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Inhibiting and Reversing Amyloid-f§ Peptide (1-40) Fibril Formation with
Gramicidin S and Engineered Analogues

Jinghui Luo,” José M. Otero,*'»"! Chien-Hung Yu,!”! Sebastian K. T. S. Wirmliinder,!*!

Astrid Griislund,'! Mark Overhand,

Abstract: In Alzheimer’s disease, amy-
loid-B (AP) peptides aggregate into ex-
tracellular fibrillar deposits. Although
these deposits may not be the prime
cause of the neurodegeneration that

nificantly inhibited A} amyloid forma-
tion in vitro and could dissolve amy-
loids that had formed in the absence of
the antibiotic. In silico docking suggest-
ed that gramicidin S, a cyclic decapep-

I and Jan Pieter Abrahams*?

tide that adopts a f-sheet conforma-
tion, binds to the AP peptide hairpin-
stacked fibril through p-sheet interac-
tions. This may explain why gramici-
din S reduces fibril formation. Ana-

characterizes this disease, inhibition or
dissolution of amyloid fibril formation
by AP peptides is likely to affect its de-
velopment. ThT fluorescence measure-
ments and AFM images showed that
the natural antibiotic gramicidin S sig-

fibrillization -
lationships

Introduction

Protein amyloid fibrils are found to be closely associated
with several neurodegenerative pathologies, such as Alz-
heimer’s!l Huntington’s,”) and Parkinson’s®! diseases, as
well as diabetes mellitus type 2/ and transmissible spongi-
form encephalopathies.”) More than 30 proteins with quite
different sequences and structures have been identified in
the development of amyloidogenic processes related to neu-
rodegenerative diseases. Main-chain hydrogen bonds
through p-sheet interactions between (peptide segments of)
these proteins are the main driving force in the fibril forma-
tion. The insoluble fibrillar peptides that result are deposit-
ed in the intraneuronal space, which affects neuromuscular
signaling by disrupting factors controlling synaptic dopamine
homeostasis.*”! Several approaches have been identified to
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logues of gramicidin S were also tested.
An analogue with a potency that was
four-times higher than that of the natu-
ral product was identified.

disease

prevent the formation of amyloid fibrils.**! One of these ap-
proaches uses the fibril-forming segment peptide from the
self protein as an inhibitor.""*! Furthermore, non-natural
peptides have been designed as macrocyclic $-sheet mimics
to disrupt the fibril formation.'*?!! Recently, a series of
macrocyclic 3-sheet peptides were synthesized and modified
to prove their ability to inhibit the aggregation of a tau-pro-
tein-derived peptide,'” and a series of cyclic non-natural
amino acid inhibitors were designed against amyloid fibril
formation based on the structure of the amyloid “zipper”
model.l>!®! In addition, aromatic compounds such as dopa-
mine, Congo red, and curcumin can be used to inhibit the
protein aggregation.’” Crystal structures of aromatic com-
pounds and hexapeptide “zipper” complexes indicate inhibi-
tion of amyloid fibril formation through interference with
the hydrophobic B-sheets of the aggregates.®!

The fibrillization of amyloid-f (Ap) peptide is recognized
as an important step in the course of Alzheimer’s disease.!
A part of the 3D structure of the AB(1-42) fibril has been
solved by solid-state NMR spectroscopy.””! Residues 1-17
are disordered and do not appear in the 3D model. Residues
18-42 form a hairpin-like structure with a B1-strand (18-
26)-turn—f32-strand (31-42) motif (Figure 1a). At least two
molecules are required to obtain a protofilament structure
through the parallel packing of the B-strands. The AP(18-
42) peptide contains 20 apolar amino acids (5Val, 5Gly,
3 Ala, 31le, 2Phe, 1Leu, and 1Met) and five polar amino
acids (Glu, Asp, Ser, Asn, and Lys). Intermolecular side-
chain contacts involved in the protofilament generation are
formed between residues from the B1-strand of one mole-
cule and residues from the (2-strand of the adjacent mole-
cule. In addition, N-H—O=C intermolecular hydrogen
bonds from parallel (3-sheets are formed between equivalent

Chem. Eur. J. 2013, 19, 17338 -17348
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Figure 1. The 3D structure of the AB(17-42) fibril with a B-hairpin-like
motif and intermolecular -sheet interactions. a) Yellow dotted lines are
hydrogen bonds among five repeated hairpin-like structures. b) Orange
and gray cartoon represents the hydrophobic and hydrophilic surfaces, re-
spectively. All figures were made with the PyMOL software (PDB ID:
2BEG).

