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ABSTRACT: Type II diabetes mellitus is a disease which is characterized by peripheral insulin resistance
coupled with a progressive loss of insulin secretion that is associated with a decrease in pancreatic islet
�-cell mass and the deposition of amyloid in the extracellular matrix of �-cells, which lead to islet cell
death. The principal component of the islet amyloid is a pancreatic hormone called islet amyloid polypeptide
(IAPP). High-pressure coupled with FT-IR spectroscopic and AFM studies were carried out to elucidate
further information about the aggregation pathway as well as the aggregate structures of IAPP. To this
end, a comparative fibrillation study of IAPP fragments was carried out as well. As high hydrostatic
pressure (HHP) is acting to weaken or even prevent hydrophobic self-organization and electrostatic
interactions, application of HHP has been used as a measure to reveal the importance of these interactions
in the fibrillation process of IAPP and its fragments. IAPP preformed fibrils exhibit a strong polymorphism
with heterogeneous structures, a large population of which are rather sensitive to high hydrostatic pressure,
thus indicating a high percentage of ionic and hydrophobic interactions and loose packing of these species.
Conversely, fragments 1-19 and 1-29 are resistant to pressure treatment, suggesting more densely packed
aggregate structures with less void volume and strong cooperative hydrogen bonding. Furthermore, the
FT-IR data indicate that fragment 1-29 has intermolecular �-sheet conformational properties different
from those of fragment 1-19, the latter exhibiting polymorphic behavior with more disordered structures
and less strongly hydrogen bonded fibrillar assemblies. The data also suggest that hydrophobic interactions
and/or less efficient packing of amino acids 30-37 region leads to the marked pressure sensitivity observed
for full-length IAPP.

Proteins are able to form different types of insoluble
aggregates. On one hand, amorphous aggregates may be
formed, which have multiple protein conformations with
rather ill-defined intermolecular interactions. On the other
hand, more ordered protein structures such as amyloid fibrils
may be formed. Upon formation of amyloid fibrils, the
protein molecules that compose the fibrils (partially) lose
their native conformation and generally adopt ordered,
stacked cross-�-sheet structures (1–4). Protein amyloid
formation and accumulation are implicated in a number of
diseases, such Alzheimer’s and Parkinson’s disease, type II
diabetes mellitus (TIIDM),1 and prion disorders (1–4), and
seem to be important factors in the development of the
symptoms of these diseases. An interesting feature of fibril
structures is their polymorphism (5–7).

Despite the recent advances in the theoretical and experi-
mental techniques used to understand these aggregation
processes, the underlying mechanisms have proven to be
challenging to study. This is essentially due to the very low
solubility of amyloidogenic peptides and the irreversibility
of protein aggregation under ambient temperature and
pressure conditions, which complicates or even prohibits the
analysis of the underlying kinetic, thermodynamic, and
structural parameters. Also, the origin of fibril polymorphism
is still largely unknown. It may be caused by a polymorphism
of the protofilaments forming the mature fibrils, or the
polymorphism may represent different ways of organizing
otherwise identical protofilaments. Understanding the poly-
morphic nature of protein fibrils may be important in
understanding the ability of diseases to transmit between
individuals, sometimes crossing the species barrier as in the
case of prion protein.

In this work, we study the highly amyloidogenic islet
amyloid polypeptide (IAPP). IAPP is a 37-amino acid peptide
hormone (8) that is cosynthesized and cosecreted with insulin
by pancreatic �-cells (9). Several functions have been
associated with the soluble form of this hormone (9–13),
including the control of hyperglycemia by restraining the
rate at which dietary glucose enters the bloodstream. IAPP
aggregates in the extracellular matrix of the �-cells forming
fibrillar amyloid deposits. These deposits are present in
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approximately 95% of TIIDM patients and are strongly
associated with islet �-cell degeneration and loss (14, 15).
It has been demonstrated that the initial stages of IAPP fibril
formation are driven by the increase in the level of solvent
exposure of hydrophobicity patches (16) and that the IAPP
aggregation process has two distinct phases, a lateral growth
of oligomers and a longitudinal growth into mature
fibrils (16–18). The structural changes behind the fibrillation
process are still poorly understood, however.

