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The small molecule inhibitor
anle145c thermodynamically traps
human islet amyloid peptide in the
form of non-cytotoxic oligomers
Manikam S. Saravanan1, Sergey Ryazanov2,3,4, Andrei Leonov2,3,4, Janine Nicolai5,
Patrique Praest6, Armin Giese7, Roland Winter5, Lucie Khemtemourian8,9*,
Christian Griesinger2,3,4* & J. Antoinette Killian1*
Type 2 diabetes (T2DM) is associated with aggregation of the human islet amyloid polypeptide (hIAPP)
into cytotoxic amyloid species. Here we tested the effect of a diphenylpyrazole (DPP)-derived small
molecule inhibitor, anle145c, on cytotoxicity and on aggregation properties of hIAPP. We demonstrate
that incubation of hIAPP with the inhibitor yields ~10 nm-sized non-toxic oligomers, independent
of the initial aggregation state of hIAPP. This suggests that anle145c has a special mode of action in
which anle145c-stabilized oligomers act as a thermodynamic sink for the preferred aggregation state
of hIAPP and anle145c. We also demonstrate that the inhibitor acts in a very efficient manner, with substoichiometric concentrations of anle145c being sufficient to (i) inhibit hIAPP-induced death of INS-1E
cells, (ii) prevent hIAPP fibril formation in solution, and (iii) convert preformed hIAPP fibrils into nontoxic oligomers. Together, these results indicate that anle145c is a promising candidate for inhibition of
amyloid formation in T2DM.
Misfolding of proteins and aggregation into amyloid structures is associated with a number of diseases, including
type 2 diabetes (T2DM), Parkinson’s disease and Alzheimer’s disease1–4. These so-called amyloid diseases in general have the hallmark of an age-related pathological effect. However, T2DM stands apart in that it is a common
metabolic disease, linked to life style and obesity5–7, that increasingly affects people even at an early age7–9. Its
prevalence around the world is beginning to take on epidemic proportions and T2DM thereby represents a major
health problem in society7,10.
A prominent pathological event in T2DM is believed to be the formation of toxic amyloid species by a 37
amino acid protein known as human islet amyloid polypeptide (hIAPP)11–13. hIAPP is a hormone that is
co-secreted with insulin in the β-cells in the islets of Langerhans in the pancreas. Under pathological conditions typical for T2DM, hIAPP is produced at relatively high concentrations, thereby promoting aggregation and
contributing to pancreatic cell death14,15. The aggregation process furthermore can be affected by factors such as
the presence of metal ions, insulin, sulfated glycans and membranes16–25, thereby complicating interpretation of
in vivo studies on a molecular level. Nevertheless, an important role for hIAPP in T2DM is underscored by the
observations that a high prevalence of hIAPP aggregates is found in humans with T2DM5,11,26 and that for species
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Figure 1. (A) Primary structure of hIAPP. The peptide has a disulfide bond between Cys2 and Cys7 and an
amidated C-terminus. (B) Chemical structure of the DPP derivative anle145c.

whose IAPP cannot form fibrils it has been reported that they do not develop T2DM characterized by islet amyloid deposits27–29.
Inhibition of hIAPP amyloid formation is considered to be an effective strategy to help combat T2DM. Several
natural small molecule amyloid inhibitor compounds, such as epigallocatechin gallate (EGCG), resveratrol and
curcumin, as well as a variety of synthetic inhibitors have been shown to be able to inhibit hIAPP fibrillation or to
reduce the cytotoxic activity of hIAPP4,30–39. However, most of these inhibitors were found to act efficiently only
at relatively high concentrations.
Recently, a family of di-phenyl pyrazole (DPP) amyloid inhibitors has been developed that act as promising
oligomer modulators to combat amyloid diseases40. Notably, the lead compound “anle138b” was found to inhibit
protein aggregation in case of prion disease, Parkinson’s disease (PD), Alzheimer’s disease (AD), Multiple System
Atrophy (MSA) and Creutzfeldt-Jakob disease (CJD) in vitro and in vivo40–47. For none of the DPP compounds,
the effect on hIAPP has been tested. Yet hIAPP is an interesting target, because it forms oligomers that have some
features that are different from those of other well-studied amyloid forming proteins48.
Here we set out to elucidate whether DPP compounds can be effective against aggregation of hIAPP. For this
initial study, we selected the DPP-derived small-molecule inhibitor anle145c because it structurally resembles the
very lipophilic lead compound anle138b and is likewise an efficient inhibitor of amyloid aggregation. Anle145c
also has the advantage of being more water soluble than anle138b with a solubility between ~50 to 100 µM compared to ~0.2 µM for anle138b40. Therefore, artefacts due to aggregation of the inhibitor in the aqueous environment are avoided and the interaction of anle145c with hIAPP can easily and systematically be studied at
concentrations that would not be feasible for anle138b.
Our findings indicate that the molecule efficiently inhibits both aggregation and cytotoxicity by hIAPP
at sub-stoichiometric concentrations and in addition is able to convert mature amyloid fibrils into non-toxic
anle145c-stabilized oligomers by stabilizing non-toxic oligomers thermodynamically. The results suggest that
anle145c is a promising candidate to inhibit protein aggregation in case of T2DM.