[B-strands in the protofilament structure (Figure 1). An inter-
molecular salt bridge is formed between Asp23 and Lys28
from adjacent molecules. The charged residues (Glu22,
Asp23, and Lys28) are in the corner of the hairpin-like
structure, with the rest of the structure having hydrophobic
side chains. A channel is located in the middle of the hair-
pin-like structure between the hydrophobic and hydrophilic
surfaces (Figure 1b).

The formation of AP fibrils and other B-sheet-rich deriva-
tive macrostructures can be inhibited by macrocyclic pep-
tides designed to adopt adequate (3-sheet structures for bind-
ing to incipient protofilament structures.’” So far, only the
inhibition of fibril formation by cyclic peptides has been de-
scribed, but the dissolution of preformed amyloid cyclic pep-
tides has not yet been demonstrated. Unfortunately, the
great variation in the amino acid sequences of the peptides
associated with neurodegenerative diseases impedes the
design of wide-ranging drugs that interfere with neurotoxic
amyloid formation. Compounds that are able to interfere
with AP peptide aggregation without the need to recognize
specific amino acid sequences would pave a promising way
for generating drugs against a broad range of neurodegener-
ative diseases.

Gramicidin S (GS, 1) is an antibacterial derivative that is
active against a broad range of Gram-positive bacteria, cer-
tain Gram-negative bacteria, and some fungi.”*?") However,
its clinical applications are limited to topical uses like ear in-
fections,™ because GS is toxic for human red blood cells by
causing hemolysis. Recent studies have shown that the he-
molytic activity of GS-based compounds can be tuned

Chem. Eur. J. 2013, 19, 17338 -17348
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through modifications in the amino acid sequence; this has
given rise to GS derivatives with decreased hemolytic prop-
erties, which retain antibacterial activity and the clinical ap-
plications of which as antibiotics are currently under investi-
gation.”>*!

The natural product GS (cyclo-(Val-Orn-Leu-p-Phe-
Pro),) is a symmetrical macrocyclic decapeptide that was
isolated for the first time from the bacterium Aneurinibacil-
Ius migulanus (Bacillus brevis).P* Tts secondary structure
has an extended B-sheet conformation formed by two anti-
parallel f-strands (Val-Orn-Leu) interconnected by two
type II' B-turns (p-Phe-Pro). Four interstrand hydrogen
bonds stabilize a special arrangement of the amino acids,
with the hydrophobic amino acids side chains (Leu and Val)
oriented to one side of the B-sheet and the polar side chains
(Orn) on the opposite side, which makes GS an amphiphilic
molecule (Figure 2).5** Structural studies of native GS (1)
and the analogues 4-8 (see Figures5 and 9) with 'H and
BCNMR  spectroscopy were described in recent
papers.”*>% The dispersion of the amide proton signals in
the '"H NMR spectrum indicated that there are no multiple
conformations in solution, and the observed chemical shifts,
coupling constants, and nuclear Overhauser effects demon-

Figure 2. The chemical structure of gramicidin S (1). a) It consists of two
identical, cyclically linked pentapeptides, namely, cyclo-(Val-Orn-Leu-b-
Phe-Pro),. b) Crystallographic amphiphilic structure with a hydrophobic
face (top) and a hydrophilic face (bottom). c) Detail of the four inter-
strand hydrogen bonds (dotted lines) involved in the B-sheet stabiliza-
tion.
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strated that this conformation corresponds to a stable cyclic
B-hairpin configuration. The 'H and C NMR spectra for
analogues 2 and 3 (see Figure 7) showed multiple signals per
nucleus, which indicates that they exist in solution as multi-
ple interchanging conformations, and although they have
similar structures to gramicidin S, we cannot be certain that
they adopt 3-hairpin conformations.

Herein, we show by thioflavin T (ThT) fluorescence
assays and scanning probe microscopy that the natural anti-
biotic GS effectively inhibits the formation of AP peptide fi-
brils. From in silico docking studies, we infer the binding site
of GS in the AP fibril to be located in the channel between
the hydrophobic and hydrophilic interfaces. These findings
prompted us to investigate and further characterize the in-
teraction between GS analogues and the AP peptide.