Since the three-dimensional structure of IAPP is not yet
known, experimental studies on fragments of this peptide
can provide further insights into the mechanism of aggrega-
tion. Several studies indicate that amino acid residues 20-29
make up the main amyloidogenic region (19, 20), with a
particular emphasis on the penta- and hexapeptide sequences
IAPP 23-27 (FGAIL) and IAPP 22-27 (NFGAIL), respec-
tively, as minimal peptide sequences required for aggregation
(21). On the other hand, fragments IAPP 15-19 (FLHVS)
and IAPP 14-18 (NFVHL) and the possible importance of
aromatic residues (and thus π-π interactions) for amyloid
fibril formation were also discussed (21, 23), while the
N-terminal region of residues 1-19 may be essential for the
interaction with membranes (24, 25). Region 1-13, however,
has been reported not to form fibrils (26). On the other hand,
it has been reported that IAPP 8-20 is able to form fibrils
(26). To complement these studies, we decided to inspect also
the aggregation of synthetic human IAPP 1-19 N-amidated
and human IAPP 1-29 C-terminally amidated, both containing
a disulfide bridge between Cys 2 and Cys 7, in comparison
with the full-length peptide. The amidation was carried out for
a more realistic comparison with the natural human hormone,
in which this modification seems to play an essential role in its
hormonal function in vivo (27).

High hydrostatic pressure (HHP) has been widely used as
a tool in understanding protein stability and folding (28–39).
High pressure tends to destabilize proteins due the fact that
the protein-solvent system in the unfolded state occupies a
smaller volume than the system in the native state. In a
similar way, pressure leads to the dissociation of oligomeric
proteins. These effects seem to be caused by a combination
of factors. The presence of cavities within the folded proteins
or in the interface of oligomers favors unfolding or dissocia-
tion of these structures. The dissociation of electrostatic
interactions also leads to a marked reduction in the overall
volume caused by electrostrictive effects of the water
molecules around the unpaired polar and charged residues.
These effects compensate for the increase in volume as the
protein interior is disrupted, exposed to solvent, and hydrated
upon unfolding. Finally, hydrophobic interactions have been
shown to weaken upon pressurization (40).

Temperature-induced aggregation generally results in an
irreversible aggregation process, which may be explained
by less disfavored hydrophobic interactions at higher tem-
peratures. On the contrary, denaturation by high pressure
generally is a reversible process. Furthermore, high-pressure
treatment can lead to dissociation of aggregated structures
and may result in formation of monomers and natively folded
structures (33, 35, 41–43). Hence, in addition to cosolvent
and temperature perturbation, pressure-dependent studies are
able to shed new light on alternative folding-aggregation
pathways and their intermediate states.

Because of the fact that high hydrostatic pressure acts to
disfavor hydrophobic and electrostatic interactions that cause
protein aggregation, pressure-axis experiments are used in
this study as an efficient tool to elucidate new information
about the fibrillation processes and the polymorphic states
of IAPP and fragments thereof. High pressure coupled with
Fourier-transform infrared (FT-IR) spectroscopic studies and
atomic force microscopy (AFM) measurements are used to
reveal the changes in the peptide’s aggregate and fibril
formation under pressure perturbation. These results lead to
a more complete understanding of the aggregation pathways
and the possible amyloidogenic states of IAPP and its
fragments and may hence contribute to a better understanding
of the pathogenesis of type II diabetes mellitus.

MATERIALS AND METHODS

Synthetic human IAPP (hIAPP) was obtained from Cal-
biochem-Novabiochem (Bad Soden, Germany). Synthetic
human IAPP 1-19 N-amidated and human IAPP 1-29
C-terminally amidated, both containing a disulfide bridge
between Cys 2 and Cys 7, were obtained from PSL (Peptide
Specialty Laboratory, Heidelberg, Germany). NaH2PO4

buffer was purchased from Gibco BRL, and 2,2,2-trifluo-
roethanol (TFE) was obtained from Aldrich. HFIP (hexafluoro-
2-propanol), ThT (thioflavin T), D2O, and all other reagents
were from Sigma. The reagents were of the highest analytical
grade available. Predistilled water was filtered and deionized
through a Millipore purification system.

