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ABSTRACT. The formation of amyloid fibril is associated with major human diseases, including Alzheimer’'s
disease, prion diseases, and type 2 diabetes. Methods for efficient inhibition of amyloid fibril formation
are therefore highly clinically important. A principal approach for the inhibition of amyloid formation is
based on the use of modified molecular recognition elements. Here, we demonstrate efficient inhibition
of amyloid formation of the type 2 diabetes-related human islet amyloid polypeptide (hIAPP) by a modified
aromatic peptide fragment and a small aromatic polyphenol molecule. A molecular recognition assay
using peptide array analysis suggested that molecular recognition between hIAPP and its core amyloidogenic
module is mediated by aromatic rather than hydrophobic interactions. To study the possible effect of
aromatic interactions on inhibition of hIAPP fibril formation, we have used peptide and small molecule
inhibitors. The addition of a nonamyloidogenic peptide analogue of the core module NFGAILSS, in which
phenylalanine was substituted with tyrosine (NYGAILSS), resulted in substantial inhibition of fibril
formation by hIAPP. The inhibition was significantly stronger than the one achieved ustghaet
breaker-conjugated peptide NFGAILPP. On the basis of the molecular arrangement of the tyrosine
phenylalanine interaction, we suggest that the inhibition stems from the geometrical constrains of the
heteroaromatic benzer@henol interaction. In line with this notion, we demonstrate remarkable inhibition

of hIAPP fibril formation and cytotoxicity toward pancreafiecells by a small polyphenol molecule, the
nontoxic phenol red compound. Taken together, our results provide further experimental support for the
potential role of aromatic interactions in amyloid formation and establish a novel approach for its inhibition.

The formation of amyloid fibrils is associated with alarge A small fragment of hIAPP, the hIARR 29 (NFGAILSS)
group of diseases of unrelated origin, including Alzheimer’'s octapeptide core module, forms fibrils that are similar to
disease, prion diseases, and type 2 diabéted.(Pancreatic ~ those formed by the full-length polypeptid&g( 19). We
amyloid deposits composed of the human islet amyloid demonstrated the essential role of the phenylalanine residue
polypeptide (hIAPP)are found in more than 90% of type 2 in the formation of amyloid fibrils by this fragment by an
diabetes patients, and their toxicity is assumed to be analanine scan20). We have also shown that substitution of
important factor in pancreatjé-cell failure in late stages of  the phenylalanine residue with tyrosine in the context of the
the disease3( 4). The hIAPP hormone, which is cosecreted NYGAILSS octapeptide has reduced dramatically its amy-
with insulin, forms amyloid fibrilsn vitro that are cytotoxic loidogenic potential to form fibrilsZ1). On the basis of the
to s-cells ). These fibrils, or most likely their protofibrillar ~ above, other experimental observations on the role of
forms, are assumed to play a key role in the diabetic processaromatic residues in amyloidogenic polypeptid2s24),
by the cytotoxic destruction g#-cells 6—8). Inhibition of and the well-known role of aromatic stacking in processes
amyloid fibril formation is therefore considered a key of self-assembly in chemistry and biochemist®s£28), it
prospect therapeutic approach toward diabetes and othetwas suggested that stacking of aromatic residues may play
amyloid-related disease8-{17). a role in the acceleration of the assembly process in many
cases of amyloid fibril formation2Q, 23, 24). Stacking
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maltose binding protein; CD, circular dichroism; DMSO, dimethyl fatin inai ;
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SEM, scanning electron microscopy; TEM, transmission electron NMAPP amyloid formation to devise a novel approach of

