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a b s t r a c t

Type 2 diabetes mellitus is characterized histopathologically by the presence of fibrillary amyloid de-
posits in the pancreatic islets of Langerhans. Human islet amyloid polypeptide (hIAPP), the 37-residue
pancreatic hormone, is the major constituent of these amyloid deposits. The propensity of IAPP to
form amyloid fibrils is strongly dependent on its primary sequence. An intriguing example is His at
residue 18. Although H18 is located outside the amyloidogenic region, it has been suggested that this
residue and its charge state play an important role in the kinetics of conformational changes and fibril
formation as well as in mediating cell toxicity. To gain more insight into the importance of this residue,
we have synthesized four analogues (H18R-IAPP, H18K-IAPP, H18A-IAPP and H18E-IAPP) and we per-
formed a full biophysical study on the properties of these peptides. Kinetic experiments as monitored by
thioflavin-T fluorescence, transmission electron microscopy, circular dichroism and cell toxicity assays
revealed that all variants are less fibrillogenic and less toxic than native hIAPP both at neutral pH and at
low pH. This demonstrates that the effect of H18 in native IAPP is not simply determined by its charge
state, but rather that residue 18 is important for specific intra- and intermolecular interactions that occur
during fibril formation and that may involve charge, size and hydrophobicity. Furthermore, our results
indicate that H18R-IAPP has a strong inhibiting effect on native hIAPP fibril formation. Together these
results highlight the large impact of modifying a single residue outside the amyloidogenic domain on
fibril formation and cell toxicity induced by IAPP, opening up new avenues for design of inhibitors or
modulators of IAPP aggregation.

© 2017 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

Amyloid is a fibrous quaternary structure formed by the ag-
gregation of monomeric protein or peptide into a cross b-sheet fold.
D, circular dichroism; T2DM,
microscopy; ThT, Thioflavin T.
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A wide range of pathologies, including Alzheimer's disease, Par-
kinson's disease, Huntington disease and type 2 diabetes mellitus
(T2DM), is associated with the formation of amyloid fibrils [1]. For
each of these diseases, a specific protein is involved in the amyloid
assembly, leading to cell degeneration and cell death.

In T2DM the main constituent of islet amyloid is the islet amy-
loid polypeptide, IAPP, which displays amino acid sequence ho-
mology with calcitonin gene-related peptides [2,3]. IAPP is a 37-
residue polypeptide pancreatic hormone coproduced and conse-
crated with insulin in a molar ratio of about 1:100 in healthy
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individuals, but in a ratio of about 1:20 in T2DM [4,5]. The forma-
tion and the deposition of IAPP amyloid in the islets of Langerhans
of the pancreas is a typical pathological feature of T2DM. A strong
correlation was shown between the occurrence of T2DM in a
particular species and the primary sequence and amyloid forming
propensity of the IAPP that is produced by that species. For
example, rat or mouse IAPP (rIAPP or mIAPP) differs from human
IAPP by six residues out of 37, does not form fibrils and rats or mice
do not spontaneously develop T2DM, whereas cat IAPP differs from
human IAPP by four residues, does form amyloid fibrils and cats do
develop the disease [6,7]. Therefore, understanding particular
sequence/structure relationships is likely to be essential in defining
why some amyloids do form toxic amyloids and others do not.

In general, the ability of a peptide to form amyloid fibrils is
dependent on i) the presence of hydrophobic amino-acids with a
high b-sheet propensity, ii) the presence of aromatic residue
especially phenylalanine and tryptophan, iii) the lack of prolines
and iv) the presence of electrostatic interactions [8e12]. To inves-
tigate possible amyloidogenic regions in full length human IAPP
(hIAPP), several research groups have synthesized truncated and
mutated peptides and studied their amyloidogenic properties using
biophysical and biological techniques [13e15]. It was shown that
the mutations within the 20e29 region induce an important
alteration on IAPP amyloid formation. Nevertheless, this segment is
not the sole domain determining its amyloidogenic propensity.
Multiple proline substitutions outside this region could also induce
a loss in IAPP amyloid formation, as for example, mutations within
the N14, F15, L16, V17 residues [8,14,15]. Previous studies suggest
that residue 18 may have a critical role in mediating cell toxicity
[16,17]. In addition, studies at different pH indicated that the ioni-
zation state of histidine 18 significantly affects the kinetics of
conformational changes and concomitant fibril formation [18].
Importantly, one difference between the sequence of hIAPP and
non-amyloidogenic mIAPP is the substitution of histidine 18 of
hIAPP with an arginine in mIAPP. Green and co-workers have
synthesized a mutated mIAPP where arginine 18 has been replaced
by histidine 18, and reported that this modified mIAPP was able to
form fibrils, underlining the importance of residue 18 and the po-
tential role of its charge state for hIAPP structure and fibril for-
mation [19].

