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A B S T R A C T

The self-assembly of human islet amyloid polypeptide (hIAPP) into β-sheet rich amyloid aggregates is associated
with pancreatic β-cell death in type 2 diabetes (T2D). Prior experimental studies of hIAPP aggregation reported
the early accumulation of α-helical intermediates before the rapid conversion into β-sheet rich amyloid fibrils, as
also corroborated by our experimental characterizations with transmission electron microscopy and Fourier
transform infrared spectroscopy. Although increasing evidence suggests that small oligomers populating early
hIAPP aggregation play crucial roles in cytotoxicity, structures of these oligomer intermediates and their con-
formational conversions remain unknown, hindering our understanding of T2D disease mechanism and ther-
apeutic design targeting these early aggregation species. We further applied large-scale discrete molecule dy-
namics simulations to investigate the oligomerization of full-length hIAPP, employing multiple molecular
systems of increasing number of peptides. We found that the oligomerization process was dynamic, involving
frequent inter-oligomeric exchanges. On average, oligomers had more α-helices than β-sheets, consistent with
ensemble-based experimental measurements. However, in ~4–6% independent simulations, β-rich oligomers
expected as the fibrillization intermediates were observed, especially in the pentamer and hexamer simulations.
These β-rich oligomers could adopt β-barrel conformations, recently postulated to be the toxic oligomer species
but only observed computationally in the aggregates of short amyloid protein fragments. Free-energy analysis
revealed high energies of these β-rich oligomers, supporting the nucleated conformational changes of oligomers
in amyloid aggregation. β-barrel oligomers of full-length hIAPP with well-defined three-dimensional structures
may play an important pathological role in T2D etiology and may be a therapeutic target for the disease.

1. Introduction

Aberrant aggregation of human islet amyloid polypeptide (hIAPP)
into insoluble amyloid fibrils is a hallmark of type 2 diabetes (T2D) [1].
Similarly to other amyloid proteins such as amyloid-β (Aβ) [2], asso-
ciated with Alzheimer's disease, and α-synuclein [3] in Parkinson's
disease, the amyloid fibrils of hIAPP display the characteristic “cross-β”
core structures [4–6]. Experimentally-observed sigmoidal kinetics re-
veals a nucleation process of amyloid aggregation, where the initial lag
phase corresponds to the assembly of soluble oligomers and nucleation
of β-rich aggregates before their rapid elongation/growth into proto-
fibrils and saturation of mature fibrils [7]. While hIAPP aggregates are
found toxic to insulin-secreting β-cells [8], increasing evidence suggests

that small oligomers formed during the early stages of hIAPP ag-
gregation are the main cytotoxic species [9,10]. Characterization of
these oligomers including the β-rich oligomers en route towards hIAPP
fibrillization is, therefore, essential for understanding T2D pathogenesis
and for the development of therapeutic strategies against amyloid-as-
sociated disease.

Experimental studies of monomeric hIAPP in solution suggest that
the peptide mainly adopts a random coil structure, with N-terminal
residues 8–19 assuming partially α-helical conformations [11–15]. In
vitro studies detected the accumulation of helical intermediate states
before their conversion into β-sheet rich aggregates [16–18]. Recently,
a study with two-dimensional infrared spectroscopy (2D-IR) revealed
that the labeled amyloidogenic region 23FGAIL27 of full-length hIAPP
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first transformed into ordered β-sheet oligomers with at least five β-
strands from random coils and then became partially disordered in the
fibrils [19]. Using lipid nanodiscs to trap hIAPP intermediates and
structural modeling with NMR constraints, Camargo et al. detected a
non-helical intermediate state featuring three antiparallel β-sheets with
the amyloidogenic 23FGAIL27 in the flexible loop [20]. Using electro-
spray ionization-ion mobility spectrometry-mass spectrometry (ESI-
IMS-MS) [21,22], hIAPP oligomers ranging from dimers to hexamers at
the early aggregation stages were detected. The dynamic and hetero-
geneous nature of these intermediate oligomers renders their experi-
mental isolation and direct characterization challenging, especially for
hIAPP whose fibrillization is significantly faster than that of Aβ and α-
synuclein. Therefore, it is highly challenging to structurally char-
acterize aggregation oligomers at the atomic level [7,23].