Experimental Section

Synthesis of gramicidin S and analogues: The synthesis, characterization,
and crystallographic structural studies of gramicidin S (1) and GS ana-
logues 4-8 were previously reported in the literature.®>*! GS analogues
2 and 3 were synthesized with an adaptation of a previously reported
method.”” All peptides were synthesized by using a standard 9-fluorenyl-
methoxycarbonyl (Fmoc) protection peptide synthesis protocol, involving
the assembly of the protected linear decapeptides on a solid support,
mild acidic cleavage, and macrocyclization in solution by using PyBOP/
HOBt/DiPEA in DMF at high dilution. Complete deprotection of the cy-
clopeptides followed by preparative reversed-phase HPLC purification
allowed 20-40% overall yields of compounds 1-8 as fluffy white solids
after lyophilization. (For details, see the Supporting Information).

AP peptides preparation: The 40 and 42 amino acid amyloid-f peptides
(AP(1-40) and APB(1-42), respectively) were bought from AlexoTech AB
(Umeéd, Sweden) and prepared according to previously described proto-
cols.”” The peptides were dissolved in 10 mmM NaOH to a peptide concen-
tration of 2 mgmL " and then sonicated for 1 min in an ice bath before
dilution in the appropriate buffer. The preparations were kept over ice.

ThT assay: Inhibition assay: A 10 mm ThT stock solution was prepared in
50 mm tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7.4) and fil-
tered to remove ThT particles. GS (1) or one of the GS analogues (2-8)
was added to aliquots of this solution and then freshly prepared AP pep-
tide was added, to yield final samples containing 5 um ThT, 10 pm AB(1-
40), 50 mm Tris buffer, and 20, 50, or 100 pm GS or GS analogue. All buf-
fers and samples were prepared over ice. The samples were pipetted into
a plate with 384 wells, with each well holding 45 uL. Fluorescence meas-
urements were recorded with an Infinite M1000 PRO microplate reader
every 15 min for 17 h, by using excitation and emission wavelengths of
446 and 490 nm, respectively. The plate was held at 37°C, and the wells
were automatically shaken 30 s before each measurement. Each sample
was prepared in duplicate, and the average fluorescence signals were cal-
culated. (For details, see the Supporting Information).

Dissolution assay: Stock fibrils of the AB(1-40) peptide were produced
by incubating 50 pm AP(1-40) peptide in 50 mm Tris (pH 7.4) at 37°C
with shaking at 220 rpm for 24 h. (This was the same procedure as that
used for AFM sample preparation.) The aggregates were diluted to
10 um and mixed with ThT and 10, 30, 60, or 100 um GS (1) or GS ana-
logues (2-8) for the dissolution assay. The protocol and buffer conditions
were the same as those for the inhibition assay. The fluorescence was
measured after the incubation at 37°C for 17 h.

Atomic force microscopy: Samples of 50 um AP(1-40) peptide in the
same buffer (50 mm Tris, pH 7.4) as that used for the ThT assay were in-
cubated at 37°C with and without GS (1, 10.0 equiv) in a shaker operat-
ing at 220 rpm for 24 h. The incubated samples were then deposited on
freshly cleaved mica. After 5 min, the excess liquid was shaken off, and
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the mica plates with deposited sample were rinsed once with 50 mm Tris
buffer (pH 7.4) and dried in a stream of dry nitrogen at room tempera-
ture. The specimens were then mounted on a multimode atomic force mi-
croscope (The Digital Instruments Nanoscope I1I), and images were col-
lected in tapping mode at frequencies of around 70 kHz. The imaging
was carried out in air, by using silicon cantilevers with an asymmetric tip
and a force constant of 3 Nm™"'.

NMR spectroscopy: A Bruker Avance 500 MHz spectrometer was used
to record the "H-""N HSQC spectra of 100 um "*N-labeled AB(1-40) pep-
tide in 20 mm sodium phosphate buffer at pH 7.3 (H,0/D,0, 90:10), both
in the absence and presence of 300 um GS (1). The spectrometer was
equipped with a triple-resonance cryogenically cooled probe head, and
the spectra were referenced to the water signal. All NMR measurements
were done at 5°C to slow down the aggregation process. The assignment
of the amide cross-peaks for the Ap(1-40) peptide is known from previ-
ous work.")

Dynamic light scattering (DLS): DLS experiments were performed on
a Malvern instrument (Zetasizer). At least 20 measurements, each of 10 s
duration were executed for each sample. Samples were incubated for 4 h
at 37°C before being transferred to ZEN0040 disposable microcuvettes
(40 uL) for DLS measurements. The measurements were performed at
37°C after 120s of equilibrium time. The distribution of the hydrody-
namic radii of particles in the solution was analyzed with the software
provided by the manufacturer.