Results

hIAPP and anle145c. In this study we investigated the interaction between hIAPP and the small-molecule
inhibitor anle145c. Figure 1 shows the structures of these molecules.
Anle145c protects cells from hIAPP-induced toxicity. The ability of anle145c to protect living cells
from hIAPP-induced cytotoxicity was tested using insulinoma (INS-1E) cells from a rat pancreatic beta cell line.
These cells closely resemble the insulin-producing beta-cells in the pancreas that are known to become damaged
under conditions of T2DM15, most likely as a consequence of hIAPP aggregation.
As shown by the micrograph in Fig. 2A, untreated INS-1E cells show a normal phenotype for adherent cells.
Most of the cells are viable and attached to the cell culture dish. By contrast, the hIAPP-treated cells seem to have
an impaired cell growth. Upon incubation with hIAPP a change in cell-morphology is observed and most of the
cells are detached, indicating a considerable amount of cell-death (Fig. 2B). However, when a low concentration
of anle145c is added prior to hIAPP, the cells again grow with a morphology similar as when no hIAPP is present
(Fig. 2C). Flow cytometry based DAPI staining (Fig. 2G) confirms hIAPP-induced cell death and demonstrates
that the inhibitor can rescue cell viability. A concentration of 1 µM anle145c, corresponding to a 1/10 molar ratio
of inhibitor to hIAPP already is sufficient to yield a maximum rescue, while further increasing the anle145c concentration does not cause further inhibition of hIAPP-induced cell death. In addition, the results indicate that
the concentration of DMSO, present in all samples containing either anle145c or hIAPP or both, does not cause
substantial cell death and that also the inhibitor itself is not cytotoxic.
As an independent control model, we used cells from a human melanoma cell line (MJS cells), for which
hIAPP is toxic. As shown in Fig. 2D, these cells have a distinctly different morphology from INS-1E cells.
Nevertheless, for MJS cells similar results were obtained, i.e. a considerable amount of cell death upon addition
of hIAPP (Fig. 2E,H), increased viability in the presence of low concentrations of inhibitor (Fig. 2F,H) and no
apparent cytotoxicity of the inhibitor itself.
Anle145c inhibits hIAPP fibrillation in solution by acting on late oligomers. To gain insight into
the molecular nature of the interaction between hIAPP and anle145c, we next studied the aggregation behavior of
hIAPP in the absence and presence of the inhibitor.
The aggregation kinetics of hIAPP were followed using a ThT binding assay. ThT is a widely used fluorescent dye that does not bind to monomeric hIAPP, but shows enhanced fluorescence upon binding to amyloid
structures49. As shown in Fig. 3A, incubation of hIAPP in buffer results in an initial lag phase of ~3 h, followed
by a steep increase in ThT fluorescence intensity (growth phase), until after ~6 h a saturation level is reached
(plateau phase). The presence of anle145c already at very low concentrations results in a considerable decrease
Scientific Reports |

(2019) 9:19023 | https://doi.org/10.1038/s41598-019-54919-z

2

www.nature.com/scientificreports/

www.nature.com/scientificreports

Figure 2. Effect of hIAPP and anle145c on INS-1E and MJS cells. Top: Microscopy images of INS-1E cells 6 h
after incubation showing (A) untreated cells, (B) cells incubated with 10 µM hIAPP, and (C) cells incubated with
1 µM anle145c and 10 µM of hIAPP. Middle: Microscopy images of MJS cells 24 h after incubation showing (D)
untreated cells, (E) cells incubated with 10 µM hIAPP, and (F) cells incubated with 1 µM anle145c and 10 µM
of hIAPP. The scale bars represent 175 µm. Bottom: Quantification of the percentage of dead cells after 24 h of
incubation, revealed by DAPI-staining for INS-1E cells (G) and MJS cells (H). Both panels show from left to
right untreated and DMSO treated cells, followed by 10 µM hIAPP in the presence of different concentrations
of anle145c, and 5 µM anle145c in the absence of hIAPP as indicated. All samples, except for the untreated cells,
contained the same final DMSO concentration (5 vol %). The error bars represent the standard error from two
independent experiments.
in fluorescence intensity of the plateau region until at a 1/5 molar ratio of anle145c to hIAPP no fluorescence
intensity increase can be detected anymore (Fig. 3B). Remarkably, the lag time of fibril formation seems hardly
affected by the inhibition (Fig. 3C), suggesting that anle145c may act on late oligomers that are present just prior
to fibril formation, thereby excluding them from participation in the fibrillation process. However, an alternative
explanation could be that the inhibitor competes with ThT for binding on the fibrils, thereby reducing the ThT
intensity50.
To discriminate between these possibilities, we performed negative stain TEM. As shown in Fig. 3D, hIAPP
forms mature amyloid fibrils after 12 hours of incubation, whereas no fibril formation can be observed for hIAPP
in the presence of anle145c at a 1/5 molar ratio of inhibitor to hIAPP (Fig. 3E). Instead, small non-fibril complexes
are formed, confirming full inhibition of fibril formation at sub-stoichiometric concentrations of inhibitor.
If the inhibitor indeed acts on late oligomers, it should not significantly affect the kinetics of monomer depletion during aggregation. This was tested by 1H NMR on hIAPP in the absence and presence of anle145c as shown
in Fig. 3F,G for the aliphatic region. In both cases a reduction of intensity over time is observed, due to depletion
of monomers during amyloid formation and to the potential depletion of small oligomers that are still sufficiently
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Figure 3. Effect of anle145c on hIAPP fibrillation in solution. (A) Kinetics of hIAPP fibrillation in the absence
(red) and presence of inhibitor at different anle145c/hIAPP molar ratios as indicated in the figure (B) average
ThT intensities after 12 hours of incubation and (C) average midpoints (t1/2) of the sigmoidal transition in the
presence of different concentrations of anle145c. The error bars represent the standard deviation from two
independent ThT experiments, each carried out in triplicate. (D) Negative stain TEM image of hIAPP after
12 h incubation in the absence of anle145c and (E) in the presence of anle145c at a 1/5 molar ratio of anle145c
to hIAPP (white scale bars represent 500 nm). (F) 1H NMR spectra of the aliphatic region of hIAPP in time in
the absence and (G) in the presence of anle145c at a 1/5 molar ratio of anle145c to hIAPP. The insert shows the
integrated intensity of the peaks as function of aggregation time, corresponding to depletion of monomers and
possibly of small, mobile oligomers.
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small and mobile to contribute to the NMR signal51. Quantification of the signal intensity shows that the kinetics
of monomer and small oligomer depletion indeed are similar with a t1/2 value of 5.7 hours in both cases. The data
also indicate that hIAPP monomers are consumed almost completely. For the aromatic region no discernable
signals were left (Supplementary Fig. S1), and hence it can be concluded that at most only a negligible amount of
hIAPP monomers remain in solution.