To gain more insight into the importance of residue 18 for the
intermolecular IAPP interactions that are essential for fibril for-
mation, we here have synthesized four mutated peptides where
histidine 18 has been replaced by arginine (H18R-IAPP), lysine
(H18K-IAPP), glutamic acid (H18E-IAPP) and alanine (H18A-IAPP)
to achieve variations in charge, size and polarity. We report a full
biophysical study of the behavior of these mutated peptides in
comparison with that of native hIAPP. We determined the ability of
the mutated peptides to form fibrils, their secondary structure and
their toxicity towards INS-1 b-cells. Finally, the properties of the
peptides at pH 5.5 and pH 7.4 were compared to allow comparison
with effects of pH on native hIAPP [18]. It also should be noted that
both pH values are physiologically relevant: mature hIAPP is stored
in the b-cell granules of the pancreas at a pH of approximatively 5.5
and released into the extracellular compartment, which has a pH of
7.4. Our results show that all mutated peptides are less prone to
aggregation and less toxic to INS-1 b-cells than wild-type hIAPP,
even though the mutation is outside the amyloidogenic domain.
This was observed for both values of pH, indicating that the pre-
viously observed pH dependent differences in aggregation of hIAPP
[18] are not solely due to differences in the charge state of H18.
Rather, the results suggest that residue 18 is involved in specific
intra- and intermolecular interactions that are important for fibril
formation and that involve charge, size and hydrophobicity.
2. Materials and methods

2.1. Peptide synthesis

All peptides were synthesized with a CEM Liberty Blue (CEM
corporation, Matthews, USA) automated microwave peptide syn-
thesizer using standard reaction cycles at the Institut de Biologie
Int�egrative (IFR83-Universit�e Pierre et Marie Curie) as described
[20]. The synthesis of all IAPP with an amidated C-terminus and a
disulfide bridge were performed using Fmoc chemistry and a PAL
Novasyn TG resin. Two pseudoproline dipeptides were chosen for
the synthesis Fmoc-Ala-Thr(JMe,MePro)-OH replaced residues
Ala-8 and Thr-9, and Fmoc-Leu-Ser(JMe,MePro)-OH replaced
residues Leu-27 and Ser-28. Double couplings were performed for
the pseudoprolines and for the residues following the pseudopro-
lines and for every b-branched residue. The peptides were cleaved
from the resin and deprotected using standard TFA procedures with
1,2-ethanedithiol, water, and triisopropylsilane as scavengers. The
peptides were purified by reverse phase high-performance liquid
chromatography (HPLC) with a Luna C18(2) column (Phenomenex,
USA). A two-buffer system was used. Buffer A consisted of 100%
H2O and 0.1% TFA (vol/vol), and buffer B consisted of 100% aceto-
nitrile and 0.07% TFA (vol/vol). Linear peptides were dissolved in
aqueous DMSO (33%) and oxidized with air to the corresponding
disulfide bond. Purity of peptides was higher than 95% as deter-
mined by analytical HPLC and identity of peptides was confirmed
by MALDI-TOF mass spectrometry.
2.2. Sample preparation

An essential criterion for measuring aggregation kinetics of
amyloid peptides is to start with a monomeric form of the peptide.
Therefore, peptide stock solutions were freshly prepared prior to all
experiments using the same batch. Peptide stock solutions were
prepared as described previously [21]. Briefly, stock solutions ob-
tained by dissolving the peptide at a concentration of 1 mM in
hexafluoroisopropanol (HFIP) and by leaving it to incubate for an
hour. Then, HFIP was evaporated and the sample was dried by
vacuum desiccation for at least 30 min. The resulting peptide film
was dissolved at a concentration of 1 mM in DMSO for the fluo-
rescence experiments (final DMSO concentration of 2.5% v/v) and
then diluted in 10 mM sodium phosphate buffer, 100 mM NaCl (pH
7.4 or pH 5.5). Both DMSO and NaCl interfere with the circular di-
chroism experiments, and therefore in these experiments the
peptide film was directly dissolved in a 10 mM sodium phosphate
buffer, 100 mM NaF (pH 7.4 or pH 5.5). It is important to note that
NaF may slow down the b-sheet transition as compared to NaCl
[22]. For the cytotoxicity assay the peptide film was directly dis-
solved in the culture media.
2.3. Circular dichroism

