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ABSTRACT: The aggregation of islet amyloid polypeptide (IAPP) is associated with -cell dysfunction in type 2 diabetes (T2D) 
in humans. One possible mechanism of toxicity is the interaction of IAPP oligomers with lipid membranes to disrupt bilayer 
integrity and/or homeostasis of the cell. Amino acid sequence variations of IAPP between species can greatly decrease their 
propensity for aggregation. For example, human IAPP is toxic to -cells, but rat and pig IAPP are not. However, it is not clear 
how these differences affect membrane association. Using native mass spectrometry with lipid nanodiscs, we explored the 
differences in the association of human, rat, and pig IAPP with lipid bilayers. We discovered that human and rat IAPP bound 
nanodiscs with anionic dipalmitoyl-phosphatidylglycerol (DPPG) lipids, but pig IAPP did not. Furthermore, human and rat 
IAPP interacted differently with the membrane. Human IAPP shows potential tetramer complexes, but rat IAPP associated 
with the membrane sequentially. Thus, overall IAPP-bilayer interactions are not necessarily related to disease, but differences 
in oligomeric behavior at the membrane may instead play a role. 

Introduction 

The aggregation of the islet amyloid polypeptide (IAPP, 
also known as amylin) and deposition of fibrillar plaques in 
the pancreas is a pathological characteristic in type 2 diabe-
tes (T2D).1,2 IAPP is secreted from pancreatic cells alongside 
insulin and can aggregate through non-native β-sheet inter-
molecular interactions.3,4 As with many misfolding proteins, 
it is difficult to characterize oligomeric intermediates that 
are present prior to fibrillization.  

Interestingly, differences in the sequence of IAPP be-
tween species alter the propensity for aggregation and tox-
icity.5,6 For example, human IAPP aggregates following ex-
cessive caloric intake.5 In contrast, rats and pigs have more 
robust IAPP variants that do not aggregate, and these spe-
cies are also less prone to T2D.1,7 When transgenic rats with 
human IAPP are exposed to high fat diets, they develop T2D, 
which suggests a role for IAPP in pathogenesis.8–10 

Misfolded protein aggregates are often associated with 
neurodegenerative diseases. Like other amyloidogenic pro-
teins, the toxicity of IAPP is thought to be linked to transient 
oligomeric species, rather than fibrillar aggregates.11,12 
However, little is known about the structure of these IAPP 
oligomers. Molecular dynamics studies suggest that both 
aggregating and non-aggregating variants of IAPP form hel-
ical structures that may play functional roles, but the oli-
gomerization of IAPP depends on the non-native β-sheet 
structure.13,14 Using 2D IR spectroscopy, Zanni and co-work-
ers have observed an intermediate with beta-sheet-like 
structure in the central region of IAPP, a segment of the pol-
ypeptide that correlates with aggregation and disease.13–15 

Interactions of oligomers with lipid membranes may also 
be important to disease mechanisms. IAPP can form pore-
like structures in the membrane that are capable of trans-
mitting ions in a potentially toxic manner.3,16,17 However, 
IAPP has also been shown to have detergent-like effects on 
the membrane, eventually leading to membrane disrup-
tion.11,18,19 Currently, it is unclear the degree to which unreg-
ulated ion transmission, detergent-like solubilization, or 
both are responsible for cellular toxicity.16,20 It is also un-
clear how many oligomers constitute these membrane-
bound species. Furthermore, there are reports that the 
growth of amyloid fibrils on membranes is responsible for 
hIAPP-induced membrane disruption.21,22 Miranker and co-
workers detected oligomers by crosslinking that were as 
high as hexamers in the presence of DOPG liposomes. These 
higher order oligomers were correlated with membrane 
leakage and an increase in the rate of fibril formation.23 

Here, we use native mass spectrometry (MS) to investi-
gate how different IAPP variants from human, rat (rIAPP) 
and pig (pIAPP) associated differently with membranes in 
lipid nanodiscs. Our goal was to test how these different se-
quences affect membrane binding and if there were trends 
that correlated with their disease relevance. We chose rat 
and porcine variants of IAPP because they are not amyloid-
forming and are nontoxic in normal physiological condi-
tions.3,8,24 Sequences of the three polypeptides are shown in 
Figure S1. Relative to hIAPP, rIAPP includes three Pro sub-
stitutions and an H18R substitution, along with two more 
conservative changes. The porcine peptide differs from 
hIAPP at 10 positions, and five of these are within the 20–
29 region thought to be critical for amyloid formation.  



