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Human amylin (hIAPP) is found in the form of amyloid deposits within the
pancreatic cells of nearly all patients diagnosed with type 2 diabetes mellitus
(T2DM). However, rat amylin (rIAPP) and pramlintide - hIAPP analogs - are both
non-toxic and non-amyloidogenic. Their primary sequences exhibit only slight
variations in a few amino acid residues, primarily concentrated in the central
region, spanning residues 20 to 29. This inspired us to study this fragment and
investigate the impact on the aggregation properties of substituting residues
within the central region of amylin and its analogs. Six fragments derived from
amylin have undergone comprehensive testing against various metal ions by
implementing a range of analytical techniques, including Nuclear Magnetic
Resonance (NMR) spectroscopy, Thioflavin T (ThT) assays, Atomic Force
Microscopy (AFM), and cytotoxicity assays. These methodologies serve to
provide a thorough understanding of how the substitutions and interactions
with metal ions impact the aggregation behavior of amylin and its analogs.

KEYWORDS

human islet amyloid polypeptide (hIAPP), amylin analogues, central region, aggregation,
fibril formation, metal ions, copper, zinc

1 Introduction

Islet Amyloid Polypeptide (IAPP) is a 37-amino acid residue peptide stored as a
prohormone within secretory granules inside the P-cells of the pancreas before it is
processed to a mature hormone and secreted extracellularly (Brender et al, 2011).
Human IAPP (hIAPP) is part of the endocrine pancreatic system that contributes to
glycemic control. The peptide is co-stored and co-secreted with insulin in an approximately
100:1 ratio of insulin:amylin from the pancreatic B-cells into the blood circulation
(Rorbach-Dolata and Piwowar, 2019). It is released following food intake to regulate
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blood glucose levels by slowing gastric emptying and promoting the
feeling of fullness after the meal, thereby preventing post-prandial
spikes in blood glucose levels (Alghrably et al., 2019). This peptide
(hIAPP) is aggressively amyloidogenic and has a high tendency to
form isolate amylin deposits, which are observed particularly in the
islets of Langerhans of patients with T2DM, and it has been
implicated in the disruption of the cellular membrane of B-cells
(Hartman et al., 2009; Wineman-Fisher and Miller, 2017). Various
biochemical investigations have demonstrated that the aggregation
tendencies of hIAPP can be attributed to its amino acid sequence,
particularly the region spanning *’NFGAILS*, which significantly
influences the process of amyloid formation (Emwas et al., 2021;
Rhoades et al., 2000). The primary sequence of amylin has been
found to be strongly conserved in all mammals studied so far
(Westermark et al., 1990). While the IAPP of humans, non-
human primates, including cats and the degu, are also known to
develop islet amyloid (Westermark et al., 2011; Chiu et al., 2013), it
has been discovered that rat amylin (rTAPP) does not. rTAPP amino
acid sequence differs from hIAPP in six residues, having three
prolines in position 25, 28, and 29, F23L and 126V substitutions.
As stated earlier, hIAPP plays an important role in glycemic
regulation. However, it cannot be used as a drug for diabetic
patients due to the fact that it has a high tendency to misfold
and form cytotoxic fibrils (Westermark et al., 2011), a process that
itself is strongly associated with B-cell degeneration in T2DM
(Phillips and Horowitz, 2006; Hartman et al, 2009; Cao et al,
2013). This limitation led to the development of amylin synthetic
analogue, pramlintide, to overcome the physicochemical properties
of aggregation and toxicity (Magri et al., 2020). The amino acid
sequence of pramlintide is characterized by the substitution of
Ala25, Ser28, and Ser29 in the hIAPP sequence with prolines
(Pittner et al, 1994). Similar to rIAPP, these substitutions
eliminate the ability of the compound to form amyloidogenic
fibrils, making pramlintide a highly suitable treatment for
diabetes (Roth et al., 2008). Pramlintide is commonly used in the
United States in insulin-resistant patients (Ryan et al., 2005) and has
also recently been shown to have antimicrobial properties (Wang
et al., 2012).

It is important to highlight that experiments conducted on
hIAPP have established that the residues within this central
region are responsible for conferring amyloidogenic properties to
the peptide, thus making it capable of independently forming fibrils
(Chiu et al., 2013; Frigori, 2017; Bhowmick et al., 2022). With this
perspective in mind, our work focuses on investigating the impact of
substituting residues within the central region of amylin and its
analogs on their aggregation properties (Buchanan et al.,, 2013).
Fragments derived from human amylin, rat amylin, and
pramlintide, along with three other custom-designed fragments
originating from each of these mentioned peptides (Table 1),
have undergone comprehensive testing against various metal
ions. Metal ions are recognized for enhancing the formation of
amyloids and introducing novel electrochemical and spectroscopic
characteristics to amyloid materials (Ward et al., 2008a; Brender
et al., 2010; Rivillas-Acevedo et al, 2015) Furthermore, the
interaction of metals with amyloids markedly impacts their
structure and morphology (Salamekh et al, 2011; Rowinska-
Zyrek, 2016a; Atrian-Blasco et al., 2018; Abdelrahman et al,
2020). To dissect their influence on these amylin fragments, we
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have employed a combination of analytical techniques, including
Nuclear Magnetic Resonance (NMR) spectroscopy, Thioflavin T
(ThT) assays, Atomic Force Microscopy (AFM), and cytotoxicity
assays. These methodologies serve to provide a thorough
understanding of how these substitutions and interactions with
metal ions impact the aggregation behavior of amylin and its
analogs (Poulson et al, 2019; Abdelrahman et al, 2023; Roy
et al, 2023). Our findings with ThT assays revealed enhanced
aggregation of hIAPP-F, influenced by the addition of Zn(II).
While Cu(II) significantly decreased the aggregation of the
hIAPP-E. On the other hand, Pramlintide-M and Pramlintide-M:
Zn(II) showed a slight increase in fluorescence intensity. AFM
analysis confirmed fibril formation for hIAPP-F and Pramlintide-
M. Specifically, the hIAPP-F sample displayed elongated, twisted
fibrils consistent with matured amyloid structures and a similar fibril
morphology is also evident in the hIAPP-F:Zn sample. While
Pramlintide-M samples revealed helical fibrils and spherical
aggregates with smoother surfaces compared to hIAPP. The fibril
of Pramlintide-F morphology is appearing as a helical structure.
NMR spectroscopy corroborated accelerated aggregation in the
presence of Zn(II) for Pramlintide-M peptide. Cytotoxicity assays
on Hela cells indicated reduced viability for hIAPP-F and
Pramlintide-M, mitigated by peptide-Cu(II) complexes but
unexpectedly increased by peptide-Zn(II) complexes. These
findings shed light on the amyloidogenic nature of amylin
peptides and provide insights into amyloid formation mechanisms.

2 Materials and methods

2.1 Peptides

Table 1 lists the abbreviations, sequences, and molecular weights
for the studied peptides used in this chapter. These peptides were
purchased from KareBayBiochem, GeneScript (certified purity of
99.30% and >95%) used without further purification.

Cu(NOs3), and ZnCl, were purchased from Fisher Scientific.