Incubation under pressure was carried out in a pressure
cell equipped with sapphire optical windows, similar to that
originally described by Paladini and Weber (44, 42). The
temperature of the pressure cell was controlled by means of
a jacket connected to a circulating bath. Pressure was
increased stepwise in increments of 150 bar until 3.5 kbar.

IAPP stock solutions were kept in 100% TFE at -20 °C
and diluted prior to the experiments to give the chosen final
concentration [in 50 mM NaH2PO4 (pH 7.4)], with residual
1% TFE. In an alternative fashion, IAPP and the fragments
used in this study (1-19 and 1-29) were dissolved in 100%
HFIP and corresponding amounts from the stock solutions
were subjected to overnight lyophilization under vacuum
prior to rehydration in buffer.

For the FT-IR measurements, CaF2 transmission windows
with 0.05 mm Teflon spacers were used. The temperature
in the cell was controlled with an external water circuit. FT-
IR spectroscopy has proven to be a powerful technique for
determining the secondary structure elements (33, 39, 45, 46).
The amide I′ band (between 1600 and 1700 cm-1) was
recorded, which is mainly associated with the carbonyl
stretching vibration of the amide groups and which is directly
related to the backbone conformation and hydrogen bonding
pattern of the protein. For scanning the samples before and
after pressure treatment, we used 50 mM NaH2PO4 (with
1% residual TFE in D2O for IAPP) at pD 7.4 and a protein
concentration of 0.1% (w/w) and additionally 0.5% (w/w)
for the fragments. The FT-IR spectra were recorded on a
Nicolet 5700 FT-IR spectrometer equipped with a liquid
nitrogen-cooled MCT detector. For the fragment studies,
spectra were recorded every 5 min for 20 h. For each
spectrum, 256 interferograms of 2 cm-1 resolution were co-
added. The sample chamber was continuously purged with
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dry air. From the spectrum of each sample, a corresponding
buffer spectrum was subtracted. All the spectra were base-
line-corrected and normalized for the amide I′ band area.
Data processing was performed with GRAMS.

For the atomic force microscopy (AFM) measurements,
samples were diluted with deionized water to yield a final
concentration of 1 µM. From this diluted solution, 20 µL
was applied onto freshly cleaved muscovite mica and allowed
to dry. Data were acquired in the tapping mode on a Multi
Mode TM SPM AFM microscope equipped with a Nano-
scope IIIa controller from Digital Instruments. As AFM
probes, Silicon SPM Sensors “NCHR” (force constant, 42
N/m; length, 125 mm; resonance frequency, 300 kHz) from
Nanosensors were used (36, 46).

RESULTS

High-Pressure Studies on Full-Length IAPP. To investi-
gate the stability of IAPP toward high pressure, either fresh
peptide or preformed IAPP fibrils were subjected to pressures
up to 3.5 kbar (350 MPa), and the changes were monitored
by FT-IR spectroscopy and AFM to yield information about
the transformation process and the structures evolving at
various levels of complexity. The protein solutions were
prepared from stock solutions in a water buffer with 1%
residual TFE. Such a condition has been shown to give rise
to or to synchronize the formation of preassembled �-sheet
structures which are rich in fibrils and protofibrils (47). FT-
IR spectroscopy was used to monitor the secondary confor-
mational changes, a common tool used to monitor confor-
mational transitions and to disentangle different �-sheet
structures that accompany protein aggregation processes that
can also be used to carry out pressure-dependent studies
(33, 39, 45). Figure 1 shows FT-IR spectra of various IAPP
samples: freshly dissolved IAPP and IAPP aggregated for 3
days at ambient pressure and at 3.5 kbar, respectively. All

