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ARTICLE INFO ABSTRACT

Keywords: The polypeptide hormone Amylin (also known as islet amyloid polypeptide) plays a role in regulation of glucose
Amidﬁtion metabolism, but forms pancreatic islet amyloid deposits in type 2 diabetes. The process of islet amyloid for-
Amyh‘} mation contributes to f-cell dysfunction and the development of the disease. Amylin is produced as a pro-from
g\zzl:;ﬁs and undergoes processing prior to secretion. The mature hormone contains an amidated C-terminus. Analysis of
Diabetes an alignment of vertebrate amylin sequences reveals that the processing signal for amidation is strictly

conserved. Furthermore, the enzyme responsible for C-terminal amidation is found in all of these organisms.
Comparison of the physiologically relevant amidated form to a variant with a free C-terminus (Amylin-COO™)
shows that replacement of the C-terminal amide with a carboxylate slows, but does not prevent amyloid for-
mation. Pre-fibrillar species produced by both variants are toxic to cultured p-cells, although hAmylin-COO™ is
moderately less so. Amyloid fibrils produced by either peptide are not toxic. Prior work (ACS Pharmacol.
Translational. Sci. 1, 132-49 (2018)) shows that Amylin- COO~ exhibits a 58-fold reduction in activation of the
Amylin; receptor and 20-fold reduction in activation of the Amyling receptor. Thus, hAmylin-COO™ exhibits
significant toxicity, but significantly reduced activity and offers a reagent for studies which aim to decouple
hAmylin's toxic effects from its activity. The different behaviours of free and C-terminal amidated Amylin should
be considered when designing systems to produce the polypeptide recombinantly.

Islet amyloid polypeptide

1. Introduction process of islet amyloid formation by hAmylin contributes to -cell death

and dysfunction in type 2 diabetes (T2D) as well as to the failure of islet

The neuropancreatic hormone Amylin (also known as islet amyloid
polypeptide or IAPP) plays a role in energy homeostasis and the regu-
lation of glucose metabolism by contributing to satiety, regulation of
gastric emptying and suppression of glucagon release [1-3]. However,
human Amylin (hAmylin) is well-known for its high propensity to form
amyloid fibrils in vitro and in vivo. Amyloid formation in the pancreatic
islets of Langerhans is a hallmark of type 2 diabetes [1,4-17]. The

transplants [1,7,9,10,13,17-19]. All vertebrates examined to date pro-
duce Amylin [20].

Like many polypeptide hormones, the 37-residue C-terminally ami-
dated human Amylin (hAmylin) polypeptide is synthesized as a pro-form
(pro-hAmylin) and undergoes processing prior to secretion [21]. In
functioning human p-cells, the 37-residue mature form of hAmylin is
derived from a 69-residue peptide, pro-peptide. Pro-hAmylin contains

Abbreviations: hAmylin, the mature amidated form of human-amylin; hAmylin-COO-, the form of hAmylin with a free C-terminus instead of an amidated C-
terminus; ECsp, the concentration of peptide required to achieve half the maximum effect in a cell viability assay; FTIR, Fourier Transform infrared spectroscopy; PBS,
phosphate buffered saline; Pro-Amylin, the pro form of Amylin; SASA, solvent accessible surface area; Tso, the time required to reach half the maximum thioflavin-T
fluorescent intensity in a kinetic assay; T2D, type-2 diabetes; TEM, transmission electron microscopy..
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an 11 residue N-terminal extension and a 21 residue C-terminal exten-
sion relative to the mature form of hAmylin. The pro-peptide is pro-
cessed in a number of steps (Fig. 1). The first involves proteolytic
processing at the C-terminus of pairs of dibasic residues (Lys(—1), Arg
(—2),) and (Lys52,Arg53), by the prohormone convertases PC 2 and PC
1/3, (Fig. 1) [21-23]. Note here we use numbers chosen so that the N-
terminus of the mature form is numbered as residue 1 and residues in the
N-terminal extension are numbered, —1, —2, —3 etc. Cleavage by the
same prohormone convertases is involved in the processing of insulin.
Cleavage by PC2 and PC1/3 generates new N- and C-termini and
shortens pro-hAmylin to a 40-residue form which differs from mature
hAmylin by a Gly-Arg-Arg extension at the C-terminus. While no further
processing occurs at the N-terminus, the C-terminus undergoes pro-
cessing by carboxypeptidase E (CPE) to remove the dibasic prohormone
convertase recognition sequence. The resulting polypeptide includes an
extra C-terminal glycine residue which acts as the nitrogen donor for the
amidation step. This step is catalysed by the peptidyl amidating mono-
oxygenase (PAM) complex and leads to the removal of the C,;HoCOOH
subunit of the C-terminal Gly and introduction of an amide functionality
at the C-terminus (residue Tyr37) of mature hAmylin. Many biologically
active polypeptides are C-terminally amidated. Amidated peptides are
less susceptible to proteolytic degradation, and this can extend their
half-life in the bloodstream. Amidation can also affect the affinity of
peptides to their G-protein coupled receptors.