The secondary structure of peptides was measured using a Jasco
J-815 CD spectropolarimeter with a Peltier temperature-controlled
cell holder over the wavelength range 190e260 nm. Measurements
were carried out in cells of 0.1 cm path length at 25 �C in 10 mM
phosphate buffer, 100 mM NaF (pH 7.4 or pH 5.5). Measurements
were taken every 0.2 nm at a scan rate of 20 nm/min. Each spec-
trum reported is the average of four scans. Peptide concentration
was 25 mM. The background spectrum was subtracted and the re-
sults were expressed as mean residue molar ellipticity [q].
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2.4. Fluorescence assays

The kinetics of fibril formation was measured using the fluo-
rescence intensity increase upon binding of the fluorescent probes
Thioflavin T (ThT) to fibrils. A plate reader (Fluostar Optima, BMG
LabTech, Germany) and a standard 96 wells black microtiter plate
were used. Prior the first measurement, the plate was shaken at
600 rpm for 10 s. The fluorescence was measured at room tem-
perature from the top of the plate every 10minwith excitation filter
440 nm and emission filter 480 nm.

The fluorescence assay was started by adding 10 mL of a 0.2 mM
IAPP in DMSO to 190 mL of a mixture of 10 mM ThT and 10 mM
phosphate buffer, 100 mM NaCl (pH 7.4 or pH 5.5). For the
hIAPP:H18R-IAPP experiments, the ThTassay was started by adding
10 mL of a 0.2mMh-IAPP and 10 mL of a 0.2mMH18R-IAPP to 180 mL
of a mixture of 10 mM ThT and 10 mM phosphate buffer, 100 mM
NaCl (pH 7.4 or pH 5.5). The assays were performed 3 times, each in
triplicate, on different days, using different hIAPP stock solutions.
The replicates of each system showed consistent reproducibility.

The resulting curves can be processed by a sigmoidal Boltzmann
equation. 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 ¼ Fi� Ff
1þ eðt�t1=2Þ=t þ Ff

2.5. Electron microscopy

TEM was performed at the “Institut de Biologie Paris Seine”
(IBPS, Paris, France) at the University Pierre and Marie Curie. Ali-
quots (20 mL) of the samples used for fluorescence assays were
removed at the end of each kinetic experiments, blotted on a glow-
discharged carbon coated 200 mesh copper grids for 2 min and
then negatively stainedwith saturated uranyl acetate for 45 s. Grids
were examined using a ZEISS 912 Omega electron microscope
operating at 80 kV.

2.6. Cell culture

Rat insulinoma-1 (INS-1) pancreatic b-cells were grown in cul-
ture medium containing RPMI 1640 supplemented with penicillin
(100 units/ml), streptomycin (100 mg/ml), b -mercapto-ethanol
(50 mM), pyruvate (1 mM) and 10% heat-inactivated calf serum. The
cultures were maintained at 37 �C in humidified 95% air, 5% CO2.

2.7. MTT cell toxicity assay

MTT-based cell toxicity assay was used to assess cell metabolic
activity [23]. The cell growth is measured as a function of mito-
chondrial activity in living cells. Low absorbance values indicate a
Fig. 1. Primary sequence of native human IAPP (blue), the mutated peptides (H18K, red; H18
a disulfide bond (Cys2 and Cys7) and an amidated C-terminus.
reduction in cell viability. The MTT cell assays were performed ac-
cording to the manufacturer's instructions (Sigma Aldrich, France).
Briefly, the INS-1 cells were plated at a density of 30 000 cells/well
in a 96-wells plate. Following 24 h of incubation, the medium was
replaced with 100 mL of fresh medium containing 50 mM of indi-
cated peptide. Cells were further incubated for 24 h 10 mL of MTT
solution (5 mg/mL) was added to each well and further incubated
for 3 h. After this incubation period, the culture medium was
removed and 100 mL of MTT solvent were added. Thewell-plate was
gently shaken during 30 min and the absorbance was measured at
550 nmwithin 1 h after addingMTT solvent. Values were calculated
relative to those of control cells treated with buffer only. The assays
were performed 4 times, each in triplicate, on different cell line
cultures, using different hIAPP stock solutions. All values represent
means ± the standard error of the mean (N ¼ 4).

