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ABSTRACT The polypeptide hormone islet amyloid polypeptide (IAPP) forms islet amyloid in type 2 diabetes, a process
which contributes to pancreatic b-cell dysfunction and death. Not all species form islet amyloid, and the ability to do so cor-
relates with the primary sequence. Humans form islet amyloid, but baboon IAPP has not been studied. The baboon peptide
differs from human IAPP at three positions containing K1I, H18R, and A25T substitutions. The K1I substitution is a rare
example of a replacement in the N-terminal region of amylin. The effect of this mutation on amyloid formation has not
been studied, but it reduces the net charge, and amyloid prediction programs suggest that it should increase amyloidogenic-
ity. The A25T replacement involves a nonconservative substitution in a region of IAPP that is believed to be important for
aggregation, but the effects of this replacement have not been examined. The H18R point mutant has been previously shown
to reduce aggregation in vitro. Baboon amylin forms amyloid on the same timescale as human amylin in vitro and exhibits
similar toxicity toward cultured b-cells. The K1I replacement in human amylin slightly reduces toxicity, whereas the A25T
substitution accelerates amyloid formation and enhances toxicity. Photochemical cross-linking reveals that the baboon
amylin, like human amylin, forms low-order oligomers in the lag phase of amyloid formation. Ion-mobility mass spectrometry
reveals broadly similar gas phase collisional cross sections for human and baboon amylin monomers and dimers, with some
differences in the arrival time distributions. Preamyloid oligomers formed by baboon amylin, but not baboon amylin fibers, are
toxic to cultured b-cells. The toxicity of baboon oligomers and lack of significantly detectable toxicity with exogenously added
amyloid fibers is consistent with the hypothesis that preamyloid oligomers are the most toxic species produced during IAPP
amyloid formation.
SIGNIFICANCE Islet amyloid polypeptide (IAPP) forms islet amyloid in type 2 diabetes, a process which contributes to
pancreatic b-cell dysfunction and death. The factors that control the amyloidogenicity and toxicity of human IAPP are not
understood. Comparative studies of human and baboon IAPP reveal that both form broadly similar distributions of
preamyloid oligomers and confirm that preamyloid intermediates are significantly more toxic to cultured b-cells than IAPP
amyloid fibers. The data reveal a role for the N-terminus in modulating toxicity and shows that substitutions at position 25
can strongly influence the rate of amyloid formation. The results aid our understanding of the sequence determinants of
IAPP amyloidogenicity and should prove helpful for the design of nontoxic analogs of human IAPP.
INTRODUCTION

Amyloid formation plays a central role in a number of
devastating human diseases, including Alzheimer’s disease,
systemic amyloidosis, and type 2 diabetes (T2D). Islet am-
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yloid polypeptide (IAPP, also known as amylin) is a 37-res-
idue, neuropancreatic polypeptide hormone, which helps to
regulate satiety, control gastric emptying, suppress glucagon
release from a-cells, and maintain glucose homeostasis
(1,2). In T2D, IAPP aggregates to form islet amyloid in
the islets of Langerhans (3,4). The process of islet amyloid
formation by human IAPP (hIAPP) contributes to b-cell
dysfunction in T2D and to islet transplant failure (3–7).
Despite the importance of islet amyloid formation, the fea-
tures that control the polypeptide’s amyloidogenicity and
toxicity are not understood.
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Amyloid Formation by Baboon IAPP
IAPP contains an amidated C-terminus and a disulfide-
bridged loop between residues 2 and 7. The sequence of
IAPP is strongly conserved, and the hormone is found in
all mammals studied. However, not all species form islet
amyloid, and the ability to form amyloid in vivo and
in vitro correlates with the sequence of the polypeptide
and with whether or not a species develops T2D
(1,8–10). Notably, mice and rats do not form amyloid
in vivo, and the mouse and rat polypeptide is nonamyloido-
genic in vitro under standard conditions (11). Comparison
of the rat and mouse sequence to the sequence of hIAPP,
together with early in vitro experiments, leads to the hy-
pothesis that the ability to form amyloid is controlled by
the identity of the 20–29 segment (8,11). hIAPP and rat
IAPP (rIAPP) differ at six positions, with five of the substi-
tutions located between residues 23 and 29, including three
Pro residues at positions 25, 28, and 29 of rIAPP (Fig. 1).
The region lying between residues 20 and 29 of IAPP is
important for amyloid formation, but it is clear that the
sequence in this region is not the sole factor dictating amy-
loidogenicity (8,11,12). For example, His-18 in hIAPP is
replaced by Arg in rIAPP, and the H18R point mutant
has been reported to slow amyloid formation by hIAPP
(13–18). Other substitutions outside of the 20–29 segment
also influence amyloid formation, but the role of residues
located within the N-terminal disulfide-bridged loop is
not known (17,19,20).