Molecular docking: The Autodock 4.2 software was used to dock GS (1)
and GS analogues 4 and 5 to a model system of Af hairpin-stacked fi-
brils. The structure of the A hairpin-stacked fibrils was downloaded
from the Protein Data Bank (file: 2BEG), and the structures of GS (1)P*
and the GS analogues 4% and 5P were downloaded from the Cam-
bridge Crystallographic Data Centre (IDs: gramsn4n, CCDC 805623, and
CCDC 910309, respectively). The Lamarckian Genetic Algorithm was
used to search for energetically supported binding modes. The run
number was 100, and 250000 energy evaluations were applied for each
run. The AutoDockTools 1.5.4 software was used to build an Autogrid
box between the protein and ligands. The grid center was chosen in the
center of the hairpin-like structure, and the dimensions of the grid were
90x90x 90 autogrid points (x, y, and z directions) with 0.375 A spacing.
Only the atoms of the side chains of the ligands were set as active tor-
sions during docking.**3")

Results and Discussion

Inhibition of amyloid fibril formation and disaggregation of
amyloid fibrils by gramicidin S (1): Thioflavin T (ThT) binds
to peptide amyloid aggregates, which results in an increase
of ThT fluorescence. Figure 3a shows that the AP(1-40)
peptide aggregated within 10-17 h without GS (black line).
By contrast, the incubation of GS (1) alone with ThT led to
no increase in fluorescence (red line). In the presence of dif-
ferent concentrations of GS, the amyloid aggregation of the
10 um AP peptide was inhibited. The maximum fluorescence
increase of the aggregates was reduced significantly in pres-
ence of 20 um GS (green line). In the presence of 50 um and
100 um GS (dark blue and cyan lines, respectively), the fluo-
rescence signal was reduced even more, which suggests sig-
nificant inhibition of peptide amyloid aggregation. The abso-
lute values of the fluorescence plateaus were not precisely
reproducible in all cases (see the Supporting Information),
but the trends were very clear. This variability must be in-
herent to the characterization of aggregation.'*'"! We veri-
fied that the absorbance of GS and its analogues did not in-
terfere with the excitation and emission wavelengths used

Chem. Eur. J. 2013, 19, 17338 -17348
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Figure 3. a) AP(1-40) aggregation and inhibition measured by a ThT fluorescence assay in the absence and presence of GS (1) at concentrations of 20,
50, and 100 um. Atomic force microscopy images of: b) 50 um AP(1-40) aggregated peptide, c) 100 um 1, d) a mixture of 50 um AP(1-40) peptide and
100 um 1, e) 500 um 1, and f) a mixture of 50 um AB(1-40) peptide and 500 um 1. All samples were incubated at 37 °C for 24 h.

for the ThT assay (see Figure 3 in the Supporting Informa-
tion). The ThT assays were confirmed by AFM, which is
a common tool for characterizing peptide fibrils and their
morphologies.***! AFM images obtained with samples of
AP (1-40) peptide in the absence of GS (Figure 3b) showed
the formation of large amorphous aggregates, which con-
firmed the fibrillization of the peptide under the assay con-
ditions. AFM images developed with samples of AB(1-40)
peptide in the presence of GS (1; Figure 3d and f) showed
no formation of amyloid fibrils, which confirmed the anti-ag-
gregating activity of GS in these assays. As controls, samples
of GS at the same concentrations as those used for the in-
hibition assays were analyzed by AFM (Figure 3¢ and e).
These images showed the formation of some small aggre-
gates, which indicated the formation of macromolecular GS
associations that are probably the same as or similar to
those previously described in the literature.*?