Due to high degrees of freedom and long timescales associated with
the nucleation of β-rich aggregates towards amyloid fibrils, previous
molecular dynamics (MD) studies either focused on the aggregation
dynamics of multiple short hIAPP fragments [24–26], or the structures
of full-length hIAPP monomers and dimers [27–33]. For example, dis-
crete molecular dynamics (DMD) simulations - a predictive MD ap-
proach with enhanced sampling efficiency [34–36] - were used to show
that the hIAPP fragments corresponding to the amyloidogenic core se-
quence of residues 22–28 - hIAPP22–28 - were able to spontaneously
self-assemble into large cross-β aggregates via the nucleation of β-rich
aggregates among intermediate oligomers [37]. All-atom MD studies of
hIAPP monomers and dimers showed that hIAPP could form extended
β-hairpin conformations, proposed to be the building blocks of amyloid
fibrils [28,29]. Since hIAPP readily forms oligomers up to hexamers as
revealed by mass spec experiments [21,22], the structural and dynamic
properties of larger hIAPP oligomers, their assembly dynamics, and the
conformational changes from experimentally observed helical inter-
mediates to final β-rich aggregates, remain unknown at the atomic and
molecular levels.

Recently, toxic β-rich oligomers in the shape of a cylinder or barrel
(i.e., β-barrel) have been discovered in the aggregation of an 11-residue
fragment from the slow-aggregating heat-shock protein αB-crystalline
(90KVKVLGDVIEV100) [38]. Based on experimental characterizations
and computational modeling [39], Do et al. found that several C-
terminal fragments of Aβ42 with a length of 11 residues might form
similar β-barrel oligomers. The formation of β-barrel oligomers by full-
length Aβ40/Aβ42 was supported by recent experimental studies
[40,41]. Computationally, the formation of β-barrel oligomers was also
observed in aggregation simulations of several short peptides, including
fragments from β-2 microglobulin (83–89) [42] and Aβ(16–22)
[43,44]. Moreover, systematic DMD simulations of seven short peptides
derived from hIAPP, Aβ and α-synuclein suggested that β-barrel oli-
gomers might be common intermediates for amyloid peptides assem-
bling into the cross-β like aggregates, but not for the others that formed
polymorphic β-rich aggregates [45]. These well-structured β-barrel
oligomers, capable of interfacing across the membrane bilayer and thus
compatible with the “amyloid-pore” hypothesis of amyloid toxicity,
[46–48] have been proposed as the toxic oligomer species in amyloid
aggregation. However, unlike short amyloid peptides, which readily
adopt single β-strands to form closed β-sheets as β-barrels [43–45], full-
length hIAPP features greater conformational flexibility. It is unclear
whether full-length hIAPP could form such β-barrel oligomers, how the
β-rich oligomers would be nucleated from the helical intermediates as
detected by experiments [16–18], and the relevance of previously ob-
served β-hairpin conformations in hIAPP monomer and dimer simula-
tions [27–32] to the nucleation process.

In this study, biophysical characterizations of early hIAPP ag-
gregation with transmission electron microscopy (TEM) and Fourier
transform infrared (FTIR) spectroscopy confirmed the accumulation of
α-helical intermediate and the formation of round-shaped aggregations
before the rapid formation of amyloid fibrils [16–18]. We further ap-
plied atomistic DMD simulations with implicit solvent to investigate the

structures and dynamics of these early aggregates of hIAPP. As oligo-
meric species up to hexamers were detected in recent ESI-IMS-MS stu-
dies of hIAPP oligomerization and aggregation [21,22], we simulated
multiple molecular systems with the number of hIAPP peptides ranging
from one to six. Replica exchange MD (REMD) or DMD simulations
(REMD) [35,49], where a generalized ensemble of a molecular system
is obtained by performing simulations at a wide range of temperatures
with periodic exchanges according to the Metropolis criterion, have
been widely used to efficiently explore the free-energy landscape.
However, the extrapolation of direct information on kinetics and con-
formational transitions is challenging for replica exchange simulations.
Hence, to directly capture the rare nucleation events towards β-rich
aggregates during the early aggregation of hIAPP, we performed a large
number (~50) of independent constant-temperature simulations (at
300 K) with relatively long simulation times (~0.5 μs each), an enhance
sampling approach similar to the worldwide distributed computing for
protein folding [50].