microscopy. inhibition using heteroaromatic interactions. An octapeptide
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fragment of hIAPP, with one aromatic substitution of 4 uM in 10 mM sodium acetate buffer (pH 6.5) with or
phenylalanine with tyrosine, and a polyphenol small molecule without inhibitor (40x«M), and a final HFIP concentration
(phenol red) are shown to inhibit hIAPP fibril formation. of 1% (v/v). Immediately after dilution, the sample was
Furthermore, we show that phenol red can be used as acentrifuged at £C for 20 min at 20008, and the supernatant
nontoxic inhibitor of3-cell cytotoxicity. was used for fluorescence measurements. ThT was added
to a final concentration of 3:M, and fluorescence was
EXPERIMENTAL PROCEDURES measured using a Perkin-Elmer 50SB fluorimeter (excitation
Peptide Synthesis and Preparation of Stock Solutions. at 450 nm, 2.5 nm slit; emission at 482 nm, 10 nm slit). For
Peptide synthesis using solid-phase methods was performedhe phenol red inhibition, samples were diluted 10-fold so
by Peptron Inc. (Taejeon, Korea) for hIARP, peptide that the maximal phenol red concentration did not exceed 4
analogues and by Calbiochem for hIAPE. The correct uM, and measured using a Jobin Yvon Horiba Fluoromax 3
identity of the peptides was confirmed by ion spray mass fluorimeter (excitation at 450 nm, 2.5 nm slit; emission at
spectrometry, and the purity of the peptides was confirmed 482 nm, 5 nm slit).
by reverse phase high-pressure liquid chromatography. Circular Dichroism SpectroscopyhlAPP (4 uM) was
hIAPP,, 59 stock solutions were prepared by dissolving the prepared as described above, with or without inhibitor (40
lyophilized form of the peptides in M8O (DMSO) at a  uM). Spectra were recorded at 2& with 1 nm intervals
concentration of 100 mM. The stock solution for hIAPE and an averaging time of 4 s, using an AVIV 202 CD
was prepared by dissolving the lyophilized form of the spectrometer. Final scan values represent subtraction of the
peptide in 3,3,3,33,3-hexafluoro-2-propanol (HFIP) at a baseline (buffer in the case of hIAPP and buffer with
concentration of 40@M. To avoid any preaggregation, all inhibitor for the inhibition assay). The overall contribution
stock solutions were sonicated for 2 min before each of the inhibitors was relatively minor. The spectra of the
experiment. MALDI-TOF mass spectrometry analysis (using inhibitors in buffer are available as Supporting Information.
an Applied Biosystems Voyager DE-STR spectrometer)  Transmission Electron Microscopgamples (1QuL) of
revealed that no fragmentation of the polypeptide occurred hjAPP,, ,, from the aggregation assay and hIAPP from the

after sonication. _ _ o fluorescence assay were placed on 400 mesh copper grids
MBP—IAPP Fusion Protein Expression and Purification.  (Sp| Supplies, West Chester, PA) covered by carbon-
This protocol is based on previous worJy. Briefly, for stabilized Formvar film. After 1 min, excess fluid was

expression of IAPP fused to the C-terminus of MBP, removed, and the grids were negatively stained with 2%
Escherichia colicells transformed with expression plasmid yranyl acetate in water for 2 min. Samples were viewed in
PMALc2x-IAPP were grown in 200 mL of LB medium 3 JEOL 1200EX electron microscope operating at 80 kV.
supplemented with 10@g/mL ampicillin and 1% (w/v) MTT Reduction AssayiTC-tet cells 81) or PC12 cells
glucose and induced with 0.5 mM IPTG. Cell extracts were \yare plated in 24-well plates (2 10° cells/well) or 96-
prepared in 10 mM phosphate buffer (pH 7.5) and protease, e plates (1x 10¢ cellsiwell), respectively, and allowed
inhibitor cocktail (Sigma-Aldrich), by freezing and thawing 14 adhere for 24 h. A synthetic hIAPP stock solution was
followed by a brief sonication. The extracts were clarified i ted to a final concentration of @M in serum free growth

by centrifugation at 200@pand stored at 4C. MBP—IAPP medium @1) containing DMEM with or without phenol red.

