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Several proteins and peptides are known to form cytotoxic
oligomers and amyloid fibrils—mainly consisting of intermo-
lecular cross-p-sheets—upon misfolding and self-associa-
tion.'! As these amyloid aggregates deposit in tissues, they
are associated with cell degenerative diseases, such as type-2
diabetes mellitus (T2DM) or Alzheimer’s disease (AD).!
The present study is focused on the membrane-mediated
aggregation of heteroassemblies of the islet amyloid poly-
peptide (IAPP) and the f-amyloid (AP) peptide. The
extracellular deposits in the pancreas of patients with
T2DM are mainly composed of the 37-residue IAPP, which
is produced, stored, and secreted together with insulin by (3-
cells in the pancreatic islets of Langerhans.¥ The major
component of the extracellular plaques in AD brains is Af, a
40- or 42-residue fragment of the membrane-associated
amyloid precursor protein.*! Recent clinical studies have
pointed to a correlation between T2DM and AD, that is,
patients with T2DM have a higher risk to suffer from AD and
vice versa.! Remarkably, the sequences of IAPP and AP
show a 25% identity and 50% similarity and it has been
shown that fibrillation of IAPP can be cross-seeded by Ap
fibrils (Figure 1).”? Most importantly, recent studies in vitro in
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Figure 1. Primary structures of IAPP, the non-amyloidogenic IAPP
mimic IAPP-GI, and AB40.%'2 |dentical residues between sequences
are highlighted in red and similar residues are indicated in blue.”!
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the bulk phase have shown that early nonfibrillar and
nontoxic AP and IAPP species bind each other with high
affinity forming soluble, nonfibrillar, and nontoxic hetero-
oligomers and that this interaction delays the cytotoxic self-
association and amyloidogenesis of both Ap and IAPPL! In
this context, it has also been shown that the IAPP analogue
[(N-Me)G24, (N-Me)I26]-IAPP or IAPP-GI, a mimic of non-
amyloidogenic IAPP, forms nonfibrillar and nontoxic hetero-
assemblies with A and thus blocks the cytotoxic oligomer
and fibril formation by AB.*1>4 As AB and TAPP are present
in blood and cerebrospinal fluid at similar concentrations, an
in vivo interaction might be possible, which could be a
molecular link between AD and T2DM.C1!

Several studies have shown that lipid—peptide interactions
can play a crucial role in amyloid formation of both IAPP and
AR5 and the enhancement of fibrillation in the
presence of membranes is believed to be causatively linked
to the cellular damage caused by Af or IAPP assem-
blies.”?2] Here, the interaction of IAPP and A with a
complex heterogeneous (raft-like) model biomembrane
system comprising 15% DOPC, 10% DOPG, 40% DPPC,
10% DPPG, and 25 % cholesterol has been studied. This lipid
system allows for addressing effects of lateral heterogeneity
(i.e., coexisting liquid-disordered and liquid-ordered
domains) as well as charge effects upon peptide-membrane
interactions. Both effects have been shown to be important
for the membrane interaction of these peptides.['®!52-27-28]
Furthermore, the cross-interaction of IAPP and AP in the
presence of this membrane system was analyzed.

To gain a detailed picture of the membrane-mediated
aggregation process of IAPP, Af, and their 1:1 mixture at the
molecular level, both infrared spectroscopic and X-ray
scattering techniques were applied. Monolayers of the lipid
system were spread at the air—water interface and time-
dependent changes in the vertical and lateral structure and in
the packing properties of the membrane were analyzed by
synchrotron X-ray reflectivity (XRR), grazing incidence X-
ray diffraction (GIXD), and surface tensiometry. Time-
dependent changes in the secondary structure of the peptides
at a solid supported bilayer and the lipid—water interface were
determined by attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectroscopy and infrared reflection
absorption spectroscopy (IRRAS), respectively. Finally, the
interaction of AP with IAPP-GI under the experimental
conditions described above was also studied (for details on
the experimental procedures and techniques applied see
Refs. [14,18,27,29] and the Supporting Information).

First, the lateral organization and structure of the bilayer
and monolayer membrane systems were characterized. Sim-
ilar to literature data, coexistence of liquid-ordered and
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liquid-disordered domains was found in giant unilamellar
vesicles (GUVs) as well as in solid supported bilayers of the
anionic lipid mixture.”” By GIXD raft-like ordered domains
were also detected in the corresponding monolayer system.
The GIXD data reveal a single broad peak (Figure 2),
indicating existence of hexagonally packed lipids in ordered
crystalline-like domains. These small ordered domains are
floating within a disordered, fluid-like lipid matrix (see the
Supporting Information for details on the characterization of
the lipid membranes).