Deducing the sequence determinants of IAPP amyloido-
genicity is important for the development of the next gener-
ation of soluble analogs for use as adjuncts to insulin
therapy and for the potential development of xenobiotic islet
transplantation (21–24). The sequence of baboon IAPP
(bIAPP) is known, but its ability to form amyloid has not
been examined, nor has its potential toxicity toward b-cells
been assessed. The baboon polypeptide contains the H18R
substitution found in rIAPP but also includes two other
nonconservative replacements relative to the human poly-
peptide: a K1I and an A25T replacement. The K1I substitu-
tion is particularly interesting because it is one of the few
reported substitutions at position 1 in IAPP and is one of
few replacements of Lys-1 found in primate IAPP sequences
(Fig. 1). The effects of these substitutions on amyloid for-
mation have not been examined.

Here, we examine the ability of bIAPP to form amyloid,
compare its amyloidogenicity to the human polypeptide,
test the role of the individual residue differences between
bIAPP and hIAPP, and examine the effects of bIAPP and
variants on the viability of INS-1 b-cells. Most, but not
all, prior studies are consistent with fibrils being much
less toxic than prefibril oligomers; however, studies with
10 residue fragments of hIAPP and variant peptides have
indicated that amyloid fibrils may be toxic (25). Thus, we
compare the effects of bIAPP fibrils and prefibril oligomers
on b-cell viability.

The results provide insight into regions of the polypep-
tide that are important for controlling amyloidogenicity
and toxicity. In particular, the data reveal a role for the
N-terminus in modulating toxicity and shows that substitu-
tions at position 25 can strongly influence the rate of
amyloid formation. The results are discussed in the context
of existing models of IAPP amyloid formation. The work
also supports the hypothesis that preamyloid oligomers
are the most toxic species produced during IAPP amyloid
formation.
FIGURE 1 Sequence alignment of human, rat,

and primate IAPP sequences. Residues that differ

from the human sequence are depicted in bold

with underline. Only a partial sequence is available

for the cotton-top tamarin. All complete sequences

contain a disulfide bond between Cys2 and Cys7

and have an amidated C-terminus.
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MATERIALS AND METHODS

Computational analysis of amyloidogenicity

The predicted amyloidogenicity of the various sequenceswas calculated using

severalweb-basedamyloidpredictionprograms:AGGRESCAN,http://bioinf.

uab.es/aggrescan/; FoldAmyloid; Zygreggator; and TANGO, http://www.

switchlab.org/bioinformatics/tango.
Peptide synthesis and purification

hIAPP, bIAPP, and hIAPP variants were prepared using solid-phase peptide

synthesis using standard Fmoc (9-fluorenylemethyloxycarbonyl) methods.

Syntheses were conducted on a 0.1-mmol scale, using a CEM Liberty

Blue automated microwave peptide synthesizer (CEM, Matthews, NC).

CEM ProTide rink amide resin (CEM) was used to obtain the naturally

occurring amidated C-terminus. Fmoc-protected pseudoproline (oxazoli-

dine) dipeptide derivatives (Aapptec, Louisville, KY) were used as previ-

ously described (26,27). The first amino acid attached to the resin,

pseudoproline dipeptide derivatives, arginine, and all b-branched amino

acids were double coupled. A trifluoroacetic acid (TFA)-based cocktail

(92.5% TFA, 2.5% triisopropylsilane, 2.5% 3,6-Dioxa-1,8-octanedithiol,

and 2.5% H2O) was used to cleave synthesized peptides from the resin

and scavenge side-chain-protecting groups. Peptides were oxidized to

form a disulfide bond between residues Cys2 and Cys7 in 100% dimethyl

sulfoxide with gentle shaking at room temperature for 3 days. Crude pep-

tides were dissolved in 15% acetic acid (v/v) and lyophilized after cleavage.

Reverse-phase high performance liquid chromatography (HPLC) was used

to purify the crude peptides. Hydrochloric acid was used as an ion-pairing

agent instead of TFA because TFA can influence IAPP aggregation kinetics

and cell toxicity assays. Residual scavengers were removed by dissolving

the dried peptides in 1, 1, 1, 3, 3, 3-Hexafluoro-2-propanol to extract trace

amounts of scavengers and were then repurified with reverse-phase HPLC.