3. Results

3.1. Design of mutated peptides

Recent work has demonstrated that the rate of fibril formation
and the random coil to b-sheet transition are slower at pH 5.5 than
at pH 7.4 [18]. Since residue histidine 18 is the only residue that
titrates over this pH range, it was suggested that it is the ionization
state of the histidine that affects the kinetics of fibril formation and
of the conformational changes. These observations suggest that
mutation of the residue 18 and changing its charge may signifi-
cantly modulate the rate of IAPP fibril formation and IAPP toxicity.
Thus, we synthesized four mutated peptides, where histidine 18
was replaced by arginine, lysine, glutamic acid, and alanine (Fig. 1).
The Arg and Lys substitutions were chosen because both are posi-
tively charged amino acids and have a roughly similar volume
[24,25]. However, Arg is less hydrophobic than Lys which is also less
hydrophobic than His. The Glu substitution permits to have a
negatively charged amino acid with approximately a similar vol-
ume and hydrophobicity as His, while the uncharged Ala is more
hydrophobic and has a smaller volume.

3.2. Mutated peptides adopt a stable random coil conformation

CD spectroscopy was used to investigate the secondary struc-
ture of peptides at the start of incubation (Fig. 2A) and after 24 h of
incubation (Fig. 2B). The CD spectra of peptides freshly dissolved in
50mMphosphate buffer,100mMNaF at 25 mMare nearly identical,
displaying a peak with negatively ellipticity at 200 nm that is
characteristic of a random coil conformation. After 24 h of incu-
bation, hIAPP adopts a b-sheet structure, indicated by the appear-
ance of a negative band at 220 nm and the loss of the negative band
at 200 nm. In contrast, the CD signals of the mutated peptides show
that these peptides retain their random coil conformation for at
least 24 h, indicative of the absence of amyloid fibril formation
under these conditions. This result suggests that the mutated
R, purple; H18E, green; and H18A, yellow) and mIAPP (dark blue). Each peptide contains



Fig. 2. CD spectra of 25 mM native hIAPP (blue) and the mutative peptides (H18K, red; H18R, purple; H18E, green; and H18A, yellow) freshly dissolved in 50 mM phosphate buffer,
100 mM NaF (A) and after 24 h of incubation (B) at pH 7.4.
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peptides have no or a lower amyloidogenic potential than hIAPP.
3.3. Mutated peptides are less amyloidogenic than hIAPP

Next, we tested the propensity of the different mutated peptides
to form amyloid at pH 7.4 using thioflavin-T (ThT) fluorescence
assays and transmission electron microscopy (TEM). ThT is a small
dye and one of themost commonly used for amyloid detection [26].
The aggregation of amyloid peptides can be described by a
sigmoidal transition with a well-defined lag phase in which
monomers and oligomers dominate the population, followed by a
growth phase during which fibrils elongate and, finally, a plateau
[27]. The kinetics data can be fitted according to a Boltzmann
sigmoidal equation. Two parameters can be derived from the ThT
curves: the time at half fibril conversion (t1/2) and the fluorescence
intensity at the plateau. Fig. 3A show typical sigmoidal curves ob-
tained for native hIAPP and the mutated peptides. For hIAPP, the
transition from monomer to fibril formation occurs at 2.8 ± 0.2 h
and the saturation phase is reached within 5 h. Clear differences in
the kinetics profile of hIAPP and the mutated peptides are observed
in terms of initial lag-time and the equilibrium plateau. Our data
show an increase in the t1/2 depending on the peptide: for H18K-
IAPP around 10 h (compared to 2.8 h for native hIAPP), for H18E-
IAPP 20 h, for H18R-IAPP 33 h and for H18A-IAPP 35 h. This
clearly indicates that the mutated peptides have a lower amyloi-
dogenic property following the order of fibrillogenicity:
18H > 18K > 18E > 18R, 18A. In addition, except for H18E-IAPP, all
the mutated peptides have a reduced final fluorescence intensity,
by a factor 1.6 for H18K-IAPP and 5.5 for H18R-IAPP and H18A-IAPP.
The ThT signal derives from the complex fibril-dye and the intensity
of the plateau is highly dependent on the binding between the fi-
brils and the dye. Thus, it is critical to assay fibril formation by
another method, such as TEM. We conducted TEM of the samples
collected after 3 days of incubation. hIAPP fibrils exhibit the typical
morphology of amyloid fibrils with diameters between 10 and
15 nm (Fig. 3B). Similar observations are made for both H18K-IAPP
and H18E-IAPP (Fig. 3C, E). However, the morphology of the fibrils
of H18R-IAPP and H18A-IAPP is somewhat different. We observe
mainly relatively short fibrils that do not appear to have strong
propensity to cluster into a more dense regular pattern (Fig. 3D, F).
3.4. The mutated peptides are less toxic to b-cells