Biophysical properties of the anle145c-stabilized oligomeric complexes. The nature of the different hIAPP species formed upon incubation of hIAPP in the absence and presence of anle145c was further
characterized by different biophysical approaches.
The size of the particles was studied by dynamic light scattering (DLS). Figure 4A shows that freshly dissolved
monomeric hIAPP in buffer has a hydrodynamic radius (RH) of ~1 nm. After 16 h incubation, only very large
particles are observed of ~2–10 µm, consistent with the formation of amyloid fibrils. When freshly dissolved
hIAPP is incubated in the presence of the inhibitor at a sub-stoichiometric ratio of anle145c to hIAPP of 1/5, the
initial RH is again ~1 nm. However, in this case after incubation only a relatively small increase in RH is observed
to around 10 nm.
The oligomeric species were further characterized by atomic force microscopy (AFM). As shown in Fig. 4B,
hIAPP on its own forms fibrils with a length of several µm (left, top), while in the presence of inhibitor only
small particles are observed (right, top). Individual height profiles obtained by section analysis showed a height
of ~4–6 nm for the fibrils (left, bottom) and a height of approximately 1–3 nm for the particles in the presence of
inhibitor.
Finally, the effect of anle145c on the conformational behavior of hIAPP was monitored using CD spectroscopy
(Fig. 4C). CD spectra of freshly dissolved hIAPP in the absence and presence of anle145c display a peak with negative ellipticity at 200 nm, indicating that the peptide adopts mostly a random coil structure. After incubation the
conformation of hIAPP in the absence of inhibitor changes to a pattern with a minimum around 220 nm, indicative of β-sheet formation, whereas no change is observed for hIAPP in the presence of a sub-stoichiometric ratio
of anle145c to hIAPP of 1/5. These results suggest that anle145c either binds to oligomeric structures in which
hIAPP has a similar conformation as freshly dissolved hIAPP, or that hIAPP oligomeric structures adopt such a
conformation upon binding of the inhibitor, thereby effectively preventing it from forming β-sheet like fibrils.
Anle145c converts hIAPP amyloid fibrils into non-toxic oligomeric structures. An important
question is whether anle145c is able to act on grown fibrils, and, if so, what kind of structures are formed. As
shown in Fig. 5A, addition of anle145c to hIAPP fibrils, again at a sub-stoichiometric concentration, results in a
rapid decrease of ThT intensity, suggesting that the hIAPP fibrils undergo remodeling and are converted to smaller
structures, that do not bind ThT. This was confirmed by EM (Fig. S2). Importantly, DLS measurements (Fig. 5B)
and AFM measurements (Fig. 5C) show that the particle sizes obtained after starting from fibrils are similar to
those obtained when the inhibitor is co-incubated with hIAPP monomers (Fig. 4A,B). DLS and AFM measurements in which anle145c was added at different times of incubation (Supplementary Figs. S3 and S4) further
indicated that the final oligomeric state is independent of the starting aggregation state of hIAPP (Supplementary
Tables S1 and S2). If this is the case, then anle145c should also be able to convert the β-sheet structures in hIAPP
fibrils back into a mostly random coil conformation. CD measurements (Fig. 5D) of hIAPP fibrils upon addition
of anle145c at different incubation times show that the conformation of hIAPP indeed reverts towards the conformation that was observed upon co-incubation of hIAPP monomers with the inhibitor (Fig. 4C).
The anle145c-stabilized oligomers can only be relevant in vivo if they are non-toxic to cells. Thus, the effect of
the oligomers was tested on INS-1E cell lines. The results, as illustrated in Fig. 5E and quantified in Fig. 5F, show
that the cells remain mostly viable when they are incubated with anle145c-stabilized oligomers derived from
incubation of hIAPP fibrils, similar to the situation when monomeric hIAPP is added to cells in the presence of
anle145c (Fig. 2F,G).
Together, the results obtained from addition of anle145c to hIAPP at different time-points of incubation indicate that anle145c-stabilized oligomers form a thermodynamic sink for the preferred aggregation state of hIAPP
in the presence of anle145c and that these oligomers are non-cytotoxic.

Discussion

Here we investigated the interaction between the DPP-derived small molecule inhibitor anle145c and hIAPP in
solution and we investigated the effect of the inhibitor on hIAPP-induced cytotoxicity. We will first discuss the
situation in solution.
We found that anle145c is a very efficient inhibitor of hIAPP aggregation in solution, with sub-stoichiometric
concentrations of anle145c being sufficient for full inhibition of fibril formation. Instead of fibrils, oligomeric
species were formed, which we call “anle145c-stabilized oligomers”. The size distributions as observed by DLS,
EM and AFM experiments were consistent with oligomers of ~10 nm. The secondary structure of hIAPP in this
oligomeric complex with anle145c was mostly random coil, similar to that of freshly dissolved monomeric hIAPP,
but also similar to toxic as well as non-toxic oligomers48.
1
H NMR experiments indicated that anle145c does not recruit monomeric hIAPP species or small oligomers,
since its presence does not seem to affect the half-time of monomer depletion. Moreover, recruitment of monomeric species would effectively decrease the hIAPP monomer concentration, leading to an increase in lag-time of
fibril formation51–53, which was not observed by ThT measurements. Instead, our finding that the lag time for fibril
formation is independent of the anle145c concentration suggests that anle145c acts on late oligomeric species that
are present just prior to fibril formation. This would then prevent them from becoming part of the growing fibrils,
but would not interfere with the process of fibril formation itself.
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Figure 4. Characterization of hIAPP aggregates in the absence and presence of anle145c at a 1/5 molar ratio
of anle145c to hIAPP. (A) DLS results showing the size distribution of hIAPP (left panel) and of hIAPP in the
presence of anle145c (right panel) at time t = 0 and after 16 h incubation, as indicated in the figure. (B) AFM
results showing a micrograph (top) and section analysis (bottom) of hIAPP (left panel) and of hIAPP in the
presence of anle145c (right panel) after 16 h of incubation. (C) CD spectra of hIAPP in solution in the absence
(blue) and presence (green) of anle145c immediately upon addition (dark lines) and after 22 h of incubation
(light lines). The spectrum of anle145c in buffer is also shown (black).