C-terminal amidation is known to significantly impact receptor
activation by hAmylin. There is a family of Amylin receptors, with each
consisting of a complex of the calcitonin receptor, a member of the group
of small class B GPCRs, and a receptor activity modifying protein
(RAMP) [24]. There are three distinct RAMPs which lead to three
different amylin receptors. Amylins also bind the calcitonin receptor in
the absence of RAMPs, but with reduced affinity. The impact of C-ter-
minal amidation on the activation of the human calcitonin receptor and
the human Amylin; and Amyling receptors by hAmylin have been
characterized using a cell-based model [25]. Replacement of the C-ter-
minal amide with a carboxylate led to a 58-fold reduction in activation
at the Amylin; receptor and a 20-fold reduction at the Amylins receptor.
In contrast, mutation of the C-terminal Tyr to Phe or Ala while main-
taining the amidated C-terminus leads to much more modest reductions
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and substitution with a Pro while maintaining the amidated terminus
increases receptor activation modestly. The impact of the conversion of
the C-terminal amide to a free carboxylate has much more modest effects
on calcitonin receptor activation by hAmylin, causing only a 2.6-fold
decrease, relative to its effect on Amylin receptors [25]. There are no
structure function studies of amylins from different species binding to
their natural receptors, so it is not known if this trend is found in other
organisms. However, the key observation is that amidation has a major
impact on human hAmylin receptor activation.

Less is known about the effect of amidation on hAmylin amyloid and
on hAmylin toxicity towards p-cells. It is also not known how widely
conserved C-terminal amidation is among vertebrate amylins. Here we
conduct a bioinformatics analysis of the conservation of the C-terminal
amidation of amylins and the conservation of PAM and we compare the
in vitro amyloidogenicity and cytotoxicity of the physiologically relevant
amidated form to the variant with a free C-terminus.

2. Materials and methods
2.1. Sequence analysis of amylins

Annotated and predicted amylin sequences were collected from NCBI
orthologs database, and the protein sequences were aligned using CO-
BALT [26,27]. The resulting alignment of 485 unique sequences (one
sequence per gene), belonging to Gnathostomata was quality controlled,
and 2 sequences lacking any recognisable cleavage signals were
removed. Following this, the alignment was manually trimmed in Ali-
View to include three additional residues off the N-terminal and four
additional residues off the C-terminal of the mature amylin sequence
(defined as sequence flanked by the cleavage signals) [28]. After
removing 6 outliers, which differ in the length of the putative mature
sequence, a Weblogo diagram was created using WebLogo3, (https://we
blogo.berkeley.edu/logo.cgi) and a consensus sequence was calculated
using the 479 sequences by EMBOSS Cons with a threshold value of
0 [29-31]. The presence of PAM in each species represented in the
alignment was confirmed by a database search of the NCBI genbank.
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Fig. 1. Schematic representation of the processing of Pro-hAmylin. Prohormone convertases - prohormone 1/3 (PC1/PC3) and prohormone convertase 2 (PC2)
cleave the prosequence after a dibasic recognition sequences (highlighted in red). This removes the N-terminal extension completely, but leaves 3 extra residues at
the C-terminus. The remaining dibasic sequence at the C-terminus is removed by carboxypeptidase E (CPE). In the final step, peptidylglycine-alpha-amidating
monooxygenase (PAM) utilises the C-terminal glycine as a nitrogen donor to form the C-terminal amide. A disulfide bridge is formed between C2 and C7. The
numbering here corresponds to the mature sequence, with residues in the N-terminal extension labelled as negative. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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2.2. Materials

hAmylin and hAymlin-COO- were purchased from The ERI Amyloid
Laboratory, LLC (Oxford CT, USA).