Our large-scale DMD simulation results revealed that the formation
of hIAPP aggregates from monomers to hexamers was dynamic, with
frequent inter-exchanges between different species. On average, these
oligomers contained more helical conformations than β-sheets in
agreement with ensemble experimental observations of helical inter-
mediates [16–18], while the average β-sheet content increased with
increasing oligomer size. Importantly, with a large number of in-
dependent simulations we were able to observe the formation of β-rich
aggregates – expected to be rare nucleation events – in ~4–6% trajec-
tories, especially for pentamers and hexamers. These structures were
mostly composed of either intra-chain β-hairpins (between strands of
8–16 and 25–33) and inter-chain β-sheets among the C-terminal
strands, consistent with a previous hypothesis that the β-hairpin
structure was the amyloidogenic precursor of hIAPP [28]. Most im-
portantly, β-barrel like aggregates comprised of four or five peptides
were also observed. To the best of our knowledge, this is the first report
of β-barrel oligomers as the aggregation intermediates of full-length
IAPP, enabled by the efficient DMD algorithm with a simple large-scale
simulation protocol. Furthermore, potentials of mean force (PMF)
analysis revealed high free-energy barriers towards β-rich oligomers,
supporting the nucleated conformational changes of oligomers during
amyloid aggregation of hIAPP [19]. Among these β-rich oligomers, β-
barrel oligomers with well-defined structures could serve as a novel
therapeutic target for T2D.

2. Results and discussion

2.1. Experimental characterization of hIAPP aggregation

The aggregation of hIAPP from 0 to 24 h was monitored with TEM
and FTIR (Fig. 1). Formation of small oligomeric species with diameters
smaller than 10 nm (Fig. 1b) was observed by TEM after 30min in-
cubation of freshly dissolved hIAPP (Fig. 1a). The presence of oligomers
and protofibrils (Fig. 1c) gradually decreased with the passage of time,
until mature and rigid amyloid fibrils were detected after 24 h (Fig. 1d).
Following the second-order derivative multi-peak fitting protocol for
protein secondary structure analysis with FTIR spectra [51], evolution
of secondary structure contents was obtained for hIAPP aggregates at
the same time of TEM imaging (Fig. 1e–h) [51]. The accumulation of
helical conformations (1656± 2 cm−1) coincided with the appearance
of small oligomers at 30min. The conversion from unordered (peaks
around 1648±2 cm−1) and helix (1656± 2 cm−1) to β-sheet (ranged
between 1624 and 1642 cm−1) followed the increase of amyloid fibrils.
We note that this structural conversation could be observed directly
from the FTIR spectra without multi-peak fitting because of non-over-
lapping spectral peaks of β-sheets from those of unordered coils and
helices. Hence, our biophysical characterizations of hIAPP aggregations
confirmed previous observation of the early accumulation of small
oligomers with helical conformation. Next, we applied DMD
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simulations to uncover the structure and conformational dynamics of
these early hIAPP aggregates.

2.2. DMD simulation systems for hIAPP early aggregation

For each of the six molecular systems with one to six peptides, 50
independent simulations were performed starting with randomly gen-
erated inter-molecular distances and orientations as well as velocities.
The same peptide concentration (~6mM) was maintained for different
systems. The starting conformations of hIAPP were also randomly se-
lected from a conformational ensemble of monomer simulations
(Methods). Each independent simulation with more than one peptide
lasted ~0.5 μs to ensure sufficient sampling of the diffusion-related
assembly process, while the simulation time of each independent
monomer simulation was ~0.2 μs. With the large number of

independent simulations, we evaluated the average properties of oli-
gomer distributions and their corresponding secondary and tertiary
structural properties, and explored potential conformational transitions
towards β-rich oligomers.

2.3. IAPP oligomers had higher content of α-helices than β-sheets on
average

We first examined the secondary structures of hIAPP peptides in
each of the six simulated molecular systems (Fig. 2), where the first
100 ns simulations of each independent simulation trajectory were
discarded to avoid potential biases of starting configurations. On
average, hIAPP peptides mainly adopted random coil, helix and bend
structures (Fig. 2a). The probabilities of forming β-sheets were low in
all simulations (< 0.1), but we did observe an increase in β-sheet
content from ~0.03 in the monomer simulations to ~0.09 in the hex-
amer simulations, accompanying decreases of coil and bend content.
With increasing system size the overall helical content remained con-
stant. Analysis of secondary structure propensities per residue (Fig. 2b)
indicates that residues around A8-F15 displayed high propensities to
form helixes in both monomers and higher order oligomers (~0.4–0.8).
The weakly populated β-sheet structures were mainly formed by re-
sidues around L16-S20 and G24-S28. This result was consistent with a
recent 2D-IR study labeling residues L12A13 and L16 V17 in the early
stage of hIAPP aggregation [52], where residues L12A13 were helical
but residues L16 V17 were not. The near identical β-sheet propensities
per residue around residues 21–23, which showed relatively high pro-
pensity to adopt turn conformations (Fig. 2b), are consistent with a β-