It has been proposed that hIAPP oligomers undergo “activation”, i.e. a transition with a high energy barrier, from an oligomer in a random coil organization to an ordered β-sheet oligomer, which then can grow into
fibrils54. Possibly, anle145c prevents this “activation” step by interacting with oligomeric species and allowing the
formation of a thermodynamically more favorable state. This state then would consist of anle-stabilized hIAPP
oligomers, in which hIAPP remains in a mostly random coil conformation.
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Figure 5. Effects of addition of anle145c to mature hIAPP fibrils at a 1/5 molar ratio of anle145c to hIAPP.
(A) Kinetics of hIAPP fibril formation in the absence of anle145c (black) and upon addition of anle145c at
t = 0 (blue) and at t = 8 h (green). (B) DLS showing the size distribution of fully formed hIAPP amyloid fibrils
before addition of anle145c (top) and 16 h after addition of anle145c (bottom). (C) AFM of hIAPP after 16 h
incubation, showing fully formed hIAPP fibrils (left) and of the same fibril containing sample after additional
incubation with anle145c for 23 h (right). (D) CD spectrum of freshly incubated IAPP (dark blue), of hIAPP
fibrils (light blue) and of hIAPP fibrils upon incubation with anle145c at time points: t = 4 h (light green)
and t = 16 h (dark green). (E) Microscopy image of INS-1E cell after addition of anle145c-stabilized hIAPP
oligomers derived by incubation of hIAPP fibrils with anle145c for 16 h (scale 200 μm). (F) Quantification
of the percentage of dead cells 24 h after addition of hIAPP (left) and 24 h after addition of anle145-stabilized
oligomers derived from hIAPP fibrils that were incubated with anle145c (right). The error bars represent the
standard error from two independent experiments.
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Figure 6. Model for the interaction of anle145c with hIAPP. Thermodynamics are qualitatively represented
by the horizontal bars under the different aggregate states as differences in ΔG and kinetics are represented
by arrows. The aggregation state is qualitatively represented on the horizontal axis. In the absence of anle145c
(black arrows), hIAPP molecules in random coil conformation (1) interact with each other to form oligomers
(2). In time the nature of these oligomers changes and β-sheet structures will be formed (3) that eventually
will grow into mature amyloid fibrils (4) which are considered to be the thermodynamically most stable form.
When hIAPP is incubated in the presence of anle145c (red arrows) it interacts with (late) hIAPP oligomers
to form stable, non-toxic anle145c-stabilized oligomers (5), where the oligomers retain a mostly random coil
configuration. Similar non-toxic anle145c-stabilized oligomers are obtained when anle145c is added to grown
fibrils or to hIAPP aggregates formed at other time points, indicating that the anle145c-stabilized oligomers act
as a thermodynamic sink. The exact pathway by which these anle145c-stabilized oligomers are formed is not
known.

Consistent with being the thermodynamically preferred species, anle145c-stabilized oligomers could not only
be obtained by incubation with monomeric hIAPP species, they also could be derived by incubation with fibrils.
Both oligomer populations were found to behave very similar, in the sense that they have a similar size distribution and conformation and they are non-toxic to cells. Moreover, addition of anle145c to hIAPP populations
at different times of incubation suggested that formation of anle145c-stabilized oligomers is controlled by thermodynamics, i.e. no matter what the initial population distribution of hIAPP aggregates is, anle145c-stabilized
oligomers will be obtained with similar final size distributions.
The exact pathways for fibril formation of hIAPP are not known but they are likely to involve many different
potential oligomeric intermediates48,55,56. In Fig. 6, we present a simplified model to summarize the main effects of
anle145c on hIAPP in solution. Notably, the stabilization of smaller non-toxic oligomers has also been observed
in vivo for α-synuclein with the related anle138b40,46. Both observations are consistent with the in vitro design
principle of the DPP compounds, which is conversion of larger into smaller oligomers40. Nevertheless, the effect
of anle145c on hIAPP is remarkable for two reasons.
First, we used the more water-soluble variant of the lead compound anle138b, which has not been extensively
tested so far for its ability to inhibit amyloid formation. Rather surprisingly, the results in this study show that
anle145c is perhaps the most effective inhibitor for hIAPP fibril formation reported thus far. Indeed, at substoichiometric concentrations of anle145c it was found that (i) fibril formation is prevented, (ii) hIAPP-induced cell
death is inhibited and (iii) fibrils are converted into non-toxic anle145c-stabilized oligomers. To our knowledge
this is the first time that such a high efficiency for an hIAPP inhibitor compound is reported for all three effects.
Anle145c furthermore appears to act in an unprecedented way by trapping hIAPP in a thermodynamic sink in
the form of non-toxic anle145c-stabilized oligomers.
The second reason why the effects are remarkable, is that a priori one could not have made the assumption that
DPP compounds would be effective against hIAPP toxic oligomers. This is because hIAPP oligomers have some
features that are different from those of other well-studied amyloid forming proteins, such as α-synuclein57, i.e.
they do not exhibit extensive secondary structure and they do not expose hydrophobic surfaces that allow them
to bind hydrophobic molecules such as 1-anilinonaphtalene-8-sulphonic acid (ANS)48. The efficient inhibition
of aggregation that was observed in the presence of anle145c, thus highlights the general efficiency of DPP compounds against amyloid aggregation.
In cells, we observed efficient inhibition of the toxic effects of hIAPP at even smaller sub-stoichiometric ratios
than those required for inhibition of hIAPP aggregation in solution. This is not uncommon, as for inhibitor compounds where comparisons were made, higher as well as lower concentrations were found to be required in cells
than in solution31,32,58,59. Importantly, the higher efficiency of anle145c in cells further increases the potential of
this compound as an inhibitor to prevent hIAPP islet amyloid formation and thereby combat T2DM.
In conclusion, this study adds a highly promising inhibitor, anle145c, to the existing array of potential inhibitors of hIAPP amyloid formation and it adds T2DM as one more amyloid disease that may be targeted by DPP
compounds. The results thus highlight the potential of DPP-derived compounds as small molecule oligomer
modulators for amyloid diseases in general.