2.2 Thioflavin-T (ThT) assay

Preparation of IAPP fragments solutions and thioflavin-T
aggregation assays were performed as described earlier (Alghrably
et al.,, 2020). In brief, IAPP fragments were dissolved in 50 mM
phosphate buffer to concentrations of 1 mM. Stock solutions were
diluted to the desired concentrations, and samples were used fresh
each time. It is important to mention that due to the observation of
turbidity after dissolving hIAPP-F and Pramlintide-M, both
peptides were sonicated for 25min. All of the aggregation
reactions were conducted at 25°C with 40 uM IAPP fragments/
mutants (final concentration) in 50 mM phosphate buffer (pH 7.4),
and 20 uM thioflavin T in a final volume of 200 pL in each of the 96-
well flat-bottom black plate (Corning 3915). We tested the
aggregation of each IAPP fragment/mutants alone and with the
addition of two metal ions Cu(II) and Zn(II). The metal ions were
added to the TAPP fragments in 1:1 ratio. The plate was sealed with
transparent film (Duck Brand Crystal Clear Tape, Avon, OH).
Thioflavin T fluorescence emission at 528/20 nm (excitation at
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TABLE 1 Summary of full-length, fragmented, and mutated variants of the different amylin peptide analogues, including primary sequence, Molecular

Weight (MW), and Isoelectric Point (IP).

10.3389/fchem.2024.1419019

Peptide Primary sequence MW (g/mol) IP
hIAPP (Full-length) KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH, 3903.28 8.90
tTAPP (Full-length) KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-NH, 39206 9.50
Pramlintide (Full-length) KCNTATCATQRLANFLVHSSNNFGPILPPTNVGSNTY-NH, 3951.4 8.90
hIAPP-F SNNFGAILSS 1,009 524
rTAPP-F SNNLGPVLPP 1,007.15 524
Pramlintide-F SNNEGPILPP 1,055.2 524
hIAPP-M SNNEGAILPP 1,029.16 524
TAPP-M SNNLGPILPP 1,021.18 524
Pramlintide-M SNNFGPILSS 1,035.12 524
hIAPP-F
5000.00
4500.00
4000.00 :
»
Ll
3500.00 L Y
¥ i
3000.00 o
B o
= by i .
o ol
3 2500.00 s - -
.. 2 ooyt e P - -‘PH =,-ﬂ:. ﬂjv =l
. 1 e T .
2000.00 z = Jpm——_——Ew , e
=P A A et ““LU‘ e T
1500.00 o . ey AL A il SRS EIs: SRR
L]
L
1000.00 /:
5 10 15 20 25
Time (h)
= hIAPP 40uM e hIAPP-F 40uM « hIAPP-F:Cu 1:1 « hIAPP-F:Zn 1:1

FIGURE 1

Effects of Cu(ll) and Zn(ll) on hIAPP-F aggregation in a phosphate-buffered solution. Amylin peptides (40 puM) were subjected to aggregation at 25°C

in the presence of 20 yM ThT and 50 mM phosphate buffer pH 7.4.

485/20) was monitored on a Cytation 5 Multi-Mode Microplate. The
measurements were collected by top reading each 5 min after a 3 s
shake with an extended gain.

2.3 Atomic force microscopy (AFM)

AFM imaging was conducted in a 256-scanning line at a 1 Hz
scanning rate by using Bruker’s Nano Dimension Icon (Bruker
Nano Inc., Germany). In this procedure, 200-300 uM hIAPP-F and
Pramlintide-M were incubated with and without selected metal ions
at 25°C for 24 h. All the samples were dissolved in 50 mM phosphate
buffer (pH 7.4). The height of peptide aggregates was obtained from
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its section tool through Nano Scope Analysis 1.5, and the line
position with average effects in the images was selected, except
peptides alone in fibril form.

2.4 Nuclear magnetic resonance (NMR)

All peptides (except hIAPP-F and Pramlintide-M) were
dissolved in 99.8% deuterium oxide containing 20 mM of
phosphate buffer (pH 7.4). All samples contained 1.5 mM
peptide concentration in 600 uL of sample volume except for
hIAPP-F and Pramlintide-M, for which the final concentration
was 100 uM (both peptides have a high tendency to aggregate at
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FIGURE 3

Assigned spectrum *H-*C HSQC of rIAPP-F.
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FIGURE 4
Assigned spectrum *H-*C HSQC of Pramlintide-F.

room temperature). The samples’ pH was manually adjusted to
7.4 with 0.1 M NaOD stock solution in 100% D2O. These samples
were used for the 'H and “’C resonances assignment based on 2D
spectra: 'H-">C HSQC (Bodenhausen and Ruben, 1980) tuned for
the aliphatic region, HSQC-TOCSY (Koz minski and Koz 'min’
ski, 1999), 'H-'"H TOCSY (Braunschweiler and Ernst, 1983) mixing
time 20 ms and 80 ms, 'H-'"H ROESY (Davis, 1985) mixing time
300 ms and 500 ms. During the hTAPP-F and Pramlintide-M sample
preparation, a temperature of 90°C was used to dissolve the peptides.
After that, both samples were sonicated during the cooling down
process to obtain a homogeneous solution. Spectra were measured
immediately after sample preparation. The samples with the
addition of metal ions were prepared with the same method as
the samples of high tendency aggregation peptides hIAPP-F and
Pramlintide-M.

All experiments were performed at a temperature of 310 K. The
NMR spectra were acquired on spectrometers of 950, 800, and
700 MHz Bruker Avance NEO equipped with cryogenic TCI probes:

o rIAPP-F, hIAPP-F, Pramlintide-M: 700 MHz, 'H frequency =
700.21 MHz, "*C frequency = 176.07 MHz

o rIAPP-M: 800 MHz, 'H frequency
frequency = 201.21 MHz

o Pramlintide-F, hIAPP-M: 950 MHz, 'H frequency
950.30 MHz, "°C frequency = 238.96 MHz

13C

800.18 MHz,

Data was processed in TopSpin Bruker software (Bruker, 2024)
and analyzed with NMRFAM Sparky software (Lee et al., 2015).
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Analysis of '"H and "’C resonances was performed applying a
standard procedure (Wiithrich, 1986) by the inspection of 2-
dimensional spectra measured for peptides rIAPP-F, Pramlintide-
F, hIAPP-M, and rIAPP-M.

2.5 Cytotoxicity assay

The cytotoxicity of the different peptides (rTAPP-F, hIAPP-F,
Pramlintide-F, hIJAPP-M, rTAPP-M, Pramlintide-M, and hIAPP)
was tested using CCK-8 assay according to the manufacturer’s
protocol. Briefly, cervical carcinoma cells (HeLa) were seeded
into 96 well plates 8 x 10> cells/well in 100 uL DMEM culture
medium with 10% FBS and 1% Penicillin-Streptomycin and
incubated in a 5% CO2 incubator at 37°C overnight. After
that, the cells were incubated with the different peptides
prepared in deionized water at concentrations (200, 400, 600,
and 800 pg/mL) for 24 h. In addition, the cytotoxicity of hIAPP-F
and Pramlintide-M prepared in 0.5 mg/mL Cu(NOs3), and ZnCl,
solutions at the same concentrations (200, 400, 600, and 800 pg/
mL) was also tested. Cells without any treatment were used as a
control, and all the conditions were done in triplicates. After 24 h,
the media was discarded from the plate, and cells were washed
with PBS. Then, 10 uL of CCK-8 and 90 pL of fresh DMEM media
were added to each well and incubated for 4 h. The absorbance
was measured at OD = 570 nm and 605 nm using a microplate
spectrophotometer (BioRad-xMark Microplate Absorbance
Spectrophotometer). The ratio of the absorbance at 570/
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FIGURE 5
Assigned spectrum *H-C HSQC of hIAPP-M.