2.3. Thioflavin-T assays of amyloid formation

Thioflavin-T binding kinetic assays were used to monitor the devel-
opment of ordered fibrils as a function of time. Thioflavin T assays were
conducted on a Beckman Coulter DTX 880 Multimode Detector plate
reader and on a BMG Labtech H30-1022 CLARIOstar plater reader.
Thioflavin T fluorescence was measured at 430 nm excitation wave-
length and 485 nm emission wavelength. Corning 96-well non-binding
surface black plates with lids were used for the assays, and the plates
were sealed with polyethylene plate sealing tape. Fluorescence intensity
was measured from the bottom of the plate. Lyophilized dry peptides
were dissolved in PBS buffer at pH 7.4 immediately before the assays.
The final experiments were conducted at 25 °C without additional
agitation. The concentration of hAymlin and hAmylin-COO- was 25 pM
and the concentration of thioflavin-T was 25 pM. Uncertainties are the
apparent standard deviation based upon multiple repeats (minimum 3
repeats).

2.4. Transmission electron microscopy (TEM)

10 pL peptide samples were collected at the end of kinetic experi-
ments and were blotted onto a carbon-coated formvar 300 mesh copper
grid for 1 min and then negatively stained with 2% depleted uranyl
acetate for 1 min for TEM image. TEM images were taken using an FEI
TEM microscope at the central microscopy center at the Stony Brook
University.

2.5. Attenuated total reflectance Fourier transform infrared (FTIR)
spectroscopy of amyloid fibrils

100 micromolar peptide in deuterated PBS was incubated in D0 for
96 h. The samples were then centrifuged at 21300 RCF for 10 min and
the supernatant was removed. Fibril material was removed, placed on
the prism of the spectrometer and concentrated by drying with a stream
of argon. Spectra were recorded over the range of 3000 to 800 Cm ™! and
are the average of 500 repeat scans. Infrared spectra were recorded at 4
cm ! resolution in attenuated total reflectance mode using a Bruker
Vertex 80v (operated with Bruker OPUS 7.5 software) fitted with a
liquid-nitrogen cooled MCT-C detector and a three-reflection silicon
microprism with ZnSe optics. Frequencies quoted have an accuracy of
+/—1Cm .

2.6. Cell viability assays and determination of ECsg values

Toxic effects of the peptides towards cultured cells were evaluated
using rat insulinoma f- INS-1832/13 cells which were purchased from
AddexBio (#C0018024) and a viability/metabolic activity assay, Cell-
Titer-Glo® 2.0 (Promega, #G9242). Cells were cultured in optimized
RPMI-1640 medium (AddexBio, #C0004-02) supplemented with 10%
ultra-low IgG FBS (Gibco, #16250078), Penicillin/Streptomycin anti-
biotic mixture and 50uM 2-Mercaptoethanol. The assay was run in 96-
well format using half-area clear bottom white plates (Greiner,
#675083). Plates were seeded at 25 x 10° per well and incubated for 24
hin a 5% CO4 humidified incubator at 37 °C prior to use. An appropriate
quantity of peptide was aliquoted from a HFIP master stock solution and
lyophilized. Aliquots were diluted in the complete medium to the final
desired concentration and immediately applied to the cells by replacing
the old medium. The cells were incubated at the same growing condi-
tions for another 24 h and subjected to the CellTiter-Glo assay according
to the manufacturer's protocol. Briefly, the plates were cooled to room
temperature and an equal volume of the CellTiter-Glo® 2.0 reagent was
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added to the cells. Plates were shaken vigorously (700 rpm) for one
minute, allowed to stand for 5 additional minutes and the luminescence
intensity was measured using a Clariostar plate reader. Four biological
experiments testing each condition in triplicate were performed.

