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ABSTRACT: Amyloid plaques comprising misfolded proteins
are the hallmark of several incurable diseases, including
Alzheimer’s disease, type-II diabetes, Jacob—Creutzfeld dis-
ease, and others. While the exact molecular mechanisms
underlying protein misfolding diseases are still unknown,
several theories account for amyloid fiber formation and their
toxic significance. Prominent among those is the “prion
hypothesis” stipulating that misfolded protein seeds act as
“infectious agents” propagating aggregation of nominally
healthy, native proteins. Recent studies, in fact, have reported
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that interactions between different amyloid peptides that are partly sequence-related might also affect fibrillation pathways and
pathogenicity. Here, we present evidence that two structurally and physiologically unrelated amyloidogenic peptides, the islet
amyloid polypeptide (IAPP, the peptide comprising the amyloid aggregates in type II diabetes) and an amyloidogenic
determinant of the prion protein (PrP), give rise to a significantly distinct fibrillation pathway when they are incubated together
in the presence of membrane bilayers. In particular, the experimental data demonstrate that the lipid bilayer environment is
instrumental in initiating and promoting the assembly of morphologically distinct fibrillar species. Moreover, cross-fibrillation
produced peptide species exhibiting significantly altered membrane interaction profiles, as compared to the scenario where the
two peptides aggregated separately. Overall, our data demonstrate that membranes constitute a critical surface-active medium for
promoting interactions between disparate amyloidogenic peptides, modulating both fibrillation pathways as well as the
biophysical properties of the peptide aggregates. This work hints that membrane-induced cross-fibrillation of unrelated
amyloidogenic peptides might play an insidious role in the molecular pathologies of protein misfolding diseases.

B INTRODUCTION

Protein misfolding diseases, including Alzheimer’s disease, type
II diabetes, and prion diseases, encompass diverse pathologies,
which, although varied in their physiological and medical
manifestations, share a common trait, formation of insoluble
aggregates comprising proteins and peptides that do not fold
properly.! Indeed, numerous studies have revealed that
different proteins that share little or no structural or sequence
homologies form aggregates, sometimes referred to as amyloid
plaques, comprising fibers that are remarkably similar in
morphology, characterized by intermolecular antiparallel p-
sheets, oriented roughly perpendicular to the axis of the fibers."

Extensive research over the past several years has aimed to
decipher the molecular basis of amyloid diseases.””* However,
there is still no concrete understanding of the factors
responsible for the physiological characteristics and severe
toxicity associated with such diseases. In particular, the
relationship between protein fibrillation, on the one hand,
disease initiation, and progression, on the other hand, has not
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been elucidated. Fibrillogenesis is believed to occur through
nucleation—growth mechanisms in which monomeric amyloid-
genic proteins assemble into long-range ordered fibers and
plaques.>® In this context, the “prion hypothesis”, suggesting
that misfolded protein species constitute “aggregation seeds”
that promote further aggregation of native proteins, has
established a specific molecular link between protein
aggregation and disease.”® Importantly, the prion hypothesis
underscores the significance of protein—protein interactions in
amyloidogenesis.”

While most previous investigations have focused on
individual disease-specific peptides forming fibrillar aggregates
(for example, aggregation of amyloid-beta (Af3), the peptide
constituent of the amyloid plaques associated with Alzheimer’s
disease'®), recent studies have demonstrated that interactions
between peptides associated with different diseases, respec-
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tively, can modulate fibrillation pathways and impact cells in
distinct manners as compared to the effects of the separate
peptides.'' For example, islet amyloid polypeptide (IAPP),
associated with type-II diabetes,'” and Af were found to
interact and cross-fibrillate in vitro, which might account for the
observation that patients with type II diabetics have a higher
risk for contracting Alzheimer’s disease and vice versa."> Cross
fibrillation is probably related to the resemblance between IAPP
and f-amyloid, which exhibit 25% sequence identity and 50%
sequence similarity."'

