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ARTICLE INFO ABSTRACT
Keywords: The intrinsically disordered human islet amyloid polypeptide (hIAPP) is a 37 amino acid peptide hormone that is
IAPP secreted by pancreatic beta cells along with glucagon and insulin. The glucose metabolism of humans is regu-
Amylif_l lated by a balanced ratio of insulin and hIAPP. The disturbance of this balance can result in the development of
Amyloid type-2 diabetes mellitus (T2DM), whose pathogeny is associated by self-assembly induced aggregation and
:r:;s amyloid deposits of hIAPP into nanofibrils. Here, we report pressure- and temperature-induced changes of NMR

chemical shifts of monomeric hIAPP in bulk solution to elucidate the contribution of conformational substates in
a residue-specific manner in their role as molecular determinants for the initial self-assembly. The comparison
with a similar peptide, the Alzheimer peptide AB(1-40), which is leading to self-assembly induced aggregation
and amyloid deposits as well, reveals that in both peptides highly homologous areas exist (Q10-L16 and
N21-L27 in hIAPP and Q15-A21 and S26-132 in AP). The N-terminal area of hIAPP around amino acid residues
3-20 displays large differences in pressure sensitivity compared to AP, pinpointing to a different structural
ensemble in this sequence element which is of helical origin in hIAPP. Knowledge of the structural nature of the
highly amyloidogenic hIAPP and the differences with respect to the conformational ensemble of AB(1-40) will
help to identify molecular determinants of self-assembly as well as cross-seeded assembly initiated aggregation
and help facilitate the rational design of drugs for therapeutic use.
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1. Introduction

Proteins can generally and inherently exist in a variety of con-
formational substates under native-like conditions, and thus display
conformational fluctuations, i.e., one protein molecule may reveal a
whole number of conformational substates (CS) [1,2]. Identifying and
studying these functionally relevant protein substates is generally not
easy, since low fractional populated CS at ambient conditions are often
not traceable [3]. As a result, many events in protein conformational
dynamics possibly crucial and important for protein function, such as
ligand binding and protein-protein interaction, stay completely un-
detectable [2,3]. The perturbation of the subpopulations by tempera-
ture and chemical means, such as small molecule compounds, are often
used to offset the equilibrium populations and characterize the other-
wise rare CS. Since some of the CS could only be separated by small
energy differences, it may be difficult to achieve a separation by tem-
perature or chemical perturbations. Vice versa, the third fundamental
thermodynamic variable, pressure, can control the population of pro-
tein CS by affecting the dynamic equilibrium through volume differ-
ences with only minor energetic changes [3-10]. According to the
principle of Le Chételier, pressure favors states with smaller partial
volumes. These are often more solvated than the native state through
electrostriction, the hydration of newly exposed polar or non-polar
residues, and the loss of cavities originating from packing defects in the
folded ensemble of proteins. Many of these effects can be observed upon
pressurization of proteins [3,8,10]. The application of high hydrostatic
pressure (HHP) will populate low-lying excited CS which may be in-
timately involved in function since such states generally have a lower
partial molar volume (see, e.g., Akasaka et al. [10]). HHP provides an
elegant means to populate excited CS for spectroscopic studies, since
HHP can be easily fine-tuned in the pressurization and depressurization
direction, and its effects are generally reversible in biomolecular sys-
tems. Conformational selection postulates that the CS of proteins pre-
exist in solution depending upon regions of the energy landscape
(featuring several minima). These pre-existing CS may not always be
easily detectable, however [11-13]. Many protein-ligand, protein-pro-
tein, and protein-nucleic acid interactions, where the binding of dif-
ferent partners leads to a population shift and thus redistribution of the
already existing conformations, display features of conformational se-
lection.

Here, we apply the pressure and temperature perturbation approach
to gain insights into the CS of the human islet amyloid polypeptide
(hIAPP), a highly amyloidogenic peptide. Our aim is to uncover the
conformational states responsible for nucleation initiation leading
subsequently to aggregation and finally amyloid formation of the
polypeptide. The hormone hIAPP comprises 37 amino acids and is se-
creted by pancreatic beta cells along with glucagon and insulin. The
glucose metabolism of humans is kept under control through a balanced
ratio of insulin and hIAPP [14,15] and a disturbance can result in the
development of type-2 diabetes mellitus. Depositions of extracellular
amyloid in the pancreas where hIAPP is the main component are found
in patients diagnosed with type-2 diabetes (T2DM). In pathological
condition of T2DM, IAPP takes a fibrillar structure which is rich in
cross-f-sheets. The triggering event for the conversion of native, soluble
monomeric hIAPP into insoluble amyloid fibrils is still unclear. The
amyloid fibril formation of synthetic hIAPP in bulk solution as well as in
the presence of lipid membranes has been studied by various spectro-
scopic methods, but residue specific information of the native peptide is
marginal.[15-23] Under physiological conditions, synthetic hIAPP re-
mains soluble and displays an essentially random coil like structure as
observed by circular dichroism (CD) and NMR spectroscopy [19-22].
However, Miranker and coworkers found also compact structures and a
transient sampling of a-helical conformations [23]. Recent NMR in-
vestigations pointed to a potential role of the N-terminal region of
hIAPP (residues 1-17) in the initial self-association of the peptide in
bulk solution and not the known main amyloidogenic region (residues
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20-29) of hIAPP [24]. However, the detection of the average con-
formational properties of native hIAPP did not reveal information about
the existence of particular CS. Here we apply 2D NMR spectroscopy in
combination with the pressure and temperature perturbation approach
to uncover CS of hIAPP that are potentially prone to initiate the ag-
gregation and subsequent fibrillation reaction. Multidimensional high-
resolution NMR spectroscopy under high hydrostatic pressure is the
most powerful technique to observe the structural properties at a re-
sidue specific level in solution and should be able to capture the pres-
sure-induced transient species at the onset of the nucleation and ag-
gregation process. Our findings could also be of significance for the
optimization and search of inhibitors of hIAPP fibril formation [25,26],
since it might provide structural information about the initial con-
formations prone to aggregation and fibril formation.

2. Materials and methods
2.1. NMR samples

Synthetic human °N-enriched islet amyloid polypeptide (hIAPP
(1-37)) was obtained from Calbiochem (Germany), 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP) from Riedel-de Haen (Germany). For the NMR
measurements, the human islet amyloid polypeptide (hIAPP) was dis-
solved in HFIP to disperse potential aggregates, then lyophilized with
an upstream cryogenic trap and resolved in 10 mM sodium acetate
buffer (pH5.5). DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was
added for referencing and 2H,O for the lock signal of the NMR spec-
trometer, resulting in the NMR sample containing 110 pM hIAPP(1-37),
10 mM Na-acetate buffer, pH 5.5, 0.1 mM DSS in 90% 'H,0/10% *H,0.