 

 

We used lipid nanodiscs as membrane mimetics to meas-
ure peptide per nanodisc binding stoichiometries in a con-
trolled model membrane environment. Nanodiscs provide 
the unique ability to monitor stoichiometric binding to the 
bilayer with native MS. We assembled nanodiscs as previ-
ously described25–27 with either zwitterionic 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) or anionic 1,2-
dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DPPG) 
to modulate the nanodisc surface charges. Full experi-
mental methods can be found in Supplemental Information.  

hIAPP, rIAPP, and pIAPP were synthesized via solid-
phase peptide synthesis15,28 Aliquots were diluted to de-
sired concentration in 200 mM ammonium acetate at three 
stock concentrations. 3 µL of each IAPP stock were added to 
19 μL of nanodiscs (2.2 μM final concentration) for final 
IAPP concentrations of 6.8, 20.5, and 40.9 μM. This equates 
to roughly 3:1, 9:1, and 18:1 IAPP:nanodisc ratios, respec-
tively. Samples were incubated while being gently rocked at 
room temperature for 1 hour. 

Native mass spectra of the intact nanodisc complexes 
with associated peptides were collected using a Q-Exactive 
HF UHMR mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany). Nanodiscs naturally have a roughly 
Gaussian distribution in mass caused by the variation in to-
tal lipids per complex. Additionally, nanodiscs will acquire 
several different charge states for a complex m/z spectrum 
(Figure S2). Thus, we first used UniDec to deconvolve the 
m/z spectrum into a zero-charge mass spectrum (Figure 
1A). The mass distributions were then analyzed using mac-
romolecular mass defect analysis (Figure 1B).25,27 Macro-
molecular mass defect analysis gives stoichiometric infor-
mation of non-lipid masses, e.g. IAPP, that are bound to 
nanodiscs. We have previously used this technique for anal-
ysis of interactions between α-synuclein and antimicrobial 
peptides, and nanodiscs.25–27,29 The reference masses used 
for mass defect analysis for each IAPP variant are listed in 
Tables S1 and S2. 

hIAPP Forms Tetramers with Anionic Membranes 

We first explored hIAPP–membrane interactions with 
nanodiscs with different head groups. All IAPP variants 
carry a net positive charge at neutral pH, and hIAPP is 
known to interact with anionic membranes.30,31 Thus, we 
compared hIAPP interactions in zwitterionic DPPC nano-
discs with anionic DPPG nanodiscs.  

We did not detect any hIAPP associating with zwitterionic 
DPPC nanodiscs (Figure S3). In contrast, hIAPP easily asso-
ciated with DPPG nanodiscs at hIAPP:nanodisc ratios of 9:1 
and 18:1. This association was evidenced by a concentra-
tion dependent increase in the mass defect peaks for hIAPP–
nanodisc complexes (Figure 1B). Thus, hIAPP has a higher 
affinity for the anionic DPPG nanodiscs. 

Although hIAPP has been shown to interact with zwitter-
ionic membranes,14,31 bilayers with a higher anionic content 
show more pronounced effects on IAPP behavior, such as a 
greater aggregation propensity or bilayer leakage.31 Elec-
trostatic attraction to anionic membranes is a driving force 
of other peptide-membrane interactions, particularly amy-
loid-β and α-synuclein.25,32–34 

At 18:1 hIAPP:nanodisc, macromolecular mass defect 
analysis revealed not only 1 bound hIAPP per nanodisc spe-
cies but also signal for 4 bound hIAPP per nanodisc (Figure 
1C). We attribute this stoichiometry of 4 bound hIAPP per 
nanodisc to the formation of tetrameric oligomers. If 4 mon-
omers bound to the nanodisc without forming specific oli-
gomer, then membrane association with multiple peptides 
should increase sequentially with concentration, forming a 
roughly Poisson distributions, as previously observed.25–27 
Here, the absence of bound hIAPP with 2, 3, and higher stoi-
chiometries per nanodisc is inconsistent with a Poisson dis-
tribution of bound monomers, so we conclude that a tetram-
eric oligomer is associated with the nanodisc. Native MS in 
the absence of nanodiscs showed no oligomer formation 
(Figure S4). Radford and co-workers observed oligomer 
formation in solution by native MS, but our IAPP concentra-
tions were typically lower and incubated for only an hour.35 

 

Figure 1. Deconvolved mass spectra of (A) DPPG nanodiscs at hIAPP:nanodisc ratios of 0:1 (black), 3:1 (yellow), 9:1 (orange), 
and 18:1 (red) after incubation for 30 min at room temperature. (B) The mass defects at increasing hIAPP:nanodisc ratios are 
shown to track concentration dependent hIAPP−membrane associations. (C) A heatmap for 18:1 hIAPP:nanodisc reveals com-
plexes with 0, 1, and 4 hIAPP per nanodisc. The predicted mass defect values (Table S1) for different hIAPP stoichiometries per 
nanodisc are annotated with grey bars in 1B and numbered alongside the plot in 1C. 