Experimental Procedures

Materials. Human hIAPP (amino acid sequence: KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY
including disulfide bond and amidated C-terminus) was obtained from Bachem AG (batch number 7001439).
Thioflavin T (ThT) was obtained from Sigma Aldrich. Anle145c was supplied by the NMR-based structural biology department, (MPIbpc, Göttingen, Germany) and was synthesized as described previously40.
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Preparation of stock solutions of hIAPP. hIAPP stock solutions were prepared as described previously60.

Briefly, hIAPP was dissolved in 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (HFIP) and incubated for 1 hour to eliminate
any pre-existing supramolecular structures. HFIP was evaporated using nitrogen gas followed by 1 h in a vacuum
desiccator. For the fluorescence, microscopy (TEM, AFM), DLS and cell viability assays, the resulting peptide film
was dissolved in DMSO at 2 mM and incubated for one hour. If required, hIAPP was further diluted in DMSO
to the desired concentration. For the NMR experiments, the peptide film was solubilized at a concentration of
50 µM in 10 mM phosphate buffer, pH 7.4 in D2O. For the CD experiments, the peptide film was solubilized at a
concentration of 25 µM in 10 mM phosphate buffer, pH 7.4.

Preparation of stock solutions of anle145c.

Stock solutions of anle145c were prepared as 10 mM solutions in DMSO, or in DMSO-d6 for the NMR experiments.

ThT fluorescence assay.

Thioflavin-T binding fluorescence assays were performed using a Spectrafluor
Tecan (Salzburg, Austria) plate reader as previously described61. The kinetics of fibril formation were measured by
monitoring the fluorescence intensity increase upon binding of the fluorescent dye Thioflavin T (ThT) to fibrils.
A plate reader and standard 96-wells flat-bottom black microtiter plates in combination with a 430 nm excitation
filter and a 535 nm emission filter were used. First 2.5 µL of an anle145c solution in DMSO at the desired concentration was added to 195 µL of a buffer containing 10 µM of ThT, 10 mM Tris-HCl, 100 mM NaCl at pH 7.4.
The ThT assay was then started by adding 2.5 µL of a 0.4 mM hIAPP solution in DMSO. The microtiter plate was
shaken for 10 s directly after addition of all components, but not during the measurement. All ThT assays were
performed on triplicate samples on different days and using different hIAPP stock solutions. The resulting curves
were analyzed using ORIGIN program and fitted to a Boltzmann sigmoidal equation, where Fi and Ft are the
initial and final fluorescence values. This fitting allows the estimation of kinetic parameters such as the time for
which the fluorescence reaches 50% of its maximal intensity (t1/2).
F=

(Fi − Ff)
1 + e(t −t1/2)/τ

+ Ff

Transmission electron microscopy.

TEM images were recorded using a Technai 12 electron microscope
operating at 120 kV as previously described61. hIAPP in solution was incubated in the absence and presence of
anle145c under the same conditions as in the Thioflavin T assay. Aliquots (20 μL) of this mixture were placed onto
glow-discharged 300-mesh carbon-coated copper grids for 2 min, then the grids were blotted and dried. Grids
were negatively-stained, as described previously61, with saturated uranyl acetate (2% w/v) for 45 s, after which
they were blotted and dried. Grids were examined using a Technai 12 electron microscope operating at 120 kV.

Cell cultures.

INS-1E rat insulinoma cells were cultured in RPMI 16% FCS, 100 U/ml penicillin, 100 µg/
ml streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, 2.5 mM glucose and 50 µM β-mercapto-ethanol. The
human melanoma cell line MelJuSo (MJS) was cultured in RPMI 1640 (Invitrogen) containing 10% FCS (PAA
laboratories), 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine (complete medium). All cell
lines were cultivated at 37 °C and 5% CO2.

Flow cytometry based DAPI staining.

Cells were seeded prior to incubation with hIAPP. hIAPP was
added to the cells in the presence of varying concentrations of anle145c. The final concentration of hIAPP was
10 µM. After treatment the cells were thoroughly washed with PBS, trypsinized and transferred to 96-well plates.
The cells were incubated for 10 min with DAPI (2 µg/ml) and washed three times to remove the staining solution.
All samples were measured by flow cytometry using a FACS Canto II and analyzed using FlowJo V10 software.

NMR spectroscopy.

NMR experiments were recorded on a Bruker Avance III spectrometer operating at
a 1H frequency of 500 MHz and equipped with a TCI cryoprobe (temperature 20 °C) as previously described51.
Experiments were processed and analyzed with TopSpin program (Bruker). Measurements were carried out in
10 mM potassium phosphate buffer in D2O at pH 7.4. Peptide concentrations were 50 µM in the absence and in
the presence of anle145c. The peptide film was dissolved in the phosphate buffer and immediately transferred in
a Shigemi tube of 5 mm diameter, comprising a sample volume of 300 µL. The evolution in time of the peptide
signal intensity was followed by recording one-dimensional 1H spectra until the peptide signal intensity decayed
completely. Peptide 1H resonances (both in the aliphatic and in the amide/aromatic region) were then integrated
and these values are plotted as a function of time, leading to a sigmoidal curve that can be fitted using R program
by a Boltzmann sigmoidal equation.