fusion protein was purified by passing the extract over an |ymediately after dilution, samples were centrifuged at 4
amylosg resi_n column (New Englgnd Biolabs) a}nd recoveredoc for 20 min at 20000, and the supernatant was bubbled
by elution with 20 mM maltose in 20 mM Tris-HCI (PH  ith nitrogen for 30 min to evaporate residual HFIP. Cells
7.4), 1 mM EDTA, 200 mM NaCl buffer. _ were washed twice with PBS and incubated with the

Membrane Binding AssayAn array of 19 synthetic  g,hematant for 24 h. MTT was then added for 3 h, followed

decamers that contain the core hlARR, amyloidogenic by aqdition of lysis buffer and incubation overnight. Samples
fragment (SNNFGAILSS), with all possible natural amino \yare read at 570 nm. Cell viability was calculated in

acid substitutions (except cysteine) at the position of phen- comparison to that of cells incubated in the absence of
ylalanine 23 (Jerini), was used. Following blocking with 5% 1 APP in medium with or without phenol red.

(v/v) nontat milk in 25 mM Tris-buffered saline (TBS, pH Scanning Electron Microscop@ells were grown on glass

;?Mg;ﬂﬁg‘g?gﬁ:ggﬁgCluzbﬁtefhgr:‘:ﬁ?g?;ﬁg(ﬁaggﬁgn microscope cover slips under the same conditions as for the
; MTT assay. Immediately after incubation with hIAPP, the

washed. repeatedly with 0'05%. (vIv) Tvyeen 20 in TBS. cells were fixed with 2% glutaraldehyde (v/v) and stored
Lrgﬁ{%ﬁ;'mtﬁf ttr?s mgggf;z_fgghonn dprgtet'ige(grvtgip dgfeite OIfor 24 h at 4°C. The cells were serially dehydrated with
with an anti-MBP monoclonal antibodli/ (gigma) and a HRP- Increasing cor)cent'rations.qf ethanol (3.0’ 50, 70.’ 90, 95, and
conjugated goat anti-mouse secondary antibody. An immu- 1Q0%) and dried Wlth a cr|t|c§1I point drier. Specimen cover

' slips were coated with colloidal gold and viewed using a

noblot was developed using liquid 3:@aminobenzidine. . :
Kinetic Aggregation Assayl.he hIAPR,_,o peptide stock JEOL JSM 840A microscope operating at 25 kV.

solution was diluted into 10 mM Tris-HCI (pH 7.2) buffer resyLTs

to a final concentration of 1 mM peptide and 4% DMSO.

Turbidity was measured at 405 nm at room temperature using Profound understanding of the molecular mechanism that

disposable UVette cuvettes (Eppendorf) using a Scinco leads to amyloid fibril self-assembly is a key factor in the

S-3100 spectrophotometer. ability to design efficient inhibitors of the self-assembly
Thioflavin T Fluorescence AssayA stock solution of process. Our previous studies on the role of phenylalanine

synthetic hIAPR-37 was diluted to a final concentration of 23 in fibril formation by hIAPP have led us to focus on the
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Ficure 1: Molecular recognition of hIAPR-,g peptide analogues
by hIAPP,_3;. A synthetic peptide array containing analogues of
hIAPP,y-29 (SNNFGAILSS) with all the possible natural amino
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NAGAILSS, respectively). However, these structures were
significantly less abundant, and did not have the typical
amyloid structure. No ordered structures were observed with
the isoleucine and valine hydrophobic analogues (NIGAILSS
and NVGAILSS, respectively).

Inhibition of hIAPP Fibril Formation with the Tyrosine
Analogue PeptideThe fact that the tyrosine NYGAILSS

acid substitutions (except cysteine) at the position of phenylalanine analogue could interact with the hIAPP protein (Figure 1),

23 was synthesized on a cellulose membrane matrix. hJARP

was fused to the C-terminus of maltose binding protein (MBP) and
incubated with the peptide array membrane for analysis of its
recognition of the bound peptides. The level of interaction was

but did not form amyloid fibers itself21), led us to the
notion that this peptide may inhibit amyloid formation. This
peptide was particularly attractive, since despite the com-

detected using an anti-MBP antibody. The letters denote the residue pletely different amyloidogenic potential, it is almost chemi-
in the one-letter code, substituted for phenylalanine 23 at each cally identical to the highly amyloidogenic native peptide.

spot: (top) incubation of the membrane with the MBRPP fusion
protein and (bottom) incubation of the membrane with MBP as a
control.

effects of substitution of this aromatic moiety on the
molecular recognition process and inhibition of fibril forma-
tion.