To test the effect of preformed amyloid fibrils, samples of 167.5 pM
hAmylin and 257 pM hAmylim-COO- were dissolved in FBS free RPMI
and incubated for 96 h. The generation of thioflavin-T positive material
was confirmed. Aliquots were removed, added to INS-1832/13 cells and
the effects on cell viability assessed as described above. Statistical
analysis, graphics and determination of ECsy values were produced
using GraphPad Prism 9.5.1.

3. Results and discussion

3.1. The processing signals for C-terminal amidation of Amylin are strictly
conserved among vertebrate amylins

There are several lines of evidence which argue that the C-terminal
amidation of Amylins is conserved. We have found that the C-terminal
processing signal located within pro-Amylin is strictly conserved and
PAM is found in all species which are known to produce Amylin. We first
examined the potential conservation of the C-terminal amidation signal
by constructing an alignment of 479 sequences which have been anno-
tated as Amylins (Supporting table 1). Amylin sequences were extracted
from the NCBI orthologs database. The alignment included the prose-
quence of IAPP, which is processed by prohormone convertase at the
terminal dibasic cleavage signals. We then constructed an alignment 44
residues in length, which included mature amylin and three flanking
residues on the N-terminal side and four on the C-terminal side. Thus,
the aligned sequence includes both the potential N- and C-terminal
cleavage signals and their flanking residue. The standard prohormone
convertase cleavage signal of a pair of dibasic residues is highly
conserved in the N-terminal extension, although there are a few exam-
ples of sequences which have only one basic residue at the N-terminal
cleavage site, porcine amylin for example. In contrast, the Gly-Basic-
Basic tri-peptide extension located C-terminal to mature amylin is
strictly conserved in our alignment, outside of three species of camels
featuring a GKG extension. (Fig. 2, Table 1 S1). The C-terminal Glycine is
strictly conserved in all sequences. The residue N-terminal to the dibasic
cleavage N-terminal sequence and the residue C-terminal to the C-ter-
minal dibasic cleavage sequence are notably less conserved. The enzyme
responsible for C-terminal amidation, PAM is present in each species
represented in the alignment. Finally, Amylin is a member of the calci-
tonin superfamily of polypeptides. These include Amylin, CGRP, calci-
tonin and adrenomedullin which are all believed to have evolved from a
common ancestor. All members of this super family which have been
examined contain an amidated C-terminus [32].

3.2. The environment of the C-terminus in known structural models of
hAmylin amyloid fibrils

There are twelve high resolution models of the hAmylin amyloid
fibril; one is based upon crystal structures of small steric zipper peptides
derived from the sequence of hAmylin [33] and another is based on
constraints derived from solid state NMR studies [34]. The remaining
structures are based on Cryo-EM studies of hAmylin [35-38]. Although
the different models differ in their details there are many similarities
(Fig. 3). All of them are rich in cross f-sheet structure and include two or
four stacks of amylin monomers. Each monomer in a stack forms
intermolecular backbone hydrogen bonds with the monomers immedi-
ately above and below in the same stack and there are no backbone
hydrogen bonds between polypeptide chains located within the same
layer. The sidechains form interactions with adjacent monomers in the
other stack. In the solid-state NMR based model and in the x-ray crys-
tallography based model all 37 residues are defined, but in most of the
Cryo-EM models the N-terminal residues 1 to 12 are not well defined. In
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Fig. 2. Conservation of Amylin sequence in vertebrates together with sequence of human amylin and the Amylin vertebrate consensus sequence A) A Weblogo
diagram showing the relative frequencies of each residue at each position for mature 37-residue Amylin along with a three residue N-terminal and a four residue C-
terminal extension. The numbering used corresponds to the first residue of mature amylin being denote residue-1; B) Comparison of human Amylin (hAmylin) and
the consensus Amylin sequence (cAmylin) along with a three residue N-terminal and a four residue C-terminal extension. Residues that differ between the human and
consensus sequence are highlighted in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

% Solvent accessible surface area of the C-terminal amide NH; group and the
Oxygen-to-Oxygen distance between carbonyl oxygens in the C-terminal amide
group in different amylin fibril models. The % SASA is measured relative to an
amidated Thr-Tyr-NH, dipeptide and the Oxygen-to-Oxygen distance is
measured between different monomers in the same stack.