In this work, we investigated the effects of interactions
between IAPP and the 21-residue am?rloidogenic determinant
of the prion protein [PrP(106—126)]"* upon their fibrillation
pathways and the biophysical properties of the resultant
aggregate species. In particular, we aimed to evaluate peptide
interactions and cross-fibrillation phenomena in the presence of
membrane bilayers. Indeed, membranes and membrane
interactions have emerged in recent years as fundamental
factors involved in amyloidogenesis and protein fibrillation.'®
Numerous studies underscored the contributions and partic-
ipation of lipid bilayers in protein misfolding processes,
including the formation of amgrloid peptide-induced pores
and ion channels in membranes,'® lipid-promoted fibrillation,"®
membrane-induced inhibition of amyloidogenesis,"® and
membranes as targets for docking of amyloid protein
aggregates.17

B MATERIALS AND METHODS

Materials. PrP(106—126) was purchased from Peptron (South
Korea) in a lyophilized form at >90% purity (HPLC). Human IAPP
(amylin, human) was obtained from Mercury (Rosh Haayin, Israel), L-
a-phosphatidylcholine (egg, chicken), L-a-phosphatidylglycerol (egg,
chicken) (sodium salt), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
(DMPG), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(7-
nitro-2-1,3-benzoxadiazol-4-yl) (N-NBD-PE), and 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(N-Rh-PE) were purchased from Avanti Polar Lipids (AL). Thioflavin
T (ThT), 1,1,1,3,3,3-hexafluoro-2-propanol, sodium hydrosulfite, and
sodium phosphate monobasic were purchased from Sigma- Aldrich
(Rehovot, Israel).

Peptide Sample Preparation. IAPP and PrP(106—126) were
dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). IAPP was kept
at a concentration of 0.5 mg/mL and PrP at 2.5 mM. The peptides
were stored in these conditions at —20 °C until use to prevent fibril
formation. For each experiment, the solution was thawed, and the
required amount was dried by evaporation for 6—7 h to remove the
HFIP. The dried peptide samples were dissolved in buffer consisting of
10 mM NaH,PO,, pH 7.5, at room temperature.

Thioflavin T (ThT) Fibrillation Assay. ThT fluorescence
measurements were conducted at 25 °C on a Varioskan (Thermo,
Finland), by using 96-well-plate path cell culture plates. ThT
concentrations of 7.5 mM were used in 192 L solutions in each
well. Measurements of samples containing IAPP (15 uM), PrP (S50
uM), and mixtures of both peptides, with lipid vesicles (final
concentration 0.625 mM) and without vesicles present (both
experiment were conducted in buffer consisting of 10 mM
NaH,PO,, pH 7.5, kept at room temperature, liposomes were
prepared using the same buffer), were conducted simultaneously to
attain experimentally reliable comparisons. The device was pro-
grammed to record fluorescence intensity every minute for the initial 4
h and every 30 min for the remaining 20 h. Excitation and emission
wavelengths were 440 and 485 nm, respectively. The fluorescence
curves were smoothed by using a five-point adjacent averaging.

Forster Resonance Energy Transfer (FRET). Small unilamellar
vesicles (SUVs) (DMPC/DMPG at 1:1 mol ratio) were prepared by
dissolving the lipid components in chloroform/ethanol and drying

together in vacuo, followed by dissolution in phosphate buffer (pH
7.5) by probe-sonication of the aqueous lipid mixture at room
temperature for 10 min. Prior to drying, the lipid vesicles were
additionally supplemented with 1,2-dimyristoyl-sn-glycero-3-phos-
phoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl (N-NBD-PE)
and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (N-Rh-PE) at a 500:1:1 mole ratio
(phospholipid:N-NBD-PE:N-Rh-PE). IAPP (15 uM), PrP(106—126)
(50 uM), and a mixture of both were added to the vesicles (final
concentration 0.625 mM) at ¢ = 0. Fluorescence emission spectra were
acquired every 30 min for 12 h (excitation 469 nm) in the range of
490—650 nm using a Varioskan 96-well plate (Thermo, Finland).

To calculate the extent of FRET efficiency, the following equation
was used:

Ri - RIOO%

efficiency = X 100%

R0 - RIOO%

in which R is a ratio of fluorescence emissions NBD-PE (536 nm)/
Rhodamine B-PE (586 nm). R; is the ratio in the peptide/vesicles
mixtures, R)q was measured following the addition of 20% Triton X-
100 to the vesicles (Triton X-100 is a detergent causing complete
dissolution of the vesicles), and R, corresponds to the ratio recorded
for vesicles without any additives.