Fig. 1. Experimental studies of hIAPP morphological and structural changes in
fibrillization. (a-d) Transmission electron microscopy (TEM) study confirming
evolving morphologies of hIAPP from (a) monomeric (not resolvable at circa
1 nm) to (b) oligomeric, (c) oligomeric and protofibrillar and (d) amyloid fi-
brillar structures. (e-h) Second-order derivative peak fitting of Fourier trans-
form infrared (FTIR) spectra of hIAPP aged 0min to 24 h, displaying rapid
transitions from unordered (peak at 1648± 2 cm−1) and helix
(1656±2 cm−1) to β-sheet (ranged between 1624 and 1642 cm−1) rich sec-
ondary structures.

Fig. 2. Secondary structure analysis. (a) Averaged content of secondary struc-
tures including coils, β-sheets, helices, bends and turns. (b) Probability of each
residue adopting different secondary structures, where coils and bends were
combined together as they were not stabilized by hydrogen bonds. The aver-
aging was done over all independent simulations excluding the first 100 ns.
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hairpin structure in the region of residues 16–28.
To better understand the most probable conformation of hIAPPs in

each of simulated systems, we computed the potential of mean force
(PMF; i.e., the effective free energy) as a function of both β-sheet and α-
helix content for each snapshot structure, derived from all independent
simulation trajectories (excluding the first 100 ns). As shown in Fig. 3,
only one deep free energy basin was observed for all systems. The most
populated conformational states corresponding to the free energy basin
were α-helices, with their content varying from 0.1 to 0.3. The upper
bound of β-sheet content in these basins increased from ~0.05 to ~0.2,
with the number of peptides increasing from one to six. As illustrated by
typical snapshots, randomly selected with β-sheet and helical content
equal to the basin centers (see insets in Fig. 3), these helical-rich oli-
gomers observed in DMD simulations are consistent with previous

experimental observations of the accumulation of helical aggregation
intermediates [16–18].

We further analyzed the number of residues per chain adopting the
β-sheet conformation inside oligomeric aggregates (stabilized by either
intra- or inter-chain hydrogen bonds). In addition, via secondary
structure analysis of each chain taken out of the context of other pep-
tides, we also estimated the number of β-sheet residues per chain that
were stabilized only by intra-chain hydrogen bonds to evaluate the β-
hairpin conformation. Despite low-average β-sheet content for all sys-
tems, a proportion of peptides with high β-sheet content were con-
sistently present (up to 20–28 out of the total 37 residues, as shown in
Fig. S1a). The probability to observe long β-strands and β-hairpins in-
creased with increasing system size. The probability distribution for the
number of intra-chain hydrogen bonds was very similar for all systems,

Fig. 3. Potential of mean force (PMF) as a function of
helix and sheet contents. The analysis was done for
each of the simulated molecular systems, with the
number of peptides increasing from one to six (a-f,
respectively). Snapshot structures in the insets with
helix and β-sheet contents corresponding to the
deepest basins were randomly selected from their
respective simulations.

Fig. 4. Analysis of inter-residue interactions. For each of the molecular systems from one to six peptides (a-f), the intra-chain (upper diagonal) and inter-chain (lower
diagonal) residue-wise contact frequencies were obtained by averaging over all independent simulations. The total number of intra-chain (black histograms to the
right) and inter-chain (purple histograms on the top) contacts per residue was obtained by integrating the corresponding pair-wise contact frequency map.
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though the average number of inter-chain hydrogen bonds per chain
(usually up to 8) displayed a weak increase with increasing system size
(Fig. S1b). To characterize the structural properties of these rare β-rich
peptides, we also calculated the β-sheet and α-helix propensities per
residue for all peptides having a given number of β-sheet residues in
oligomeric aggregates (Fig. S2). Residues around A8-F15 displayed a
high helical propensity when the total number of β-sheet residues
was<13, where residues 16–20 and 24–28 formed these β-sheets.
Peptides with long β-sheets or β-hairpins (e.g., > 15 β-sheet residues)
were formed by the conformational conversion of helices in A8-F15 to
β-sheet conformations in the N-terminus, as well as a β-sheet growth in
the C-terminus.