Molecular Recognition of hIAPR-,9 Peptide Analogues
by hlIAPR_37. To systematically explore the molecular
determinants that facilitate recognition between hIAPP and
its amyloidogenic core (hlAPR-29), a nonbiased peptide

array screen was used. We probed the capacity of hIAPP

fused to the C-terminus of the maltose binding protein (MBP)

to interact with an array of 19 membrane-bound decamer

peptides (SNNXGAILSS, where X represents position 23),
in which the phenylalanine 23 position was altered with any

of the natural amino acids except cysteine (Figure 1). The
decamers system was used as it was previously demonstrate

to allow detection of high-affinity binding between hlIAPP
and peptide fragments3(Q). Thus, it allowed sensitive
analysis of molecular determinants that mediate this inter-
action.

Thus, the peptide may preserve all the molecular recognition
parameters on one hand and may prevent further amyloid
assembly on the other.

To examine this idea, we studied the ability of the tyrosine
peptide analogue (NYGAILSS) to inhibit amyloid formation
by full-length hIAPR_37. A thioflavin T (ThT) fluorescence
assay confirmed the inhibitory effect of this peptide (Figure
3A). After a lag phase of approximately 20 h, hIAPE
alone exhibited a logarithmic increase in fluorescence, while
addition of NYGAILSS had a strong inhibitory effect,
showing a reduced linear increase in fluorescence levels
(Figure 3A). The inhibition level of the tyrosine peptide
analogue was significantly higher compared to that of the
p-breaker peptide methodolog$). Even after incubation
for 1 week, the NYGAILSS peptide displays a low level of
fluorescence relative to the recognition motif peptide con-
jugated to the proling-sheet breaker (NFGAILPP) (Figure

B). Circular dichroism analysis revealed that hlIAPJ
alone underwent a transition from a random coil conforma-
tion to a f-sheet conformation (Figure 3C). An initial
structural transition to #-sheet structure was evident after
6 h, reaching a maximum after 26 h (Figure 3C). However,

Binding to peptides that contained the aromatic tryptophan, when the NYGAILSS peptide was added to hIAPR, no
phenylalanine, and tyrosine residues was clearly observediansition to g3-sheet conformation was evident in the first

(Figure 1). Binding was also observed with the positively 24 h, and an initial transition was observed after only 4 days
charged analogues. In marked contrast, no binding was(rigure 3D). Although nonquantitative, the ultrastructural
observed with any of the four hydrophObiC substitutions at ana|ysis using TEM was also consistent with the Spectro-
this position (leucine, isoleucine, valine, and alanine). As a scopic data. While hIAPPs; alone formed distinct charac-
control, an identical peptide array membrane was incubatedteristic fibrils within 30 h, and aggregated mature fibrils
with MBP alone under the same experimental conditions within 48 h (panels A and B of Figure 4, respectively),
(Figure 1). In clear contrast to the MBPAPP binding assay,  addition of NYGAILSS had a significant inhibitory effect.

no significant binding could be observed with the MBP
incubation.