Fluorescence Quenching. SUVs were prepared according to the
procedure above (FRET experiments). Prior to drying, the lipid
vesicles were additionally supplemented with N-NBD-PE at a mole
ratio of 1:100 (N-NBD-PE: total phospholipids). IAPP (15 uM),
PrP(106—126) (50 #M), and a mixture of both peptides were added
to the vesicles (final concentration 0.625 mM), and aliquots of 30 L
were diluted at specific time points in phosphate buffer (pH 7.5) to a
final volume of 0.5 mL. The quenching reaction was initiated by
adding sodium dithionite, from a stock solution of 0.6 M in 50 mM
Tris buffer (pH 11), to give a final concentration of 1 mM. The
decrease in fluorescence emission was recorded for 10 min at room
temperature using 469 nm excitation and 560 nm emission on an
FL920 spectrofluorimeter (Edinburgh, Scotland, UK). The fluores-
cence decay curves were calculated as a percentage of the initial
fluorescence measured before the addition of dithionite.

Isothermal Titration Calorimetry (ITC). For individual peptide
measurements, we used an initial 0.2 mM peptide concentration. The
peptide mixture contained 154 uM PrP(106—126) and 46 uM IAPP
(mole ratio of 3.33:1). 170 L sample volume was inserted into the
Nano ITC low volume cell (TA Instruments, Newcastle, DE), and the
syringe was filled with 50 yL of DMPC/DMPG 1:1 S mM SUVs. After
reaching equilibrium, injection of 2 yL aliquots was carried out every 3
min for a total of 75 min. The TA Nano Analyzer software was used
for data analysis.

Differential Scanning Calorimetry (DSC). Multilamellar vesicle
dispersions were prepared by dissolving DMPC/DMPG (1:1 mol
ratio) in chloroform/ethanol (1:1) and drying in vacuo to constant
weight, followed by addition of phosphate buffer (pH 7.5, final lipid
concentration 2 mM). Glass beads were then added, and the sample
was thoroughly shaken. DSC experiments were performed on a VP-
DSC microcalorimeter (MicroCal, U.S.). Phosphate buffer (pH 7.5),
IAPP (15 uM), PrP(106—126) (50 uM), and a mixture of both
peptides were added to the vesicles (final concentration 0.625 mM),
and heating scans were run at a rate of 60 °C/h. Data analysis was
performed by the Microcal Origin 7.0 software.

Transmission Electron Microscopy (TEM). Peptide aliquots (S
uL) from samples used in the ThT experiments (after 24 h
incubation) were placed on 400-mesh copper grids covered with a
carbon-stabilized Formvar film. Excess solutions were removed
following 2 min of incubation, and the grids were negatively stained
for 30 s with a 1% uranyl acetate solution. Samples were viewed in an
FEI Tecnai 12 TWIN TEM operating at 120 kV.

B RESULTS

This study examines the effect of lipid bilayers upon the
fibrillation pathways of coincubated IAPP and PrP(106—126)
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and the biophysical properties of the peptide aggregates. The
vesicle system employed in the experiments was comprised of
dimyristoylphosphatidylcholine (DMPC), a zwitterionic phos-
pholipid, and dimyristoylphosphatidylglycerole (DMPG),
which is negatively charged. This simple lipid combination is
routinely used as a mimic for generic plasma membranes.'® The
presence of negatively charged lipids, in particular, has been
widellgy shown to participate in peptide fibrillation phenom-
ena.