DLS analysis. DLS measurements of hIAPP in the absence and presence of varying concentrations of
anle145c were performed at room temperature on a Zetasizer Nano ZS (Malvern Instruments, United Kingdom).
Aliquots of 2.5 µL of an anle145c solution in DMSO at the desired concentration were added to 195 µL of a buffer
containing 10 mM Tris-HCl, 100 mM NaCl at pH 7.4. Subsequently 2.5 µL of a 0.4 mM hIAPP solution in DMSO
was added and the mixture was transferred to a low volume cuvette for measurements. Each measurement was
an average of seven runs and took about 7 minutes to complete. The volume percentage was recorded, which
describes the relative proportion of multiple components in the sample based on their mass or volume rather
than based on their scattering (intensity). Processing of the data was automated through the Zetasizer software.
AFM analysis. AFM measurements were performed at room temperature using scan rates between 1.0 and
1.5 Hz in the tapping mode on a MultiMode scanning probe microscope equipped with a Nano-Scope IIIa controller (Digital Instruments) using an E-scanner (scan size 15 mm-615 mm) and a MMMC cantilever holder
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(Veeco Instruments, Mannheim, Germany) equipped with a silicon SPM sensor (PPPNCHR, NanoAndMore,
Wetzlar, Germany) as previously described62. hIAPP (50 µM) without and with anle145c (10 µM) was incubated
for various time intervals in 10 mM Tris-HCl, 150 mM NaCl buffer solution and then deposited on freshly cleaved
mica. The samples were dried with a gentle stream of nitrogen, rinsed with water, dried again with a stream of
nitrogen and finally freeze-dried overnight, as described previously61. The dried samples were scanned in air with
drive frequencies around 240 kHz and drive amplitudes between 15 and 379 mV. All height and amplitude images
of sample regions were acquired with resolution of 5.1 Mpixels. For image analysis and processing, the software
NanoScope version 5 (Veeco Instruments, Mannheim, Germany) was used.

CD spectroscopy. CD spectra were measured on a Jasco 810 spectropolarimeter (Jasco Inc., Easton, MD).
Measurements were carried out in cells of 0.1 cm path length at room temperature in 10 mM phosphate buffer at
pH 7.4 of hIAPP at different times of incubation in the presence and absence of anle145c. Measurements were
taken every 0.2 nm at a scan rate of 20 nm/min. Each spectrum reported is the average of five scans. The peptide
concentration was 25 µM. anle145c was added at a 5/1 molar ratio of hIAPP to anle145c61.
Abbreviations.

hIAPP, human islet amyloid polypeptide; ThT, thioflavin; RH, hydrodynamic radius; DLS,
dynamic light scattering; AFM, atomic force microscopy; EM, electron microscopy. T2DM, type 2 diabetes; DPP,
diphenylpyrazole.

Data availability

The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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Published: xx xx xxxx

References

1. Chiti, F. & Dobson, C. M. Protein misfolding, functional amyloid, and human disease. Annu. Rev. Biochem 75, 333–366 (2006).
2. Eisenberg, D. & Jucker, M. The amyloid state of proteins in human diseases. Cell 148, 1188–1203 (2012).
3. Mukherjee, A., Morales-Scheihing, D., Butler, P. C. & Soto, C. Type 2 Diabetes as a Protein Misfolding Disease. Trends Mol. Med. 21,
439–449 (2015).
4. Ke, P. C. et al. Implications of peptide assemblies in amyloid diseases. Chem. Soc. Rev. 46, 6492–6531 (2017).
5. Höppener, J. W. M., Ahrén, B. & Lips, C. J. M. Islet amyloid and type 2 diabetes mellitus. NEJM 343, 411–419 (2000).
6. Meikle, P. J. & Summers, S. A. Sphingolipids and phospholipids in insulin resistance and related metabolic disorders. Nat. Rev.
Endocrinol 3, 79–91 (2017).
7. Chen, L., Magliano, D. J. & Zimmet, P. Z. The worldwide epidemiology of type 2 diabetes mellitus – present and future perspectives.
Nat. Rev. Endocrinol 8, 228–236 (2012).
8. Pulgaron, E. R. & Delamater, A. M. Obesity and Type 2 Diabetes in Children: Epidemiology and Treatment Curr. Diabetes Rep,
https://doi.org/10.1007/s11892-014-0508-y (2014).
9. Temneanu, O. R., Trandafir, L. M. & Purcarea, M. R. Type 2 diabetes mellitus in children and adolescents: a relatively new clinical
problem within pediatric practice. J. Med. Life 9, 235–239 (2016).
10. Shamseddeen, H., Getty, J. Z., Hamdallah, I. N. & Ali, M. R. Epidemiology and Economic Impact of Obesity and Type 2 Diabetes.
Surg. Clin. North Am. 91, 1163–1172 (2011).
11. Westermark, P., Andersson, A. & Westermark, G. T. Islet amyloid polypeptide, islet amyloid, and diabetes mellitus. Physiol. Rev. 91,
795–826 (2011).
12. Cooper, G. J. et al. Purification and characterization of a peptide from amyloid-rich pancreases of type 2 diabetic patients. Proc. Natl.
Acad. Sci. USA 84, 8628–8632 (1997).
13. Westermark, P. et al. Amyloid fibrils in human insulinoma and islets of Langerhans of the diabetic cat are derived from a
neuropeptide-like protein also present in normal islet cells. Proc. Nat. Acad. Sci. USA 84, 3881–3885 (1997).
14. Clark, A. et al. Islet amyloid formed from diabetes-associated peptide may be a pathogenic in type 2-diabetes. Lancet 2, 231–234
(1987).
15. Lorenzo, A., Razzaboni, B., Weir, G. C. & Yankner, B. A. Pancreatic islet cell toxicity of amylin associated with type-2 diabetes
mellitus. Nature 368, 756–760 (1994).
16. Sinopoli, A. et al. The role of copper(II) in the aggregation of human amylin. Metallomics 10, 1841–1852 (2014).
17. Sciacca, M. F. M., Tempra, C., Scollo, F., Milardi, D. & La Rosa., C. Amyloid growth and membrane damage: Current themes and
emerging perspectives from theory and experiments on Aβ and hIAPP. Biochim. Biophys. Acta. 1860, 1625–1638 (2018).
18. Westermark, P., Li, Z. C., Westermark, G. T., Leckström, A. & Steiner, D. F. Effects of beta cell granule components on human islet
amyloid polypeptide fibril formation. FEBS Lett. 379, 203–206 (1996).
19. Larson, J. L. & Miranker, A. D. The Mechanism of Insulin Action on Islet Amyloid Polypeptide Fiber Formation. J. Mol. Biol. 335,
221–231 (2004).
20. Jaikaran, E. T. A. S., Nilsson, M. R. & Clark, A. Pancreatic beta-cell granule peptides form heteromolecular complexes which inhibit
islet amyloid polypeptide fibril formation. Biochem. J. 377, 709–716 (2004).
21. Susa, A. C. et al. Defining the molecular basis of amyloid inhibitors: human islet amyloid polypeptide-insulin interactions. J. Am.
Chem. Soc. 37, 12912–12919 (2014).
22. Wang, H., Cao, P. & Raleigh, D. P. Amyloid Formation in Heterogeneous Environments: Islet Amyloid Polypeptide
Glycosaminoglycan Interactions. J. Mol. Biol. 425, 492–505 (2012).
23. Quittot, N., Sebastiao, M. & Bourgault, S. Modulation of amyloid assembly by glycosaminoglycans: from mechanism to biological
significance. Biochem Cell Biol. 95, 329–337 (2017).
24. Khemtémourian, L., Engel, M. F. M., Liskamp, R. M. J., Höppener, J. W. M. & Killian, J. A. The N-terminal fragment of human islet
amyloid polypeptide is non-fibrillogenic in the presence of membranes and does not cause leakage of bilayers of physiologically
relevant lipid composition. Biochim. Biophys. Acta 1798, 1805–1811 (2010).
25. Caillon, L., Hoffmann, A. R. F., Botz, A. & Khemtemourian, L. Molecular Structure, Membrane Interactions, and Toxicity of the Islet
Amyloid Polypeptide in Type 2 Diabetes Mellitus. J. Diabetes Res. 2016, 1–13 (2016).
26. Butler, A. E. et al. β-Cell Deficit and Increased β-Cell Apoptosis in Humans with Type 2 Diabetes. Diabetes 52, 102–110 (2003).