2.2. NMR spectroscopy

NMR experiments were performed on a Bruker Avance 800 MHz
NMR spectrometer operating at a 'H frequency of 800.2 MHz.
Measurements were performed in a 5mm TCI cryo probe at tempera-
tures of 278 K, 288 K, 298 K and 308 K. The absolute temperature inside
the probe head was calibrated by measuring the chemical shift differ-
ence A§ between the methyl and hydroxyl resonance of 100% me-
thanol.[27] The '°N chemical shifts were indirectly referenced to DSS
[28].

2.3. High-pressure system

A homebuilt online-pressure system according to the Yamada-
method [29] was used. Pressure was either produced by a homemade
manually operated piston compressor or by an air-to-liquid-pressure
intensifier (Barocycler® HUB440, Pressure BioSciences Inc., South
Easton, MA, USA) controlled by the spectrometer. The pressure was
transmitted via a high-pressure line (High Pressure Equipment Com-
pany, Linden, PA, USA) by methylcyclohexane or de-ionized water as
pressurizing medium to the high-pressure ceramic cell (with an outer
diameter of 5mm and an inner diameter of 3 mm) from Daedalus In-
novations LLC (Aston, PA, USA). The high-pressure cell was connected
to the high-pressure lines by a titan autoclave developed in our la-
boratory [30]. The PBI Barocycler® HUB440 that controlled and mon-
itored the output pressures was coupled via a microprocessor unit with
the NMR spectrometer. In a Bruker Topspin auxiliary (AU) program, a
user-defined set of high-pressure NMR experiments was started in-
cluding an automated shimming of the sample after changing the
pressure and before the actual experiment(s) were started. Pressure
data were recorded from 0.1 MPa to 200 MPa in steps of 20 MPa.

2.4. Data evaluation

Data acquisition and processing was performed with Bruker
TopSpin 3.2 PL6. For peak picking, the software AUREMOL [31] was
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used. Data evaluation and fitting was done with the software package R
[32].

The chemical shift values of the amide protons and nitrogen atoms
in the [*H-'>N] HSQC spectra under the influence of pressure were
evaluated as described by Kremer et al. [33]. The data were first cor-
rected for random-coil pressure effects by subtracting the known pres-
sure dependence of the amino acid Xxx in the model peptide Ac-Gly-
Gly-Xxx-Ala-NH, as published by Koehler et al. [34]. The obtained
chemical shifts § were then fitted to

5(p. To) = 8 (Py> To) + Bi(p — py) + B2 (p — py)? (¢))

where Jj is the chemical shift at ambient pressure p, and B; and B, are
the first and second order pressure coefficients. In addition the com-
bined chemical shift Scomp for corresponding 'H and '°N pairs were
determined by the sum of the weighted chemical shifts §(H) and §(N) as
described by Schumann et al. [35].

In contrast to the evaluation of the pressure effects, the data were
examined with

where §, is the chemical shift at 0K and C; the linear temperature
coefficient. As the pressure coefficients were corrected for the intrinsic
pressure effect of each amino acid, the linear temperature coefficient C;
was also corrected for the intrinsic temperature effect of each amino
acid, leading to the corrected coefficient C,°°"". The intrinsic tempera-
ture dependence for the amino acids were taken from Kjaergaard et al.
[36] where the intrinsic temperature dependence of the amino acid Xxx
was determined in the model peptide Ac-Gly-Gly-Xxx-Gly-Gly-NHo,.

The signal volumes, signal maximum intensities, and chemical shifts
from the two-dimensional [*H-'>N] HSQC spectra were analyzed using
the AUREMOL software [31]. Both signal volumes and intensities at the
signal maximum were corrected after Chen et al. [37] for the pressure
dependence of the compressibility of water.

3. Results
3.1. Pressure dependence of the chemical shifts of hIAPP

Here we report the pressure and temperature induced changes of the
chemical shifts in '°N-enriched human IAPP(1-37) by ['H-!°N] HSQC
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Fig. 2. Plot of the normalized relative intensities of all backbone NMR signals of
hIAPP(1-37) derived from the ['H-'°N] HSQC spectra recorded at different
pressures in pressure steps of 20 MPa up to 200 MPa. Temperatures: 278 K
(blue), 288 K (green), 298 K (orange), and 308 K (red). The sample contained
110 uM '®N-enriched hIAPP(1-37) in 10 mM Na-acetate buffer, pH 5.5, 0.1 mM
DSS in 90% 'H,0/10% 2H,0. Figure based on Beck Erlach et al.[38]. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

NMR spectroscopy. For this, we recorded a set of [*H-'>N] HSQC
spectra of hIAPP(1-37) at different pressures and temperatures (Fig. 1).
The temperature was varied from 278 K to 308K in steps of 10K and
the pressure was varied in steps of 20 MPa up to a final pressure of
200 MPa. The pressure dependence and signal intensities have been
already described in Beck Erlach et al. [38].

The signal intensities of all recorded ['H-'>N] HSQC spectra were
calculated. The intensities of the signals at the different temperatures as
a function of the applied pressure are shown in Fig. 2. The individual
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Fig. 1. Amide proton and nitrogen shift changes induced by pressure and temperature. ['H-'>N] HSQC spectrum recorded at 800 MHz proton frequency. (left)
Spectrum at 288 K and pressures from 1 MPa to 200 MPa in steps of 40 MPa. (right) Spectrum at 1 MPa and temperatures from 278 K to 308 K in steps of 10 K. The
sample contained 110 uM '°N-enriched hIAPP(1-37) in 10 mM Na-acetate buffer, pH 5.5, 0.1 mM DSS in 90% 'H,0 / 10% 2H,0.
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signal intensities are shown as semi-transparent lines and the mean
value as a bold line. At 278K, already at 20 MPa a moderate decrease of
the average signal intensity to 95% of the initial intensity was observed,
but remains constant up to a pressure of 200 MPa. For 288K, the in-
tensities remain constant up to approx. 140 MPa and show a minimal
decrease to approx. 95% of the initial intensity for pressures above
140 MPa.