Figure 1 presents the time evolution of thioflavine-T (ThT)
fluorescence emission, following addition of the dye to
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Figure 1. Kinetics of fiber formation. Time-dependent ThT
fluorescence curves indicating dramatically enhanced fibrillation in a
IAPP/PrP(106—126) mixture in the presence of DMPC/DMPG
vesicles. (i) PrP(106—126) in buffer; (ii) PrP(106—126) in DMPC/
DMPG vesicle suspension; (iii) IAPP in buffer; (iv) IAPP in DMPC/
DMPG vesicle suspension; (v) IAPP+PrP(106—126) in buffer; (vi)
IAPP+PrP(106—126) in DMPC/DMPG vesicle suspension.

solutions comprising the two peptides, with and without
DMPC/DMPG vesicles present. ThT is a common marker for
fiber formation as this small molecule fluoresces upon insertion
into f-sheet fibrillar structures.***' The ThT fluorescence
curves in Figure 1 attest to enhanced fibrillation of PrP(106—
126) and IAPP incubated separately with lipid bilayers in
comparison with lipid-free solutions [Figure 1, curves ijii (PrP)
and iii,iv (IAPP)]. Membrane-induced fibrillation of amyloid
peptides, including IAPP and PrP, have been previously
reported.”>**

The ThT data in Figure 1, however, point to a dramatic
fibrillation enhancement when PrP(106—126) and IAPP were
mixed and then added to the DMPC/DMPG suspension.
Indeed, the fluorescence emission ThT when added to the
PrP(106—126) and IAPP together in the presence of the lipid
vesicles (Figure 1, vi) was substantially higher in comparison
with either the two peptides without lipids (Figure 1, v), but
also as compared to the individual peptides incubated
separately with the lipid vesicles (Figure 1, iv, ii). Additional
ThT experiments underscore the prominent role of the
negatively charged headgroup of the phospholipid in promoting
the observed enhanced fibrillation. Supporting Information
Figure S1, for example, reveals negligible fibrillation of the
individual peptides or the peptide mixture in the presence of
either zwitterionic or positively charged moieties, while
pronounced fibrillation was recorded for PrP(106—126)/
IAPP mixtures in the presence of vesicles containing

dimyristoylphosphatidylserine (DMPS) or phosphatidic acid
(PA); both exhibit negatively charged headgroups.

As the ThT fluorescence results in Figure 1 point to
significant lipid-induced modulation of fiber formation in the
IAPP and PrP(106—126) mixture, we next characterized the
biophysical and structural properties of the peptide species
assembled (Figures 2—S5). Specifically, the experiments were
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Figure 2. Modulation of bilayer properties induced by peptide
aggregation. Forster resonance energy transfer (FRET) between NBD-
PE and Rh-PE dyes embedded within DMPC/DMPG bilayer vesicles.
FRET was recorded at different time-points after peptide dissolution in
the vesicle solution. Solid line, IAPP alone; dotted line, PrP(106—
126); dashed line, IAPP/PrP mixture. Value of “1” corresponds to
FRET in the control vesicles (no peptides added).

designed to assess whether the interactions between IAPP and
PrP(106—126) affected membrane interactions of the aggre-
gates formed. Close interplay between membrane interactions
and aggregation pathways of amyloidogenic peptides has been
observed in many instances.”* In particular, oligomeric and
prefibrillar species formed in the initial stages of peptide
fibrillation pathways have been shown to exhibit significant
interactions with lipid bilayers.*>*°

Figure 2 depicts Forster resonance energy transfer (FRET)
results recorded upon incubation of the peptides with DMPC/
DMPG vesicles that also contained NBD-PE (fluorescence
energy donor) and Rh-PE (fluorescence acceptor). Modulation
of the fluorescence energy transferred between the donor and
acceptor embedded within lipid bilayers is a sensitive probe for
the effect of membrane-active species upon lipid bilayers.*”
Specifically, lipid reorganization and bilayer fluidity changes
induced by amphiphilic or hydrophobic substances have been
shown to modulate the FRET between membrane-embedded
dyes.”>*®* In the context of this work, FRET experiments have
been previously applied for evaluating bilayer interactions of
amyloidogenic peptides.”**

The FRET time evolutions recorded in NBD-PE/Rh-PE/
DMPC/DMPG vesicles (1:1:500:500 molar ratio) depicted in
Figure 2 indicate that the IAPP/PrP(106—126) mixture exerted
a distinct impact upon lipid bilayers as compared to the effects
of the individual peptides incubated separately with the vesicles.
Specifically, incubation of IAPP alone with the NBD-PE/Rh-
PE/DMPC/DMPG vesicles gave rise to lower energy transfer
as compared to the control vesicles. This effect was apparent in
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all time-points recorded (Figure 2, solid line). This result
reflects disruption of the bilayer by the peptide, leading to less
efficient energy transfer.’’ PrP(106—126) alone affected the
FRET differently (Figure 2, dotted line). Essentially, this
peptide had a negligible effect upon the FRET between the
vesicle-embedded donors and acceptors except for the last time
point, in which the prion fragment increased FRET efliciency,
indicatin§ a different bilayer binding mechanism as compared
to IAPP.