2.4. Driving forces for hIAPP self-association and oligomerization

To characterize inter-molecular interactions important for hIAPP
self-assembly, we computed the intra- and inter-chain contact prob-
abilities between all residue pairs, shown as the contact frequency maps
between all atoms (Fig. 4) or between main-chain atoms (Fig. S3). The
high intra-chain contact frequencies along the diagonal around residues
A8-F15 (~0.8–1.0) were consistent with a high helical propensity in
this region. Relatively weaker inter-chain interactions between residues
L16-S20 and G24-S28 (probability of ~0.3) with a contact pattern
perpendicular to the diagonal were consistent with the formation of a β-
hairpin like structure. The total number of intra-chain contacts for each
residue, determined by integrating the intra-chain contact frequency
map, remained largely the same from monomer to hexamer simula-
tions, though the β-hairpin length increased visibly as the system size
increased above three peptides.

The inter-chain interactions were mainly among the sequence
stretches of L12-H18 and N22-S28, and their contract frequency pat-
terns revealed that the two subsequences could either self- or cross-
associate with each other. This result is consistent with a prior sys-
tematic experimental binding assay between full-length IAPP and 10-
residue fragments sliding along the sequence, showing that
hIAPP12–18 and hIAPP22–28 were the “hot-spot” regions for hIAPP
aggregation [53], as well as with a recent hIAPP dimer aggregation
study using all-atom REMD simulations with explicit solvent [33]. The
segment of 23FGAIL27 displayed high contact frequencies with both
14NFLV18 and 23FGAIL27 segments between main-chain atoms (Fig. S3),
indicating that 23FGAIL27 could associate into β-sheet structures with
both the 14NFLV18 and 23FGAIL27 segments. The average number of
inter-chain contact for each residue increased with increasing system
size from dimers to pentamers, and subsequently became saturated. The
average number of inter-chain contacts for residues L12, F15, L16, V17,
H18, F23, G24, A25, I26, L27, S28 were significantly larger than for the
remainder of the sequence, consistent with experimental findings that
hIAPP8–20 [54] is a secondary amyloidogenic fragment, in addition to
the commonly accepted amyloidogenic core of hIAPP20–29 [55], and
in agreement with a mutagenesis study where single mutations of L16Q
and I26D inhibited hIAPP aggregation [56]. These results suggest that
hydrophobic and aromatic interactions play important roles in the self-
association and oligomerization of hIAPP.

2.5. The nucleation of β-sheet rich oligomers and observation of β-barrel
oligomers

To assess whether the formation of β-rich structures was hetero-
geneous, despite no significant shift in average β-sheet content ob-
served with increasing number of peptides in simulations (Fig. 2), we
computed the average number of β-sheet and helical residues per chain
in the last 400 ns of each independent simulation (Fig. 5), indexed ac-
cording to the decreasing average number of β-sheet residues per chain.
The helical content showed no dependence on system size and weak
heterogeneity across different simulations (Fig. 5a). On the other hand,
the average number of β-sheet residues per chain increased with

increasing system size, and featured a high heterogeneity among the
simulations – i.e., the first two or three simulations for each system had
significantly higher β-sheet content than the rest. Structures with the
highest β-sheet content from the top-ranked trajectory for each peptide
system were selected in Fig. 5b–g, showing the loss of helices and
abundance of β-sheets and β-hairpins. The monomer with the highest β-
sheet content in our simulations had three antiparallel β-strands (lo-
cated around T6-L12, F15-N21 and V32-T36, Figs. 5b & S6) with the
amyloidogenic 22NFGAIL27 in the loop conformation. This structure is
similar to a recently reported non-helical intermediate state of hIAPP,
trapped by lipid nanodiscs and computationally reconstructed using
NMR constraints [20]. From the pentamer simulations, the most β-
abundant oligomer formed the β-barrel like structure (Fig. 5f). β-barrel
oligomers have been postulated as the toxic oligomeric species in ex-
perimental studies of full-length Aβ40/Aβ42 [40,41] and various other
amyloid fragments [38,39,42,43,45]. β-barrel conformations have also
been observed previously in silico, but predominantly from simulations
of individual short peptide fragments derived from amyloid proteins
[39,43,45,57–60]. Systematic DMD simulations investigating the as-
sembly dynamics of the seven short peptides derived from different
amyloid proteins suggested that β-barrel oligomers might be the
common oligomer intermediates towards the formation of cross-β
amyloid fibrils [45]. This observation highlights the ability of full-
length hIAPP to also form these potentially toxic β-barrel oligomers.