spectra were recorded at room temperature (25 °C). The FT-
IR spectrum of the freshly prepared IAPP sample (5 min
after preparation) at a concentration as high as 0.1% (w/w)
exhibits an intense IR band appearing at ∼1622 cm-1, which
is due to intermolecular parallel �-sheet structures, and a
pronounced peak at 1673 cm-1, which is due to turns and
residual trifluoroacetic acid (TFA) in the sample. Such an
IR pattern is indicative of the aggregated state of IAPP
according to data of other amyloidogenic proteins, like
insulin (43, 46). After the incubation period of 3 days at
ambient temperature and pressure, the IR spectrum exhibits
similar features, with a broadening and a small shift of the
amide I′ band to slightly smaller wavenumbers (∼1618
cm-1), however. Very likely, a distribution of different sizes
and shapes of IAPP aggregate is found initially, and the
overall size of the structures evolving increases with an
increase in IAPP concentration. After the incubation period,
it seems that the �-strands are realigning from a nonperfectly
packed initial state to more ordered structures with stronger
H-bonding, leading to the observed shift of the amide I′ band
to 1618 cm-1 accompanied by an increase in the �-turn
content. When IAPP was aggregated under pressure (3.5
kbar), the aggregate band shifts to significantly smaller
wavenumbers (∼1614 cm-1), indicating that the pressure
treatment leads to the formation of a different aggregate
structure with stronger intermolecular H-bonding between
�-sheet strands, or to a larger population of these species.

To reveal the different morphological structures formed,
AFM measurements were carried out for this IAPP concen-
tration under the same preparation conditions (Figure 2).
Most of the aggregate structures seen in the sample that was
not subjected to HHP are short (<1 µm) fibrils with average
diameters of 5-15 nm as determined from the AFM height
profile. Such rather short fibrillar structures probably appear
due to a comparably fast nucleation process at this rather
high peptide concentration. The pressure-treated sample
(Figure 2B) still contains fibrils, but also a significant amount
of smaller oligomeric particles (0.5-1.5 nm in size).

Taking the FT-IR spectroscopic and AFM results together,
we may conclude that the sample subjected to high-pressure
treatment displays less fibrillar �-sheet structures and a larger
population of smaller amorphous aggregates with a different
H-bonding pattern. To support these conclusions, the samples
with and without 3 days of pressure treatment were centri-
fuged at 16000 rpm and 4 °C for 20 min to remove any
insoluble material and the protein concentration of the
supernatant was determined from the UV absorbance at 274.5
nm, using a molar extinction coefficient of 1440 M-1 cm-1

(16). Protein was detected only for the pressurized IAPP
(∼17% of the overall protein concentration). Immediately
after the absorbance measurements, also far-UV CD spectra
were recorded. The HHP-treated sample exhibited a strong
negative band at 200 nm and a positive band at 230 nm,
characteristic of the presence of unordered structures (data
not shown). The different fibrillar and nonfibrillar amorphous/
oligomeric morphologies found for the high-pressure-treated
sample indicate that not all IAPP aggregate structures are
equally sensitive to pressure, hence suggesting the existence
of pressure resistant fibrils with densely packed cores and a
population that can be dissociated by HHP.

Kinetics of Aggregation of IAPP and IAPP Fragments.
We also carried out a detailed comparative kinetic study of

FIGURE 1: FT-IR spectra (at the top) of IAPP (s) freshly dissolved
sample at time zero, (- ·-) after aggregation for 3 days in 50 mM
NaH2PO4 (pD 7.4) at ambient pressure, and (---) after 3 days at
3.5 kbar. All data were taken at 25 °C. At the bottom of the figure,
the second-derivative spectra are shown, which allow a more
accurate determination of peak positions.
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the aggregation-fibrillation reaction of hIAPP, hIAPP 1-19,
and hIAPP 1-29 in neutral buffer at 37 °C by FT-IR
spectroscopic analysis. The peptides were originally dissolved
in HFIP (hexafluoro-2-propanol) and subjected to overnight
lyophilization prior to rehydration in buffer. Whereas the full-
length IAPP readily forms fibrils even at concentrations in
the low micromolar range, the aggregation reaction of the
fragments occurs in a reasonable time range at much higher
concentrations, only. Hence, kinetic experiments were carried