To investigate the relationship between conformational changes
of peptides, fibril formation and cell toxicity, we tested the mutated
peptide on cell viability using rat INS-1 cells, a pancreatic cell line
commonly used in studies of hIAPP toxicity. Cell viability was
monitored by MTT assays for peptide samples at 50 mM. The non-
fibrillogenic and nontoxic mouse IAPP peptide was used as a
negative control. Consistent with previous reports, hIAPP exhibits
strong cytotoxicity at a concentration of 50 mM, as quantified in
Fig. 4, with cell viability being reduced to 16 ± 8% relative to the
control cells after 24 h of incubation. In contrast, in the presence of
themutated peptides at the same concentration, cell viability varies
from ~54 to 63% and thus is strongly increased as compared to the
effect of thewild-type. Control studies showed that mIAPP does not
affect cell viability. These results suggest that the fibrillogenicity of
the peptides is correlated to the toxicity.

3.5. H18R-IAPP inhibits fibril formation and cell toxicity of native
hIAPP

Wild type IAPP contains a histidine residue at position 18, while
mIAPP, which is nonamyloidogenic and not cytotoxic, contains an
arginine at this position, as well as some other mutations in the
amyloidogenic region. For mIAPP it was shown that it inhibits
hIAPP fibril formation [28]. Thus, herewewanted to knowwhether
H18R-IAPP might be able to interfere with hIAPP fibrillogenesis and
toxicity. Our data show that addition of an equimolar amount of
H18R-IAPP to hIAPP results in i) a reduction in the level of fibril
formation from ~95% to ~50% (Fig. 5A), ii) an increase of the t1/2
from ~2 h to ~9 h (Fig. 5B) and iii) an increase in cell viability from
~16% to ~35%. These results demonstrate that the H18R substitu-
tion, even though it is outside the amyloidogenic sequence, is able
to cause a dramatic inhibition of both fibril formation and toxicity
when this mutant peptide is added to wild-type IAPP.

3.6. Low pH inhibits fibril formation for the mutated peptides
except for 18A-IAPP

It was previously shown that the rate of hIAPP fibril formation is
faster at pH 7.4 than at pH 5.5 [18]. Thus, we next investigated the



Fig. 3. (A) Kinetics of native hIAPP and the mutated IAPP (H18K, red; H18R, purple; H18E, green; and H18A, yellow) fibril formation at 10 mM in 50 mM phosphate buffer, 100 mM
NaCl at pH 7.4. (B to F) Negatively stained microscopy images of native hIAPP (B) and mutated IAPP (H18K, C; H18R, D; H18E, E; and H18A, F).