The purity of the peptides was checked by reverse-phase HPLC using a C18

analytical column (Higgins Analytical, Mountain View, CA). The molecu-

lar weights of the purified peptides were confirmed by mass spectrometry

via matrix-assisted laser desorption ionization time-of-flight mass spec-

trometry: IAPP expected, 3902.8; IAPP observed, 3903.3; bIAPP expected,

3936.9; bIAPP observed, 3937.4; K1I-IAPP expected, 3887.9; K1I-IAPP

observed, 3888.3; H18R-IAPP expected 3922.4; H18R-IAPP observed,

3921.5; A25T-IAPP expected, 3932.9; A25T-IAPP observed, 3933.3.
Sample preparation

Dry peptides were dissolved in 100% 1, 1, 1, 3, 3, 3-Hexafluoro-2-propanol

at room temperature for 4 h at a target concentration of 0.8 mM. Aliquots

were filtered through a 0.22-mm Millex syringe-driven filter (GE Health-

care, Chicago IL). 10 mL aliquots of stocks were lyophilized overnight

and reconstituted in phosphate-buffered saline (PBS) to determine concen-

tration. The concentration was determined by measuring the absorbance at

280 nm. After concentration determination, aliquots were lyophilized for

various experiments.
Thioflavin-T fluorescence assays

Thioflavin-T-binding assays were employed to monitor amyloid formation

as a function of time using a Molecular Devices SpectraMax Gemini EM

microplate reader (Molecular Devices, San Jose, CA) and were measured

using 450 nm of excitation and 485 nm of emission. Corning 96-well

nonbinding surface black plates with lids (VWR International) were used

for all assays, and plates were sealed with polyethylene-sealing tape.

Lyophilized peptide aliquots were dissolved in a buffer and thioflavin-T so-

lution immediately before measurements. All the experiments used 16 mM

IAPP, 32 mM thioflavin-T in PBS (pH 7.4) at 25�C, with no agitation.
1144 Biophysical Journal 118, 1142–1151, March 10, 2020
Photochemical cross-linking

Samples were cross-linked using Tris (bipyridyl) Ru(II) chloride

(Ru(bpy)3) in the presence of ammonium persulfate (APS). The molar ra-

tios of Ru(bpy)3, APS, and peptide were 3.5:70:1, respectively. Samples

were dissolved in a buffer (PBS (pH 7.4)) and were centrifuged for

10 min at 15,000 � g before the reaction. In a typical reaction, 2.5 mL of

Ru(bpy)3 and APS were added to a 15 mL aliquot of 40 mMpeptide and irra-

diated for 10 s with a 140-W incandescent bulb. After the reaction, solutions

were quenched with 10 mL of tricine sample buffer containing 5% b-mer-

captoethanol. Samples were then heated for 5 min at 85�C before loading

on the gel. Gels were visualized by silver staining, and gel densitometry

was performed using GelAnalyzer version 2010a. The relative intensity

of each band was calculated by first correcting the baseline, then integrating

the area under each peak.
TEM

Transmission electron microscopy (TEM) images were captured with an

FEI Bio TwinG2 transmission electron microscope (FEI, Hillsboro, OR).

Samples were blotted on a carbon-coated formvar 300-mesh copper grid

for 1 min and then negatively stained with 2% uranyl acetate for 1 min.
Cytotoxicity assays

INS-1 cells were purchased from AddexBio and cultured with optimized

RPMI-1640 (#C0004-02; AddexBio, San Diego, CA) medium supple-

mented with 10% ultralow IgG FBS (#16250078; Gibco, Gaithersburg,

MD). CellTiter-Glo 2.0 (#G9242; Promega, Madison, WI) assays were

used to evaluate the cytotoxicity of hIAPP, bIAPP, and hIAPP variants to-

ward INS-1 b-cells. Cells were seeded at �50% confluence on a 96-well

half-area clear bottom white plates (#675083; Greiner, Kremsm€unster,
Austria) and incubated for 36 h in a 5% CO2 humidified incubator at

37�C. Serial dilutions of the peptides were freshly prepared before use

from lyophilized peptide. Cells were exposed to varying concentrations

of peptide diluted in fresh complete medium for 24 h. For CellTiter-Glo

2.0 assays, the culture plates were cooled to room temperature, and an equal

volume of the assay reagent was added to the treated cells. Plates were

vigorously (700 rpm) shaken for 1 min, and the luminescence intensity

was measured using a Clariostar plate reader (BMG Labtech, Cary, NC).

Statistical analysis and calculation of EC50-values were conducted using

Graph Pad Prism 5. INS-1 cells and Chinese hamster ovary (CHO)-T cells

were used to independently compare the toxicity of hIAPP and bIAPP am-

yloid fibers and prefibrillar species. CHO-T cells were kindly provided by

Professor Ivan Gout.
Ion-mobility mass spectrometry

Lyophilized samples were dissolved in 100% liquid chromatography-mass

spectrometry-grade dimethyl sulfoxide to a concentration of 3.2 mM and

incubated at 37�C for 24 h to ensure the breakup of any preformed fibrils

or other aggregates before analysis. After incubation, samples were diluted

100-fold using 100 mM ammonium acetate solution (pH 7.4) to a working

concentration of 32 mM peptide and immediately infused into a Synapt G1

(Waters, Wilsmslow, UK) mass spectrometer, using capillaries produced in

house (borosilicate glass capillaries extruded using a Flaming Brown P97

micropipette puller (Sutter Instrument, Novato, CA) and then coated in

gold using a Quorum 150QR S sputter coater (Laughton, UK)).