The temporal changes of the secondary structure of 3 um
IAPP in the presence of the anionic raft bilayer were
determined by ATR-FTIR spectroscopy (Figure 3a). The
peak maximum of the amide-I' band undergoes a strong shift
from around 1645 cm ™' towards around 1621 cm ™, indicating
a decrease of disordered and a-helical structures and a
concomitant increase of intermolecular (-sheets, pointing
towards an aggregation of IAPP. As all normalized spectra
seem to cross in an isosbestic kind of point (Figure 3 a, right),
the conversion of IAPP into the aggregated state appears to
occur cooperatively from an essentially disordered confor-
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Figure 2. GIXD patterns I(Q,,) of the anionic lipid raft monolayer on
different peptide subphases. For clarity, data are shifted vertically.
Inset: typical Bragg rod intensity profile I(Q,) obtained by integrating
along the Q,, region of the Bragg peak (here for the sample containing
250 nm Ap); the absence of a peak at Q,##0 indicates little or no
molecular tilt of the lipid tails.
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Figure 3. Shift of the amide-I" band of a) IAPP (3 um), b) AP (3 um), and c) an equimolar IAPP-AfB mixture (3 um each) with time after injection

into an ATR cell containing an anionic raft membrane at T=25°C. Left: Primary ATR-FTIR spectra after buffer subtraction and baseline correction.
Middle: Intensity normalization of the spectra shown on the left. d) Comparison of the ATR-FTIR spectra of IAPP (black) after 20 h, Ap (red) after
40 h, and the IAPP-AR mixture (blue) after 40 h, that is, at time points where the aggregation/fibrillation process was completed, and a spectrum

calculated from the sum of the pure IAPP and the pure AP spectra (green).
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mation to the aggregated (3-sheet containing form without
largely populating intermediate structures containing other
secondary structure motifs. IAPP aggregation and adsorption
at the membrane occur essentially simultaneously. Hence, in
accordance with literature data on homogeneous anionic lipid
bilayers, IAPP penetrates readily into the lipid bilayer of this
heterogeneous model biomembrane.['!® Together with these
previous results and complementary AFM data (see Fig-
ure S10a in the Supporting Information), the results suggest
that the IAPP assemblies (of ~40 % [-sheet content) that are
present after 3 h of incubation in our experimental system are
mature [APP fibrils. Similar effects as observed by ATR-
FTIR spectroscopy on the lipid bilayer membrane were also
found by IRRAS measurements on the lipid raft monolayer,
although the time scale of the process is different owing to the
different experimental setups (see Figure S6 in the Support-
ing Information). In addition, the XRR results reveal that
IAPP inserts into the head group region of the anionic lipid
raft monolayer during the first 3h (see Figure S5 in the
Supporting Information). No significant changes of the GIXD
patterns were recorded (Figure 2), suggesting that IAPP does
not interact with the ordered raft-like domains, but rather
partitions into the disordered domains of the heterogeneous
lipid layer, which are rich in DOPG and DOPC.

GIXD measurements were performed at selected time
points during the interaction of the lipid raft monolayer with a
250 nm A solution (Figure 2). Remarkably, two signals were
observed. The first, broad signal refers to the ordered
domains and resembles that of the pure lipid layer. The
second, sharp peak can be ascribed to additionally induced,
but larger ordered domains, which most probably consist of
ordered lipids (see the Supporting Information). Hence, the
incorporation of Af} would lead to a major reorganization of
the lateral structure of the lipid monolayer. However, it
cannot totally be ruled out that the sharp peak in the GIXD
pattern is attributed to AP forming ordered [-sheet aggre-
gates within the lipid monolayer. In the ATR-FTIR spectra of
3 um AP at the anionic raft membrane (Figure 3b), the peak
maximum of the amide-I' band is shifting with time from an
initial wavenumber of around 1655 cm™', which represents a
mainly a-helical conformation, to around 1625 cm™!, which is
related to intermolecular 3-sheet formation of an aggregated
peptide (see Figure S8 in the Supporting Information for
additional ATR-FTIR spectra at a higher concentration, 6 pm
Ap). In contrast to the IAPP aggregation process, AP
aggregation does not occur by a direct spectroscopic con-
version, but rather through the formation of intermediate
states, indicated by a continuous spectral shift from a-helical/
disordered conformations to (3-sheet rich structures (~40 %
after ~40 h). These intermediate structures, probably on the
oligomeric level, mainly consist of intra- and/or intermolec-
ular (3-sheets, both at a level of 20-25 %. Similar results were
obtained by the TRRAS monolayer measurements (see
Figure S6 in the Supporting Information). In agreement
with literature data, the aggregation of Af} is a complicated
multistep process consisting of several phases, which may
incorporate lipid molecules as well.?2%