605 was calculated, and the average absorbance value of wells
without cells was considered as blank and subtracted from all
wells to cancel the background noise. The cells without any
treatment were used as a control, and their mean value was
considered 100% viable. The other treated cells’ viability was
calculated using the formula: Cells viability % = (Corrected Mean
Absorbance of treated cells)/(Corrected Mean Absorbance of
control) x100.

3 Results and discussion

3.1 The effect of metal ions on the
aggregation kinetics of IAPP fragments

The Thioflavin T (ThT) assay is a widely employed method
for assessing the dynamics of protein assembly in a controlled
laboratory setting. ThT, a fluorescent dye, quickly binds to the -
sheet structures found within aggregated fibrils, leading to a
noticeable increase in fluorescence emission. This alteration in
isn’t solely influenced by the

but also by the shift in the
equilibrium between two ThT binding sites on a given fibril
surface (Gade Malmos et al., 2017).

To investigate how Cu(II) and Zn(II) influence the

aggregation of IAPP peptide fragments and mutants, we

fluorescence intensity

concentration of fibrils

assessed their aggregation behavior both with and without the
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presence of these specific metal ions. These experiments were
conducted in a phosphate buffer with a pH of 7.4, and we
the
fluorescence. Controls of Cu(NO;3), and ZnCl, were used

monitored aggregation process by measuring ThT
(Supplementary Figure S1). As a positive control, we used
hIAPP (full length), which is known for its propensity to
rapidly aggregate (da Silva et al.,, 2016; Reddy et al., 2010). As
expected, we observed an increase in the fluorescence intensity of
human amylin fragment (hIAPP-F) (Figure 1). This is attributed
to the fact that residues 20-29 are crucial for the amyloid
formation of hIAPP, and this fragment is recognized as the
amyloidogenic region (Cao et al.,, 2020; Wang et al., 2022; Lin
et al., 2023). It is clear from the ThT graph that hIAPP-F and
hIAPP-F:Zn(II) solutions had aggregated in the same pattern and
that the aggregation trends of both solutions were lower than the
full-length-hIAPP solution (Figure 1). Moreover, the elongation
phase of hIAPP-F and hIAPP-F:Zn(II) solutions started rapidly,
which indicates the fast addition of monomers to growing fibrils.
Nevertheless, it was shorter in time compared to the same phase
of the hIAPP (full-length) solution. Both curves of hIAPP-F and
hIAPP-F:Zn(II) reached the saturation phase after ~2.5h.
Comparing the fluorescence intensity of hIAPP-F with hIAPP-
F:Zn(II), we observed that the presence of Zn(II) in the solution
of hIAPP-F influenced the aggregation and increased the
fluorescence intensity. In contrast, the addition of Cu(II) to
the hIAPP-F solution significantly decreased the fluorescence
intensity and completely inhibited the aggregation of hIAPP-F.
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FIGURE 6
Assigned spectrum HSQC-TOCSY of rIAPP-M.

In line with previous research, our study demonstrated that
Zn(II) ions indeed influence the aggregation behavior of
hIAPP-F, as
intensity observed in our ThT assay. This finding is consistent
with the work of D. Loboda and M. Rowiniska-Zyrek (Rowinska-
Zyrek, 2016b; Loboda and Rowir’lskanyrek, 2017) who
highlighted the role of Zn(II) in promoting the formation of

evidenced by the increase in fluorescence

large Zn(II)-amylin aggregates. Our results further support these
observations, as the presence of Zn(II) in the hIAPP-F solution
accelerated the aggregation process, leading to a faster onset of
the elongation phase and ultimately reaching saturation earlier
compared to the control solution without Zn(II). This suggests a
direct interaction between Zn(II) ions and amylin, influencing
the kinetics of fibril formation. Additionally, the contrasting
effect of Cu(II) observed in our study (ThT results), where it
inhibited aggregation and decreased fluorescence intensity, are
consistent with the observations made by Benjamin Ward et al.,
(Ward et al., 2008b), who demonstrated that Cu(II) effectively
inhibits amylin aggregation and prevents the formation of (-
sheet conformers.

On the other hand, there was a slight increase in the
fluorescence intensity with Pramlintide-M and Pramlintide-M:
Zn(II) (Figure 2). The peptide alone started to aggregate after 7 h,
while the aggregation of the solution containing Pramlintide-M:
Zn(I1) started after 12 h. Both solutions reached the saturation
state after 14 h. The increase in the fluorescence intensity can be
due to the mutation of the last two prolines at positions 9 and
10 of the sequences with serins within the primary sequence of
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the short peptide, while the first proline at position six remained
intact. This confirms that the presence of proline residues within
the sequence of the peptide inhibits the p-sheet formation, thus
decreasing aggregation. Nevertheless, the substitution of the last
two prolines with serins did not completely inhibit the
aggregation. However, the aggregation rate was very low
compared to hIAPP-F, which doesn’t contain proline residues
within its sequence. Thus, proline 6 (corresponding to proline
25 within amylin full length and its studied analogs) plays an
important role in the inhibition of the aggregation. Last but not
least, the addition of Cu(II) to the Pramlintide-M solution
inhibited the aggregation.

rIAPP-F, pramlintide-F, hJAPP-M, and rIAPP-M did not show
any increase in the fluorescence intensity (Supplementary Figure
S2). Moreover, neither metal ions Cu(II) nor Zn(II) have any
influence on the aggregation rate of these four peptides
(Supplementary Figure S3). This can be explained by the
presence of proline in each of their primary sequence. However,
it is noteworthy that hTAPP-M has only the last two serins mutated
with prolines, and there was no aggregation activity with this
peptide. This could indicate that the presence of the serins is a
crucial factor in the B-sheet formation because of the presence of the
-OH group that can easily be involved in the hydrogen bond
network formation. Moreover, it is well known that the presence
of the prolines within the sequence does not favor the aggregation. It
seems the proline residues can expose their full potential for being a
beta-sheet breaker when placed within an amino acid sequence as
well as at their end.
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3.2 Probing protein structures and
interactions: NMR insights into aggregating
peptides and metal ion complexes

Nuclear Magnetic Resonance (NMR) has been employed in the

examination of diverse functional compounds, including natural
products, and has evolved into a pivotal technology acknowledged as

Frontiers in Chemistry

the “gold standard” in medical and pharmacological investigations
(Emwas et al., 2020).

It is the preferred technique for examining both the structures
and dynamics of proteins and for exploring interactions between
proteins and metal ions (Alsiary et al., 2020a; Alsiary et al., 2020b).

Hence, it was employed to investigate the amino acids
involved in the aggregation and the binding mode of the
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metal ion complexes formed with the studied peptides. Due to  for the peptides rIAPP-F, pramlintide-F, hIAPP-M, and
rapid changes occurring in the two aggregating peptides at high ~ rTAPP-M (Supplementary Table S1; Supplementary Table S2;
concentrations, only one-dimensional spectra were recorded.  SI) (Figures 3-6). Assignments from the two-dimensional spectra
Subsequently, 2D NMR spectra were obtained and assigned  of the four non-aggregating peptides were transferred to their
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corresponding one-dimensional spectra. Furthermore, by
identifying peaks for each residue based on chemical shifts
assigned for non-aggregating peptides (Supplementary Figures
S6-59), the one-dimensional spectra of aggregating peptides
hIAPP-F pramlintide-M be  assigned
(Supplementary Figures S10, S11). Analysis of the spectra
revealed that
aggregation and determination of the binding mode of Zn(II)

and could

recognition of the residues involved in
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10

complexes with hTAPP-F is not possible due to a lack of specific
changes in chemical shifts after the addition of metal ions
(Supplementary Figure S$4).