Mass calibration was conducted using cesium iodide clusters formed

from a 30 mg/mL solution of cesium iodide in water. Collision cross section

(CCS) calibration was performed using a mixture of polyethylene oxide

(PEO) (5 mM PEO, 10 mM NaCl in liquid chromatography-mass spectrom-

etry-grade methanol) and peptides from equine cytochrome C digested by

trypsin (0.5 mg/mL in 49:49:2 (v/v) % of water/methanol/acetic acid
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Amyloid Formation by Baboon IAPP
solution) (28–30). CCS calculations were performed as described by Tha-

lassinos et al. (31). Data were collected using the following parameters:

capillary 1.4 kV, sampling cone of 40 V, extraction cone of 1.0 V, backing

pressure of 4.50 mbar, trap CE of 15 eV, transfer CE of 13 eV, bias of 16 V,

IMS wave velocity of 250 ms�1, IMS wave height of 6.0 V.
RESULTS

The primary sequences of bIAPP and hIAPP are shown in
Fig. 1 and compared to other primate IAPP sequences.
The rat IAP sequence is also included for comparison.
The three substitutions in bIAPP relative to hIAPP are pre-
dicted to have different effects on amyloidogenicity, and it is
not known whether bIAPP has a different propensity to form
amyloid than hIAPP (Table S1). Lys-1 in IAPP is strongly
conserved in IAPP, and the Lys-1-to-Ile replacement is
one of only a very few known substitutions at this position.
In fact, very few substitutions are found within the first
seven residues of IAPP, and the K1I replacement is an
example of a rare substitution, relative to hIAPP, that
changes the charge in this region. The K1I substitution re-
duces the net charge on IAPP at all relevant pH values
and hence could influence solubility and amyloidogenicity.
hIAPP has a net charge of between 2 and 4 at physiological
pH depending upon the exact pKa-values of the N-terminus
and His-18 side chain, whereas bIAPP will have a net charge
between 1 and 3.

The locations of the substitutions found in bIAPP are in
unique environments in the hIAPP amyloid fibril structure.
The Eisenberg model of the hIAPP fibril, derived from
x-ray crystal structure studies of IAPP fragments, indicates
that the fibril layer is made up of two columns of IAPP
monomers, with each monomer adopting a U-shaped struc-
ture (32). There are two symmetrically related monomers
per layer of the fibril (Fig. 2 B). Each monomer in a fibril
layer contributes an N-terminal and C-terminal b-strand to
the ordered part of the fibril. His18 lies at the end of the
N-terminal strand, and Ala25 is at the beginning of the
C-terminal strand, with a disordered region between these
two residues. Lys1, along with the disulfide loop, is
excluded from the amyloid core in this model and in the
solid-state NMR model (33). Although the 1–7 region
does not participate in the amyloid core, previous work
has shown the presence of the disulfide influences amyloid
formation (34). His18 points inward in the fibril layer
(Fig. 2 C), in proximity to Ile26 and Asn22. Replacement
of His18 with Arg, as found in bIAPP, may lead to steric ef-
fects during fibril formation and to changes in desolvation
energetics. The Ala25 side chain projects outwards toward
the opposing monomer in the same layer in proximity to
Asn35. The 23–27 region has been hypothesized to form a
transient b-sheet intermediate along the misfolding pathway
of hIAPP (12). Substituting Ala 25 to Thr would increase the
propensity of this region to form b-sheets because Thr has a
significantly higher b-sheet propensity than Ala.

Standard amyloid prediction algorithms predict that the
Ile substitution at position 1 will either enhance amyloido-
genicity or will have no effect (35–39). AGGRESCAN, Fol-
dAmyloid, and Zygreggator all predict an enhancement
in amyloidogenicity, whereas TANGO predicts that the
replacement will have very little effect. The replacement
of His18 in hIAPP with an Arg is a common substitution
(Fig. 1). Arg is found at position 18 in monkey and macaque
IAPP, both of which are amyloidogenic, but is also found in
the nonamyloidogenic rIAPP (Fig. 1). Substitution of His-
18 with Arg in hIAPP has been reported to reduce its amy-
loidogenicity, as does reducing the pH to ensure that His18
is fully charged (13–16,18). The AGGRESCAN, TANGO,
and Zygreggator programs predict that the His to Arg
replacement reduces amyloidogenicity, whereas FoldAmy-
loid predicts only a modest impact.