Moreover, when we studied the amyloid forming potential
of peptide analogues containing substitutions with all four

The amount of fibrillar structures on the TEM grid was much
lower, and less distinct characteristic amyloid morphology
was evident after 30 h (Figure 4C). Some fibrils that
resembled an earlier stage (at 30 h) were evident after 48 h

naturally occurring hydrophobic amino acids using the (Figure 4D). The observation of a small amount of fibrils
aggregation assay, all the hydrophobic analogue peptidesusing TEM reflects the high sensitivity of the microscopy
revealed a very low aggregation capacity, as reflected by analysis. Although this method is not quantitative, it allows
solution turbidity (Figure 2A). To determine whether ag- the detection of single molecular assemblies that obviously
gregation of the hydrophobic analogues occurs with ex- cannot be detected by bulk methods. Addition of the
tremely slow kinetics, solutions of the peptides under the NFGAILSS peptide to hlIAPP under the same conditions
same experimental conditions were incubated for 1 week, accelerated fibril formation, as previously reported by
exhibiting relatively low turbidity for all hydrophobic  Scrocchiet al. (32) for the NFGAIL hexapeptide, and mature
analogues (Figure 2B). Ultrastructural visualization of the fibrils were clearly observed on the TEM grid after 30 h
analogues using TEM also revealed that well-ordered fibrils (Figure 4E). Addition of the NRGAILSS peptide, which
were only observed with the hIARR2o peptide NFGAILSS exhibited some level of interaction with hIAPP in the
(Figure 2C). Considerably less ordered aggregates could benolecular recognition assay, had no inhibitory effect, and
detected with the leucine analogue and to a much lower fibrils, of typical wild-type morphology, were observed after
extent with the alanine analogue (NLGAILSS and 30 h (Figure 4F).
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FiGure 2: Aggregation of the hIAPB_,g peptide and hydrophobic analogues. Aggregation was initiated by diluting a peptide stock solution

in Tris-HCI buffer (pH 6.5) to a final peptide concentration of 1 mM and 4% DMSO. Hydrophobic analogues included replacement of
phenylalanine 23 with valine, alanine, isoleucine, or leucine. (A) Time-dependent turbidity of hydrophobic analogues of the {HAPP
peptide at 405 nm. (B) End-point turbidity of the same peptides after incubation for 1 week. (C) TEM micrographs of the aggregated
peptides after incubation for 48 h. Samples were negatively stained with 2% uranyl acetate. The letters denote the amino acid residue, in
the one-letter code, substituted for phenylalnine 23 in the NFGAILSS peptide. The bar represents 100 nm.
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Ficure 3: Inhibition of hIAPR-_3; fibril formation by the NYGAILSS peptide. Human IARB;; was dissolved in HFIP and diluted in
sodium acetate buffer (pH 6.5) to a final concentration pMtand 1% HFIP, and the nonsoluble peptide was separated by centrifugation.
(A) Thioflavin T fluorescence values of hIARR; and 40uM NYGAILSS peptide. (B) End point fluorescence values after incubation of
hIAPP,_3; for 5 days in the absence or presence gtsheet breaker NFGAILPP and tyrosine analogue NYGAILSS peptide. (C) Circular
dichroism of 4uM hIAPP,_37 shows the transition from a random coil conformation t6-sheet conformation within 6 h. (D) Circular
dichroism of 4uM hIAPP;_37 with 40 uM NYGAILSS, showing an inhibited transition tosheet. The spectra of the inhibitor in buffer
(see the Supporting Information) were subtracted from the corresponding final spectra.

Inhibition of hIAPP Fibril Formation with a Small  for nontoxic, low-molecular weight aromatic compounds that
Polyphenol MoleculeOur mechanistic insights into amyloid  could inhibit hIJAPP amyloid formation. Due to the apparent
formation, the reported data on the suppressive effect of mode of interaction between phenol and benzene moieties
aromatic compoundslg—17), and the results given above in the peptide inhibitor system, we launched a comprehensive
on the inhibitory effect of tyrosine analogue led us to search search for inhibitory phenolic molecules using a series of
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upon inhibition of fibril formation by the & protein by its
pentapeptide fragment38). This pentapeptide currently
serves as a lead for the development @fiAhibitor drugs.