The IAPP/PrP(106—126) mixture, however, gave rise to a
significantly different FRET time evolution as compared to the
two peptides added separately (Figure 2, long dash). Initially,
the peptide mixture induced lesser FRET upon addition to the
NBD-PE/Rh-PE/DMPC/DMPG vesicles, similar to IAPP
alone. However, the FRET efficiency considerably increased
in subsequent time-points, ultimately giving rise to much higher
FRET efficiency, both as compared to the control vesicles (with
no peptides added), as well as in comparison with the two
peptides added separately. The enhanced FRET is due to closer
average distance between the membrane-embedded dyes and
likely reflects a distinct bilayer interaction of the aggregates
formed through coincubation of IAPP and PrP(106—126),
possibly also invoking formation of mixed lipid-peptide
assemblies.

The fluorescence quenching experiments presented in Figure
3 corroborate the FRET results and their interpretation. In
fluorescence quenching experiments, sodium dithionite is
added to vesicles incorporating the fluorescent dye NBD-PE,
resulting in gradual quenching of the fluorescence emission of
the dye.** Importantly, the NBD quenching curves are highly
sensitive to addition of membrane-active species, which
modulate the interactions between the dithionite quencher
and the bilayer-embedded fluorescent dye.”® This observation
makes fluorescence quenching analysis a useful tool for
evaluating membrane interactions and subsequent bilayer
reorganization.

Figure 3 demonstrates significantly different effects upon the
NBD quenching curves by IAPP alone, PrP(106—126) alone,
and the two peptides coincubated with the NBD-PE/DMPC/
DMPG vesicles. In the case of IAPP (Figure 3), at the two
incubation times examined (short time after addition of the
peptide to the vesicles, and after 12 h incubation), the peptide
gave rise to more pronounced fluorescence quenching. This
result is indicative of bilayer perturbations by the peptide and/
or its aggregates, leading to excess exposure of the bilayer-
embedded NBD dye and subsequently to enhanced quenching
by the dithionite.>* This scenario is consistent with the FRET
data in Figure 2, which also point to a considerable degree of
bilayer reorganization occurring in parallel with the IAPP
fibrillation process.

In contrast to IAPP, PrP(106—126) impeded dithionite-
induced NBD quenching, particularly after 12 h incubation
(Figure 3). This result is likely ascribed to bilayer “shielding” by
the assembled PrP(106—126) fibers, a phenomenon reported
previously in the case of PrP and other fibrillar peptides.'® The
fluorescence quenching data acquired following incubation of
the NBD-PE/DMPC/DMPG vesicles with IAPP and
PrP(106—126) together (Figure 3) are different from either
IAPP by itself or PrP(106—126). Specifically, a significantly
faster quenching rate was observed a short time after addition
of the peptide mixture to the vesicles (Figure 3, dotted curve), a
result that is very similar to the quenching rate recorded
following addition of IAPP alone (Figure 3, dotted curve).
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Figure 3. Fluorescence quenching. Fluorescence quenching curves of
NBD-PE embedded in DMPC/DMPG vesicles following addition of
sodium dithionate at t+ = 0. The vesicles were incubated with PrP,
IAPP, or their mixture. Measurements were carried out immediately
after peptide addition (dotted curves) or after 12 h of incubation (long
dash). The bold curves correspond to the control vesicles (without

coaddition of peptides). Different effects of the peptides upon bilayer
organization are apparent.

However, the fluorescence quenching curve recorded after 12 h
of incubation is close to the control curve (Figure 3, broken
curve), indicating less pronounced bilayer disruption. This
result is consistent with the FRET data in Figure 2 and similarly
points to a distinct mechanism of bilayer interaction by the
peptide species formed through coincubation of the two
peptides.