The final substitution in bIAPP relative to hIAPP is the
replacement of Ala25 in hIAPP with Thr in bIAPP. Position
25 lies in the region initially proposed to be the critical amy-
loidogenic determinant of IAPP (11). More recent work in-
dicates that hIAPP formation in vitro may involve the
FIGURE 2 Comparison of the sequence of hI-

APP and bIAPP and location of substitutions within

a fibril model. (A) A comparison of hIAPP and

bIAPP primary sequences is shown here. Both

polypeptides contain a disulfide bond between

residues Cys2 and Cys7 and have an amidated

C-terminus. Residues in bIAPP that differ from

hIAPP are depicted in bold with underline. (B) A

side view of the IAPP fibril model is shown here.

(C) A top-down view of one layer in the fibril struc-

ture, with sites of mutation and neighboring resi-

dues shown in stick format, is given.
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formation of an obligatory intermolecular b-sheet in this
region, which is then disrupted as the polypeptides rearrange
to form the final amyloid fibril structure (12). Thr is a rela-
tively nonconservative mutation for Ala. The change signif-
icantly decreases a-helical propensity, increases b-sheet
propensity, and introduces hydrogen bonding functionality
into the side chain. The AGGRESCAN, Zygreggator,
and TANGO programs all predict that this substitution re-
duces amyloidogenicity, whereas FoldAmyloid predicts no
significant effect. The complete bIAPP sequence is pre-
dicted to be less amyloidogenic by TANGO and Zyggrega-
tor, whereas AGGRESCAN predicts that bIAPP is more
amyloidogenic than hIAPP, and FoldAmyloid predicts that
both peptides have similar core amyloidogenic regions
(Table S1).
bIAPP forms amyloid on the same timescale as
hIAPP

We first examined amyloid formation by bIAPP and
compared it to hIAPP using fluorescence-detected thiofla-
vin-T-binding assays together with TEM. Thioflavin-T is a
small dye whose quantum yield increases upon binding to
amyloid fibrils (40–42). The dye is an extrinsic probe, but
it has been shown to report accurately on the kinetics of
hIAPP amyloid formation under the conditions used here.
However, there are cases in which fluorescence of the dye
does not noticeably increase in the presence of amyloid
(43). In addition, the relationship between the intensity of
thioflavin-T fluorescence and the amount of amyloid formed
is not clear. Thus, we used TEM to confirm the results of the
thioflavin-T assays.

Amyloid formation by hIAPP is composed of three
phases: an initial lag phase that does not generate any signif-
icant thioflavin-T response, followed by a growth phase in
which amyloid fibrils elongate and a final plateau stage in
which fibrils are in equilibrium with soluble peptide. This
1146 Biophysical Journal 118, 1142–1151, March 10, 2020
sequence of events gives rise to a sigmoidal plot of thiofla-
vin-T fluorescence versus time. We studied amyloid forma-
tion in PBS (10 mM phosphate, 140 mM KCl). As shown in
Fig. 3 A, both the human and baboon peptides exhibit
sigmoidal thioflavin-T fluorescence curves, as expected
for an amyloidogenic IAPP. T50, the time required to
achieve 50% of the total fluorescence gain in a thioflavin-
T assay, is 4.6 5 0.3 h for hIAPP in PBS. A separate batch
of hIAPP was independently analyzed and yielded a T50 of
3.3 5 1.0 h. We report the average of these two measure-
ments, 4.0 5 1.0 h, in Table 1. The baboon polypeptide
forms amyloid at a similar rate to hIAPP in PBS with a
T50 of 2.9 5 0.4. Aliquots were removed from each kinetic
experiment after 24 h, a time sufficient for both peptides to
reach the thioflavin-T fluorescence plateau, and TEM im-
ages were recorded (Fig. 3, B and C). Clear mats of amyloid
fibrils were observed in the images of both peptides.
bIAPP populates low-order oligomers during the
lag phase of amyloid formation

Amyloid formation by hIAPP is believed to proceed through
the formation of low-order oligomers (44–47).We conducted
comparative photochemical cross-linking studies to test
whether this is also the case for bIAPP. Peptides were dis-
solved in solution, and the photoinduced cross-linking of
unmodified proteins (PICUP) in situ method of Teplow and
co-workers was used to probe the distribution of oligomers
(48).Adistribution of oligomeric species ranging frommono-
mers to hexamers is observed for the baboon polypeptide dur-
ing the lag phase, with noticeably higher populations of
monomer, dimer, and trimer than of higher-order species
(Fig. 4 A). Previously reported control experiments with
hIAPP show that these distributions fundamentally differ
from one expected for a monomeric peptide of similar size
that forms cross-links by random collisions in the solution
(49). Quantitative analysis of the silver-stained gels reveals
FIGURE 3 bIAPP forms amyloid on the same

timescale as hIAPP in PBS. (A) Thioflavin-T fluo-

rescence assays of amyloid formation by hIAPP

(solid) and bIAPP (dashed) are shown here. (B)

TEM images of amyloid fibrils formed by hIAPP

(solid) and bIAPP (dashed) are shown here. Exper-

iments were conducted at 25�C (pH 7.4) PBS with

16 mM IAPP. Scale bars represent 100 nm.