To verify the effect of phenol red inhibition on hIAPP
cytotoxicity, a general PC12 cell line was used to measure
cytotoxicity in a concentration-dependent manner. Cells were
grown in a 96-well plate with or without a gradual
concentration of phenol red, and fresh hIAPP was added to
the growth medium. After incubation for 24 h, cell viability
was measured by MTT reduction assay, and calculated by
substitution of the absorbance of IAPP samples with non-
IAPP controls containing the same phenol red concentrations.
The MTT cell viability assay showed a concentration-
dependent rescue of the cells (Figure 5D).

Inhibition of the IAPP Cytotoxic Effect ofi Cells We
studied the ability of phenol red to modulate the cytotoxicity
of hIAPP amyloid assemblies to pancredticells in culture.
We used a highly differentiated muriggcell line (3TC-
tet) (31) with a normal insulin secretory response to glucose.
Cells were grown with or without phenol red, and fresh
hIAPP was added to the growth medium. An MTT cell
. viability assay clearly revealed that the presence of phenol
ige f _ red in the medium protecteiicells from the cytotoxic effect

P 'E-E \ : of hIAPP assemblies and increased cell viability from 50 to

o e 80% (P < 0.05) (Figure 6A). Scanning electron microscopy
Ficure 4: Ultrastructural morphology of hIAPP fibrils and peptide (SEM) analysis ofs-cells that were grown in the presence

inhibition effect. TEM micrographs of hIAPP3; samples from the ] - -
inhibition assay in the initial phase of fibril formation (30 hy and °f NAPP showed an extensive membrane blebbing (Figure

after 48 h. (A and B) hIAPP without inhibitors after 30 and 48 h, 6B), as previously reported for hIAPP cytotoxici4), and
respectively. (C and D) hIAPP with NYGAILSS peptide after 30 a collapse of typical cellular morphology in the vast majority

and 48 h, respectively. (E) hIAPP with NFGAILSS peptide after of cells (Figure 6D). On the other hand, practically no
30 h. (F) hIAPP with NRGAILSS peptide after 30 h. Samples were gjqnificant difference could be observed between untreated
negatively stained with 2% uranyl acetate. The bar represents 1oocells (Figure 6H) and cells grown in the presence of hIAPP
nm. !

and phenol red (Figure 6F). In both cases, most of the cells

maintained normal morphology. No blebbing was visible,
synthetic and natural polyphenol compounds. Phenol red, aand membrane extensions of microspikes and lamellipodia
nontoxic aromatic compound, was found to be an effective were present. Furthermore, upon low-magnification SEM
compound for amyloid inhibition. examination, normal arrays gfcells could be observed with

Addition of phenol red to hIAPP3; had a strong inhibi-  the phenol red-protected cells and control cells (panels E

tory effect on fibril formation that exceeded that of the and G of Figure 6, respectively). In marked contrast, only
tyrosine peptide analogue. The ThT fluorescence assay forisolated and morphologically altered cells could be observed
variable concentrations of phenol red demonstrated concen-upon IAPP incubation with no phenol red protection (Figure
tration-dependent inhibition. Higher phenol red concentra- 6C).
tions (more than 4-fold greater than that of hIAPP) have |4 study the ability of the NYGAILSS peptide to inhibit

shown constant low fluorescence levels for at least 48 h, | aApp cytotoxicity, we have added 40M NYGAILSS
while hIAPP had a logarithmic increase in fluorescence levels peptide to the grth medium. Apparently, this concentration
after 24 h (Figure 5A). Even after incubation for 1 week, ¢ NyGAILSS was cytotoxic tgTC-tet cells and decreased
the concentration-dependent inhibition was similar (Figure p-cell viability to 20% of control, without hIAPP addition

5B), and an inhibition level of+90% was achieved for a  (kigyre gA). Therefore, NYGAILSS could not be used as a
phenol red concentration af20 uM. CD results showed cytotoxicity inhibitor.