Fig. 4. Comparison of cell toxicity induced by native and mutated IAPP at a peptide
concentration of 50 mM. Cell viability was measured after incubation of INS-1 b-cells
with the peptides for 24 h. Cell viability was assessed using MTT assays. Errors bars
represent the standard deviation determined from four repeated measurements.
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effect of an acidic pH on themutated peptides. First, we determined
the secondary structure of the mutated peptides at pH 5.5 using CD
spectroscopy (Fig. 6A). The CD spectrum of mutated and wild type
peptides freshly dissolved in 50 mM phosphate buffer, 100 mMNaF
at 25 mM displays a peak with negative ellipticity at 200 nm that is
characteristic of a random coil conformation. After 24 h of incu-
bation the mutated peptides and hIAPP retain their random coil
conformation, suggesting that a low pH inhibits fibril formation in
agreement with a previous report [18]. This result is confirmed
with TEM showing at pH 5.5 thinner and smaller fibrils with a
lower frequency compared to the fibrils formed at pH 7.4 for wild
type IAPP and H18K-, H18R- and H18E-IAPP (Fig. 6BeE). However,
for H18A-IAPP, we observed a denser network with thicker fibrils at
pH 5.5 than at pH 7.4 (Fig. 6F). Next, ThT experiments were carried
out at pH 5.5 and the results were compared to those at pH 7.4. The
t1/2 time required to reach half-value of the maximum of the
fluorescence intensity is reported in Fig. 6G for pH 7.4 (plain bars)
and pH 5.5 (dash bars). Our data indicate that t1/2 is higher for all
the peptides at pH 5.5 than at pH 7.4, except for H18A-IAPP. These
results are consistent with the TEM data, which also suggest that
the kinetics of fibril formation is slower at pH 5.5 than at pH 7.4 for
all peptides except for H18A-IAPP.



Fig. 5. Inhibition of native hIAPP fibril formation and cell toxicity by the mutated H18R-IAPP after incubation of 24 h. (A) Fluorescence intensity of the plateau region and (B) average
midpoints (t0.5) of the sigmoidal transition are shown for native hIAPP (10 mM), for mutated H18R-IAPP (10 mM) and for an equimolar mixture of hIAPP and H18R-IAPP (both at
10 mM) as determined by ThT fluorescence. (C) hIAPP cell toxicity for native hIAPP (50 mM), for mutated H18R-IAPP (50 mM), and for an equimolar mixture of hIAPP and H18R-IAPP
(both at 50 mM), assessed by MTT assays.

Fig. 6. CD spectra of 25 mM native hIAPP (blue) and the mutated peptides (H18K, red; H18R, purple; H18E, green; and H18A, yellow) freshly dissolved in 50 mM phosphate buffer,
100 mM NaF at pH 5.5 (A). Native hIAPP (B) and mutated IAPP (H18K, C; H18R, D; H18E, E; and H18A, F) in 50 mM phosphate buffer, 100 mM NaCl at pH 5.5. (G) Calculated half-times
(t0.5) of native IAPP and mutated IAPP (H18K, red; H18R, purple; H18E, green; and H18A, yellow) determined by ThT-fluorescence at pH 7.4 (plain bars) and pH 5.5 (dashed bars).
Inhibition of native hIAPP fibril formation by the mutated H18R-IAPP determined by ThT fluorescence after incubation of 24 h, at pH 5.5. The average midpoints (t0.5) of the
sigmoidal transition (H) and the fluorescence plateau (I) are shown for native IAPP (10 mM), mutated H18R-IAPP (10 mM) and for the mixture hIAPP:H18R-IAPP (10 mM; 1:1 M ratio).
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Finally, the influence of pH on the inhibition of hIAPP fibril
formation by H18R-IAPP was investigated by ThT fluorescence. The
experiment was performed with an equimolar amount of hIAPP
and H18R-IAPP at a concentration of 5 mM. Our data show that also
at a lower pH H18R-IAPP efficiently inhibits hIAPP fibril formation,
the t1/2 being reduced by a factor of 2.7 at pH 5.5. The addition of
H18R-IAPP induced a reduction in the maximum of intensity from
81% to 46% (Fig. 6H) and an increase of the t1/2 from 7.1 h to 19.3 h
(Fig. 6I). These results demonstrate that i) a low pH inhibits fibril
formation for the wild-type hIAPP and for the mutated peptides
except H18A-IAPP and ii) H18R-IAPP is able to reduce the rate of
native hIAPP fibril formation at a low pH as well as a physiological
pH.