The proposed interactions between gramicidin S (1) and A
fibrils: The details of the interactions between Af peptide
fibrils and small molecules are unknown because there is no
high-resolution structure of fibrils, although a hollow-core
structure of the AP(1-42) peptide was observed by cryoelec-

Chem. Eur. J. 2013, 19, 17338 -17348
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tron microscopy.”’) The potential interaction between the
monomer AP(1-40) peptide and GS was studied here by
NMR spectroscopy. The results suggest that there is no
effect of GS on the conformation of the monomer AB(1-40)
peptide (Figure 4a). All of the HSQC cross-peaks from the
monomeric AP(1-40) peptide kept the same pattern before
and after addition of GS, which suggests that the interaction
with the amyloid fibril structures by GS might contribute to
the inhibition of amyloid formation. In order to propose
a possible binding site of GS (1) on the A peptide fibril,
molecular docking studies were performed. We used the A-
(18-42) hairpin-stacked structure, which was solved by solid-
state NMR spectroscopy (Protein Data Bank file: 2BEG),”™!
as the amyloid model (Figure 1). The earlier NMR data in-
dicated the N-terminus of the AP(18-42) peptide to be
rather flexible, and we excluded this part from our calcula-
tions. The crystallographic structure® of GS (Figure 2) was
docked into the B-hairpin-like structure as described in the
Materials and Methods section. These docking studies
prompted us to propose that GS binds inside the fibrillar
tube and interacts through its hydrophobic side chains (Leu
and Val) with the apolar amino acids of the hydrophobic in-
terface of the AP peptide (Val32 and Leu34) and through its

17341
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Figure 4. a) Overlaid '"H-""N HSQC NMR spectra of 100 um “N-labeled
AP(1-40) peptide in 20 mm sodium phosphate buffer, at pH 7.3 and 5°C,
before (blue) and after (red) addition of 300 pm GS (1). b) The interac-
tion between GS (1, magenta) and the AP(17-42) hairpin-like structure
(orange and gray) suggested by molecular docking. c) Detail of the intra-
molecular salt bridges between Asp23 and Lys28 of the Af peptide (blue
dotted lines) and the intermolecular salt bridges between the Orn residue
of GS (1) and Asp23 of the AP peptide (red dotted lines).
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hydrophilic side chains (Orn) with the polar amino acids
from the AP peptide hydrophilic interface (Asp23), as
shown in Figure 4b and c.

We extended our docking studies to a new family of GS-
based mixed (afafa), cyclopeptides that we recently devel-
oped and that form (-hairpin-like structures similar to those
observed with 1 (Figure 5).°°3¢! The presence of B-amino
acids allows these compounds greater flexibility in the -
sheet, which implies that they can take on less rigid confor-
mations than the original structure of GS (1), conformations
that might fit better in the B-strand-turn—f-strand motif of
the amyloid peptide. The crystallographic structures of GS
analogues 4 and 58 (only differing in the aromatic substi-
tution at the Phe residue in the p-turn) confirm an increased
conformational repertoire for these cyclic peptides. Whereas
compound 4 crystallized with a fully extended f-sheet con-
figuration (Figure 5a—c), compound 5 adopted a folded f3-
sheet configuration due to a tighter intermolecular packing
(Figure 5d-f). Despite the presence of f-amino acids in
structures 4 and S, both maintained the intramolecular hy-
drogen-bonding pattern as observed in GS (1).

Docking studies with the crystallographic structures of GS
analogues 4 and 5 in the AP(17-42) hairpin-stacked struc-
ture were performed by using the same protocol as that
used for the docking of GS (1). The conformations of the
side chains on the GS analogues were allowed to be flexible
during the in silico docking. It turned out that the extended
conformation of GS derivative 4 did not fit in the channel
interface of the AP peptide (results not shown). By contrast,
the bent B-sheet of GS analogue 5 found a binding site in
the A peptide in the channel at the interface located be-
tween the hydrophobic and hydrophilic surfaces (Figure 6a).
The hydrophobic side chains from Val, Leu, and naphthyla-
lanine of analogue 5 directly interacted with hydrophobic
residues Phel9, Phe20, Ala21, Leu34, Met35, and Val36
from the AP(18-42) peptide. Naphthalene groups of com-
pound 5 formed hydrophobic interactions through m-stack-
ing with Phe19 of the hairpin-like structure (Figure 6b). The
higher number of ligand—protein interactions observed in
the docking of GS analogue 5 with the A} peptide, com-
pared with the interactions observed with GS (1), indicated
that this family of GS-based compounds with (afafa),
amino acid sequences might fit better in the channel inter-
face of the AP peptide than natural GS. We speculated that
this might lead to an increased anti-aggregating activity. Ad-
ditionally, these observations suggested that the aromatic
group at the PB-turn (positions A and E) of this family of
(apapa), GS-based analogues might play an important role
in the ligand—protein interaction.