PDB ID Experimental method % Avg. Y37 carbonyl O to
Fractional SASA O distance (A)
@ X-ra}.l crystallography of 22.18 510
peptide fragments

(b) chain .

3 Solid state NMR 89.40 4.85, 4.93
b) chai
¢ ?)C A Solid state NMR 78.00 5.84, 4.60
6Y1A Cryo-EM 6.94 4.87
6ZRF Cryo-EM 20.71 491
7M61 -

chain a Cryo-EM 67.73 4.92
7M61 -

chain b Cryo-EM 45.11 4.96
7M62 Cryo-EM 0.00 4.81
7M64 Cryo-EM 10.24 4.85
7M65 -

chain a Cryo-EM 18.91 4.92
7M65 -

chain b Cryo-EM N/A 4.96
7YKW -

chain a Cryo-EM 0.00 4.74
7YKW -

chain b Cryo-EM 91.98 4.76
7YLO -

chain s Cryo-EM 31.50 4.68
7YLO -

chain 1 Cryo-EM 91.08 4.74

(a) PDB structure provided by Prof. David Eisenberg (b) PDB structure provided
by Dr. Robert Tycko.

(b) contains different monomers within each stack; each chain has two different
distances.

Chains a, b refer to asymmetric stacks in fibril structures with two stacks.
Chains s, 1 refer to the two short and two long stacks in the 7YLO fibril structure
that has four stacks.

the Cryo-EM model 7 M62 (Fig. 3 G, H) and in one stack of 7 M65 (Fig. 3
K, L) only the first 5 residues are undefined. In the other stack of this
model (Fig. 3 K, L) the first 13 residues and residue 37 are not defined. In
the most recent models deduced from Cryo-EM studies (Fig. 3 M, N) one

stack contains all 37 residues and in the other stack the first 10 residues
are undefined. The other polymorph described in this study (Fig. 3 O, P)
contains four stacks. In two of the stacks all 37 residues are defined and
in the other two stacks the first 10 residues remain undefined. There is
considerable variability in the accessibility of the C-terminal amide
group in the various structures. The % solvent accessible surface area
(SASA) of the C-terminal NH; group, calculated relative to an amidated
dipeptide (Thr-Tyr-NH2), ranges from to 91% to 0% (Table 1). However,
the majority of the Cryo-EM structures have % SASA values below 50%,
indicating at least partial burial of the C-terminal amide group.

Owing to the parallel in register architecture of the f-strands in
hAmylin amyloid fibrils, the C-terminus of one chain is close in space to
the C-terminus of the chains immediately above and below. The O-to-O
distance between carbonyl groups in the C-terminal amide unit ranges
from 4.68 to 5.84 A (Table 1) and all but two of the distances are below
4.96 A. This indicates that significant electrostatic repulsion would
result if the fibrils formed by hAmylin-COO™ adopted the same structure
as those formed by the amidated polypeptide. Of course, binding of
counter ions could lead to significant screening of electrostatic repulsion
and the highly polymorphic nature of hAmylin amyloid fibrils suggests
that the two polypeptides do not have to form the same fibril structure.