Scientific Reports |

(2019) 9:19023 | https://doi.org/10.1038/s41598-019-54919-z

10

www.nature.com/scientificreports/

www.nature.com/scientificreports

27. Westermark, P., Engström, U., Johnson, K. H., Westermark, G. T. & Betsholtz, C. Islet amyloid polypeptide: Pinpointing amino acid
residues linked to amyloid fibril formation. Proc. Natl. Acad. Sci. USA 87, 5036–5040 (1990).
28. Akter, R. et al. Islet Amyloid Polypeptide: Structure, Function, and Pathophysiology. J. Diabetes Res. 2016, https://doi.
org/10.1155/2016/2798269
29. Matveyenko, A. V. & Butler, P. C. Islet amyloid polypeptide (IAPP) transgenic rodents as models for type 2 diabetes. ILAR journal
47, 225–233 (2006).
30. Pithadia, A., Brender, J. R., Fierke, C. A. & Ramamoorthy, A. Inhibition of IAPP aggregation and toxicity by natural producs and
derivatives. J. Diabetes Res, https://doi.org/10.1155/2016/2046327 (2016).
31. Cheng, B. et al. Coffee Components Inhibit Amyloid Formation of Human Islet Amyloid Polypeptide in Vitro: Possible Link between
Coffee Consumption and Diabetes Mellitus. J. Agric. Food Chem. 59, 13147–13155 (2011).
32. Saraogi, I. et al. Synthetic α-Helix Mimetics as Agonists and Antagonists of IAPP Amyloid Formation. Angew. Chem. Int. Ed. 49,
736–739 (2010).
33. Mishra, R. et al. Small-Molecule Inhibitors of Islet Amyloid Polypeptide Fibril Formation. Angew. Chem. Int. Ed. 47, 4679–4682
(2008).
34. Yan, L.-M., Tatarek-Nossol, M., Velkova, A., Kazantzis, A. & Kapurniotu, A. Design of a mimic of nonamyloidogenic and bioactive
human islet amyloid polypeptide (IAPP) as nanomolar affinity inhibitor of IAPP cytotoxic fibrillogenesis. Proc. Natl. Acad. Sci. 103,
2046–2051 (2006).
35. Daval, M. et al. The effect of curcumin on human islet amyloid polypeptide misfolding and toxicity. Amyloid 17, 118–128 (2010).
36. Farrukh, S. U. B. et al. Synthesis and identification of novel pyridazinylpyrazolone based diazocompounds as inhibitors of human
islet amyloid polypeptide aggregation. Bioorg. Chem. 84, 339–346 (2019).
37. Kumar, S. & Miranker, A. D. A foldamer approach to targeting membrane bound helical states of islet amyloid polypeptide. Chem.
Comm. 49, 4749 (2013).
38. Obasse, I., Taylor, M., Fullwood, N. J. & Allsop, D. Development of proteolytically stable N-methylated peptide inhibitors of
aggregation of the amylin peptide implicated in type 2 diabetes. Interface Focus 7, 20160127 (2017).
39. Ren, B. et al. Tanshinones Inhibit hIAPP Aggregation, Disaggregate Preformed hIAPP Fibrils, and Protect Cultured. Cells. J. Mater.
Chem. B 6, 56–67 (2018).
40. Wagner, J. et al. Anle138b: a novel oligomer modulator for disease-modifying therapy of neurodegenerative diseases such as prion
and Parkinson’s disease. Acta Neuropathol. 125, 795–813 (2013).
41. Wagner, J. et al. Reducing tau aggregates with anle138b delays disease progression in a mouse model of tauopathies. Acta
Neuropathol. 130, 619–631 (2015).
42. Levin, J. et al. The oligomer modulator anle138b inhibits disease progression in a Parkinson mouse model even with treatment
started after disease onset. Acta Neuropathol. 127, 779–780 (2014).
43. Fellner, L. et al. Anle138b partly ameliorates motor deficits despite failure of neuroprotection in a model of advanced Multiple
System Atrophy. Front. Neurosci. 10, https://doi.org/10.3389/fnins.2016.00099 (2016).
44. Deeg, A. A. et al. Anle138b and related compounds are aggregation specific fluorescence markers and reveal high affinity binding to
α-synuclein aggregates. Biochim. Biophys. Acta - General Subjects 1850, 1884–1890 (2015).
45. Martinez Hernandez, A. et al. The diphenylpyrazole compound anle138b blocks Aβ channels and rescues disease phenotypes in a
mouse model for amyloid pathology. EMBO Molecular Medicine 10, 32–47 (2018).
46. Wegrzynowicz, M. et al. Depopulation of α-synuclein aggregates is associated with rescue of dopamine neuron dysfunction and
death in a new Parkinson’s disease model. Acta Neuropathol, https://doi.org/10.1007/s00401-019-02023-x (2019).
47. Heras-Garvin, A. et al. Anle138b Modulates α-Synuclein Oligomerization and Prevents Motor Decline and Neurodegeneration in
a Mouse Model of Multiple System Atrophy. Movement Disorders 34, 255–263 (2019).
48. Abedini, A. et al. Time-resolved studies define the nature of toxic IAPP intermediates, providing insight for anti-amyloidosis