The effect of the interaction of IAPP with Af on their
self-association in the presence of the anionic lipid raft bilayer
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membrane was studied by measuring an equimolar mixture of
both peptides (c =3 pum each) with ATR-FTIR spectroscopy
(Figure 3c¢). In this case, the peak maximum of the amide-I'
band shifted from around 1645cm™ (mainly disordered
structures) to around 1621 cm™' (intermolecular f-sheets),
similar to the behavior found for the pure IAPP. All
normalized spectra seem to cross in an isosbestic kind of
point, similar to pure IAPP (Figure 3a). This result and the
fact that the spectra of IAPP and the mixture are nearly
identical in shape and intensity after completion of the
aggregation, but differ significantly from the pure AP as well
as from the spectra calculated for the sum of pure IAPP and
pure AP (Figure 3d), suggest that the assemblies present in
the mixture show a structure resembling that of the assem-
blies present in the pure IAPP aggregates. This suggestion is
further supported by the absence of a time-dependent 3-sheet
formation for an equimolar mixture of IAPP-GI and Af (see
Figure S9 in the Supporting Information).”®! Here, mainly an
adsorption at the lipid interface is observed and no indication
for intermolecular (3-sheet formation is obtained. These data
are consistent with the previously reported inability of IAPP-
GI to form f-sheet aggregates and with the findings that the
IAPP-GI-Af heteroassemblies in bulk solution are non-
fibrillar and noncytotoxic.® !>

The complementary IRRAS and XRR/GIXD measure-
ments on the corresponding monolayer system corroborate
these conclusions (see Figures S5/S6 in the Supporting
Information): In the presence of both IAPP and Ap, the
IRRA profiles and electron density profiles indicate a
combination of the processes observed for pure IAPP and
Ap. However, the GIXD experiments (Figure 2) reveal a
similar lateral membrane organization upon addition of the
peptide mixture as in the case of IAPP alone, and the Af-
induced occurrence of a second ordered domain does not take
place in the ITAPP-AfB-membrane mixture.

The comparison of the time dependence of intermolecular
[B-sheet formation of the incubations of A} or IAPP alone and
the IAPP-Ap mixture in the presence of the lipid membrane
is presented in Figure 4. The ATR-FTIR data indicate
formation of two stable structural assemblies in the JAPP-
Ap mixtures containing the same structure motifs, however in
different amounts: the first one shows a content of around
29% [-sheets and forms within the first 3 h of incubation,
which is nearly identical to the rate of IAPP self-association
and markedly faster than the self-association of pure Af.
Recently, detailed biophysical studies have shown that the
interaction of AP and IAPP in the bulk initially results in
formation of nonfibrillar and nontoxic heterooligomers.®
Such heterooligomers are likely present between the time
points of 7 and 15 h in the current experimental setup and
convert thereafter in a very slow process to a second assembly
that shows a [3-sheet content of around 43 %. Interestingly, a
two-step self-assembly process was also observed for the A
alone incubation (see above). Notably, the $-sheet content of
the IAPP-Ap mixture at the end of the incubation process is
identical to the contents of the AP alone or IAPP alone
incubation. These results suggest that formation of a IAPP-
AP heteroassembly with a (3-sheet content of around 29 %
between 7 and 15 h under cellular membrane-like conditions
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Figure 4. Time evolution of the intermolecular (3-sheet content upon
aggregation of 3 um IAPP (black), 3 um AP (red) and an equimolar
IAPP-AR mixture (3 um each, blue) at T=25°C in the presence of an
anionic lipid raft bilayer, derived from peak fitting of the normalized
ATR-FTIR spectra.

delays but does not block fibrillation of IAPP and A, and is
thus in good agreement with the previously reported findings
in the bulk.® By comparison, within this time frame solutions
of IAPP alone consist mainly of “matured” IAPP aggregates,
likely fibrils (as suggested by AFM), whereas in the respective
AP alone solution, a fast transition of aggregates with 20 % f3-
sheet structure toward aggregates with 43% [3-sheets, likely
fibrils, is observed.

Complementary AFM studies in the presence of an
anionic mica interface, which may mimic the anionic lipid
surface, support these data (see Figure S10 in the Supporting
Information). They reveal only oligomeric species after 1 h of
aggregation for the IAPP-Af mixture, whereas a large
amount of fibrils is already visible for IAPP at this time
point. For the equimolar mixture of IAPP and Af—next to
oligomeric structures—protofibrils and short fibrils appear
after about 4 h of aggregation.

In summary, the results of this study provide mechanistic
insights into both the reported noncytotoxic nonfibrillar
heteroassemblies between AP and the nonamyloidogenic
IAPP-GI, as well as for the kinetic evolution of cell-toxic
assemblies in mixtures of AP} with the highly amyloidogenic
IAPP under cellular membrane-like conditions. The mixture
of both peptides is found to aggregate into 3-sheets and fibrils
slower as compared to pure IAPP. This behavior is similar to
the one observed in the bulk.®! The membrane-associated
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Figure 5. Interaction of IAPP, AB and equimolar IAPP-Af or IAPP-GI-
AP mixtures in the presence of an anionic lipid raft bilayer membrane.
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aggregate structures formed in the IAPP-Af heteroassembly
have a structure that appears to be 1) very similar to the
structure of the pure IAPP aggregates and 2) rather different
from the structure of the Af aggregates (Figure5). A
complete cross-inhibition of the fibrillation process in the
presence of the lipid membrane is not observed.
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