To further illuminate the binding of the individual peptides
and peptide mixture to the DMPC/DMPG vesicles, we carried
out isothermal titration calorimetry (ITC) experiments,
designed to probe the thermodynamic parameters pertaining
to the peptide-lipid binding events®® (Figure 4). Consistent
with, and complementing the quenching and FRET data
presented above, the ITC results point to pronounced
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Figure 4. Binding of the peptides to lipid bilayers. Isothermal titration
calorimetry (ITC) data recorded upon addition of DMPC/DMPG
vesicles to (i) PrP(106—126); (ii) IAPP; (iii) PrP(106—126) + IAPP
mixture. (A) Heat flows recorded after injection of 2 uL vesicle
aliquots. (B) Molar heat values obtained through integration of the
individual heat flow signals, as a function of total lipid/peptide mole
ratio. The titration isotherm data points to distinct vesicle binding
mechanism of the peptide mixture.

differences in the vesicle binding profile of the PrP/IAPP
mixture, as compared to the two peptides added separately.

The raw ITC heat trace data in Figure 4A demonstrate
significant differences in the exothermic enthalpy released in
the titration process among the three samples, PrP(106—126)
and IAPP individually (Figure 4A,i and 4A,ii, respectively) and
the PrP(106—126)/IAPP mixture (Figure 4A,iii). The distinct
binding mechanism of the peptide mixture is particularly
apparent in Figure 4B, depicting the binding isotherms
calculated through integration of the titration peaks in Figure
4A for each peptide sample.

Notably, the binding isotherm of the peptide mixture (Figure
4B, curve iii) does not reflect superimposition (nor subtraction)
of the isotherms calculated for titrations of the two peptides
separately (Figure 4B, i and ii). This observation is important,
because it indicates that binding of the species formed in the
peptide mixture exhibits a unique bilayer binding mechanism
(reflecting distinct affinity, enthalpy, and stoichiometry of the
binding reaction) that is significantly different from the binding
profiles of the two amyloid peptides added individually to the
vesicles.

While the ITC analysis in Figure 4 underscores the distinct
binding mechanism of the IAPP-PrP(106—126)/IAPP peptide
mixture, we applied differential scanning calorimetry (DSC)
experiments to probe the effect of peptide binding upon lipid
organization within the bilayer (Figure 6). DSC is a sensitive
technique for deciphering changes in organization and
cooperative properties of lipid bilayers.>* The technique has

been particularly useful to probe membrane interactions of
amyloidogenic peptides.*®

Consistent with the experiments discussed above, the DSC
results in Figure 5 point to a dramatically different bilayer
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Figure 5. Effect of peptide aggregation upon thermodynamic
properties of the lipid bilayers. Differential scanning calorimetry
(DSC) thermograms of DMPC/DMPG vesicles incubated with IAPP
alone, PrP(106—126) alone, or IAPP/PrP(106—126) mixture,
respectively. The substantial temperature shifts and broadening of
the phase transition are indicative of a modulation of the bilayer
organization induced by the peptide aggregates formed during the
fibrillation process.

reorganization induced by the fibrillar species formed in the
IAPP/PrP(106—126) mixture, as compared to the effect of
each peptide separately. Specifically, while the thermogram of
the control DMPC/DMPG vesicles exhibits the expected single
gel-to-fluid phase transition at 24 °C,***® incubation of the
vesicles with the amyloidogenic peptides significantly increased
the temperature and broadened the phase transition (Figure $),
indicating phase separation into regions of different lateral
organization. The pronounced changes of the lipid phase
transition are a consequence of strong interactions with the
peptide’s aggregate structures, which significantly alter the lipid
bilayer organization and interfere with the cooperative
transition of the lipid acyl chains.*®

Of particular significance in the DSC results in Figure S is the
pronounced effect of the IAPP/PrP(106—126) mixture upon
the cooperative thermal transition of the lipid bilayer. Indeed,
the mixture induced a significantly greater temperature shift as
compared to incubation of the peptides separately. Consistent
with the FRET and quenching data discussed above, this result
likely underscores a distinct membrane binding and bilayer
disruption mechanism associated with the lipid-induced fibrillar
species formed in the IAPP/PrP(106—126) mixture, as
compared to the two peptides incubated separately.