Both temperatures 278 K and 288 K show almost no influence of the
pressure on the signal intensity. Only the deviations from the mean
value are larger at 288 K, while at 278 K after a first drop the signal
intensity over the total pressure range is nearly constant. To assess the
influence of the change in the exchange rates of the amide protons with
temperature, the individual line widths were also analyzed as a function
of pressure. The line widths increase approximately 1 Hz at 200 MPa
compared to ambient conditions, but generally display large fluctua-
tions over the measured pressure range, in particular the line widths of
the amide protons. Therefore, a large impact of the exchange rates on
the signal intensities seems unlikely. At higher temperatures, a sig-
nificant influence of the pressure on the signal intensities can be ob-
served. At 298K, the intensities remain nearly constant until about
60 MPa, while for pressures above 60 MPa a linear decrease of the
signal intensities to approx. 75% of the initial intensity was observed.
This behavior is reflected in both the individual intensities and the
mean value of the signal intensities. The observed signal intensities at
308 K showed a linear decrease with pressure to a value of approx. 60%
at 200 MPa. Again, the behavior of the mean value is reflected in the
individual measurements. The resulting signal reduction indicates for-
mation of large aggregates.

After each pressure series (3 MPa-200 MPa), the reversibility after
pressure application was checked and a second measurement was re-
corded at 3MPa. At 278K and 288K, the intensities were almost
identical to those observed at the beginning. Since an increase in
pressure led to almost no decrease in the signal intensity, good rever-
sibility was to be expected. At 298 K and 308K, a strong decrease in
intensity with pressure was observed (Fig. 2). The release of pressure
back to 3 MPa did not result in a full recovery of the signal intensities
and the initial signal intensities at 3 MPa were only partially recovered
(in the order of 60%). The time distance between the measurements at
200 MPa and the reversibility measurement at 3 MPa was approx.
30 min. Within 30 min, the signal intensities at temperatures 298 K and
308K did not recover. However, slow de-polymerization of the ag-
gregates (or fibrillar structures) cannot be ruled out.

Summing up, we can state that higher temperatures usually lead to
the disappearance of NMR signals in hIAPP (Fig. 2). Only at 278 K and
288K, the intensities of the NMR signals displayed nearly constant
behavior with increasing pressure and time, since the concentration
range of 110 uM is well below the critical aggregation concentration at
these temperatures.

Most of the amide resonances shift continuously with pressure and
temperature, the majority of resonances to lower fields. The obtained
pressure induced chemical shift changes are completely reversible. For
a quantitative phenomenological description of the pressure induced 'H
and '°N shift changes, the chemical shifts were first corrected for un-
specific random-coil effects.[34] The resulting H and >N chemical
shift data were fitted with a second order Taylor expansion (Eq. (1)).
The linear pressure coefficient B; and the non-linear pressure coeffi-
cient B, for the amide proton and the amide-templated peptide back-
bone were determined. The pressure coefficients for the amide proton
are shown in Fig. 3. The result for the linear pressure coefficient B; over
the sequence is a mean value of 0.08 ppm/GPa (278 K), 0.07 ppm/GPa
(288 K), 0.10 ppm/GPa (293 K) and 0.09 ppm/GPa at 308 K. The stan-
dard deviation for all temperatures is approx. 0.18 ppm/GPa. Averaged
over all temperatures, H18 shows the largest positive value with
0.43 ppm/GPa and T4 the largest negative value with —0.53 ppm/GPa.
For the non-linear pressure coefficient B,, we obtain an average value of
—0.34ppm/GPa® (278K), —0.28 ppm/GPa® (288K), —0.32ppm/
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GPa? (298K) and — 0.23 ppm/GPa? at 308 K. The standard deviation
for all temperatures is approx. 0.50 ppm/GPa® The largest positive
value showed A5 with 0.56 ppm/GPa?, the largest negative value H18
with —1.32 ppm/GPa>.

The pressure dependence of the amide nitrogen for the peptide
backbone is shown in Fig. 4. The result for the first order pressure
coefficient B; is a value averaged over the sequence of 1.12 ppm/GPa
(278 K), 0.88 ppm/GPa (288 K), 0.97 ppm/GPa (298 K) and 1.09 ppm/
GPa at 308 K. The standard deviation for the different temperatures is
approx. 1.00 ppm/GPa. The largest positive averaging over all tem-
peratures is found for V17 with 3.55 ppm/GPa, the largest negative
value for Y37 with —0.84 ppm/GPa. Averaged over the sequence we
obtained for the non-linear pressure coefficient B, a value of
—4.14 ppm/GPa®> (278K), —2.97 ppm/GPa®> (288K), —2.81ppm/
GPa? (298K) and — 2.67 ppm/GPa? for 308 K. For the temperatures
288K to 308K the standard deviation is around 2.70 ppm/GPa?, at
278K with 4.39 ppm/GPa? it is significantly higher. Averaged over
temperature, the highest positive value was found for T6 with
4.05 ppm/GPa?, the largest negative value for V17 is —8.34 ppm/GPaZ.

As already shown for the pressure behavior of tetrapeptides[39,40],
the linear pressure coefficient B; is almost mirror-inverted to the non-
linear coefficient B,. This can be seen in Fig. 5, which shows the cor-
relation between the pressure coefficients for the two nuclei >N and
HN. There is a strong negative correlation of r(HY) = —0.84 and r
(N) = —0.70 for both atoms.

The analysis of the ['H-'>N] HSQC spectra provides information on
the pressure behavior of the nitrogen nuclei and protons. These are in
close spatial proximity, but have different chemical behavior (e.g.,
chemical exchange, solvent interaction). Therefore, a comparison of the
pressure coefficients for the nitrogen nucleus and the protons seems to
be interesting (Fig. 6). The pressure coefficients were calculated from
chemical shifts weighted as described by Schumann et al. [35].

For the linear pressure coefficient B; we found the largest deviations
between the nuclei at the beginning of the sequence, especially for T4.
The largest part of the differences is positive. Compared to the en-
vironment, L16 also shows a big difference followed by a change of sign
at H18. From H18, only small differences between the nuclei are seen.
Based on the absolute values, B; yields an average difference of
0.20 ppm/GPa.

The majority of the differences for the non-linear pressure coeffi-
cient B, are negative and mirror the behavior of B;. This is particularly
evident at the positions V32, H18 and Q10, since in all cases the sign is
opposite to the rest of the sequence. Large differences can again be
found at the beginning of the sequence for N3 as well as for A8, H18
and the cluster from 126 to S28. Relative to the absolute values, there is
an average deviation of 0.44 ppm/GPa? for the non-linear pressure
coefficient B,.

Correlation of the weighted nuclei for the two pressure coefficients
B; and B, yielded Pearson correlation coefficients of r(B;) = 0.47 and r
(B,) = 0.86. The low correlation coefficient for the linear pressure
coefficient B; can be attributed to the strong differences at the begin-
ning of the sequence between N3 and T9 (compare Figs. 3 and 4), while
for the non-linear pressure coefficient B, the difference is larger but the
correlation is higher (offset).