To characterize hIAPP oligomerization dynamics and conforma-
tional transition to β-rich aggregates, we plotted the time evolution of
secondary structures for individual residues, in addition to the size of
oligomers in which a given peptide participated (along one of the β-
sheet abundant trajectories for each peptide system; Fig. 6). In all cases,
the oligomerization process reached the “steady state” within 100 ns.

Fig. 5. Heterogeneity in β-sheet formation among independent simulations. (a)
The time-averaged number of residues adopting β-sheet (top) or helical
(bottom) structures per chain was computed for each independent simulation.
Simulation trajectories were sorted according to the averaged β-sheet content
from high to low. (b-g) Snapshot structures with high β-sheet contents from the
top-ranked trajectories were shown for simulations with one to six peptides.
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While the largest oligomers with sizes equal to the total number of
peptides in simulations were most populated, these oligomers were
usually dynamic; demonstrating, on occasion, dissociation into smaller
species. Analysis of the oligomer size distributions for all independent
simulations (excluding the initial 100 ns) confirmed the same dynamic
oligomerization behavior (Fig. S4). Comparing the emergence of β-
sheets (i.e., red pixels in left panels of Fig. 6a–f) with the corresponding
oligomeric states (i.e., middle panels of Fig. 6a–f) suggests that the
conformational changes to β-sheets usually took place inside oligomers.
In most cases, these β-sheets started as intra-chain β-hairpins, featuring
the simultaneous appearance of symmetric β-sheets around residues in
the turn conformation (i.e., yellow pixels around residues 20 in left
panels of Fig. 6a–f). Inside the oligomers, β-hairpins of different chains
often grew into large β-sheets by forming inter-chain hydrogen bonds
(snapshots in right panels of Fig. 6). These β-sheets were dynamic, with
limited duration time (i.e., length of consecutive red pixel regions along
the time axes in Fig. 6a–f) during the course of simulations, and the

average lifetime increased for oligomers of sizes larger than trimers.
The growth of long β-strands from shorter hairpins was often observed
(e.g., chains 2&3 at ~280–300 ns in Fig. 6c for a trimer simulation).
These long β-hairpin structures (e.g., snapshots in the right panels of
Fig. 6a–f) were similar to the β-hairpin reported previously in a hIAPP
monomer study combining IMS-MS experiments with implicit-solvent
REMD simulations [28]. Mo et al. also observed a similar β-hairpin
structure in their hIAPP dimer study, using explicit solvent REMD si-
mulations [33]. In addition, one strand of a hairpin could unfold while
the other strand remained in its folded state by interacting with other
strands (e.g., chain 1 at ~160 ns in Fig. 5e for a pentamer simulation).
Furthermore, peptides could dissociate from oligomers after a loss of β-
sheets to favor coil formations (e.g., chain 2 in Fig. 6e around ~375 ns,
or chain 1 in Fig. 6f around ~450 ns), suggesting the importance of
inter-chain hydrogen bonding in stabilizing these β-rich oligomers.

In order to investigate the dynamics of β-sheet formation, we fur-
ther analyzed the duration time of stable β-sheet structures in the

Fig. 6. Oligomerization dynamics and conformational changes. For each of the systems with one to six peptides (a-f), the time evolution of secondary structure per
residue (first column) and the oligomer size into which a peptide aggregated (second column) were shown for the most β-sheet rich trajectories. Two snapshots (third
and fourth columns, with time stamps blow) were also shown to illustrate the β-sheet rich oligomers.
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simulations of each system. If a peptide had at least five residues in β-
sheet conformation for> 1 ns, we treated it as a stable β-sheet con-
formation and the corresponding duration time was recorded. The
average duration of stable β-sheets increased with increasing system
size from one to four peptides, and stayed approximately the same for
larger systems (Fig. S5a), consistent with the above observation of β-
sheet duration from individual trajectories (Fig. 6). As the system size
increased, the probability of observing stable β-sheets of all different
sizes was enhanced (Fig. S5b). We also calculated the average duration
of stable β-sheets as a function of their size for each system (Fig. S5c).
As expected, these functions followed an approximately exponential
dependence – i.e., longer β-sheets were more stable with longer dura-
tions. Interestingly, the slope in the log-linear plot, proportional to the
free energy gain for increasing β-sheet size by one residue, also in-
creased with the number of peptides from one to four and became sa-
turated for larger systems. These results suggest that oligomers larger
than a trimer allowed the formation of more stable β-sheets, likely by
forming larger β-sheets with multiple chains (Fig. 6), so that the
boundary effect (i.e., peptides at the edge of a β-sheet with free hy-
drogen-bond donors and acceptors) was negligible.