As discussed above, Figures 2—5 show that peptide species
formed during cross-fibrillation within the IAPP/ PrP(106—
126) mixture exhibit distinct membrane interaction profiles,
clearly different from the individual peptides. A crucial
question, however, is whether the fibers formed in the peptide
mixture incubated with the lipid vesicles adopt distinct
structural features. Indeed, the representative TEM images in
Figure 6 provide dramatic visual depictions of the different fiber
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Figure 6. Peptide-assembled fiber morphologies. Transmission
electron microscopy (TEM) images recorded from lipid vesicle
solutions of the peptides. Each row depicts two representative images.
Scale bars in all images correspond to 100 nm.

morphologies formed following incubation of the peptides in
the DMPC/DMPG vesicle solutions. PrP(106—126) incubated
separately with lipid bilayers formed thick, short fiber bundles,’
which were closely associated with the vesicles (Figure 6, top
images). When IAPP alone was incubated with the vesicles, it
assembled into elongated thin fibers,?® interspersed with
abundant proto-fibrillar aggregates (Figure 6, middle).

Inspection of the IAPP/PrP(106—126) mixture, however,
reveals an abundance of striking regularly twisted fibrillar
structures (Figure 6, bottom images). The twisted structures
were not observed in IAPP/PrP(106—126) mixture incubated
in buffer (ie, without vesicles). While screw-shaped fiber
morphologies have been observed in protein aggregation
phenomena,® this topology has not been reported for either
IAPP or PrP. The observation of twisted fiber structures
provides strong evidence for the coassembly of both peptides
forming distinctly new fiber morphology.

B DISCUSSION

Among the primary impetus for this study is the yet
unexplained observation that patients inflicted with certain
amyloid diseases have higher chances of acquiring unrelated
protein misfolding diseases. In this context, this study aims to
address an important, largely overlooked issue in protein
fibrillation phenomena, particularly involving putative inter-
actions between amyloid proteins. Specifically, the experiments
were designed to determine whether the JAPP and PrP(106—
126) peptides, which do not share structure and sequence
homology and are associated with different diseases, interact

with each other when incubated together in the presence of
lipid bilayers. In particular, the underlying question addressed
by this study is whether such interactions alter their fibrillation
profiles and fiber properties.

The results presented clearly demonstrate that lipid vesicles
intimately affect interactions between the two peptides,
consequently modulating fibrillation pathways and the proper-
ties of the coassembled peptide aggregates. Interactions
between different amyloidogenic peptides have been reported.
“Cross-seeding” between bacterial amyloid curli peptides have
been implicated in mixed-species biofilm formation.** “Cross-
fibrillation” phenomena involving IAPP and amyloid-f have
been recently reported.'"'*> These observations have been
generally ascribed to the sequence similarity between these two
peptides.'"'> The experiments reported here, however, differ in
a critical aspect from previous cross-fibrillation analyses due to
the fact that the two peptides we studied, IAPP and PrP(106—
126), do not share sequence identity or similarity.

A principal observation in this study is the crucial role of
negatively charged lipid bilayers in promoting peptide
interactions and modulating the fibrillation pathway. The
ThT fluorescence data, in particular, point to a dramatic
modulation of the fibrillation reaction when the peptide
mixture is incubated in vesicle suspension as compared to an
aqueous solution not containing lipid bilayers (Figure 1). The
ThT results might be explained by either enhanced fibrillation
and/or formation of different fibrillar structures. Both scenarios,
however, directly depend on the presence of the DMPC/
DMPG bilayer environment. While the exact nature and
significance of membranes in amyloidogenesis and protein
misfolding have not been elucidated yet, numerous reports have
demonstrated the significance and close relationship between
lipid membranes and peptide aggregation.”**"** One possible
explanation is that the membrane provides a platform that
increases the local concentration of the two amyloidogenic
peptides, thereby facilitating fiber nucleation.”> This study
further underscores the critical role of lipid membranes in
sequestering amyloidogenic peptides and promoting “commu-
nication” and interactions between two distinct amyloidogenic
peptides, thereby intimately modulating their fibrillation
pathways and fibrillar morphologies.