For a more compact representation, the obtained first- and second-
order pressure coefficients B; and B, for the two nuclei were combined
using amino specific weighting factors [35] and plotted in Fig. 7 as a
function of the sequence position for the four different temperatures.
Only a few amide resonances could not be observed with sufficient
intensity, the amide groups of K1, C2, and N3, which was only ob-
servable at 288 K and 278 K. The pressure coefficients of the combined
chemical shift tend to behave very similar to the pressure coefficients of
the individual nuclei already shown (*H™: Fig. 3 '®N: Fig. 4). It is no-
ticeable that in most cases a positive linear coefficient B, is correlated
with a negative non-linear coefficient B,. Exceptions are the amino
acids N3 to A5, F15, G33 and Y37. Here, the pressure coefficients are
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Fig. 3. Plot of the first and second order pressure coefficients of "H" of hIAPP(1-37). The sample contained 110 uM *N-enriched hIAPP(1-37) in 10 mM Na-acetate
buffer, pH5.5, 0.1 mM DSS in 90% 'H,0/10% 2H,0. The first and second order pressure coefficients of 'HY were calculated from the ['H-'°N] HSQC spectra
recorded at different pressures in pressure steps of 20 MPa up to 200 MPa. Temperatures: 278 K (blue), 288 K (green), 298 K (orange), and 308 K (red). The Taylor
coefficients were corrected for random-coil effects (see Materials and Methods). (Top) First-order pressure coefficients, B;. (Bottom) Second-order pressure coeffi-
cients, B,. Figure based on Beck Erlach et al.[38]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 4. Plot of the first and second order pressure coefficients of >N of hIAPP(1-37).

The sample contained 110 uM °N-enriched hIAPP(1-37) in 10 mM Na-acetate

buffer, pH 5.5, 0.1 mM DSS in 90% H,0,/10% 2H,0. The first and second order pressure coefficients of >N were calculated from the ['H-'°N] HSQC spectra recorded
at different pressures in pressure steps of 20 MPa up to 200 MPa. Temperatures: 278 K (blue), 288 K (green), 298 K (orange), and 308 K (red). The Taylor coefficients
were corrected for random-coil effects (see Materials and Methods). (Top) First-order pressure coefficients, B;. (Bottom) Second-order pressure coefficients, B,. Figure
based on Beck Erlach et al.[38]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

opposite to the rest of the pattern. It is remarkable that the amino acids
F15 and the area around F23 exhibit almost no or a very weak pressure
dependence of the chemical shift.

Looking close into the data one can recognize distinctive patterns in
the amino acid sequence of the combined pressure coefficients (Fig. 7).
Interestingly, from the first N-terminal amino acids, which are char-
acterized by the disulfide bridge between C2 and C7 and form a hook-
like structure, N3, T4, A5 display negative B; values and positive B,
values. Starting with T9, a block of amino acids ranging to N14 dis-
played large positive B; values and negative B, values for the chemical

shifts. F15 showed only a very weak pressure sensitivity with very small
B; as well as B, values close to zero for the chemical shifts (Fig. 7).
Subsequently, a block of amino acids ranging from L16 to N22 dis-
played positive B; and negative B, values. Here, V17 exhibits the lar-
gest positive B; values and negative B, values while the other residues
S$20, N21, and N22 displayed only moderate and weak positive B; va-
lues and negative B, values. F23, the second phenylalanine in the hIAPP
(1-37) sequence, showed again a very weak pressure sensitivity, re-
presented by very small B; and B, values close to zero (Fig. 7). The next
block of amino acid residues with positive B; and negative B, values for
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Fig. 5. Correlation of the first- and second-order pressure coefficients of >N
and 'HY of hIAPP(1-37). The sample contained 110 uM '°N-enriched human
IAPP(1-37) in 10 mM Na-acetate buffer, pH 5.5, 0.1 mM DSS in 90% 1H,0/10%
2H,0. The first- and second-order pressure coefficients of >N and 'HN were
calculated from the ['H-'">N] HSQC spectra recorded at different pressures in
pressure steps of 20 MPa up to 200 MPa. The Taylor coefficients were corrected
for random-coil effects and averaged over temperatures (see Materials and
Methods). Pearson correlation coefficients were determined to r(*HY) = —0.8
and r(*°N) = —0.70. The average B,/B; ratio is —3.1 1/GPa for 'HY and — 3.5
1/ GPa for *°N.

the chemical shifts ranges from G24 to V32. However, a dip in the
values of the combined pressure coefficients B; and B, could be ob-
served for amino acid S29 (Fig. 7). The combined pressure coefficients
B, and B, of the last 5 C-terminal residues G33, S34, N35, T36, and Y37
were all very small, indicating very low pressure sensitivity for these C-
terminal residues.

Also of interest is the change in pressure coefficients with respect to
the predecessor in the sequence which could indicate areas in the
peptide sequence connected to the strongest sensitivity for pressure. In
Fig. 8, the differences of the pressure coefficients of the predecessor are
shown depending on the amino acid sequence. The mean difference
over the sequence for B; is 0.005 ppm/GPa and 0.0006 ppm/GPa? for
B,. This indicates that the changes in pressure coefficients across the
sequence are almost completely eliminated.

In Fig. 8, the standard deviation is also shown as a dashed line. For
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B, it is —0.38 ppm/GPa and 1.05 ppm/GPa? for B,. The linear pressure
coefficient B; for the amino acids N3, T4, A5, T9, F15, L16, V17, H18,
S29 and G33 were found outside the standard deviation. For the non-
linear pressure coefficient, the residues C7, Q10, N14, F15, L16, V17,
$20, 126, G33 and Y37 were outside of the standard deviation.

The pressure series for the hIAPP was recorded at temperatures
278K, 288K, 298K and 308 K. The derived pressure coefficients for
these temperatures are shown in Figs. 3, 4 and 7. It is noteworthy that
some of the derived pressure coefficients display a strong temperature
dependence while others display almost no influence on temperature.
Hence, the temperature dependence was checked using a linear model
with pressure coefficients of the combined chemical shifts (Fig. 7). The
temperature dependence of the two combined pressure coefficients By
and B, is depicted in Fig. 9.

For the linear pressure coefficient B;, the mean value of the tem-
perature dependence is 3:10”° ppm/(GPaK) with a standard deviation
of 0.006 ppm/(GPaK). Outliers with more than one standard deviation
relative to the mean could be found at residues A5, C7, Q10, F15, H18,
G24, L27 and the sequence area from N31 to S34. The mean value of
the temperature dependence for the non-linear pressure coefficient By is
0.02 ppm/(GPa2~K) with a standard deviation of 0.03 ppm/(GPa2 K).
Outliers with more than one standard deviation relative to the mean are
observed for the areas of A5 to C7, Q10 to N14, V17, 126 to S29 and
G33.