4. Discussion

hIAPP has been known to be the main component of the amy-
loid deposits that form in the pancreas of patients of T2DM. Despite
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considerable progress, the mechanisms of amyloid fibril formation
in vitro and in vivo are still not understood. Previously, it was shown
that hIAPP fibril formation is strongly pH-dependent and it was
postulated that this effect is directly related to the conformational
behavior of hIAPP [18] and its cell cytotoxicity toward MIN6 mouse
model pancreatic b-cells [29]. Since histidine at position 18 is the
only residue of which the side chain titrates over the relevant pH
range, both studies proposed that the ionization state of the histi-
dine acts as an electrostatic switch that facilitates hIAPP fibril for-
mation at physiological pH where histidine is uncharged and
reduces the fibril formation at an acidic pH where histidine is
charged. The data presented here reveal that this residue 18 con-
tributes in a different and more complex way to IAPP amyloid as-
sembly kinetics and toxicity, and that a single substitution, even
with full retention of charge, has a profound effect on IAPP fibril
formation and toxicity, as will be discussed now in more detail.

We have synthesized four mutated peptides where histidine 18
has been replaced by arginine, lysine, glutamic acid and alanine. To
predict the amyloidogenicity of the five peptides, theoretical cal-
culations were made using different algorithms. According to
ZIPPER-DB, the amyloid propensity of hIAPP is decreasing when
position 18 is a lysine, arginine and glutamic acid but increasing
with an alanine [30]. Pawar et al. described amethod for calculating
the intrinsic amyloid aggregation propensities of a peptide and
found the following order of amyloid propensities:
A > H > K > E > R [31]. Finally, according to Sanchez de Groot, the
experimental aggregation propensities of the amino acids follow
the order: A > K>H > R > E [32]. Our experiments clearly show that
all themutated peptides, even H18A-IAPP, are less fibrillogenic than
wild type hIAPP. The CD data show predominantly random coil
structure for 24 h for all the analogues while the transition from
random coil to b-sheet for hIAPP occurs after 4 h. This is consistent
with the fluorescence and TEM data that show that the time course
of ThT fluorescence and the quantity of fibrils observed by TEM are
strongly dependent on residue 18 with the following order of
fibrillogenicity: native hIAPP > H18K-IAPP > H18E-IAPP > H18R-
IAPP, H18A-IAPP. It is important to note that the timescales in the
CD measurements cannot be directly compared with those in the
ThT experiments, since some agitation occurs during the fluores-
cence measurements, which has been shown to accelerate the ki-
netics of fibril formation [33]. Altogether, our results demonstrate
that the effects of the substitutions are consistent. The cell toxicity
experiments on INS 1 cells reveal that all the mutated peptides
induce less toxicity than the wild type suggesting that His-18 is a
requirement for high cell toxicity. Also here the strongest effects of
the substitutions are observed for H18R-IAPP and H18A-IAPP. The
conformational and aggregational features of the analogues were
also explored at an acidic environment of 5.5, mimicking the pH of
the secretory granules. The results show that the rate of fibril for-
mation is slower at pH 5.5 compared to pH 7.4 for all the analogues
except H18A-IAPP, showing that also hIAPP analogues with non-
titratable amino acid side chains at position are sensitive to pH.
This result is in line with results from recent study on an H18Q-
hIAPP analogue [34]. Since arginine, lysine and the glutamic acid
are permanently charged residues at pH 7.4 and pH 5.5, the charge
cannot be the sole factor determining the properties of IAPP. We
therefore suggest that the amyloidogenicity of a peptide is
controlled by a combination of charged, hydrophobic and aromatic
residues.

During the last decade, different analogues were designed,
synthesized and their amyloidogenic properties were determined
using biophysical techniques. hIAPP and non amyloidogenic mIAPP
differ at six positions out of 37, namely positions 18, 23, 25, 26, 28
and 29 (Fig. 1), suggesting that the region 20e29 determines the
ability of hIAPP to form fibrils. The first studies using proline
substitutions within this 20-29 region demonstrated that this part
is indeed essential in the process of fibril formation. Later, a number
of mutations within residue 20 (Ser/Gly, Ser/Lys) were investigated
and the results highlighted the importance of this residue in hIAPP
structure and fibril formation [35e37]. In addition, multiple sub-
stitutions outside of the 20e29 region also led to non-
amyloidogenic or less amyloidogenic peptides suggesting the
importance of others regions such as 8e16, 13e19 and 31e37
[8,15,38,39]. Our study, revealing that histidine18 is important on
allowing fibrillation to proceed, is consistent with a previous study
that demonstrates that the mutation R18H is sufficient to render
mIAPP amyloidogenic [19]. A more recent study has investigated
the role of the C-terminal of IAPP and its interaction with the his-
tidine 18 during IAPP amyloid formation [40]. In this study, residue
histidine was replaced by leucine or glutamine. These two residues
were chosen because they have approximately the same volume,
however, leucine and glutamine are uncharged amino acids. In
addition, glutamine and histidine have the same hydrophobicity
index [25], while leucine is more hydrophobic. With the mutation
H18L, hIAPP fibril formation was strongly accelerated while the
fibril formation was moderately accelerated with the H18Q muta-
tion, indicating that these mutation effects cannot be due only to
the deletion of a positive charge [40].