As the peptides rTAPP-F, pramlintide-F, hIJAPP-M, and rIAPP-
M have a low tendency to aggregate, no signal loss was observed over
time. The situation differs with hTAPP-F and pramlintide-M. The
signal intensity of both peptides decreased over time. These changes
can be attributed to the aggregation process, which perfectly agrees
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with the ThT and atomic force microscopy (AFM) results obtained
for these molecular systems. As expected for small aggregating
peptides, the decreasing intensity of signals over time was equal
for each peak, which prevents identifying specific residues involved
in the aggregation process. Moreover, the signal intensity
deterioration of hIAPP-F occurred faster in the presence of
Zn(II), which aligns with the results obtained by other methods
(Supplementary Figure S5).

Frontiers in Chemistry

3.3 AFM analysis of fibril morphology:
investigating aggregating peptides hIAPP-F
and Pramlintide-M

To evaluate the morphology of the fibril species formed by the
two aggregating peptides hIAPP-F and Pramlintide-M, AFM was
conducted. The AFM images were taken after 24 h of incubation
to allow the fibrils to reach the final stage of the fibrillation
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process. hIAPP was used as a control sample (Figure 7), to
compare the structural morphology of the formed fibrils with
the short peptide fragments with a high tendency to aggregate
hIAPP-F and Pramlintide-M. In addition to the control, the
hIAPP:Cu(Il) sample was prepared and examined under the
AFM (Figure 8) in order to analyze the effect that Cu(II)
introduces in the structural morphology of hIAPP (full length)
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and compare it with the short peptide with the addition of Cu(II)
to the sample. The fibrils that are observed in the control sample
of hIAPP vary in length, with some extending beyond 2 pm
(Figure 7C). However, they are relatively short worm-like
fibrils distributed all over the sample (Figure 7A, represented
by the white arrows). These short-length fibrils could be
attributed to the formation of more nuclei, resulting in a
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higher number of fibrils at elevated hIAPP concentrations. The
magnified image (Figure 7B) reveals the structural morphology of
the formed fibril in more specific detail. There are two distinct
types of fibrils (Figure 7B shown with the different colored
arrows). The red arrows point to a thinner fibril compared to
the other type, denoted by the green arrows. Furthermore, this

Frontiers in Chemistry

13

thinner fibril exhibits a ribbon-like and smoother surface, as
evidenced by the contrast variation in the stiffness profile
(Figure 7D). The green arrows, on the other hand, indicate a
helical fibril formation from the twisting of two-stranded ribbon-
like fibrils (Figure 7B). The diameter of the fibrils formed in the
control sample can be determined using the cross-section profile
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chart (Figure 7E), which also shows a variation between the
ribbon-like and the helical-structured fibrils (Figures 7B, E
represented by the red and green asterisks). The ribbon fibrils
of hIAPP, which is indicated in red asterisks, have a diameter of
around 2nm, while the helical fibrils (green asterisks) are
approximately 5-6 nm in diameter. On the other hand, in the
hIAPP:Cu(II) sample at a 1:1 ratio of 200uM, shorter fibrils are
evident (Figure 8C). The average length of these fibrils is less than
2 um, and they exhibit a unique looping structure (Figure 8A)
with intermittent cut sections along the length of the extended
fibril (Figure 8B, represented by the white arrows). Moreover, the
stiffness profile along the formed fibril, which can be seen in
(Figure 8D) shows that the hIAPP:Cu(II) sample exhibits a
smoother surface compared to the control sample of hIAPP
(Figure 7D). This observation suggests a change in the
morphology of fibril formation with the addition of Cu(II).
The diameter of the fibrils is reduced compared to the helical
fibrils formed in the hIAPP control sample. Nevertheless, it is
similar to the ribbon-structured fibrils of hIAPP, measuring
approximately 2-3 nm, as determined from the cross-sectional
profile chart (Figure 8E). These measurements suggest that these
fibrils still did not reach their fully matured form, which is the
helical structure. Thus, Cu(II) might slow down or prevent the
process of fibril formation.

The AFM images of the hIAPP-F sample (Figure 9A) reveal the
presence of elongated fibrils with a diameter of approximately 6 nm, as
indicated by the profile analysis image (Figure 9E). The morphology of
these fibrils can be identified by the shape of the species in the magnified
images (Figures 9B-D), which is clearly a twisted fibril. The study of
Shuai Zhang and others on hIAPP,, ,9 provides detailed insights into
the distinction between the immature ribbon-like structure and the
final-stage twisted fibrils (Zhang et al,, 2013). The type of fibril observed
in Figure 9 represents the last stage of the amyloid self-assembly process
and is considered to be mature due to its structural complexity
(Adamcik et al, 2010; Lara et al, 2011). This twisted fibril
morphology aligns with what has previously been observed for
hIAPP,(_,o fibrils (Nielsen et al, 2009; Andreasen et al., 2012). A
similar fibril morphology is also evident in the hIAPP-F:Zn sample
(Figure 10). This sample was prepared by adding a 1:1 ratio of Zinc to
the hIAPP-F solution and then incubated for 24 h before acquiring the
AFM images. The fibrils formed in this sample exhibit the same
diameter as the matured helical-structured fibrils observed in both
the control hIAPP (Figure 7) and hIAPP-F samples (Figure 9).

Observing the Pramlintide-M sample under AFM after 24 h of
the final-stage fibril
(Figure 11A). The fibril morphology is discernible in the zoomed
images (Figure 11B, C), appearing as a helical structure. The

incubation reveals formation process

spherical-like structures that are scattered throughout the sample
may represent amorphous aggregates. The stiffness profile
(Figure 11D) indicates that the Pramlintide-M sample has a
smoother surface than the hIAPP-F sample. This difference can
be distinguished by the color contrast, with brighter colors signifying
roughness and darker colors indicating smoother features
(Figure 11D). The diameter profile analysis shows that the fibrils
exhibit the same width as the control sample, measuring 6 nm in
diameter (Figure 11E). Twisted fibrils are also evident upon the
addition of Zn(II) (Figure 12A). The same morphology and
spherical amorphous aggregates are observed in the zoomed and
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3D images (Figures 12B, C). The stiffness profile of the pramlintide-
M:Zn(II) sample (Figure 12D) shows a slight variation in colors
compared to the pramlintide-M sample, with pramlintide-M:Zn(II)
fibrils appearing slightly brighter, indicating a rougher surface.
Furthermore, the diameter of the fibrils in the pramlintide-M:
Zn(Il) sample matches that of the pramlintide-M sample,
measuring 6 nm (Figure 12E).

Overall, this comprehensive AFM analysis explored the
structural characteristics of fibril species formed by hIAPP-F and
Pramlintide-M peptides after a 24-h incubation period, representing
their final fibrillation stage. The results show that the morphology of
the fibrils in each sample is approximately the same. The hIAPP
control sample was used to make a comparison between the fibrils,
showing that hIAPP exhibited varying fibril lengths with shorter
worm-like fibrils. Further examination revealed two distinct fibril
types—thinner ribbon-like structures and helical fibrils. The addition
of Cu(II) to hIAPP produced shorter fibrils with a unique looping
structure, indicating a morphological change. All samples exhibited
fibrils with a helical/twisted structure, which resembles the fully
mature fibrils. The hTAPP-F sample displayed elongated, twisted
fibrils consistent with matured amyloid structures observed
previously. Similarly, the hIAPP-F:Zn sample exhibited helical-
structured fibrils akin to the control. Pramlintide samples
revealed helical fibrils and spherical aggregates with smoother
surfaces compared to hIAPP. Pramlintide-M:Zn(II)
displayed twisted fibrils and minor variations in stiffness. The

samples

diameter of fibrils across samples consistently measured 6 nm.