out with 0.1 and 0.5% (w/w) solutions at 37 °C. All freshly
dissolved peptides analyzed by FT-IR spectroscopy show a
predominantly disordered conformation at time zero (Figure
3A), indicated by a broad amide I′ peak at ∼1642-1644
cm-1. Both full-length IAPP and IAPP 1-29 already contain
a significant amount of �-sheet structures from the very
beginning of the experiment at these concentrations. A
characteristic shift from random coil to �-sheet structures is
observed for all three peptides, with a significant amount of

FIGURE 2: AFM height images of 0.1 wt % IAPP aggregates after 3 days without (A) and with pressure treatment at 3.5 kbar (B). The same
samples analyzed by FT-IR spectroscopy were diluted with deionized water to yield a final concentration of 1 µM. Twenty microliters was
applied onto freshly cleaved muscovite mica and allowed to dry before the AFM analysis (39).

Effect of Pressure on IAPP Aggregation Biochemistry, Vol. 47, No. 24, 2008 6355



random/turn structures still present in the case of the two
fragments even after 24 h (Figure 3C). As revealed in Figure
3C, the random coil to �-sheet conversion is much more
pronounced for the full-length IAPP in comparison to the
fragments. The position of the IR aggregate bands occurs at
slightly different positions: at 1625 cm-1 for IAPP 1-19, at
∼1618 cm-1 for IAPP 1-29, and at 1616-1618 cm-1 for
full-length IAPP. For both IAPP fragments 1-19 and 1-29,
the shift from random coil to �-sheet conformation occurs
rather rapidly within the first 20 min, followed by a much
slower increase in �-sheet content, not reaching plateau
values even after 3 h (Figure 4). Conversely, for full-length
IAPP, after a slightly slower initial nucleation process, the
random to �-sheet conversion is completed after 40 min. To

ensure sufficient time for complete fibril maturation in all
three cases, we incubated samples prepared in the same
manner as for the FT-IR experiments at 37 °C for 24 h prior
to taking aliquots for the AFM analysis (Figure 5). Due to
the peak of the remaining TFA in the sample, peak fitting
of the data is not very precise, the �-sheet content of the
mature fibrillar state can be estimated only from the FT-IR
data, also assuming similar transition dipole moments for
the various conformers. The �-sheet content at the end of
the experiment (after ∼20 h) is higher than 50% for IAPP,
∼32% for IAPP 1-19, and ∼27% for IAPP 1-29.

Via a comparison of the second-derivative IR spectra of
the final fibrillar structures (Figure 3C), it can be seen that
fragment 1-29 is the only one with a single peak in the
�-sheet region, which appears at 1618 cm-1. IAPP 1-19
shows two �-peaks, a major one at 1625 cm-1 and a small
one at ∼1611-1614 cm-1. For comparison, full-length IAPP
shows a main peak at ∼1616 cm-1 with a shoulder around
1625 cm-1. Both full-length IAPP and fragment 1-19 exhibit
an additional peak around 1640 cm-1 (much more pro-
nounced for IAPP 1-29), indicating a significant population
of remnant unordered structures.

The different wavenumbers assigned to individual peptide
�-aggregate structures indicate different packing properties.
The smaller the wavenumber, the stronger the H-bond
strength of the intermolecular �-sheet structure. Hence,
compared to IAPP and fragment 1-29, fragment 1-19
seems to form less strongly H-bonded and more disordered
�-sheet fibrillar structures. Considering the fact that fragment
1-29 shows essentially one peak in the �-sheet region, only

FIGURE 3: FT-IR spectra of freshly dissolved IAPP and fragments of IAPP at a concentration of 0.1 (A) and 0.5 wt % (B): (s) IAPP,
(---) IAPP 1-19, and (- ·-) IAPP 1-29. In panels C (0.1 wt %) and D (0.5 wt %), the IR spectra collected at the end of the experiment
(after 24 h) and the corresponding second-derivative spectra are shown, which allow a more accurate determination of peak positions. All
data were recorded at 37 °C in 50 mM phosphate buffer (pD 7.4).