TABLE 1 T50-Values of hIAPP, bIAPP, and Point Mutants of

bIAPP

Peptide T50 (h)

hIAPP 4.0 5 1.0

bIAPP 2.9 5 0.4

K1I-IAPP 5.8 5 0.8

H18R-IAPP 11.4 5 0.2

A25T-IAPP 0.8 5 0.1

Uncertainties represent apparent standard deviations.

Amyloid Formation by Baboon IAPP
that the distribution of oligomers populated by bIAPP and
hIAPP are broadly similar. Although there are some differ-
ences in the relative intensities, the relative population of pen-
tamers and hexamers is higher for hIAPP compared to bIAPP,
whereas the relative population of lower-order oligomers is
higher for bIAPP (Fig. 4 B). However, we are hesitant to
draw any firm quantitative conclusions from these differences
because they could arise from genuine differences in oligo-
meric distributions, from intrinsic differences in cross-linking
efficiency, or both. PICUP targets multiple amino acids but
particularly Trp, Tyr, Met, Cys, and (to a lesser extent) Phe
and His. The difference in primary sequence (particularly
the H18R mutation) may thus contribute to the observed
differences (48). The key point is both polypeptides form
low-order oligomers during the lag phase with distributions
that differ from that expected for a monomeric polypeptide,
which forms cross-links by random collisions.
IM-MS analysis shows hIAPP and bIAPP have
similar collisional cross sections but different
arrival time distributions

Within 5 min of dilution, monomeric and dimeric species
were detected for both hIAPP and bIAPP (Fig. 5, A and
B), with the main species in the spectrum corresponding to
the þ3 monomer (1þ3). hIAPP and bIAPP display different
arrival-time distributions (ATDs) while having similar over-
all collision cross sections (CCSs) (Fig. 5, C and D). For the
monomeric species, the 1þ2 and 1þ3 ions display similar
ATDs and CCSs. The 1þ2 species of both polypeptides
have broad ATD peaks, suggesting a dynamic conformation.
Both the human and baboon 1þ4 states display two distinct
conformations, a compact and extended state, and the most
noticeable difference is that the human polypeptide popu-
lates the extended state much less. For the dimeric species,
the 2þ4 baboon and human polypeptide have very similar
CCS-values; however, the bIAPP ion displays a long tail of
compact conformations. The 2þ5 charge state is the only spe-
cies in which hIAPP and bIAPP differ noticeably in CCS-
value, in which the baboon polypeptide has a higher CCS
and wider ATD, suggesting a more extended and dynamic
conformation than hIAPP. Collectively, these results suggest
that bIAPP monomers and dimers are both more dynamic
and populate more open conformations than hIAPP.
Mutational analysis of amyloid formation by
hIAPP

We next examined the effect of individually substituting the
baboon residues into hIAPP. The results of the H18R substi-
tution have been reported to lead to a reduction in amyloido-
genicity at pH 7.4, but the effects of the substitutions at
Lys-1 and at Ala-25 have not been studied (14,18). We syn-
thesized the peptides and tested their ability to form amyloid
in PBS (Fig. 6 A). We first examined the effect of the H18R
replacement under the conditions of our assays. Consistent
with previous results, the mutation leads to an increase in
the value of T50, which is 11.45 0.2 h under the conditions
used in this work. K1I-IAPP forms amyloid at a slightly
slower rate than hIAPP, even though several amyloid predic-
tion programs predict that the mutant should be more amy-
loidogenic than hIAPP. The T50 for K1I-IAPP was found to
be 5.8 5 0.8 h in PBS compared to 4.0 5 1.0 h for hIAPP.
The difference is unlikely to be significant. The A25T-IAPP
variant was found to form amyloid noticeably faster than the
other polypeptides, although amyloid prediction programs
all predicted that this mutant should be less amyloidogenic
than hIAPP. The T50 for A25T-IAPP was 0.8 5 0.1 h in
PBS. TEM imaging confirms the presence of fibrils in sam-
ples from all variants (Fig. 6 B).
FIGURE 4 Human and baboon IAPP form olig-

omers. (A) Silver-stained SDS-PAGE gel showing

the distribution of oligomer species populated by

hIAPP and bIAPP at 40 mM is given. (B) Relative

abundance of IAPP in oligomeric species detected

via PICUP experiments with hIAPP (black) and

bIAPP (gray) is shown. Relative abundances were

derived from the silver-stained gel in (A).
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FIGURE 5 IM-MS of hIAPP and bIAPP. (A)