3.4 Assessing peptide cytotoxicity: impact of
metal ions on cell viability and aggregation

The cytotoxicity test was conducted to assess the potential
toxicity of each peptide, both individually and in combination
with the metal ions Cu(II) and Zn(II), on HeLa cells. Controls of
Cu(NO3), and ZnCl, were used (Supplementary Figure S12) in
order to confirm that their concentrations were not toxic to the
cells. As the full-length hIAPP peptide is known to form toxic
aggregates within cells, it served as a positive control for
comparison with the effects of the shorter peptide fragments.
Initially, the test was performed on HeLa cells by adding each
peptide alone. Subsequently, the peptides that exhibited the most
significant effects were selected for further testing with
different metal ions.

The results for the non-aggregating short peptides, namely,
rIAPP-F, Pramlintide-F, hIAPP-M, and rIAPP-M, demonstrated
no adverse effects on cell viability, which aligns with our ThT assay
findings (Figure 13). On the other hand, the hIAPP peptide (used as
the positive control) exhibited the highest level of toxicity to the
cells, as anticipated. Its effects become evident even at lower
concentrations, starting at 200 ug/mL and reaching maximum
toxicity at 400 ug/mL, resulting in 0% cell viability (Figure 13).
Furthermore, Pramlintide-M decreased the viability of cells, with its
effect becoming more pronounced as the concentration increased,
eventually resulting in a 70% cell viability rate at the highest
concentration tested, 800 pg/mL. Likewise, hIAPP-F exhibited a
similar effect on cell viability, with a maximum concentration of
800 pug/mL resulting in 60% cell viability. Based on these findings,
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both peptides were selected for further assessment of their toxicity,
particularly in addition of Cu(II)
and Zn(II) ions.

Both the hIAPP-F and Pramlintide-M peptide-Cu(II)

complexes demonstrated high cell viability across the various

conjunction with the

concentrations tested (Figure 14). These results support our
earlier findings from the ThT assay and AFM, which indicated
a low rate of fibril formation and aggregation in the presence of
Cu(II) in the solution. Surprisingly, they also exhibited a high cell
proliferation rate with the addition of Zn(II) to the solution
(Figure 14). Based on our observation, we can postulate that
Zn(II) ions may possess specific protective properties against
aggregation within the cells (in vivo experiment), which can be
manifested by the elevated cell viability observed when peptide-
Zn(II) ions complexes were introduced. In contrast, during
in vitro experiments, Zn(II) ions, when combined with the
peptides hIAPP-F and Pramlintide-M, appeared to either
promote aggregation or vyield the same aggregation rate,
respectively, when compared to the peptides alone. This
suggests the presence of other interactions within the cellular
environment that affect the aggregation of the peptide fragments
in the presence of Zn(Il). It appears that the intricate
environment of the cell, where numerous interactions take
place, modulates the interaction between Zn(II) and the short
peptides hIAPP-F and Pramlintide-M. This
subsequently reduces the cytotoxicity of the peptide-Zn(II)

modulation

complexes within the cell, in contrast to in vitro conditions
where these additional interactions are absent.

4 Conclusion

This study aimed to investigate the influence of amino acid
substitutions in the central region of amylin and its analogs on
peptide aggregation. The ThT assay was employed to evaluate the
aggregation tendencies of these peptides both with and without
the addition of specific metal ions. Afterward, AFM was utilized
to examine the morphology of the fibril species formed by
peptides that exhibited aggregation behavior in the ThT assay,
which were hIAPP-F and Pramlintide-M. As anticipated, the
hIAPP-F showed increased fluorescence intensity, indicating
aggregation. The sudden addition of Zn(II)
aggregation, acting as a promoter, whereas the application of

enhanced

Cu(II) significantly decreased fluorescence intensity, acting as an
inhibitor. Pramlintide-M and Pramlintide-M:Zn(II) showed a
slight increase in fluorescence intensity. The peptide alone
aggregated after 7h, while the Zn(II)-containing solution
exhibited delayed aggregation onset after 12 h. Subsequently,
both 14h. This
fluorescence was attributed to the mutation of the last two

reached saturation after increase in
prolines to serins, demonstrating the role of prolines in
inhibiting B-sheet formation and aggregation. Other Peptides,
namely, rTAPP-F, pramlintide-F, hITAPP-M, and rIAPP-M did
not exhibit increased fluorescence intensity, and both Cu(II) and
Zn(II) had no influence on their aggregation rates. The presence
of proline residues in their primary sequences likely contributed
to this lack of aggregation. Interestingly, hTAPP-M, which had

only the last two serins mutated to prolines, did not exhibit
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aggregation, suggesting that serines play a crucial role in -sheet
formation due to their -OH group’s involvement in creating
hydrogen bond networks. Moreover, one may say that proline
residues can expose their full potential for being a beta-sheet
breaker when they are placed within the amino acid sequences as
well as at their end.

NMR spectroscopy confirmed the aggregation of peptides
hIAPP-F and pramlintide-M. It showed that the aggregation
process of hIAPP-F is accelerated in the presence of Zn(II). This
aligns with the results obtained for these systems by ThT and AFM.
Lastly, the cytotoxicity assay conducted on the HeLa cell line yielded
several significant findings. Specifically, rIAPP-F, Pramlintide-F,
hIAPP-M, and rIAPP-M showed no significant effects on cell
viability, while hIAPP-F and Pramlintide-M demonstrated a
decrease in cell viability. To investigate these effects further, we
selected hIAPP-F and Pramlintide-M for evaluation in conjunction
with Cu(II) and Zn(II). Notably, peptide-Cu(II) complexes of
hIAPP-F and Pramlintide-M exhibited high cell viability across
various concentrations, supporting our earlier ThT assay and
AFM results. However, a surprising observation emerged when
Zn(II) was introduced to the solution, as both complexes led to
an increased proliferation rate of cells. This intriguing result suggests
that Zn(II) ions may possess protective properties against
aggregation within cells, particularly in in vivo experiments,
where elevated cell viability was observed upon the addition of
peptide-Zn(II) complexes.

To complete, these in vitro studies have revealed the assertive
amyloidogenic nature of human Islet Amyloid Polypeptide
(hIAPP), with the region from 20 to 29 playing a pivotal role
in dictating its amyloid-forming ability. This observation gains
further support from investigations involving ten residue
peptides derived from the region 20 to 29 of hIAPP.
Interestingly, not all mammals exhibit the formation of islet
amyloid, notably mice and rats. A comparative analysis of the rat/
mouse sequence with that of hTAPP supports the hypothesis that
the 20-29 segment complexly controls the capability to form
amyloid. Notably, human and rat IAPP (rIAPP) sequences differ
at six positions, with five of these disparities concentrated
is the
presence of three Proline residues at positions 25, 28, and

between residues 23-29. A remarkable distinction
29 in the rat sequence, while the human analog lacks them
(Rivera et al., 2009). Given Proline’s disruption of [-sheet
stability and its unfavorable energetic profile, the inability of
rat IAPP to form amyloid has been attributed to these Proline
substitutions.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans
in accordance with the local legislation and institutional

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1419019

Alghrably et al.

requirements because only commercially available established
cell lines were used.