FIGURE 4: Kinetics of the aggregation process for all three [(9)
IAPP, (2) IAPP 1-19, and (b) IAPP 1-29] based on the
normalized maximum peak intensities in the �-sheet region of the
amide I′ band. All data were recorded at 37 °C in 50 mM phosphate
buffer (pD 7.4).
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(at ∼1618 cm-1), this indicates that in fragment 1-29 the
amino acid regions of residues 1-19 and 20-29 seem to
take part in forming �-strands cooperatively and pack
efficiently against each other.

To gain insight into the morphology and particular
characteristics of the aggregate and/or fibril structures (size,
length) formed by these three peptides, tapping-mode atomic
force microscopy (AFM) studies were employed. Most
aggregate structures seen for IAPP 1-19 (Figure 5a) under
these preparation conditions are 1-2 µm long. The sample
seems to be rather polymorphic, with a relatively large
population of different aggregate types with probably cor-
respondingly different hydrogen bonding patterns (see FT-
IR data above). The following main types of structures can

be identified: Fibrils 5-15 nm in height and 1-2 µm in
length, similar to what is normally seen for full-length IAPP
(Figure 2); thin protofibrils 1-2 µm in length and 0.5-1.5
nm in diameter; and thick and short fibrils <1 µm in length
and 50 nm in thickness are observed, probably as a result of
considerable lateral growth. In addition, some bent structures
and a large population of oligomers (top right corner of
Figure 5a) have been detected as well.

The corresponding fibrillar structures for IAPP 1-29 and
full-length IAPP are shown in panels b and c of Figure 5,
respectively. IAPP 1-29 also exhibits a polymorphic be-
havior forming different types of fibrillar structures upon
aggregation, ranging in length from 200 nm up to 2 µm with
diameters of 5-15 nm as seen for IAPP as well. The fibrils

FIGURE 5: Selection of AFM height images of 0.1 wt % (a) IAPP 1-19, (b) IAPP 1-29, and (c) full-length IAPP aggregates after 24 h at
37 °C. Samples incubated under the same conditions as those measured in the FT-IR sample cell were diluted with deionized water to yield
a final concentration of 1 µM. Twenty microliters was applied onto freshly cleaved muscovite mica and allowed to dry before the AFM
analysis.
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are often found to be branched, and sometimes bent fibrils
are seen. Under these experimental conditions, IAPP forms
mostly one type of fibril, 1-2 µm long with a diameter of
15 nm (Figure 5c). Often, bent structures are found as well.
Oligomeric species and protofibrils are also present, but to
a much smaller extent than for the IAPP fragments.

We have further increased the concentration of the
fragments up to 0.5% (w/w). A similar kinetics of aggrega-
tion was observed as in the case of the 0.1% (w/w) solution.
The spectral characteristics are also similar to those of the
lower concentration (Figure 3B,D). For the IAPP 1-19
aggregate, we observe again two peaks, a major peak at 1625
cm-1 and a second one at 1611-1614 cm-1, the latter being
more pronounced at this higher concentration (Figure 3D).
Hence, all the characteristics observed for the concentration
of 0.1% (w/w) are observed at this higher concentration as
well, including the AFM morphologies of the fibrillar
structures that formed.

High-Pressure Studies on IAPP Fragments. High-pressure
studies were carried out on both IAPP fragments and to
reveal if high-pressure treatment is able to disrupt the mature
fibrillar structures formed by fragments 1-19 and 1-29.
Samples were first incubated at 37 °C for 24 h, thus allowing
complete fibrillation. From these samples, aliquots were taken
for the FT-IR spectroscopic and AFM analysis. The samples
were then subjected to high hydrostatic pressure (3 kbar)
for an additional 24 h at 25 °C.