that addition of phenol red to hIAPP caused evident inhibition

of the transition from a random coil conformation t8-aheet  p|scussION

conformation for at least 46 h, and a very slow transition

after 96 h (Figure 5C). Electron microscopy showed thatin  Although the formation of amyloid fibrils is associated
contrast to the distinct dense morphology of the fibrils formed with major human diseases, its exact mechanism of formation
by the peptide alone (Figure 5E, 30 h), no fibrils were is not fully understood. The genuine understanding of the
visualized after 30 h when phenol red was included (Figure mechanism that leads to the formation of amyloid fibrils and
5F). Only after incubation for 48 h were some fibrils its inhibition is therefore highly clinically important. The core
observed, and they were much less abundant on the TEMamyloidogenic module of the type 2 diabetes-related hIAPP
grid than the IAPP control (Figure 5G). However, these serves as an excellent model system for studying the
fibrils lacked the typical dense morphology as observed with molecular mechanism of amyloid fibril formatioa&—20).

the IAPP control amyloidogenic fibrils (Figures 4A and 5E). This is due to the fact that such a small fragment contains
Such changes in morphology of the fibrils were observed all the structural information needed to mediate the self-
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Ficure 5: Inhibition of hIAPR 37 fibril formation and cytotoxicity by the phenol red molecule. Human IAPP was dissolved in HFIP and
diluted to a final concentration of @M with a gradual concentration of a phenol red molecule as an inhibitor. (A) Thioflavin T fluorescence
kinetic values of hIAPP-3; and gradual concentration of phenol red result in a dose-dependent inhibition. (B) End point fluorescence of
the same samples after incubation for 5 days. Values are me#éms standard deviatiom (= 3). (C) Circular dichroism spectra of /M
hIAPP,_3; with 40 uM phenol red show an inhibited transition from a random coil conformationfesheet. Only after 7096 h there is

some transition to #-sheet conformation. The spectra of phenol red in buffer (see the Supporting Information) were subtracted from the
corresponding final spectra. (D) Cytotoxicity assay of hlARBPand gradual concentrations of phenol red toward PC12 cells. Values are
meanst the standard deviatiom(= 4). (E-G) Ultrastructural morphology using TEM of #M hIAPP,_37 and 40uM phenol red from

the fluorescence inhibition assay. hIARE without the inhibitor after incubation for 30 h shows distinct characteristic dense fiber formation
(E), while in the presence of phenol red, no fibrils were visualized after 30 h when phenol red was included (F). After incubation for 48
h, some fibrils that were much less abundant on the TEM grid were observed (G).

assembly and molecular recognition processes that lead tasoleucine and valine are considered to be more efficient
the formation of amyloid structures. Here, we demonstrate -sheet formers than phenylalanine. Therefore, we suggest
that substitution of the key phenylalanine 23 residue with that aromatic interactions are an important factor in the
the other natural aromatic amino acids still enabled the process that leads to amyloid fibril formation. This notion
molecular recognition between the full-length IARE and is in agreement with recent studies de nao-designed

its core module, SNNFGAILSS (Figure 1). On the other peptides that suggested that hydrophobic interactions could
hand, substitution of phenylalanine 23 with any of the other not simply account for the formation of fibrils and that
natural hydrophobic amino acids completely impeded the specific interactions are crucial in the stabilization of fibrillar
molecular recognition process (Figure 1). Moreover, substi- aggregates3pb).

tution of the phenylalanine residue with other hydrophobic |nterestingly, the tyrosine peptide analogue, NYGAILSS,
amino acids also completely prevented aggregation of the yemonstrated a clear recognition of hIAPP in the peptide
peptides (Figure 2). array assay (Figure 1), but had no amyloidogenic activity

Therefore, the effect of these substitutions is unlikely to (21). We speculated that the difference in the molecular
merely reflect a change in hydrophobicity. In addition, this nature of tyrosine pair interactions, as compared to phenyl-
effect does not seem to reflect the ability to foffrsheet alanine pairs, accounts for the difference in the amy-
structures, the common structural component of fibrils, as loidogenic potential. It was recently demonstrated, using
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Ficure 6: Inhibition of hIAPP cytotoxicity towargb-cells. STC-tet rodent3-cells 31) were incubated for 24 h with 4M hIAPP;_37 in