Author contributions

MA: Writing-original draft. GB: Writing-review and editing.
GS: Writing-original draft. NA: Writing-review and editing.
SQ: Writing-review and editing. BM: Writing-review and
editing. KC: Writing-review and editing. MN: Writing-review
A-HE: Writing-review MJ:
Writing-review and editing.

and editing. and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. MJ would
like to thank King Abdullah University of Science and Technology
(KAUST) for financial support.

References

Abdelrahman, S., Alghrably, M., Lachowicz, J. I, Emwas, A. H., Hauser, C. A. E,, and
Jaremko, M. (2020). “What doesn’t kill you makes you stronger”: future applications of
amyloid aggregates in biomedicine. Molecules 25, 5245. MDPI. doi:10.3390/
molecules25225245

Abdelrahman, S., Ge, R., Susapto, H. H., Liu, Y., Samkari, F., Moretti, M., et al. (2023).
The impact of mechanical cues on the metabolomic and transcriptomic profiles of
human dermal fibroblasts cultured in ultrashort self-assembling peptide 3D scaffolds.
ACS Nano 17 (15), 14508-14531. doi:10.1021/acsnano.3c01176

Adamcik, J., Jung, J. M., Flakowski, J., De Los Rios, P., Dietler, G., and Mezzenga, R.
(2010). Understanding amyloid aggregation by statistical analysis of atomic force
microscopy images. Nat. Nanotechnol. 5 (6), 423-428. d0i:10.1038/nnano.2010.59

Alghrably, M., Czaban, L, Jaremko, t.., and Jaremko, M. (2019). Interaction of amylin
species with transition metals and membranes. J. Inorg. Biochem. 191, 69-76. doi:10.
1016/j.jinorgbio.2018.11.004

Alghrably, M., Dudek, D., Emwas, A. H., Jaremko, L., Jaremko, M., and Rowinska-
Zyrek, M. (2020). Copper(Il) and amylin analogues: a complicated relationship. Inorg.
Chem. 59 (4), 2527-2535. doi:10.1021/acs.inorgchem.9b03498

Alsiary, R. A., Alghrably, M., Saoudi, A., Al-Ghamdi, S., Jaremko, L., Jaremko, M.,
etal. (2020a). Using NMR spectroscopy to investigate the role played by copper in prion
diseases. Neurol. Sci. 41, 2389-2406. Springer. doi:10.1007/s10072-020-04321-9

Alsiary, R. A., Alghrably, M., Saoudi, A., Al-Ghamdji, S., Jaremko, L., Jaremko, M.,
etal. (2020b). Using NMR spectroscopy to investigate the role played by copper in prion
diseases. Neurol. Sci. 41, 2389-2406. Springer. doi:10.1007/s10072-020-04321-9

Andreasen, M., Nielsen, S. B., Mittag, T., Bjerring, M., Nielsen, J. T., Zhang, S., et al.
(2012). Modulation of fibrillation of hIAPP core fragments by chemical modification of
the peptide backbone. Biochimica Biophysica Acta (BBA)-Proteins Proteomics 1824 (2),
274-285. doi:10.1016/j.bbapap.2011.10.014

Atridn-Blasco, E., Gonzalez, P., Santoro, A., Alies, B., Faller, P., and Hureau, C. (2018).
Cu and Zn coordination to amyloid peptides: from fascinating chemistry to debated
pathological relevance. Coord. Chem. Rev. 371, 38-55. Elsevier B.V. doi:10.1016/j.ccr.
2018.04.007

Bhowmick, D. C., Kudaibergenova, Z., Burnett, L., and Jeremic, A. M. (2022).
Molecular mechanisms of amylin turnover, misfolding and toxicity in the pancreas.
Molecules 27 (3), 1021. doi:10.3390/molecules27031021

Bodenhausen, G., and Ruben, D. (1980). Natural abundance nitrogen-15 NMR by
enhanced heteronuclear spectroscopy. Chem. Phys. Lett. 69, 185-189. doi:10.1016/0009-
2614(80)80041-8

Braunschweiler, L., and Ernst, R. R. (1983). Coherence transfer by isotropic mixing:
application to proton correlation spectroscopy. J. MAGNETIC Reson. 53, 521-528.
doi:10.1016/0022-2364(83)90226-3

Brender, J. R, Hartman, K., Nanga, R. P. R,, Popovych, N., De La Salud Bea, R,
Vivekanandan, S., et al. (2010). Role of zinc in human islet amyloid polypeptide
aggregation. J. Am. Chem. Soc. 132 (26), 8973-8983. do0i:10.1021/jal007867

Frontiers in Chemistry

17

10.3389/fchem.2024.1419019

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1419019/
full#supplementary-material

Brender, J. R, Lee, E. L., Hartman, K., Wong, P. T., Ramamoorthy, A., Steel, D. G.,
et al. (2011). Biphasic effects of insulin on islet amyloid polypeptide membrane
disruption. Biophys. J. 100 (3), 685-692. doi:10.1016/j.bp;j.2010.09.070

Bruker. (2024). NMR software. UK: Bruker. Available at: https://www.bruker.com/
products/mr/nmr/software/topspin.html.

Buchanan, L. E., Dunkelberger, E. B., Tran, H. Q,, Cheng, P. N,, Chiu, C. C,, Cao, P.,
etal. (2013). Mechanism of IAPP amyloid fibril formation involves an intermediate with
a transient B-sheet. Proc. Natl. Acad. Sci. U. S. A. 110 (48), 19285-19290. doi:10.1073/
pnas.1314481110

Cao, P., Abedini, A., and Raleigh, D. P. (2013). Aggregation of islet amyloid
polypeptide: from physical chemistry to cell biology. Curr. Opin. Struct. Biol. 23 (1),
82-89. doi:10.1016/j.sb1.2012.11.003

Cao, Q., Boyer, D. R,, Sawaya, M. R,, Ge, P., and Eisenberg, D. S. (2020). Cryo-EM
structure and inhibitor design of human IAPP (amylin) fibrils. Nat. Struct. Mol. Biol. 27
(7), 653-659. doi:10.1038/s41594-020-0435-3

Chiu, C. cheng, Singh, S., and de Pablo, J. J. (2013). Effect of proline mutations on the
monomer conformations of amylin. Biophys. J. 105 (5), 1227-1235. doi:10.1016/j.bpj.
2013.07.029

da Silva, D. C, Fontes, G. N, Erthal, L. C. S, and Lima, LMTR (2016).
Amyloidogenesis of the amylin analogue pramlintide. Biophys. Chem. 219, 1-8.
doi:10.1016/j.bpc.2016.09.007

Davis, D. G. (1985). Practical aspects of two-dimensional transverse NOE
spectroscopy. J. MAGNETIC Reson. 63, 207-213. doi:10.1016/0022-2364(85)90171-4

Emwas, A. H., Alghrably, M., Dhahri, M., Sharfalddin, A., Alsiary, R., Jaremko, M.,
et al. (2021). Living with the enemy: from protein-misfolding pathologies we know, to
those we want to know. Ageing Res. Rev. 70, 101391. Elsevier Ireland Ltd. doi:10.1016/j.
arr.2021.101391