Representative FT-IR results are shown in Figure 6. Unlike
what we have previously observed for the pressurized full-
length IAPP samples, the fragments show no major spectral
changes when the pressure-treated samples are compared
with the untreated ones. This suggests that the fragments
form aggregates which are rather pressure-insensitive, i.e.,
contain densely packed cores which are more pressure-stable
than the full-length IAPP aggregates. This obviously holds
true for all aggregate structures present which have been
detected by AFM analysis, the oligomeric and the fibrillar

ones. In accordance with the FT-IR spectroscopic data, the
AFM pictures of the pressurized samples did not exhibit
significant morphological changes as well (data not shown).

DISCUSSION AND CONCLUSIONS

Here we report on high-pressure work with IAPP, includ-
ing IAPP fragments, aim to reveal new information about
their aggregation pathways and the structural properties and
polymorphic nature of their aggregate and/or fibril structures.
The conceptual framework for using such pressure-axis
experiments is as follows: The interior of proteins is largely
composed of rather efficiently packed residues (with a void
volume on the order of ∼0.5%), more likely hydrophobic
than those at the surface. High hydrostatic pressure induces
conformational fluctuations due to a decrease in the strength
of hydrophobic and electrostatic interactions, finally leading
to partial pressure-induced unfolding through transfer of
water molecules into the protein interior, gradually filling
cavities and leading to the dissociation of close hydrophobic
contacts and subsequent swelling of the hydrophobic protein
interior (39, 40).

We point out in the introductory section that IAPP has
not only one but several amyloidogenic cores that are
interacting to form an organized aggregate structure and that
hydrophobic interactions may drive the initial stage of the
aggregation process. According to the literature, aggregation
of the C-terminal domain of IAPP [amino acid residues
20-29 and 30-37 (26)] is thought to be most likely driven
by hydrophobic interactions (48). Previous theoretical studies
regarding secondary structure predictions of human IAPP
indicate that there is one potential R-helical region between
amino acid residues 8 and 14 and three potential �-strand
regions. A �-turn has been predicted at Asn31, which would
result in two adjacent �-strands (32-37 and 24-29); a third
�-strand is proposed to exist in region 18-23 (48). These
predictions have been complemented by experimental studies,
showing aggregation into ordered fibrillar structures of
fragments 8-20 and 8-37 as well (19, 48). Additionally,
in our study, the comparison of the fibrillation of the different
peptides indicates that IAPP 1-19, IAPP 1-29, and full-
length IAPP are all three capable of self-assembly under
similar conditions in vitro, to different extents, however.
Interestingly, we found that fragment IAPP 1-19 is also
prone to self-assembly and fibrillation. These findings suggest
that the only region of IAPP reported not to form fibrils so
far is region 1-13, to be more precise, region 1-8, which
is the region exhibiting amino acid residues not prone to
forming �-sheets. Rather, this region has been suggested to
be responsible for membrane insertion (24, 25) and has most
likely a modulating influence on conformational conversions
and fibril formation (48).

As HHP is acting to weaken or even prevent hydrophobic
self-organization and electrostatic interactions, we may
expect that application of HHP may be used as a measure
to reveal the importance of these interactions in formation
of aggregates and/or fibrils of IAPP and its fragments. With
all data taken together, a hypothetical model for IAPP fibril
formation may be suggested: IAPP undergoes fast nucleation
(due to several amyloidogenic “cores”), largely driven by
hydrophobic interactions. Hence, formation and packing of
fibrils are not perfect, and mixed-registry �-sheet structures