3.2. Temperature dependence of the chemical shifts of hIAPP

In the previous chapter, the pressure dependence of the amide
group of the IAPP peptide backbone was investigated. Similarly, the
influence of temperature on the chemical shifts of the amide group of
the peptide backbone for IAPP can be investigated. In contrast to the 11
measuring points for the investigation of the pressure effects, only 4
measuring points were available for the examination of the tempera-
ture. Therefore, in contrast to the evaluation of the pressure effects
(second-degree polynomial), the data were fitted with a linear model
(see Materials and Methods). The linear temperature coefficients C;
over the sequence of IAPP for the nuclei HY and N are displayed in
Fig. 10. The data revealed clearly negative temperature coefficients C;.
For HY, a mean value of —6.0 ppb/K with a standard deviation of 1.5

[edH/wdd]
(H;"Ngp)'*gv

[,edD/wdd]
(H;"Ng)%av

22 24 26 28 30 32 34 36 38

Residue number

Fig. 6. Difference between the pressure coefficients of the amide nitrogen and the amide protons in hIAPP. The sample contained 110 uM '°N-enriched hIAPP(1-37)
in 10 mM Na-acetate buffer, pH 5.5, 0.1 mM DSS in 90% 'H,0,/10% 2H,0. The first and second order pressure coefficients of >N and 'HN were calculated from the
[*H-'>N] HSQC spectra recorded at different pressures in pressure steps of 20 MPa up to 200 MPa. The Taylor coefficients were corrected for random-coil effects and
averaged over temperatures (see Materials and Methods). Pearson correlation coefficients were determined to r(B;) = 0.47 and r(B,) = 0.86. The mean deviation for

the nuclei is 0.2 ppm/GPa for B; and 0.44 ppm/GPa? for B..
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Fig. 7. Plot of the combined first and second order pressure coefficients of hIAPP(1-37). The sample contained 110 uM 15N-enriched hIAPP(1-37) in 10 mM Na-
acetate buffer, pH5.5, 0.1 mM DSS in 90% ‘H,0/10% 2H,0. The combined first and second order pressure coefficients were calculated from the [*H-'>N] HSQC
spectra recorded at different pressures in pressure steps of 20 MPa up to 200 MPa. Temperatures: 278 K (blue), 288 K (green), 298 K (orange), and 308 K (red). The
Taylor coefficients were corrected for random-coil effects (see Materials and Methods). (Top) Combined first order pressure coefficients, B;. (Bottom) Combined

second order pressure coefficients, B,. Figure based on Beck Erlach et al. [38]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

ppb/K were observed. Relative to the mean value for HY, the residues
T4, A5, T9, R11 to A13, S20, 126 to S28 and V32 showed deviations
larger than one standard deviation. For the amide nitrogen, a mean
value of —14.7 ppb/K with a standard deviation of 10.23 ppb/K was
obtained. Large deviations were found for residues N3, T4, T6, A8, T9,
L12 to N14, V14 and 126 to L27.

The temperature coefficients have been additionally corrected for
the intrinsic temperature effect of the respective amino acid according
to Kjaergaard et al. [36] and are shown in Fig. 11. While there are no
major changes in the temperature dependence of the nitrogen nuclei
after the random-coil based correction, the proton temperature coeffi-
cients exhibit significant changes and turn positive in majority. Thus,

An exceptionally small temperature coefficient for both nuclei was
found for the residue T4, while T9 displayed a strong temperature de-
pendence together with the sequence areas H18-S20 and 126-S28. The

the mean value for HY is now positive with 1.7 ppb/K and a standard
deviation of 1.6 ppb/K. Relative to the mean value, the amino acid
residues N3, T4, A8, T9, L12, A13, S20, G24 to S28 and V32 showed

Pearson correlation coefficient of the nuclei HY and N is r = 0.74. deviations larger than one standard deviation. For the amide nitrogen
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0.0

[edd/wdd] Tgv

[,edD/wdd] ¢gv

2 4 6 & 10 12 14 16 18 20
Residue number

22 24 26 28 30 32 34 36 38
Fig. 8. Plot of the difference of the combined first and second order pressure coefficients B; and B, to the preceding sequential amide group of hIAPP(1-37). The
sample contained 110 uM 5>N-enriched hIAPP(1-37) in 10 mM Na-acetate buffer, pH 5.5, 0.1 mM DSS in 90% 1H,0/10% 2H,0. The combined first- and second-order

pressure coefficients were calculated from the ['H-'°N] HSQC spectra recorded at different pressures in pressure steps of 20 MPa up to 200 MPa. The Taylor

coefficients were corrected for random-coil effects (see Materials and Methods). The pressure coefficients are averaged over all temperatures. One standard deviation
relative to the mean is indicated by the dashed line.
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Fig. 9. Plot of the linear temperature dependence of the combined first- and second-order pressure coefficients, B; and B,, of hIAPP(1-37). The sample contained
110 uM '°N-enriched hIAPP(1-37) in 10 mM Na-acetate buffer, pH5.5, 0.1 mM DSS in 90% 'H,0/10% 2H,0. The combined first- and second-order pressure
coefficients were calculated from the ['H-'>N] HSQC spectra recorded at different pressures in pressure steps of 20 MPa up to 200 MPa. The Taylor coefficients were

corrected for random-coil effects (see Materials and Methods).

atoms, a mean value of —8.8 ppb/K with a standard deviation of 10.1
ppb/K was observed. The amino acid residues N3, T4, T6, A8, T9, L12,
A13, 127, S28 and Y37 showed deviations larger than one standard
deviation. The corrected temperature coefficients of the nuclei HY and
N showed a slightly higher Pearson correlation coefficient of r = 0.78
compared to the uncorrected temperature coefficients.