Emwas, A. H., Szczepski, K., Poulson, B. G., Chandra, K., McKay, R. T., Dhahri, M.,
etal. (2020). NMR as a “gold standard” method in drug design and discovery. Molecules
25, 4597. MDPI AG. doi:10.3390/molecules25204597

Frigori, R. B. (2017). Be positive: optimizing pramlintide from microcanonical
analysis of amylin isoforms. Phys. Chem. Chem. Phys. 19 (37), 25617-25633. doi:10.
1039/c7¢cp04074a

Gade Malmos, K., Blancas-Mejia, L. M., Weber, B., Buchner, J., Ramirez-Alvarado,
M., Naiki, H,, et al. (2017). ThT 101: a primer on the use of thioflavin T to investigate
amyloid formation. Amyloid 24 (1), 1-16. doi:10.1080/13506129.2017.1304905

Hartman, K., Brender, J. R, Reid, K. R,, Smith, P. E. S, Nanga, R. P. R,, Cavitt, M. A,
etal. (2009). A single mutation in the non-amyloidogenic region of IAPP greatly reduces
toxicity. Biophys. J. 96 (3), 92a. doi:10.1016/j.bpj.2008.12.383

Koz'min’ski, W., and Koz’'min’ski, K. (1999). Simplified multiplet pattern HSQC-
TOCSY experiment for accurate determination of long-range heteronuclear coupling
constants 1. J. Magnetic Reson. 137. doi:10.1006/jmre.1998.1700

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2024.1419019/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2024.1419019/full#supplementary-material
https://doi.org/10.3390/molecules25225245
https://doi.org/10.3390/molecules25225245
https://doi.org/10.1021/acsnano.3c01176
https://doi.org/10.1038/nnano.2010.59
https://doi.org/10.1016/j.jinorgbio.2018.11.004
https://doi.org/10.1016/j.jinorgbio.2018.11.004
https://doi.org/10.1021/acs.inorgchem.9b03498
https://doi.org/10.1007/s10072-020-04321-9
https://doi.org/10.1007/s10072-020-04321-9
https://doi.org/10.1016/j.bbapap.2011.10.014
https://doi.org/10.1016/j.ccr.2018.04.007
https://doi.org/10.1016/j.ccr.2018.04.007
https://doi.org/10.3390/molecules27031021
https://doi.org/10.1016/0009-2614(80)80041-8
https://doi.org/10.1016/0009-2614(80)80041-8
https://doi.org/10.1016/0022-2364(83)90226-3
https://doi.org/10.1021/ja1007867
https://doi.org/10.1016/j.bpj.2010.09.070
https://www.bruker.com/products/mr/nmr/software/topspin.html
https://www.bruker.com/products/mr/nmr/software/topspin.html
https://doi.org/10.1073/pnas.1314481110
https://doi.org/10.1073/pnas.1314481110
https://doi.org/10.1016/j.sbi.2012.11.003
https://doi.org/10.1038/s41594-020-0435-3
https://doi.org/10.1016/j.bpj.2013.07.029
https://doi.org/10.1016/j.bpj.2013.07.029
https://doi.org/10.1016/j.bpc.2016.09.007
https://doi.org/10.1016/0022-2364(85)90171-4
https://doi.org/10.1016/j.arr.2021.101391
https://doi.org/10.1016/j.arr.2021.101391
https://doi.org/10.3390/molecules25204597
https://doi.org/10.1039/c7cp04074a
https://doi.org/10.1039/c7cp04074a
https://doi.org/10.1080/13506129.2017.1304905
https://doi.org/10.1016/j.bpj.2008.12.383
https://doi.org/10.1006/jmre.1998.1700
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1419019

Alghrably et al.

Lara, C,, Adamcik, J., Jordens, S., and Mezzenga, R. (2011). General self-assembly
mechanism converting hydrolyzed globular proteins into giant multistranded amyloid
ribbons. Biomacromolecules 12 (5), 1868-1875. doi:10.1021/bm200216u

Lee, W., Tonelli, M., and Markley, J. L. (2015). NMRFAM-SPARKY: enhanced
software for biomolecular NMR spectroscopy. Bioinformatics 31 (8), 1325-1327. doi:10.
1093/bioinformatics/btu830

Lin, R, Tang, G., Gao, Z,, Lei, ., Ma, B., and Mo, Y. (2023). Molecular insights into the self-
assembly of a full-length hIAPP trimer: B-protofibril formed by B-hairpin lateral or
longitudinal association. J. Phys. Chem. B 127 (23), 5241-5248. doi:10.1021/acs.jpcb.3c02633

Loboda, D., and Rowinska-Zyrek, M. (2017). Zn(II)-pramlintide: stability, binding
sites and unexpected aggregation. J. Inorg. Biochem. 174, 150-155. doi:10.1016/j.
jinorgbio.2017.06.008

Magri, A., Tabbi, G., Di Natale, G., La Mendola, D., Pietropaolo, A., Zoroddu, M. A.,
etal. (2020). Zinc interactions with a soluble mutated rat amylin to mimic whole human
amylin: an experimental and simulation approach to understand stoichiometry,
speciation and coordination of the metal complexes. Chem.-A Eur. ]. 26 (57),
13072-13084. doi:10.1002/chem.202002114

Nielsen, J. T., Bjerring, M., Jeppesen, M. D., Pedersen, R. O., Pedersen, J. M., Hein, K.
L., et al. (2009). Unique identification of supramolecular structures in amyloid fibrils by
solid-state NMR spectroscopy. Angew. Chem. 121 (12), 2152-2155. doi:10.1002/ange.
200804198

Phillips, L. K., and Horowitz, M. (2006). Amylin. Curr. Opin. Endocrinol. Diabetes 13
(2), 191-198. doi:10.1097/01.med.0000216969.59375.39

Pittner, R. A., Albrandt, K., Beaumont, K., Gaeta, L. S. L., Koda, J. E., Moore, C. X.,
et al. (1994). Molecular physiology of amylin. J. Cell Biochem. 55 (S1994A), 19-28.
doi:10.1002/jcb.240550004

Poulson, B. G., Szczepski, K., Lachowicz, J. L, Jaremko, L., Emwas, A. H., and Jaremko,
M. (2019). Aggregation of biologically important peptides and proteins: inhibition or
acceleration depending on protein and metal ion concentrations. RSC Adv. R. Soc.
Chem. 10, 215-227. d0i:10.1039/c9ra09350h

Reddy, A. S., Wang, L, Singh, S,, Ling, Y. L., Buchanan, L., Zanni, M. T,, et al. (2010).
Stable and metastable states of human amylin in solution. Biophys. J. 99 (7), 2208-2216.
doi:10.1016/j.bpj.2010.07.014

Rhoades, E., Agarwal, ., and Gafni, A. (2000). Aggregation of an amyloidogenic fragment
of human islet amyloid polypeptide. Available at: www.elsevier.com/locate/bba.