FIGURE 6: FT-IR spectra in the amide I′ band region and the
corresponding second-derivative spectra of 0.5 wt % IAPP 1-19
(at the top of the figure) after aggregation for 24 h in 50 mM
NaH2PO4 (pD 7.4) at ambient pressure (---) and after an
additional 24 h at 3 kbar (s). At the bottom of the figure, the FT-
IR spectra and the corresponding second-derivative spectra of IAPP
1-29 after aggregation for 24 h in 50 mM NaH2PO4 (pD 7.4) at
ambient pressure (- ·-) and after an additional 24 h at 3 kbar ( · · · )
are shown. All data were recorded at 37 °C.
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might exist, in particular at these high protein concentrations
that were used, which can partially be dissociated by pressure
leading to smaller aggregate structures and oligomers. An
HHP as low as ∼3 kbar is sufficient to weaken and (at least
partially) disrupt the hydrophobic cores, thus leading to
formation of a heterogeneous population of fibrillar ag-
gregates with IR amide I′ bands in the low-wavenumber
region (which is typical of a more strongly H-bonding pattern
of intermolecular �-sheets) and a large amount of nonfibrillar
smaller aggregates and oligomers, as detected by AFM. Our
data also indicate that at least some of the preformed IAPP
fibrils are sensitive to high hydrostatic pressure, similar to
loosely packed, amorphous aggregates and inclusion bodies
(44, 49, 50). Considering the fact that high hydrostatic
pressure is an effective means of disturbing ionic and
hydrophobic interactions but not hydrogen bonds, we can
conclude that these former two types of interactions are also
important for the stability of full-length IAPP fibrillar
aggregates, as also suggested in work using denaturing agents
(16).

Unlike full-length IAPP, the fragments investigated here
exhibit an enhanced stability toward high-hydrostatic pressure
treatment with maintenance of their fibrillar structures even
up to pressures of 3 kbar. This points toward more densely
packed aggregate structures with less defect volume and
strong cooperative hydrogen bonding in these fragments
when compared to full-length IAPP. The FT-IR data clearly
indicate that fragment 1-29 has intermolecular �-sheet
conformational properties different from those of fragment
1-19, the latter exhibiting polymorphic behavior with more
disordered structures and less strongly H-bonded fibrillar
assemblies. Obviously, hydrophobic interactions and elec-
trostatic interactions as well as packing defects play a minor
role in the IAPP 1-29 assemblies. Also, this indirectly
implies that in the C-terminal region, hydrophobic interac-
tions and/or less efficient packing for amino acid residues
30-37 (present in full-length IAPP, sensitive to high
pressure) becomes more important than in fragment 20-29
(present in IAPP 1-29), which leads to the marked pressure
sensitivity observed for full-length IAPP. The different
molecular configurations of the peptides are probably the
basis for the various structures and morphologies observed
here. The packing of the residues outside the backbone region
may constitute the observed polymorphisms.

CONCLUDING REMARKS

We have seen that the conformational stability of the fibrils
varies, probably reflecting the difference in side chain
packing inside the amyloid fibrils. A polypeptide’s amino
acid sequences are optimized by evolution for folding into
the native conformation, but it is unlikely that a tight packing
of the side chains can also be achieved for all residues in
the non-native fibrillar structures (51). This is in accord with
findings that amyloid fibrils made of short peptides or
fragments of amyloidogenic proteins, such as of IAPP in
this study or of TTR (52, 53), can be more densely packed.
Presumably, in the case of many full-length polypeptide
chains such as full-length IAPP, R-synuclein, and TTR, a
dense packing can be achieved only in the core region(s) of
the fibrils, leaving some loosely packed side chains in other
regions. An amyloid structure without optimal packing is

likely to enable formation of various isoforms, suggesting
the structural basis of multiple forms of amyloid fibrils in
contrast to the unique native fold of functioning proteins.

A disease caused by fibrillation of a protein often shows
variations in terms of phenotypes and incubation periods.
Such phenomena are termed strains and are thought to be
connected to the fact that fibrils, also depending on the
environmental conditions, can have various structural iso-
forms known as morphologies. Clearly, similar to, for
example, insulin (41) and glucagon (54), also IAPP seems
to belong to this class of amyloidogenic proteins. In
analogy to the multiple-kinetic-pathway folding tunnel
described by the energy landscape for globular protein
folding, it seems to be very likely that there are generally
also multiple routes to the formation of mature amyloid.
Using the pressure variable, we are able to reveal
additional details of the polymorphic forms of amyloid
and its precursors as well as the transformation processes
between these polymorphic states.
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