Gramicidin S analogues 2 and 3: the hydrophobic and hy-
drophilic effects of p-strands: The hydrophobic and hydro-
philic side chains of GS-based antibiotics are placed at op-
posite sides of the B-strand, which results in an amphiphilic
character that is essential for disrupting membrane integri-
ty.*!! The modification of the hydrophobicity or hydrophilic-
ity of the GS side chains allowed tuning of the biological

Chem. Eur. J. 2013, 19, 17338 -17348
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Figure 5. a), d) Chemical structures of GS analogues 4 and 5, respectively. b), e) Side, and c), f) top views of the crystallographic structures of GS ana-
logues 4 and 5, respectively. Side-chains are omitted in top views for clarity; dotted lines denote hydrogen bonds.

Figure 6. a) The interaction between GS analogue 5 (magenta) and the AB(17-42) hairpin-like structure (orange and gray) suggested by molecular dock-
ing. b) The schematic interaction between the “lower” strands of Ap(17-42) and GS analogue 5.

properties and allowed the preparation of molecules with
a broader spectrum of antibacterial activity and reduced he-
molytic activity compared to the natural compound. ¥
Such modifications could be useful for improving the effi-
ciency of inhibition of amyloid fibril formation, so we inves-
tigated the effect of the amphiphilic character of GS-based
cyclic decapeptides on the inhibition of amyloid fibril forma-
tion. We created two new molecules with an “inverted” am-
phiphilic distribution, in which the hydrophobic and hydro-
philic residues were exchanged (Figure 7). Hydrophilic Orn
groups were used instead of hydrophobic Leu and Val
groups (the B and F groups and D and H groups indicated
in Figure 2, respectively), and the original Orn groups locat-
ed in the center of the B-strand (the C and G groups) were
replaced with hydrophobic Ala(rBu) and Leu groups. In ad-

Chem. Eur. J. 2013, 19, 17338 -17348
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dition, one or both aromatic groups from the phenylalanines
situated in the B-turns (the A and E groups) were replaced
by one (compound 2) or two (compound 3) chains of fatty
acid, respectively. This highly hydrophobic group was in-
tended to increase the liposolubility of these GS-based de-
rivatives, which had been heavily decreased by the inclusion
of the four Orn side chains.

ThT fluorescence assays with GS-based derivatives 2 and
3 showed that, compared with the results with natural prod-
uct 1, the lag time of AP peptide aggregation was slightly in-
creased in the presence of both “inverted” analogues at con-
centrations of 20 um (Figure 7b and d). However, the fluo-
rescence intensities observed in the presence of 20, 50, and
100 um concentrations of both analogues showed that these
derivatives did not completely inhibit the AP peptide aggre-
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Figure 7. a), c) Structures of “inverted” GS-based analogues 2 (cyclo-(Pro-Orn-Leu-Orn-p-Phe-Pro-Orn-Ala(tBu)-Orn-[(R)-2-Adec)]) and 3 (cyclo-(Pro-
Orn-Leu-Orn-[(R)-2-Adec]-Pro-Orn-Ala(rBu)-Orn-[(R)-2-Adec])), respectively. b), d) ThT fluorescence data for AB(1-40) aggregation and inhibition in
the presence and absence of GS analogues 2 (b) and 3 (d). The concentrations of the GS analogues used in the assays were 0, 20, 50, and 100 um, and

the time scale was 17 h for each measurement.

gation, most probably due to difficulties in binding of the
highly polar new surface created with the four Orn side
chains to the amyloid hydrophobic structure.

Extended f-sheet gramicidin S analogues 4-8; the facial hy-
drophobic effects of the f-turn: Our docking studies with
the (apapa), GS analogues 4 and 5 indicated that the Phe
residues in the B-turns may have an important role in the
binding of these molecules to the AP(17—42) hairpin-like
structure. We therefore investigated whether the inhibition
of amyloid fibrillization could be improved by replacing the
Phe side chain with groups that more strongly promote -
stacking interactions. Several cyclopeptides with different ar-
omatic functional groups attached to the p-turn were de-
signed and synthesized, and ThT fluorescence assays were
performed (Figures 8 and 9). As predicted by the docking
studies, all of these compounds could completely inhibit
fibril aggregation. Analogue 4, with Phe residues in both (3-
turns, had a behavior similar to that of native GS (1; Fig-
ure 8a). In the presence of 20 um GS analogue 4, the lag
time of aggregation (green curve) was increased relative to
the results in the presence of 20 um native GS, although the
fluorescence intensity with GS analogue 4 at 50 um (dark
blue curve) is a bit higher than that observed with native
GS (1) at the same concentration. The fibrillization disap-
peared at a concentration of 100 um of compound 4 (cyan
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curve). When we swapped both phenyl groups of the Phe
residues for 1-naphthyl groups, GS analogue 5 was obtained.
In the presence of a 20 um concentration of this compound,
the kinetics of AP peptide amyloid aggregation changed
only slightly compared to those with derivative 4 or native
GS (1), but compound 5 is a stronger inhibitor of the AB(1-
40) peptide aggregation at 50 um (Figure 8b).