Shown here is the mass spectrum of hIAPP, inset:

lowly populated þ5 dimeric charge state. (B)

Shown here is the mass spectrum of bIAPP, inset:

lowly populated þ5 dimeric charge state. (C)

Shown here are the overlaid ATDs for hIAPP

(solid) and bIAPP (dashed), and the inset shows

lowly populated extended conformation for hIAPP

1þ4.(D) CCS-values for hIAPP (black) and bIAPP

(gray) are shown. Notation of charge states is

nþz, where n is the oligomeric state and z is the

charge state.
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We also conducted photochemical cross-linking studies
of the three-point substitutions (Fig. S1). All point variants
studied showed a distribution of oligomers similar to hIAPP.
Monomer through hexamer species are detected, with rela-
tive abundances of protein in n-mer species being nearly
identical to hIAPP and differing from those observed for
bIAPP. This suggests that no individual substitution is
responsible for the apparent differences in the distribution
of oligomers observed for bIAPP relative to hIAPP.
bIAPP is toxic to cultured b-cells, and amyloid
fibers are less toxic than preamyloid oligomers

Having established that bIAPP forms amyloid, we next
examined its effect on the viability of cultured b-cells using
the rat INS-1 b-cell line. Dose-response experiments
were conducted by measuring global cellular ATP levels
(CellTiter-Glo) (Fig. 7). Exposure of b-cells to bIAPP in-
duces a reduction in cell viability in a dose-dependent
1148 Biophysical Journal 118, 1142–1151, March 10, 2020
manner. The effective concentration needed to generate
half the maximal response, EC50, was similar for hIAPP
and bIAPP: 43 mM for bIAPP and 40 mM for hIAPP.

We next examined the effect of the three substitutions
(K1I, H18R, and A25T) on the toxicity of hIAPP. The
H18R variant behaved similarly to wild-type hIAPP, with
an EC50-value of 41.9 mM. However, we repeated the exper-
iment with independently prepared batches of H18R-IAPP
and hIAPP and found that the ratio of the EC50-values
differed by a factor of two in this case, with H18R-IAPP be-
ing less toxic. We also repeated the thioflavin-T kinetic ex-
periments and observed T50-values of 3.3 5 1.0 h for the
wild-type and 10.1 5 2.6 h for the H18R variant. These
values are statistically similar to the results summarized in
Table 1. The difference in EC50-values arises because of a
small variation in the EC50 of the second batch of H18R-
IAPP (46.8 mM) and in the EC50 of the second batch of
wild-type IAPP (23 mM). The toxicity of H18R-IAPP has
been found to be reduced relative to hIAPP in other studies
FIGURE 6 Mutational analysis of amyloid for-

mation by human IAPP. (A) Thioflavin-T fluores-

cence assays of amyloid formation by human

IAPP (square), K1I human IAPP (diamond),

A25T human IAPP (triangle), and H18R human

IAPP (bar) are shown here. (C) A TEM image of

fibrils formed by human IAPP, K1I-IAPP, A25T-

IAPP, and H18R-IAPP is shown here. Experiments

were conducted at 25�C (pH 7.4) PBS with 16 mM

IAPP. Scale bars represent 100 nm.



FIGURE 7 Viability of cultured INS-1 b-cells after exposure to hIAPP

(square), bIAPP (circle), K1I-IAPP (diamond), H18R-IAPP (bar), and

A25T-IAPP (triangle) as measured using the CellTiter-Glo assay. The

x axis is plotted with a logarithmic scale.

TABLE 2 EC50 Values of hIAPP, bIAPP, and Variants of bIAPP

Peptide EC50 (mm) SEM

bIAPP 43.0 1.2

hIAPPa 40.0 1.9

K1I-IAPP 55.6 0.7

H18R-IAPPa 41.9 0.9

A25T-IAPP 34.1 1.6

Uncertainties represent SEM.
aThese experiments were repeated with different batches of hIAPP and

H18R-IAPP. In this case, the EC50 of the human peptide was measured to

be 22.8 5 0.7 mm, and the value for H18R-IAPP was measured to be

46.8 5 1.0 mm.
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(18). The reasons for the slightly different results reported
here relative to prior studies are not clear. They may reflect
the use of different cell lines, different assays of cell
viability, differences in minor impurities, differences in
the counterion present in the preparation of IAPP variants
(TFA is the most common counterion in IAPP preparations;
the peptides studied here were prepared with chloride as the
counterion), or a combination of these factors. The A25T-
IAPP variant had a slightly different dose-response curve
then human IAPP and bIAPP, with an EC50-value of 34.1
mM. K1I-IAPP elicited the lowest toxic response, with an
EC50 of 55.6 mM (Table 2). These differences are modest,
and we are hesitant to ascribe strong significance, although
they are statistically different. We next compared the effect
of preformed amyloid fibrils on cell viability. Neither hIAPP
or bIAPP amyloid fibrils were significantly toxic toward
INS-1 b-cells or CHO-T cells (Fig. S2).
DISCUSSION