serum free DMEM with or without phenol red, and viability was measured using the MTT reduction assgyC@l)viability compared

to that of cells incubated in the absence of hIAPP, in medium with or without phenol red, and the NYGAILSS control without IAPP.
Values are means the standard deviatiom & 4). p = 0.03 (one asterisk), arqa < 0.005 (two asterisks). SEM analysis/@tells grown

on microscope coverslips under the same conditions{B3-Cells after addition of hIAPP alone display membrane blebbing and collapse.
(E and F)B-Cells after addition of hIAPP in the presence of#d phenol red in the growth medium. (G and H) Contfetells that were
incubated under the same conditions without addition of hIAPP.

molecular dynamics simulations8€), that phenylalanine  minimum energy with no predominant structure. The most
pairs are preferentially arranged in a parallel displaced common structure that represented 26.1% of the population
geometry that is consistent with aromatic stacking. The had a T-shape orientation with a distance of 5.938)(
simulation revealed one predominant (91% of the population) The concept of differential geometry of aromatic inter-
phenylalanine-phenylalanine energetically favored stacked actions led us to test the ability of the NYGAILSS peptide
state, with 4.5 A distance between the two ring centroids, to serve as an inhibitor of amyloid fibril formation by IAPP.
which is consistent witl#-sheet stacking. On the other hand, The molecular dynamics studies of the heteroaromatic
the tyrosine-tyrosine pair had eight different states of phenylalaninetyrosine pair 86) revealed that the most
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common phenylalaninetyrosine geometry (64.7%) has an
oblique orientation with an angle of 3%.Between the two
normals to the ring. The stacked and T-shape geometries
were much less common (31.4 and 3.9%, respectively).
Indeed, the NYGAILSS peptide demonstrated a very sig-
nificant inhibitory activity as reveled independently by ThT
fluorescence (Figure 3), circular dichroism secondary struc-
ture analysis (Figure 3), and electron microscopy (Figure 4).
On the other hand, the NFGAILSS peptide accelerated fibril
formation, as previously reported for the NFGAIL peptide
(32). The NRGAILSS peptide, which had some level of
molecular recognition of IAPP, had no inhibition effect. We
assume that the NYGAILSS peptide’s ability to interact with
IAPP (Figure 1), yet in a geometry that is inconsistent with
amyloid formation, may account for such a significant
inhibitory effect.

Another approach to amyloid fibril inhibition is the use
of low-molecular weight inhibitors. The concept of unique
geometrical constraints of heteroaromatic interactions led us
to search for various polyphenolic compounds. Among the
compounds, phenol red was found to be a remarkable
inhibitor of IAPP fibril formation in vitro (Figure 5).
Moreover, pheonl red demonstrated a very efficient protec-
tion of pancreati@-cells from the cytotoxic effect of IAPP
(Figure 6). This result is quite intriguing as phenol red is a
simple, safe, nontoxic, and noncarcinogenic compound that
has been used for many years in tissue culture with no
adverse effect. The concept of inhibition of amyloid fibril
formation by polyphenols was independently demonstrated
by the efficientin wuitro inhibition of the Alzheimer's
f-amyloid polypeptide by wine polyphenol3%). However,

a clear mechanism of inhibition was not suggest&g.(

Taken together, our current study provides further experi-
mental support for the role of aromatic interactions in the
self-assembly of IAPP amyloid fibrils, using a comprehensive
nonbiased analysis. It also demonstrates the ability of a short
tyrosine-modified peptide and a small polyphenol molecule
to effectively inhibit the formation of amyloid fibrils by
hIAPP. These results, taken together with the demonstration
of amyloid formation inhibition by polycyclic molecule$4,

37) and the formation of amyloid fibrils by short aromatic
peptides 20—25, 38), further imply the use of aromatic
recognition motifs as targets for molecular design. We
assume that the inhibitory aromatic compounds compete with
the polypeptide monomers for interaction with the growing
fibrils. Irreversible or improved interaction by the inhibitor
should result in an efficient halt of the fibrillization process.
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