3.3. Correlation analysis of pressure and temperature dependence of
chemical shifts of hIAPP

The knowledge of the pressure and temperature dependence of the
amide groups of the peptide backbone for hIAPP allows to perfom a

random-coil corrected coefficients were used, temperature coefficient
C; was corrected according to Kjaergaard et al. [36] and pressure
coefficients B; and B, according to Koehler et al. [34] The results are
shown and summarized in Fig. 12. Fig. 12a) depicts the correlations
between C;°° and B, and B, for the nuclei H (green) and N (blue),
respectively. In both cases, the nitrogen nuclei displayed a larger var-
iance of the data. The correlation values between the coefficients are
shown in Fig. 12b), where the typical strong correlations between B,
and B, with r(HY) = —0.84 and r(N) = —0.70 and a strong correlation
between the non-linear pressure coefficients of the nuclei HY and N
with r(N) = 0.85 could be observed. In addition, the linear pressure
coefficient B;(HY) correlates with Bo(N) with a correlation coefficient of

correlation analysis between the coefficients. For the analysis the =~ = —0.69. There is a strong correlation between the temperature
0.0
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Fig. 10. Plot of the linear temperature coefficient C; for HN (top) and N (bottom) of hIAPP(1-37). Indicated are the different pressure steps of 40 MPa from 1 MPa
(red) to 200 MPa (pink) with Pearson correlation coefficient of r = 0.74. The sample contained 110 uM '*N-enriched hIAPP(1-37) in 10 mM Na-acetate buffer,
pH 5.5, 0.1 mM DSS in 90% 'H,0/10% 2H,O0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 11. Plot of the corrected linear temperature coefficient C,“*" for H" (top) and N (bottom) of hIAPP(1-37). Indicated are the different pressure steps of 40 MPa
from 1 MPa (red) to 200 MPa (pink) with a Pearson correlation coefficient of r = 0.78. The sample contained 110 uM *°N-enriched hIAPP(1-37) in 10 mM Na-acetate
buffer, pH5.5, 0.1 mM DSS in 90% 'H,0/10% 2H,0. The temperature coefficients were corrected for random-coil effects (see Materials and Methods). (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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coefficients C;°°™ of the nuclei HY and N with r = 0.78. The correlation
between the temperature and the linear pressure coefficients is rather
weak with values of r(HY) = —0.29 and r(N) = —0.23, respectively.
Figs. 10 and 11 show a significant dependence of the corrected
temperature coefficient C,“°" on the applied pressure for many amino
acids. Due to this observation we investigated the pressure dependence
of the corrected temperature coefficient C,°°"" using a linear model (see
Materials and Methods). The majority of the coefficients 9C;°°""/dp
determined are positive, indicating an increase in the temperature
sensitivity with increasing pressure. The amino acids A5 and T6 display
a significant decrease in the temperature dependence for both nuclei
with pressure. The largest pressure influence on the temperature coef-
ficients is found for the proton at H18 and for the nitrogen atom at V32.
The amide protons displayed a mean value of 1.16 ppb/(GPaK) and for
the amide nitrogen a mean value of 8.77 ppb/(GPa'K) was found with
according standard deviations of 2.59 ppb/(GPa'K) for the protons and
15.49 ppb/(GPaK) for the nitrogen atoms. For the protons the amino
acid residues A5, T6, A8, L12, A13, F15, H18, N31 and S34 to T36
exhibit values above one standard deviation. For the nitrogen atoms,
the amino acid residues A5, T6, T9, R11, L12, G24, L27, and V32

1.0 Fig. 12. Correlation analysis between the linear
temperature coefficient C;°°"" and the combined first
0.8 and second order pressure coefficients B; and B, of
hIAPP(1-37). (a) Correlations for HY (green) and N
0.6 (blue) between the linear temperature coefficient
104 C;°°" and the combined first and second order
pressure coefficients B; and B, of hIAPP(1-37). (b)
0.2  Correlation table for the different coefficients and
nuclei. The sample contained 110 uM '°N-enriched
0.0 hIAPP(1-37) in 10mM Na-acetate buffer, pH5.5,
0.1 mM DSS in 90% "H,0/10% *H,0. All coefficients
-0.2  were corrected for random-coil effects (see Materials
and Methods). (For interpretation of the references
C o 0.4 {6 colour in this figure legend, the reader is referred
HN 06 to the web version of this article.)
corr
0.78 & 0.8
N
-1.0

displayed the largest deviations from the mean value.

The temperature dependence of the pressure coefficients B; and B,
can be compared with the pressure dependence of the temperature
coefficient C;°*"" on the sequence of IAPP, leading to a strong negative
correlation of r = —0.61 between the temperature dependencies of
both pressure coefficients B, to B, for the nuclei H" and N (Fig. 14b). In
addition, 0C,“°"/dp displayed a strong correlation between the nuclei of
r = 0.64. Between 0C;“°"/dp and the temperature dependence of the
linear pressure coefficient B; a correlation coefficient of r = 0.64 could
be found while for 9C;°*"/dp and 9B,/dT the correlation coefficient is
r = 0.56.

The correlation analyses of the coefficients (see Figs. 12 and 14)
generally revealed a greater variance for the amide nitrogen (blue)
compared to the amide protons (green). This holds true for both, the
correlations between the temperature (C;°°™) and pressure coefficients
(B; and B,) themselves as well as for the pressure dependence of the
temperature coefficients 9C;“°"/dp and the temperature dependence of
the pressure coefficients 0B,/0T and 0B,/dT (Fig. 14a). In addition, it
appears that the correlation between 0C,“°"/dp and 9B, /9T for the two
nuclei of the amide group is almost identical.
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4. Discussion

Considering the intensities at the signal maxima of hIAPP for the
different temperatures and pressures (Fig. 2), a constant behavior of the
intensities over the pressure is found only for the temperatures 278 K
and 288 K, while for the temperatures 298 K and 308 K a decrease of the
intensities has been noted. The aggregation propensity of hIAPP is in-
fluenced by higher temperatures and the application of high pressure
cannot inhibit the aggregation at 298 K and 308 K. This is also indicated
by the reversibility measurements carried out, since releasing the
pressure after pressure application back to 3 MPa did not lead to a full
recovery of the signal intensities. Comparing the behavior of the signal
intensities of hIAPP with the pressure-induced depolymerization of the
amyloid-f} [41], it seems apparent that hIAPP exists completely in its
monomeric form in solution in the temperature range from 278K to
288 K. This is in clear contrast to the amyloid-f3 peptide, where a signal
increase can be observed by increasing pressure [41], while in the case
of hIAPP no major changes in signal intensities with time or pressure
are observed at these low temperatures.