3.3. Conversation of the C-terminal amide to a carboxylate slows, but
does not eliminate amyloid formation in vitro

We next examined the effect on the kinetics of amyloid formation
caused by replacing the C-terminal amide with a carboxylate The sub-
stitution could lead to electrostatic repulsion between the termini as
noted above, which might slow amyloid formation. On the other hand,
the introduction of a free C-terminal carboxylate in place of the C-ter-
minal amide will reduce the overall net charge on the polypeptide which
might promote aggregation, thus it is difficult to predict the effects. We
used thioflavin-T assays to follow the kinetics of amyloid formation.
Thioflavin-T is a small molecule which is weakly fluorescent in solution,
but its quantum yield increases dramatically when it binds to amyloid
fibrils. Thioflavin-T is thought to bind in groves formed by the in-register
rows of solvent exposed sidechains on the amyloid fibrils surface
[39,40]. Thioflavin-T accurately reports on the time course of hAmylin
amyloid formation [41] under the conditions of our experiments, but
there are reports of in vitro amyloid fibrils formed from a non-human
Amylin which do not bind thioflavin-T [42]. We confirmed the pres-
ence of amyloid fibrils via transmission electron microscopy (TEM).
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Fig. 3. The position of the amidated C-terminus and its surrounding atoms in different hAmylin fibril models. Each model is illustrated as ribbon diagrams and a top-
down cross-sectional view of each fibril model is displayed immediately below each ribbon diagram. The atoms of Tyr37 and residues around it are illustrated as
spheres where grey indicates Carbon atoms, white indicates Hydrogen atoms, red indicates Oxygen atoms, blue indicates Nitrogen atoms and green indicates the
Nitrogen atom of the C-terminal amide group. All of the fibril models illustrated here are derived from Cryo-EM studies of: (A,B) synthetic IAPP conducted at pH =
6.0 (PDB = 6Y1A); (C,D) synthetic IAPP conducted at pH = 6.8 (PDB = 6ZRF); (E-L) samples seeded by human tissue extracts (PDB = 7 M61, 7 M62, 7 M64, 7 M65);
(M-P) synthetic IAPP in Milli-Q water (PDB = 7YKW, 7YLO). The Cryo-EM structures contain only the residues that fall in the ordered region and the C-terminal
Tyrosine residue in one stack of the Cryo-EM model (K,L) is not included. All of the other structures contain the C-terminal Tyrosine.
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hAmylin-COO- formed amyloid more slowly than the amidated form
in phosphate buffered saline (PBS) (Fig. 4, Fig. S1). The Tso, the time at
which 50% of the total signal change in a thioflavin-T assay has
occurred, increased by a factor of slightly larger more than 4-fold. We
found some variation in the exact Ts values depending upon the plate
reader used, (likely because of different amounts of agitation when the
plates are moved for sampling) and depending on the total sample
volume used. However, the key point is that hAmylin-COO- was always
slower to form amyloid than normal hAmylin, and the effects, while
significant, were relatively modest. These experiments were performed
at 25 °C. We repeated the measurements at 37 °C. As expected, amyloid
formation by both peptides is more rapid at the higher temperature
(Fig. S2), but the same trend is observed with hAmylin-COO- forming
amyloid more slowly than normal hAmylin. The Tsq values differs by a
factor of close to 6 at 37 °C, under the conditions of our studies.

TEM images of samples collected at the end of the kinetic curves
shown in Fig. 4 were recorded to confirm the presence of fibrils. Dense
matts of fibrils were observed for both polypeptides and no obvious
differences were detected at the limited resolution of the TEM
measurements.

We also collected attenuated total reflectance FTIR spectra of the

ThT fluorescence %
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amyloid fibrils formed by the two polypeptides in order to test for any
potential differences in secondary structure. The spectra were virtually
superimposable and the amide—I band of each sample has a maximum
in the range of 1622 to 1624 Cm-', indicating significant p-sheet content
for both sets of amyloid fibrils. The spectra are consistent with published
FTIR spectra of amyloid fibrils formed by hAmylin (Fig. S3).

Although beyond the scope of this work, Cryo-Em Studies of
hAmylin-COO- would be interesting and would indicate how the addi-
tional charged group is accommodated into the fibril structure.

3.4. Conversation of the C-terminal amide to a carboxylate modestly
reduces in vitro toxicity towards cultured f-cells

We next compared the effect of the two polypeptides on cell viability
using the INS-1832/13 rat insulinoma p-cell line. Cell viability was
followed by monitoring cellular ATP production (Fig. 5). The ECsg for
Amylin was found to be 62.7 to 65.5 pM (95% confidence limits) and the
value for hAmylin-COO- was measured to be 94.4 to 105.6 uM (95%
confidence limit). This is a small effect and is less than has been observed
for a number of point mutants, although there are other point mutants
which have no impact on toxicity [41].