 

 

Interestingly, the overall nanodisc assembly with an asso-
ciate tetramer has a lower mass compared nanodisc assem-
blies with only the monomer. This decrease could suggest 
the tetramer is inserting into the bilayer with lipids being 
displaced to accommodate it, rather than sitting atop the 
surface and adding mass, like the monomer (Figure 1C). Al-
ternatively, it could also suggest a bias towards association 
with less tightly packed nanodiscs. In any case, the lower 
abundance of tetramers over monomers is likely because 
pre-fibrillar intermediates are typically detected in only 
small amounts.13,31 

Oligomeric structures of hIAPP have previously been 
shown to form channels with widths capable of accommo-
dating water, Na+, and Ca2+, which could explain a mecha-
nism of cellular toxicity through unregulated permeabil-
ity.11 Anionic lipids are known to stabilize such structures, 
as well as catalyze their formation.14,16 Our work adds fur-
ther evidence showing hIAPP can form specific oligomeric 
complexes in anionic bilayers. 

IAPP from Different Species Associate with Nanodiscs 
Differently 

After examining hIAPP-membrane association, we next 
investigated interactions of isoforms from pig and rat. rIAPP 
and pIAPP were incubated with DPPG nanodiscs at the same 
concentrations and conditions as hIAPP. Following incuba-
tion, spectra of the sample mixtures were collected, and 
mass defects were observed for each (Figure 2). Here, rIAPP 
had a greater propensity for association with DPPG nano-
discs than hIAPP (Figure 2A–D, S5). In contrast, pIAPP 
showed no signs of association with the membrane at any 
concentration (Figure 2E–F, S6). This lack of binding could 
be because pIAPP contains fewer overall cationic residues 
than hIAPP and rIAPP (Figure S1).  

These results are particularly interesting because neither 
rIAPP nor pIAPP are disease associated. hIAPP has clear dis-
ease associations but shows intermediate membrane inter-
actions between pIAPP and rIAPP. Thus, the differences in 
membrane association between these three species suggest 
there is no correlation between global membrane associa-
tion and disease relevance. Although membrane association 
of hIAPP maybe be involved in a disease mechanism, non-
amyloidogenic isoforms like rIAPP may still bind the mem-
brane in a non-destructive manner. rIAPP and other IAPP 
variants have been shown to disrupt model anionic mem-
branes at concentrations where they are not significantly 
toxic to cultured cells.36 Similarly, we previously showed α-
synuclein can bind nanodiscs without disruption, provided 
a fibril inhibitor was present.25 

Interestingly, at 9:1 and 18:1 ratios of added IAPP:nano-
disc, a small signal was present in the mass defect region for 
2 bound rIAPP but not for higher stoichiometries (Figure 2D 
and Figure S5). More nanodiscs with 1 and 2 bound rIAPP 
were observed at the 18:1 ratio than 9:1. Ratios higher than 
18:1 were attempted, but the spectra were unresolvable. 
The data for 2 bound rIAPP differed from the tetramer ob-
served in hIAPP in two critical ways. First, the sequential 
addition of rIAPP to the nanodisc, i.e. 1 and 2 bound rIAPP, 
differed from hIAPP, which had a non-sequential mixture of 
1 and 4 bound hIAPP at the highest concentration tested 
(Figure 1C). Moreover, the mass of the nanodiscs assembly 
with 2 bound rIAPP is higher than the nanodisc assembly 

with 1 bound rIAPP, unlike hIAPP where the 4 bound as-
sembly is lower in mass. These two factors indicate that 
rIAPP is likely not forming dimers but rather that two rIAPP 
are binding the membrane randomly due to the increased 
statistical probability of bilayer association as the rIAPP 
concentration increases. Despite this, it is possible a dimer 
of rIAPP could be binding the membrane as shown in previ-
ously.37 rIAPP contains three proline substitutions along 
with F23L and H18R substitutions that may disrupt the for-
mation of β-sheet structure, which is thought to be neces-
sary for aggregation. These resides may also be important 
to the stabilization of higher order structures, like tetram-
ers.13,14,38,39 

Overall, we found that hIAPP membrane association is 
charge dependent and that hIAPP forms tetramer com-
plexes in DPPG membranes at micromolar concentrations. 
In contrast, non-amyloidogenic rIAPP bound DPPG mem-
branes with high affinities but did not show tetramer for-
mation. Non-amyloidogenic pIAPP showed no detectable 
membrane association. Together, these data suggest that 
differences in the affinity of IAPP for anionic membrane are 
species specific but not correlated with disease. These new 

 

Figure 2. Deconvolved mass spectra (A, C, E) and mass de-
fect analysis (B, D, E) of DPPG nanodiscs at 9:1 IAPP:nanodisc 
ratios with (A, B) hIAPP, (C, D) rIAPP and (E, F) pIAPP. The 
predicted mass defect values (Table S1) for different IAPP 
stoichiometries per nanodisc are annotated with white cir-
cles in B, D, and F. 



 

 

insights broaden our understanding of how IAPP interacts 
with membranes between species and how this interaction 
relates to disease. 
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