Atomistic structural models of native hIAPP were calculated
using data from scanning transmission electron microscopy, solid-
state NMR and EPR as constraints [41,42]. The resulting family of
structures exhibits fibril protofilaments that contain layers of b-
sheets that twist around each other. The first model describes two
b-strand segments, comprised of residues 8e17 and 28-37 sepa-
rated by a bend or a loop, while the second model proposes two b-
strand segments, comprised of residues 14e19 and 31e36. In both
cases, residue 18 is at the interface between the b-sheet and the b-
turn. The amino acids present in the b-sheet contribute to the
constitution of the backbone of the fibrils while the amino acids
present in the b-turn provide torsional flexibility for the b-sheet to
form. The mutation of residue 18 at the interface between the b-
sheet and the b-turn may destabilize the fibrils by decreasing the
number of potential intra- and intermolecular hydrogen bonds as
for example in the case of H18A-IAPP, or by changing the nature
and/or the distance of the hydrogen bonds as in the case of H18R-
IAPP and H18E-IAPP.

His18 is not only important for fibril formation and structure but
also for binding of metal ions. In previous work, it was demon-
strated thatmetal ions such as Cu(II), Ni(II) and Zn(II) prevent hIAPP
fibril formation by anchoring to histidine 18 thereby inducing a
change in the local conformation nearby the residue [43e45].
Similar experiments were done with Ab, the amyloid peptide
involved in Alzheimer's disease where it was concluded that
modification of the three histidine residues (at positions 6, 13, and
14) of the peptide results in modulation of the aggregation and
toxicity properties and affects the zinc binding [46e49].

Finally, another interesting observation in our study is that
addition of 18R-IAPPmodulates the properties of hIAPP. Indeed, the
data presented here demonstrate that at a ratio 1:1, H18R-IAPP
inhibits hIAPP-amyloid formation by lengthening the lag phase,
reducing the final ThT fluorescence intensity and reducing the
cytotoxicity towards INS-1 cells. A possible hypothesis is that the
peptide-peptide interactions alter intra- or intermolecular
hydrogen bonding and thereby slow down hIAPP fibril formation. It
is interesting to note that the non-amyloidogenic mIAPP is a
moderate inhibitor of native IAPP [28] while the single mutation
H18R in native IAPP has a more pronounced inhibition effect on
native IAPP. Indeed, previous results showed that adding mIAPP to
hIAPP in a 1:1 M ratio increases t1/2 by a factor of 2.5 [28], while our
data reveal that addition of H18R-IAPP to hIAPP increases t1/2 by a



L. Khemtemourian et al. / Biochimie 142 (2017) 22e30 29
factor of 4.5, suggesting a much stronger inhibiting effect. H18R-
IAPP is as effective at inhibiting amyloid formation as a number
of small molecules and peptide-based inhibitors [50,51] but less
effective than others analogues of hIAPP where the mutations are
located in the amyloidogenic region, as for example the I26P variant
[52] or the double N-methylated hIAPP analogues [53,54].

It is known that changes in chemical composition in hIAPP can
have dramatic effects on fibril assembly, structure and toxicity.
Understanding precisely how the sequence influences structure
may help to understand structure/function relationships in these
amyloid forming proteins. The present works reveals the essential
role of histidine in amyloid fibril formation and the impressive ef-
fect of a single mutation that is located outside the amyloidogenic
region. We propose that this residue has such a strong effect
because it is located at a crucial position in the assembled fibrils
where small changes in precise chemical structure, charge prop-
erties and hydrogen-bonding interactions directly affect both
intermolecular and intramolecular interactions between monomer
units.
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