Fig. 4. Comparison of kinetics of amyloid formation between hAmylin and hAmylin-COO- measured at 25 °C in PBS pH 7.4. A) Thioflavin-T kinetic data for hAmylin
(Blue) and hAmylin-COO- (Magenta). The curves are normalized on the Y-axis from 0 to 100. The unnormalized data is shown in the supplementary data (Fig. S1). B)
TEM image of hAmylin fibrils collected at the end of the kinetic curve. C) TEM image of hAmylin-COO- fibrils collected at the end of the kinetic curve.
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Fig. 5. Replacement of the C-terminal amide group with a carboxylate has only
a modest effect on cytotoxicity. Dose-dependent viability of INS-1832/13 cells
as monitored by effects on cellular ATP production. Cells were treated for 24 h
with increasing concentrations of hAmylin (Blue) or hAmylin-C00- (Magenta)
peptides. Cellular ATP production was monitored using the CellTiter-GLO
assay. The primary data was normalized to the average viability of the un-
treated cells. The dose-dependent sigmoid toxicity curves were built using
Prism 9.5.1 using normalized primary data from four independent experiments
performed in triplicate. The error bars represent the SEM of the normalized
averages. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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hAmylin fibrils have been shown to be non-toxic to cultured p-cells
[101, but the effect of hAmylin-COO- amyloid fibrils on cell viability has
not been examined. Consequently, we tested the effect of hAmylin-COO-
amyloid fibrils on cell viability. hAmylin and hAmylin-COO- were
incubated at high concentration for 96 h to allow fibril formation and
then applied to cultured INS-1832/13 cells. No loss of cell viability was
observed in contrast to the significant effects observed for pre-fibril
species (Fig. S4).

4. Conclusions

The processing signals for C-terminal amidation are strictly
conversed in all vertebrate Amylins examined in our alignment and the
amidating enzyme complex (PAM) is found in all of these species. These
observations strongly argue that C-terminal amidation is a conserved
feature of vertebrate amylins. Along these lines, hAmylin is a member of
the calcitonin peptide superfamily and the human sequences in this
superfamily are all C-terminally amidated.

Replacement of the physiologically relevant C-terminal amide with a
carboxylate lead to a longer time to form amyloid and a modest decrease
in toxicity. Prior studies have shown that conversion of the C-terminal
amide to a carboxylate leads to a significant effect on receptor activa-
tion. A 58-fold reduction in activation at the Amylin-1 receptor (AMY;)
and a 20-fold reduction at the AMY3 receptor were reported and this is
much more significant than the effects observed upon mutating the
sidechain to Ala or even Pro [25]. Conversion of the C-terminal amide to
a free carboxylate has much more modest effects on calcitonin receptor
(CTR) activation by hAmylin leading to a 2.6-fold decrease. The com-
bined effects lead to a reduction in specificity of hAmylin-COO- for the
AMY; and AMYj3 receptors relative to the calcitonin receptor.

hAmylin-COO~ exhibits significant toxicity, but significantly
reduced activity and hence offers a reagent for studies which aim to
decouple Amylin's toxic effects from its receptor mediated activity. The
different behaviours of the free and C-terminal amidated amylin should
be considered when designing systems to produce the polypeptide
recombinantly and when designing variants of hAmylin for potential
therapeutic applications.
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Appendix A. Supplementary data

Supplementary data including one figure which displays the non-
normalized thioflavin-T monitored kinetic curves for the two poly-
peptides, a second figure which displays normalized thioflavin-T
monitored kinetic curves for the two polypeptides collected at 37 °C, a
third figure showing FTIR spectra of the amyloid fibrils formed by each
polypeptide and a table listing all of the sequences used to generate the
alignment. Supplementary data to this article can be found online at [htt
ps://doi.org/10.1016/j.bpc.2023.107168].
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