A key question one needs to address is whether vesicle-
induced interactions between IAPP and PrP(106—126) lead to
the assembly of mixed fibrillar species, comprising both peptide
molecules. This issue has significant physiological implications
because assemblies formed through peptide aggregation
processes, such as oligomers, proto-fibrils, and fibers, have
been shown to impact the cellular membranes, likely interfering
with their biological functioning and contributing to the toxic
effects encountered in protein misfolding diseases.””** The
data presented here do not provide a conclusive answer to the
above question; however, altogether the experiments strongly
suggest that so far unknown unique aggregate species did
indeed form from the peptide mixture.

Specifically, the biophysical techniques applied (Figure 2—S5)
clearly demonstrate that the fibrillation process goes hand in
hand with distinct membrane interactions, which appear
differently as compared to each peptide incubated separately
with the vesicles. Indeed, the membrane interactions analyzed
through the various biophysical techniques appear not as simple
addition, “average”, nor synergistic enhancement of the
respective effects of the separate peptide species, but as being
rather unique.
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The TEM examination of the different fibrillar species
(Figure 6) lends further support to the notion that
coincubation of IAPP and PrP(106—126) in the presence of
negatively charged lipid vesicles gives rise to distinct fibers
comprising both peptides. Specifically, the remarkable screw-
shaped fiber morphology recorded in the peptide mixture is
markedly different from the fibrillar structures observed for the
individual peptides. Indeed, fibril morphologies of IAPP and
IAPP+PrP(106—126) incubated in buffer were highly similar to
IAPP alone (Supporting Information Figure S4) [PrP(106—
126) alone does not noticeably fibrillate within shorter time
spans when vesicles are not present].

It should be also noted that the ratio between the two
peptides in the mixture appears to be an important parameter
contributing to cross-fibrillation and the intriguing morphology
associated with the fibers. Indeed, it appears that the specific
IAPP:PrP(106—126) mole ratio employed here is required for
triggering cross fibrillation; when mixtures containing higher
mole ratio between IAPP and PrP(106—126) were examined
by electron microscopy, the images revealed a much higher
abundance of IAPP-like fibrils (Supporting Information Figure
S2).

While the exact mechanisms responsible for lipid-induced
seeding, “cross fibrillation”, and the resultant twisted morphol-
ogy and distinct membrane interactions have not been fully
established yet, the experiments suggest that the lipid bilayers,
through the negatively charged moieties displayed on their
surface, promote formation of aggregation nuclei.** We can
speculate that such nuclei, comprising PrP(106—126), IAPP, or
both, constitute a platform for further fibrillation that do not
discriminate between the two peptides, resulting in the
formation of mixed fibrils exhibiting the intriguing twisted
morphology and unique biophysical properties. Indeed, the
enhanced fibrillation of the PrP(106—126) + IAPP mixture as
compared to the two peptides taken separately supports a basic
cross-seeding effect, which amplifies the intrinsic aggregation
tendency of the individual peptides.

In accordance with the experimental results, calculations of
the amyloidogenic propensity of PrP and IAPP, using the 3D-
profile method***” (Supporting Information Figure S3), reveal
that segments of PrP and IAPP show the propensity to interact
and form short, self-complementing pairs of f-sheets termed
steric zippers,” which could serve as a core of a mixed fiber
assembly.

In conclusion, this work reveals a critical role of negatively
charged lipid membrane environments in promoting mutual
interactions between different amyloidogenic peptides, resulting
in unique fibrillation phenomena and distinct biophysical
properties of the assembled peptide species. Membrane-
promoted cross-fibrillation between unrelated peptides might
play a prominent role in the spread of amyloidogenic diseases
and point to previously unrecognized pathological pathways in
protein misfolding diseases.

B ASSOCIATED CONTENT

© Supporting Information

ThT fluorescence curves of the peptides in the presence of
zwitterionic, positively charged, and negatively charged lipids,
respectively. TEM images of fibers formed in vesicle solutions
containing the PrP(106—126)/IAPP mixture in a lower mole
ratio (e.g., higher IAPP concentration). Amyloidogenic
propensity of IAPP and PrP(106—126) homotypic and
heterotypic interactions predicted by the 3D-profile method.
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