The data presented here show that bIAPP is similar to IAPP
derived from other primates in the sense that it forms amy-
loid and does so on the same timescale as hIAPP. Both
polypeptides form low-order oligomers in the lag phase
of amyloid formation with broadly similar distributions,
though differences are seen. Both bIAPP and hIAPP are
toxic to cultured pancreatic b-cells, with preamyloid oligo-
mers being much more toxic than mature fibers. The similar
toxicity of hIAPP and bIAPP and their similar rates of am-
yloid formation indicate that the differences in properties
detected by ion-mobility mass spectrometry (IM-MS) and
by photochemical cross-linking do not correlate with
toxicity or amyloidogenicity in this case. We believe the
key point is that both polypeptides form low-order oligomer
species and that prefibril species are the most toxic. Overall,
the data is consistent with the hypothesis that soluble prea-
myloid oligomers are the most toxic species produced dur-
ing IAPP amyloid formation.

Cell toxicity assays revealed that substitutions found in
bIAPP have relatively small effects on cell viability. The
data indicate that the K1I replacement as position 1 has a
moderate, but detectable, effect on toxicity. This indicates
that the identity of the residues in the N-terminal region of
hIAPP make contributions to the toxicity of IAPP. This re-
gion may thus offer additional sites to target during efforts
to redesign hIAPP to produce more soluble, less aggrega-
tion-prone variants.

The analysis of the point variants K1I and A25T provides
insight into the factors that help control IAPP’s ability to
form amyloid. The K1I replacement in hIAPP is a rare
example of a replacement at position 1 and also a rare
example of a sequence change in the first 16 residues of
IAPP that alters the net charge (Fig. 1). Previous studies
have reported that removal of the first seven residues
of hIAPP had modest effects on the T50 for amyloid
formation (50).

It is interesting to note that the K1I mutation has only
modest effects on amyloid formation in PBS even though
the net charge of the polypeptide is reduced. The timescale
of IAPP amyloid formation depends on the choice of buffer,
ionic strength, and anionic species present (51,52). We have
found that hIAPP amyloid formation is faster in the phosphate
buffer than in the Tris buffer and have even observed that the
relative rates of amyloid formation between hIAPP and some
variants can be reversed between Tris and PBS. This is
believed to reflect the fact that phosphate interacts more
strongly with IAPP than does Tris. These observations help
rationalize the apparent surprising result that theK1Imutation
has little effect on the timescale of amyloid formation in PBS.
Removal of the positive charge is expected to accelerate the
rate of amyloid production, but removal of the charge is
also expected to reduce interactions with phosphate, and
this effect will slow amyloid formation. The net result is an
overall modest effect. A similar behavior has been observed
with a 2–37 fragment of hIAPP that lacks Lys-1 (53).
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The results with the A25T substitution highlight the impor-
tance of this region of the polypeptide and also highlight the
difficulties with current methods to predict amyloidogenicity.
The mutant forms amyloid faster than the wild-type, even
though it is predicted to be less amyloidogenic. Themolecular
basis for themore-rapid aggregation is not understood, but the
replacementmay alter the stability of the transient b-sheet in-
termediate that has been recently identified by time-resolved
2D-IR (12). Replacement of Ala with Thr leads to an
increased b-sheet propensity and a decreased a-helical pro-
pensity and also introduces a hydrogen-bonding functionality
into the side chain,which could contribute to stabilizing inter-
molecular side chain-side chain interactions. Along these
lines, it is interesting to examine cross-strand pairing propen-
sities in parallel b-sheets. Statistical analysis of pairing pref-
erences between adjacent strands in parallel b-sheets in
globular proteins indicates that Thr-Thr pairs occur more
frequently than expected based on the relative abundance of
Thr in parallel b-sheets, whereas Ala-Ala pairs occur less
frequently than expected based on the relative abundance of
Ala in parallel b-sheets (54,55). The differences in cross-
strand pairing frequencies reflect the packing across the
strands; an Ala-Ala pair is considerably smaller than a Thr-
Thr pair and may introduce an instability in the b-sheet by
creating a gap and thus be less favored than the Thr-Thr
pair. In addition, an array of in-register Thr residues can
form a hydrogen-bonded ‘‘ladder’’ thatwill stabilize a parallel
b-sheet. Such interactions have been observed in at least one
structure of fibrils from by a prion (56).
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