
reported in previous studies of Af40 in various environments.
The largest chemical shift effects are seen for residues 16—23,
31-37, and the C-terminus (Figure 7B). The sign of the
changes in both the 'H and the '*N dimensions suggests weak
induction of a-helix structure in the peptide. Previous
observations of the Af peptide have shown a-helix induction
from interaction with sodium dodecyl sulfate micelles,* or
induction of f-hairpin conformation when interacting with
selected affibody proteins.®>®" In both cases, hydrogen bonding
within the 17—-23 and 30—36 regions was evident. These
regions are also involved in the formation of parallel f-strands
in AB42 fibrils.*® We conclude that these Af segments are
prone to engage in H-bonding, either within the cyclic peptide
monomer or with their complementary Af strands, depending
on the environment. Mounting evidence, including the
observations shown in the present study, suggests that the A
peptide may probe different secondary structures in a kinetic
aggregation process, which may involve transitions from one
secondary structure to the next until a stable state is reached in
the form of large and ordered fibrils. In the present study, the
induced structural changes may be toward an a-helix
conformation (on the basis of the NMR evidence for
monomeric peptide) during the initial stage of aggregation in
the presence of CP-2, followed by a shift to a parallel S-
structure (on the basis of the CD evidence from the aggregating
peptide) after aging of the Aj—CP-2 coaggregates.

We also found that excess addition of CP-2 to A$40 caused a
gradual disappearance of the A NMR signal, most probably
because of coaggregation and/or chemical exchange between
various conformations of the Af peptide occurring on an
intermediate time scale. A similar loss of A#40 NMR signal has
been observed previously upon titration of Af with sodium
dodecyl sulfate, while parallel CD studies showed distinct
evidence for f-structure induction.>® Recent studies of similar
NMR-invisible coaggregates of AS40 with the small organic
molecules Congo red and lacmoid have revealed that it is
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possible to characterize the kinetics of the molecular
interactions by observing NMR relaxation dispersion effects
on the remaining monomeric Ap40 NMR signals.®* A similarity
between the Congo red/lacmoid systems and the present cyclic
D,L-a-peptide architecture of CP-2 is that they both displa
supramolecular structures in aqueous solution by themselves.
The Congo red/lacmoid assemblies appear to be in dynamic
exchange with Af monomers, forming slowly growing
coaggregates that redirect Af away from the self-assembly
pathways associated with cellular toxicity. A similar process may
also be relevant for CP-2.

The interaction between A$40 and CP-2 was also monitored
by 1D NMR titrations (Figure S7). Clear chemical shift
changes are observed in the aromatic region of Af40 even at
low concentrations of CP-2. This corroborates our ThT results
regarding the importance of the aromatic interaction (via Trp)
in antiamyloidogenic activity. In the samples with a high
concentration of CP-2, we could also detect new NMR signals
in the 3—4 ppm region (Figure S7), appearing at ppm values
associated with neither AB40 nor the cyclic peptide alone.
Hence, the new signals appear to originate from an Af40—
cyclic peptide complex. Some of these new signals are relatively
sharp, indicating that the complex formed is not overly large (in
NMR terms), and future analysis and possible assignment of
these new signals may provide more information on the details
of the specific interaction between Af40 and the cyclic peptide.

Taken together, the above spectroscopic results provide
evidence for interactions between monomeric and low
oligomeric A$40 and CP-2, where the latter most likely
appears in a self-assembled form, and the former possibly
adopts a monomeric a-helix form upon its first interaction with
CP-2.

3

B CONCLUSIONS

Many pathological protein amyloids exhibit similar structural
and functional properties that are responsible for their direct
toxicity to cells. The self-assembled cyclic pb,L-a-peptides display
many of the chemical and biochemical properties of the
amyloids and, as revealed in this study, can cross-interact with
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Ap and modulate its aggregation and toxicity. Here, we showed
that this class of abiotic architecture interacts with small
oligomeric form of Af# (1—3 mer) and may stabilize a parallel /-
sheet conformation. Presently, there is intense debate about the
structural properties and biological effects of transient
oligomeric intermediates involved in the process of amyloid
formation, particularly regarding Af, but also in connection
with other amyloidogenic proteins, such as a-synuclein
(reviewed in ref S). Several lines of evidence link the oligomeric
states of the amyloidogenic proteins, rather than their final and
stable fibrillar states, with their potent toxicity.®”'3!5*
Although structural heterogeneity abounds in amyloidogenic
proteins, solid-state NMR, FT-IR, and X-ray crystallography
studies of selected proteins suggest that early oligomeric states
may be composed of antiparallel § structures, which may be
transformed at later stages to parallel 3 structures.>>~>” For Af,
the antiparallel B structures would then be the most active
neurotoxic agents, and avoiding their accumulation by
redirecting the aggregation pathway could be an efficient way
to decrease Aff’s cytotoxicity.

This hypothesis is strengthened by the present results on the
effects of the cyclic peptide CP-2 on Af aggregation and
toxicity. Some important effects of the cyclic p,L-a-peptide CP-
2 on Ap aggregation and conformation can be summarized as
follows. (a) The ThT fluorescence intensity of Af40/42—CP-2
mixtures decreases over time, suggesting the presence of less
amyloidogenic material at later time periods (Table 1). (b) CP-
2 drastically decreases the effect of Af seeds. (c) TEM studies
show that CP-2 affects the final structures of Af aggregates
such that, according to dot blotting and ELISA experiments,
they contain smaller amounts of the toxic conformation(s)
(Figures 2 and 3). (d) The cell toxicity of aged Af is reduced
by the presence of CP-2 (Figure S). () The size distribution of
Ap oligomers is shifted toward smaller sizes in the presence of
CP-2 (Figure 3G). (f) The structural transition that occurs
during the aggregation of Af in the absence compared with the
presence of CP-2 suggests that CP-2 may promote the
conformational transition of Aff aggregates from an antiparallel
f-sheet conformation toward parallel § structures (Figure 6).
On the basis of these observations, we hypothesize that the
effects of cyclic peptide CP-2 arise from shifting the Ap
aggregation pathway to an “off-pathway” mechanism that yields
relatively short oligomeric or amorphous assemblies that
contain a large fraction of less cytotoxic parallel p-sheet
structures. Further studies will show if this kind of change in
the aggregation chemistry is also beneficial for lowering the
amount of toxic oligomers in the brains of transgenic animals
and alleviating the symptoms associated with AD.
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