Considering the pressure dependence of hIAPP, we noticed that
especially the amino acid residues F15 and F23 exhibit almost no
pressure sensitivity, independent of temperature. Since the pressure
response was corrected for intrinsic random-coil effects, the two phe-
nylalanines display the same behavior as in the random-coil peptide Ac-
Gly-Gly-Phe-Gly-NH,. A better classification of these effects can be
achieved when considering the point mutations of hIAPP [42,43]. It has
been shown that single mutations can attenuate, enhance or completely
prevent the aggregation of IAPP. Single point mutations abolishing the
amyloid formation of hIAPP are located either in the region of amino
acid residues 12-17 and at residue 21 as well as in the region encom-
passing residues 24-28 [43]. Apart from the amino acid residues F15
and N21, these areas display an increased pressure sensitivity. An in-
crease in aggregation propensity was found for point mutations at sites
F15, V17, and S20 [43]. Here, F15 shows almost no pressure sensitivity,
S20 displays a medium and V17 a strong pressure sensitivity. A re-
duction in amyloid formation is found for mutations of the amino acids
A13, F15, S20, F23, A25, N31, N35 and Y37 [43]. These are mainly at
the C-terminal end of the peptide sequence. Considering the pressure
dependence of these residues, there is almost no pressure effect for the
phenylalanines and only moderate pressure effects for the residues S20,
A25 and N31, whereas the majority of amino acid residues at the end of
the sequence display only minor pressure effects.

Interestingly, depending on the mutation, point mutations at the
amino acids F15 and S20 led to a strengthening or weakening of the
aggregation [44,45]. According to Tu and Raleigh [44], the aromatic
amino acids F15, F23 and Y37 show a particularly strong influence on
the aggregation. The mutation F15L leads to an aggregation behavior
twice as high as of the wild type, while the F23L mutation reduces the
aggregation propensity by 50% and Y37L by 66%. For the position F15
it has also been shown that an exchange to leucine, norleucine, iso-
leucine and tert-leucine shows a correlation of the aggregation sensi-
tivity to the a-helical propensity of the amino acid sequence [44]. This
behavior is consistent with the observations from other groups, where
the onset of aggregation is characterized by the formation of helical
structures in the sequence region around amino acid positions 8-22
[45-47]. Similar studies for the amyloid-f3 show a different behavior at
positions 19 and 20 compared to hIAPP [38,48]. Substitutions that
increase the propensity for B-sheet formation result in increased ag-
gregation, and a decrease in [3-sheet propensity leads to decreased ag-
gregation [49].

Since the pressure effects of the chemical shift were recorded at
different temperatures, the influence of the temperature on the pressure
coefficients B; and B, was investigated as well (Fig. 9). The pressure
coefficients were determined from the pressure dependence of the
combined chemical shift [35]. It was found that the non-linear pressure
coefficient B, with an average temperature dependence of 0.02 ppm/

10
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(GPa%K) exhibits a significantly higher temperature dependence than
the linear pressure coefficient B; with an average temperature depen-
dence of 3:10° ppm/(GPaK). In case of By, a strong temperature de-
pendence was seen for the amino acid residues V32 and G33. In addi-
tion, the amino acid sequence of Q10 to N14 is particularly noticeable
for the temperature dependence of B,. These areas also show a dis-
tinctive behavior regarding the pressure dependence. Thus, for B; se-
quential to amino acid V32 a strong drop in the pressure dependence
(Fig. 8) and for B, in the sequence range Q10 to N14 strong pressure
effects (Fig. 7) were observed. The accuracy of the measurement range
revealed areas in which the temperature dependence of the pressure
coefficients shows similarities with the strength of the pressure effect.

Furthermore, the temperature dependence of the chemical shift of
the amide group nuclei of the peptide backbone of hIAPP was in-
vestigated. The intrinsic temperature effects of the respective amino
acids were corrected according to Kjaergaard et al. [36]. The mean
temperature coefficient for the amide protons changed from 6 ppb/K
(without correction) to 1.7 ppb/K (with correction). For the nitrogen
nuclei, we observed a change from —14.7 ppb/K (without correction)
to —8.8 ppb/K. In both cases, the nitrogen nuclei showed a sig-
nificantly larger temperature dependence. After correction, vanishing
temperature coefficients are found for some amino acids (N3, T9, S20,
126, and V32). It was shown by Baxter and Williamson [50] that slowly
exchanging amide protons with a temperature coefficient > —4.5
ppb/K participate in a hydrogen bond, while temperature coeffi-
cients < —4.5 ppb/K indicate no involvement in a hydrogen bond.
However, this refers to temperature coefficients which have not been
corrected for the intrinsic temperature effect of the respective amino
acids. Looking at the uncorrected temperature coefficients (Fig. 10),
only T4 exhibits a temperature coefficient that indicates the participa-
tion in a hydrogen bond.

Analogous to the temperature dependence of the pressure coeffi-
cients, the pressure dependence of the temperature coefficients was
investigated. Especially the amino acids A5 and T6 with clearly nega-
tive 9C;“°""/dp, the range from Q10 to F15 and the amino acids V32 and
G33 with clearly positive dC;°°""/dp are attracting attention (Fig. 13).
Since the already described coefficients and their pressure and tem-
perature dependence have similar patterns depending on the sequence,
correlations between them were determined. Strong Pearson correla-
tion coefficients were found between the pressure coefficients B; and B,
with —0.84 (HY) and — 0.7 (N) but also between the nuclei HY and N
with 0.85 (B,) and 0.78 (C;°°") and between different nuclei and
pressure coefficients with r(Bo(N)-B;(HY)) = —0.69. Looking at the
correlations of the pressure and temperature dependencies of the
coefficients, strong correlations were found between the temperature
dependencies of the pressure coefficients 0B;/0T and 0B,/0T of —0.61
(HY) and — 0.61 (N). Between the nuclei H and N there was a strong
correlation for the pressure dependence of the temperature coefficient
dC,°"/op with r = 0.64. Between the dependencies of the linear
coefficients r(0B;/0T-0C,°°""/dp) correlations of 0.64 (HY) and 0.56 (N)
were observed.

The chemical shift changes induced by high pressure lead to com-
bined large first and second order pressure coefficients which indicate
conformational changes. Generally, structures with small partial vo-
lumes are preferred at high pressures which can be observed for
random-coil structures [51]. The derived combined pressure coeffi-
cients of nearly all amino acids in hIAPP become smaller with in-
creasing temperature (see Fig. 2). This is expected when the data are
corrected for random-coil effects. A complete random-coil structure
should exhibit no pressure effects after the correction. This can be seen
in the amino acid sequence of hIAPP for the two phenylalanine residues
(F15 and F23) exhibiting nearly no pressure response. These two re-
sidues must behave exactly like sitting in the model tetrapeptides [34].
This is very interesting taking into account the information of known
single point mutations either abolishing, decreasing or increasing the
amyloid formation in hIAPP [43]. At this point it is remarkable that
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Fig. 13. Plot of the pressure dependence of the linear temperature coefficient C;°°™ of hIAPP(1-37). The sample contained 110 uM '°N-enriched hIAPP(1-37) in
10 mM Na-acetate buffer, pH5.5, 0.1 mM DSS in 90% ‘H,0,/10% 2H,0. All coefficients were corrected for random-coil effects (see Materials and Methods).

point mutations of F15 can lead to both, either an enhancement or a
reduction of the propensity for amyloid formation [44,45]. The ad-
jacent phenylalanine residues at positions 19 and 20 in the Alzheimer's
Ap peptide [49] display the opposite behavior: amino acid substitutions
at these positions with increased [(-sheet propensity lead to faster
amyloid formation relative to amino acid substitutions with lower B-
sheet propensity.