therapeutics. eLife 5, https://doi.org/10.7554/eLife.12977 (2016).
49. LeVine, H. Quantification of β-Sheet Amyloid Fibril Structures with Thioflavin T. Meth. Enzymol. 309, 274–284 (1999).
50. Meng, F., Marek, P., Potter, K. J., Verchere, C. B. & Raleigh, D. P. Rifampicin Does Not Prevent Amyloid Fibril Formation by Human
Islet Amyloid Polypeptide but Does Inhibit Fibril Thioflavin-T Interactions: Implications for Mechanistic Studies of β-Cell Death.
Biochemistry 47, 6016–6024 (2008).
51. Hoffmann, A. R. F. et al. Time dependence of NMR observables reveals salient differences in the accumulation of early aggregated
species between human islet amyloid polypeptide and amyloid-β. Phys. Chem. Chem. Phys. 20, 9561–9573 (2018).
52. Crespo, R. et al. What Can the Kinetics of Amyloid Fibril Formation Tell about Off-pathway Aggregation? J. Biol. Chem. 291,
2018–2032 (2016).
53. Padrick, S. B. & Miranker, A. D. Islet Amyloid: Phase Partitioning and Secondary Nucleation Are Central to the Mechanism of
Fibrillogenesis. Biochemistry 41, 4694–4703 (2002).
54. Serrano, A. L., Lomont, J. P., Tu, L.-H., Raleigh, D. P. & Zanni, M. T. A Free Energy Barrier Caused by the Refolding of an Oligomeric
Intermediate Controls the Lag Time of Amyloid Formation by hIAPP. J. Am. Chem. Soc. 139, 16748–16758 (2017).
55. Buchanan, L. E. et al. Mechanism of IAPP amyloid fibril formation involves an intermediate with a transient β-sheet. Proc. Natl.
Acad.Sci. USA 110, 19285–19290 (2013).
56. Wei, L. et al. The Molecular Basis of Distinct Aggregation Pathways of Islet Amyloid Polypeptide. J. Biol. Chem. 286, 6291–6300
(2011).
57. Chen, S. W. et al. Structural characterization of toxic oligomers that are kinetically trapped during α-synuclein fibril formation. Proc.
Natl. Acad.Sci. USA 112, E1994–E2003 (2015).
58. Spanopoulou, A. et al. Designed Macrocyclic Peptides as Nanomolar Amyloid Inhibitors Based on Minimal Recognition Elements.
Angew. Chem. Int. Ed. 57, 14503–14508 (2018).
59. Mishra, R., Sellin, D., Radovan, D., Gohlke, A. & Winter, R. Inhibiting islet amyloid polyeptide fibril formation by the red wine
component resveratrol. Chem Bio Chem 10, 445–449 (2009).
60. Khemtémourian, L. et al. The role of the disulfide bond in the interaction of islet amyloid polypeptide with membranes. Eur. Biophys.
J. 39, 1359–1364 (2010).
61. Caillon, L., Duma, L., Lequin, O. & Khemtemourian, L. Cholesterol modulates the interaction of the islet amyloid polypeptide with
membranes. Mol Membr biol 31, 239–249 (2014).
62. Kapoor, S. et al. Effect of the N-Terminal Helix and Nucleotide Loading on the Membrane and Effector Binding of Arl2/3. Biophys J
109, 1619–1629 (2015).

Acknowledgements

We thank prof. Pierre Maechler (University of Geneva Medical Center, Switzerland) for providing INS-1E cells,
and Drs Jo Höppener and George Posthuma (UMCU, Utrecht, NL) for their help in growing these cells. We are
grateful to Hans Meeldijk for his help with the TEM experiments.This work was supported financially by the
7th Framework Program of the European Union (Initial Training Network “Manifold”, grant 317371) (MSS)
and the Max Planck Society. RW and CG thank the Deutsche Forschungsgemeinschaft (DFG, German Research

Scientific Reports |

(2019) 9:19023 | https://doi.org/10.1038/s41598-019-54919-z

11

www.nature.com/scientificreports/

www.nature.com/scientificreports

Foundation) under Germany ́s Excellence Strategy – EXC-2033 – Projektnummer 390677874 (RW) and EXC
2067/1- 390729940 (CG) for financial support.

Author contributions

M.S.S., L.K., C.G. and J.A.K. designed research; S.R., A.L., A.G. and C.G. provided the anle145c; M.S.S., L.K., J.N.
and P.P. performed experiments; M.S.S., J.N., P.P., R.W. and L.K. interpreted data; M.S.S., L.K. and J.A.K. wrote the
paper with input from S.R., A.L., P.P., R.W. and C.G.

Competing interests

A.G. and C.G. are shareholders and co-founders of MODAG GmbH. A.L. is partly employed by MODAG.
M.S.S., S.R., A.L., J.N., P.P., R.W., L.K. and J.A.K. declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54919-z.
Correspondence and requests for materials should be addressed to L.K., C.G. or J.A.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:19023 | https://doi.org/10.1038/s41598-019-54919-z

12