Rivera, E., Straub, J., and Thirumalai, D. (2009). Sequence and crowding effects in the
aggregation of a 10-residue fragment derived from islet amyloid polypeptide. Biophys. J.
96 (11), 4552-4560. doi:10.1016/j.bpj.2009.03.039

Rivillas-Acevedo, L., Sanchez-Lopez, C., Amero, C., and Quintanar, L. (2015).
Structural basis for the inhibition of truncated islet amyloid polypeptide aggregation
by Cu(II): insights into the bioinorganic chemistry of type II diabetes. Inorg. Chem. 54
(8), 3788-3796. doi:10.1021/ic502945k

Rorbach-Dolata, A., and Piwowar, A. (2019). Neurometabolic evidence supporting
the hypothesis of increased incidence of type 3 diabetes mellitus in the 21st century.
Biomed. Res. Int. 21, 1-8. doi:10.1155/2019/1435276

Frontiers in Chemistry

18

10.3389/fchem.2024.1419019

Roth, J., Mack, C., Soares, C., Ghosh, S., and Parkes, D. (2008). Amylin-based
pharmacotherapy - past, present & future. Immunology* Endocr. Metabolic Agents
Med. Chem. 8 (4), 317-324. doi:10.2174/187152208787169189

Rowinska-Zyrek, M. (2016a). Coordination of Zn2+ and Cu2+ to the membrane
disrupting fragment of amylin. Dalton Trans. 45 (19), 8099-8106. doi:10.1039/c6dt00628k

Rowinska-Zyrek, M. (2016b). Coordination of Zn2+ and Cu2+ to the membrane
disrupting fragment of amylin. Dalton Trans. 45 (19), 8099-8106. doi:10.1039/c6dt00628k

Roy, D., Maity, N. C., Kumar, S., Maity, A., Ratha, B. N,, Biswas, R, et al. (2023).
Modulatory role of copper on hIAPP aggregation and toxicity in presence of insulin. Int.
J. Biol. Macromol., 241. doi:10.1016/j.ijbiomac.2023.124470

Ryan, G. ], Jobe, L. J., and Martin, R. (2005). Pramlintide in the treatment of type
1 and type 2 diabetes mellitus. Clin. Ther. 27 (10), 1500-1512. doi:10.1016/j.clinthera.
2005.10.009

Salamekh, S., Brender, J. R,, Hyung, S. J., Nanga, R. P. R,, Vivekanandan, S., Ruotolo,
B. T, etal. (2011). A two-site mechanism for the inhibition of IAPP amyloidogenesis by
zinc. J. Mol. Biol. 410 (2), 294-306. doi:10.1016/j.jmb.2011.05.015

Wang, G., Zhu, X,, Song, X., Zhang, Q., and Qian, Z. (2022). Melatonin inhibits
hIAPP oligomerization by preventing B-sheet and hydrogen bond formation of the
amyloidogenic region revealed by replica-exchange molecular dynamics simulation. Int.
J. Mol. Sci. 23 (18), 10264. doi:10.3390/ijms231810264

Wang, L, Liu, Q, Chen, J. C, Cui, Y. X,, Zhou, B., Chen, Y. X, et al. (2012).
Antimicrobial activity of human islet amyloid polypeptides: an insight into amyloid
peptides’ connection with antimicrobial peptides. bchm 393 (7), 641-646. doi:10.1515/
hsz-2012-0107

Ward, B., Walker, K., and Exley, C. (2008a). Copper(Il) inhibits the formation of
amylin amyloid in vitro. J. Inorg. Biochem. 102 (2), 371-375. doi:10.1016/j.jinorgbio.
2007.09.010

Ward, B., Walker, K., and Exley, C. (2008b). Copper(II) inhibits the formation of
amylin amyloid in vitro. J. Inorg. Biochem. 102 (2), 371-375. doi:10.1016/j.jinorgbio.
2007.09.010

Westermark, P., Andersson, A., and Westermark, G. T. (2011). Islet amyloid
polypeptide, islet amyloid, and diabetes mellitus. Physiol. Rev. 91 (3), 795-826.
doi:10.1152/physrev.00042.2009

Westermark, P., Engstrém, U., Johnson, K. H., Westermark, G. T., and Betsholtz, C.
(1990). Islet amyloid polypeptide: pinpointing amino acid residues linked to amyloid fibril
formation. Proc. Natl. Acad. Sci. U. S. A. 87 (13), 5036-5040. doi:10.1073/pnas.87.13.5036

Wineman-Fisher, V., and Miller, Y. (2017). Insight into a new binding site of zinc ions
in fibrillar amylin. ACS Chem. Neurosci. 8 (9), 2078-2087. doi:10.1021/acschemneuro.
7b00221

Wiithrich, K. (1986). NMR with proteins and nucleic acids. Europhys. News 17 (1),
11-13. doi:10.1051/epn/19861701011

Zhang, S., Andreasen, M., Nielsen, J. T., Liu, L., Nielsen, E. H., Song, ., et al. (2013).
Coexistence of ribbon and helical fibrils originating from hIAPP(20-29) revealed by
quantitative nanomechanical atomic force microscopy. Proc. Natl. Acad. Sci. U. S. A.
110 (8), 2798-2803. doi:10.1073/pnas.1209955110

frontiersin.org


https://doi.org/10.1021/bm200216u
https://doi.org/10.1093/bioinformatics/btu830
https://doi.org/10.1093/bioinformatics/btu830
https://doi.org/10.1021/acs.jpcb.3c02633
https://doi.org/10.1016/j.jinorgbio.2017.06.008
https://doi.org/10.1016/j.jinorgbio.2017.06.008
https://doi.org/10.1002/chem.202002114
https://doi.org/10.1002/ange.200804198
https://doi.org/10.1002/ange.200804198
https://doi.org/10.1097/01.med.0000216969.59375.39
https://doi.org/10.1002/jcb.240550004
https://doi.org/10.1039/c9ra09350h
https://doi.org/10.1016/j.bpj.2010.07.014
www.elsevier.com/locate/bba
https://doi.org/10.1016/j.bpj.2009.03.039
https://doi.org/10.1021/ic502945k
https://doi.org/10.1155/2019/1435276
https://doi.org/10.2174/187152208787169189
https://doi.org/10.1039/c6dt00628k
https://doi.org/10.1039/c6dt00628k
https://doi.org/10.1016/j.ijbiomac.2023.124470
https://doi.org/10.1016/j.clinthera.2005.10.009
https://doi.org/10.1016/j.clinthera.2005.10.009
https://doi.org/10.1016/j.jmb.2011.05.015
https://doi.org/10.3390/ijms231810264
https://doi.org/10.1515/hsz-2012-0107
https://doi.org/10.1515/hsz-2012-0107
https://doi.org/10.1016/j.jinorgbio.2007.09.010
https://doi.org/10.1016/j.jinorgbio.2007.09.010
https://doi.org/10.1016/j.jinorgbio.2007.09.010
https://doi.org/10.1016/j.jinorgbio.2007.09.010
https://doi.org/10.1152/physrev.00042.2009
https://doi.org/10.1073/pnas.87.13.5036
https://doi.org/10.1021/acschemneuro.7b00221
https://doi.org/10.1021/acschemneuro.7b00221
https://doi.org/10.1051/epn/19861701011
https://doi.org/10.1073/pnas.1209955110
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1419019

	Exploring the central region of amylin and its analogs aggregation: the influence of metal ions and residue substitutions
	1 Introduction
	2 Materials and methods
	2.1 Peptides
	2.2 Thioflavin-T (ThT) assay
	2.3 Atomic force microscopy (AFM)
	2.4 Nuclear magnetic resonance (NMR)
	2.5 Cytotoxicity assay

	3 Results and discussion
	3.1 The effect of metal ions on the aggregation kinetics of IAPP fragments
	3.2 Probing protein structures and interactions: NMR insights into aggregating peptides and metal ion complexes
	3.3 AFM analysis of fibril morphology: investigating aggregating peptides hIAPP-F and Pramlintide-M
	3.4 Assessing peptide cytotoxicity: impact of metal ions on cell viability and aggregation

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