At this point it is worth to state that sequence elements of the
Alzheimer [3-amyloid peptide containing residues F19 and F20 show a
very high homology with sequence elements of hIAPP. In case of hIAPP,
these sequence elements contain the residues Q10-R11-L12-A13-N14-
F15-L16 and N21-N22-F23-G24-A25-126-L27 and in the Alzheimer (-
amyloid peptide the residues Q15-K16-L17-V18-F19-F20-A21 and S26-
N27-K28-G29-A30-131-132 (Fig. 15). In a recent extensive study we
were able to demonstrate with high-pressure NMR spectroscopy that for
the Alzheimer B-amyloid peptide distinct conformational states can be
detected.[48] A comparison of the pressure-induced chemical shift
changes based on the high sequence similarity between hIAPP and A is
given in Fig. 15, where we plotted the difference of the combined first
and second order pressure coefficients of hIAPP and Ap.

The N-terminal region from amino acid 3-20 displays the largest
differences in the first and second order pressure coefficients between

both peptides. Since hydrogen bonding largely determines the chemical
shift of amide protons and nitrogens [53], large differences in first and
second order pressure coefficients of combined chemical shift changes
indicate pressure induced differences in hydrogen bonding patterns.
Helical secondary structures contain a high amount of intra-peptide
hydrogen bonds while extended [(3-strand structures contain a very low
degree of intra-peptide hydrogen bonding. In case of the Alzheimer -
amyloid peptide, the pattern of the combined first- and second-order
pressure coefficients agree very well with a solution structural model
with amino acid residues 16-24 and 30-40 in extended [3-strand con-
formation [48]. In particular, B-strand secondary structure is found for
the sequence element V18-F19-F20 as predicted by the chemical shift
index of the observed resonances [48]. All experimental data pinpoints
to a compactly packed ensemble of Af in solution at ambient pressure
with structural properties most probably similar to AR bound to poly-
mers (extended strand conformation with internal turn). In contrast, the
large differences in the first and second order pressure coefficients of
the first 20 residues between hIAPP and Af (Fig. 15) points towards
different structural ensembles in this sequence element. In this sense,
Williamson and Miranker[23] found for hIAPP NMR consistent sec-
ondary chemical shifts for a-helical states for residues 5-19 based on
1He, 3¢ 3¢, 'HN and '°CP NMR observable chemical shifts. Similar

Fig. 14. Correlation analysis for the pressure de-
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& 01l e o 0.6 Methods). (For interpretation of the references to
= ° ace/op M -0.8 colour in this figure legend, the reader is referred to
20 0 20 40 0.56 0.64 1N ’ the web version of this article.)
aC;*/ap [ppb/(K-GPa)] -1.0
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Fig. 15. Plot of the difference of the combined first and second order pressure coefficients of hIJAPP(1-37) and APB(1-40). The IAPP sample contained 110 uM 15N-
enriched hIAPP(1-37) in 10 mM Na-acetate buffer, pH 5.5, 0.1 mM DSS in 90% 'H,0,/10% 2H,0. (Top) Differences of combined first-order pressure coefficients B; of
hIAPP(1-37) and APB(1-40) [48] for 278 K (blue) and 288 K (red). (Middle) Differences of combined second order coefficients B, of hIAPP(1-37) and AB(1-40) [48].
(Bottom) Sequence alignment of hIAPP and AB(1-40). Top red line depicts secondary shift analysis from Williamson and Miranker [23]. Bottom red line depicts CSI-
analysis from Munte et al. [48] Blue boxes indicate domains suggested to be involved in self association of hIAPP [52]. Figure based on Beck Erlach et al. [38]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

observations are available from ion mobility coupled mass spectro-
metry and molecular dynamics simulations (MD), which display dif-
ferent possibilities of dimerization via PB-loops and a-helical motifs,
respectively [54,55].

Extensive simulation studies of four hIAPP variants from different
species showed only a small population of the helix-coil conformation
indicative for the functional role of hIAPP [56]. Differences in the
combined first- and second-order pressure coefficients indicate different
transient structural states in the homologous area of amino acid re-
sidues 3-20 between hIAPP and Ap. In contrast to proteins, high hy-
drostatic pressure can stabilize helices in small peptides [57]. This
means that the hypothetical active form of hIAPP is populated by
pressure. The N-terminal region of hIAPP (residues 1-17) was shown to
be very important for the initial self-association of the peptide in bulk
solution [24]. The C-terminal amino acid residues 28-37 of hIAPP
display no significant difference in the combined pressure coefficients
compared to AP. This indicates a similar structural ensemble like that
found in A in a high-pressure NMR spectroscopic study [48]. All the
results obtained by the temperature and pressure perturbation ap-
proach indicate different transient structural ensembles responsible for
the initiation of the aggregation event in these two amyloidogenic
peptides, hIAPP and Af.

In summary, monomeric hIAPP(1-37) shows NMR chemical shifts
changes upon pressure and temperature changes. Higher temperatures
lead to a time dependent loss of the signal intensity indicating ag-
gregation even below the critical aggregation concentration at ambient
conditions. The temperature-induced chemical shift changes can be
explained by a linear model, while for the pressure-induced chemical
shift changes a significant non-linear behavior is found. Especially two
areas, area 1 ranging from amino acid residue 9-20, and area 2 ranging
from amino acid residue 24-32, show remarkable strong pressure
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coefficients for the coefficients B; and B,. Owing to the homologous
sequence elements in the Alzheimer peptide A and hIAPP we were
able to demonstrate that the homologous sequence area around amino
acid residues 3-20 in hIAPP displays a strong difference of the pressure
coefficients, indicating completely different transient structural con-
formations in this homologous sequence element of the two amyloi-
dogenic peptides. In contrast, the additional homologous sequence area
around amino acid residues 28-37 in hIAPP displays only weak dif-
ferences in the pressure coefficients between both peptides, indicating
similar transient structural conformations in both molecules.
Knowledge of the structural nature of the highly amyloidogenic hIAPP
and in particular the differences in the two homologous regions with
respect to the conformational ensemble of A will help understand the
mechanism of peptide aggregation underlying T2DM.
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