A stronger hydrophobic group, 9-anthracenyl, replaced
the Phe side chains in derivative 6 (Figure 9a). Fibril inhibi-
tion by this derivative was less efficient than that with the
naphthyl-group derivative 5. At 20 and 50 pm, the aggrega-
tion kinetics was generally faster, and aggregates were com-
pletely suppressed only at a concentration of 100 um (Fig-
ure 9b).

These results are consistent with our docking studies,
which indicated that the two Phe groups from the GS-based
derivative 4 interact with Phe groups from five different (3-
sheets of the AP peptides. The binding pocket for the GS
derivatives is relatively small, and it might not be large
enough for the bulky 9-anthracyl groups of compound 6.
Conversely, the smaller naphthalene group could insert
more snugly into the hydrophobic pocket. This could explain
why GS analogue 5 bound with higher affinity to the A
peptide hairpin-stacked fibrils and showed more efficient in-
hibition of AP fibril formation, as observed by ThT fluores-
cence, than GS analogue 6.

Chem. Eur. J. 2013, 19, 17338 -17348
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Figure 8. ThT fluorescence data for AB(1-40) aggregation and inhibition
in presence and absence of GS analogues 4 (a) and 5 (b). The concentra-
tions of the GS analogues were 0, 20, 50, and 100 puM, and the time scale
was 17 h for each measurement.

To confirm the significance of the intermolecular m-stack-
ing interactions between the fibrils and the GS-based deriva-
tives’ Phe groups and to consider the size of the binding
pocket, we prepared two other compounds, analogues 7 and
8 (Figure 9c¢ and e, respectively). The Phe side chains of an-
alogue 4 (the A and E groups) were swapped with a penta-
fluorophenyl group and a naphthyl group, respectively, in
compound 7. The “inverted” aromatic polarity of the penta-
fluorophenyl group has been widely used to promote m-
stacking interactions with other aromatic moieties.*”) As we
expected, the ThT fluorescence due to AP peptide aggrega-
tion considerably decreases in the presence of a 20 um con-
centration of the new GS derivative 7, which indicated tight-
er binding of 7 to the AB(1-40) peptide. Finally, we synthe-
sized a new GS analogue (compound 8) with a 2-fluorenyl
group instead of the naphthalene group present in derivative
7 (Figure 9¢). The size of the 2-fluorenyl group is between
that of the naphthyl and 9-anthracyl groups, which could op-
timize the anti-aggregation activity of the inhibitor. Clearly,
Figure 9 f illustrates a greater effect on the inhibition of the
AP peptide aggregation in the presence of 8 than with any
of the other GS-based analogues or with natural GS (1).
These results further proved the significance of the m-stack-
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© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

ing interactions between the aromatic groups from the f3-
turns in these GS-based cyclopeptides and the aromatic moi-
eties located in the Phe clusters of the AP(1-40) peptide.
These results also confirmed the binding mode obtained by
our molecular docking simulations.

Furthermore, GS and its analogues displayed a similar in-
hibition of the fibrillization of the APB(1-42) (Figure 4a in
the Supporting Information). We also performed optical
density (OD) and DLS assays to compare the AP(1-40)
peptide aggregates formed in the presence and absence of
GS and its analogues (Figure 4.b and Figure 5 in the Sup-
porting Information). We found the cluster size of the Af-
(1-40) aggregates to be reduced and to be more monodis-
perse in the presence of GS or its analogues relative to the
AP(1-40) aggregates in the absence of the compounds. The
OD assays would not quantify the differences between the
AP(1-40) aggregates in the presence and absence of GS and
its analogues. DLS assays of GS and its analogues (Figure 5
in the Supporting Information) indicate the presence of ag-
gregates of GS at the concentrations utilized. These aggre-
gates could not be confirmed by AFM and may only repre-
sent a tiny mass fraction of the GS present (the DLS intensi-
ty scales with the cube of the particle radius). Nevertheless,
the presence of aggregates may contribute to the inhibition
of fibril formation, because it was reported that random ag-
gregates of small molecules inhibited amyloid formation of
the prion proteins Sup35 and recMoPrP through a process
termed “colloidal inhibition”."*!

Intermolecular, parallel, and in-register p-sheets are im-
portant features of the AP peptide in fibril aggregation. The
growth of a fibril occurs through the addition of a new pep-
tide to the edge of its sheet, accompanied by hydrophobic
interactions and the formation of hydrogen bonds at the
edges of the strands."!! Thus, inhibition of aggregation could
be induced by interfering with these hydrophobic interac-
tions and hydrogen bonds. As shown in Figure 1b, the sur-
face of the fibril consists of a hydrophobic-hydrophilic-hy-
drophobic surface. Furthermore, the fibril has a channel lo-
cated at the interface between the hydrophobic and hydro-
philic residues, which may bind additional compounds, and
our results suggest that these might include GS and its de-
rivatives. The insertion of the GS analogues into the chan-
nel, which we propose here (on the basis of our docking
studies), may distort the conformation of the fibril end suffi-
ciently to prevent or at least hinder the addition of new pep-
tides. GS analogue 4 could not be fitted into the channel in-
terface as well as the other aggregates. This may explain
why this analogue was less active as an inhibitor of fibrilliza-
tion.

Dissolution of amyloid fibrils by gramicidin S and its ana-
logues: We investigated whether GS and its analogues also
had the potency to dissolve preformed amyloid fibrils
(Figure 10). We can report that this is indeed the case. We
added GS and its analogues to 10 pm samples of aggregated
amyloid fibrils that had matured over a period of 24 h. In
order to measure the aggregation state, we added ThT
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before adding 10, 30, or 60 um GS or its analogues. After Conclusion

17 h incubation of the mixtures, we measured a decrease in

ThT fluorescence. On average, ThT fluorescence dropped to In conclusion, we found the natural macrocyclic peptide gra-
about 50 and 80 % in the presence of 60 um and 10 pm GS micidin S (1) to be an inhibitor of AfB(1-40) peptide aggre-
and its analogues, respectively. The samples were investigat- gation. GS-based analogues with different side chains on the
ed by AFM, and we no longer observed amyloid fibrils (Fig- B-strands and B-turns were also tested. We report these GS
ure 10b). These results strongly suggest that GS and its ana- analogues to have different efficiencies in the inhibition of
logues not only prevent the aggregation of amyloid beta fibril formation of the A peptide. The substantial differen-
fibril formation but also partly dissolve the fibrils. ces in the fibril inhibition by native GS and analogues 2 and

3 reveal that suitable hydrophobicity on the (-strand is es-
sential for the interactions between the Af peptide and the
GS-based analogues. A comparison of the Af} peptide fibril
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Figure 10. a) The normalized ThT fluorescence intensity of the Af(1-40)
fibrils after incubation with different concentrations of GS and its ana-
logues at 37°C for 17 h. b) AFM image showing the dissolution of 50 pum
amyloid fibrils by 500 pm GS (1) after 1 h of incubation at 37°C.

inhibition by natural GS and analogues 4-8 demonstrates
that the polarity and size of the facial hydrophobic side
chain of the Phe residues in the p-turns is vital for inhibiting
AP peptide fibrillization. In silico docking suggests that the
binding site of GS and the GS-based analogues is located in
a channel of the A fibril that is surrounded by hydrophobic
and hydrophilic residues. The experimentally observed
trends in the ThT fluorescence assay were consistent with
the predictions of our interaction models for the amyloid
and inhibitor based on modeling studies. We propose that
the two Phe side chains (or other aromatic groups) on the
(apaPa), GS-based analogues interact with the Phe side
chains of the A} peptide by m-stacking interactions. Increas-
ing the strength of these interactions results in more effi-
cient inhibition of fibril formation.

Our inhibition and docking studies provide new strategies
for developing inhibitors against Af fibril formation. Partic-
ularly encouraging in this respect is the capacity of our com-
pounds to also dissolve preformed amyloid fibrils. The prin-
ciple used in our studies could also help in the design of
cyclic peptides or other compounds based on antibiotics for
preventing other amyloid protein aggregation. We speculate

Chem. Eur. J. 2013, 19, 17338 -17348
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that the channel running through the amyloid fibril may be
a target for molecules that prevent the fibril from growing.
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