2.6. β-barrel oligomers displayed low potential energy, low entropy and high
free energy

To better understand aggregation energetics during oligomeriza-
tion, we computed the PMF as a function of total potential energy and
the number of β-sheet residues, using all of the last 400 ns simulation
trajectories for the pentamer and hexamer simulations, respectively
(Fig. 7a & c). Only one basin was observed for both systems, and hex-
amers had lower potential energies than pentamers. A general trend for
structures with higher β-sheet content having lower potential energies
was observed as consequential to the formation of more hydrogen
bonds. However, highly β-rich conformations (> 40 β-sheet residues)
with low potential energies but high free energies indicate a loss in
entropy upon the nucleation of these β-rich oligomers. We noted that
the peptide concentrations in our simulations were above the super-
critical concentration for a nucleated polymerization process [61,62]
where oligomers were more populated than monomers (Fig. S4). Recent
experimental studies of Aβ and hIAPP aggregation [19,63] showed
persistent aggregation lag-times at high peptide concentrations above
the supercritical concentration, suggesting a free energy barrier corre-
sponding to conformational transitions of oligomers. Hence, the ob-
served high free energy barriers associated with conformational tran-
sitions towards β-rich oligomers in our simulations support the
nucleated conformational conversion of oligomers in amyloid ag-
gregations.

By scanning β-barrel conformations along the simulation trajec-
tories using a hydrogen bond network-based algorithm [44], we also
projected the probability of observing β-barrel oligomers within the
same two-dimensional coordinates (Fig. 7a & c). We found that β-barrel
oligomers were populated in PMF regions with low potential energies
and high β-sheet content, corresponding to high free energy values.
Representative snapshot structures corresponding to regions in the PMF
(Fig. 7b & d) indicate that β-barrel oligomers were mainly composed of
either long β-hairpin – with the β-strands located around residues A8-
L16 and A25-G33 – or long inter-chain β-strands, formed by residues in
the C-terminal while N-terminal residues were mostly helical. The
probability of observing β-barrels for each trajectory showed that the
nucleation of β-barrel formation was indeed a rare event (Fig. S7).
Furthermore, the probability to form β-barrels was enhanced when the
number of peptides increased from five to six.

Lipid membranes play important roles in amyloid aggregation and
their associated cytotoxicity. Anionic lipid membranes bind positively
charged hIAPP to facilitate amyloid aggregation [64,65]. hIAPP fi-
brillization on the membrane surface accompanies membrane disrup-
tion, and residues 1–19 in the N-terminus plays an important role in

peptide-membrane interaction [66,67]. The amyloidogenic
hIAPP20–29 fragment was found to cause membrane fragmentation but
within a narrow concentration range [68]. At higher concentrations,
the fibril formation of hIAPP20–29 was enhanced and the membrane
fragmentation was significantly inhibited. Other studies pointed to the
formation of discrete pores by either helices [64,65] or β-sheets
[38,40,41], inducing membrane leakage and cell death [65]. Our ob-
servation of β-barrel structures in solution suggested the intrinsic cap-
ability of hIAPP to form such a pore-like structures. Recently, Aβ was
found to form β-barrel like structures both in the presence [40] and
absence [41] of membranes, suggesting that the formation of β-barrel
oligomers might be independent of a lipid membrane environment.
Further studies are still required to uncover the detailed molecular
mechanism of hIAPP oligomerization and fibrillization in the mem-
brane environment in order to fully understand hIAPP amyloid cyto-
toxicity.

3. Conclusion

We performed all-atom DMD simulations to investigate the oligo-
merization dynamics and conformational changes during the early ag-
gregation of full-length hIAPP. Six molecular systems with one to six
peptides were studied, as oligomeric species up to hexamers were de-
tected in a recent ESI-IMS-MS study of early hIAPP aggregation [21]. To
capture the nucleation of β-rich oligomers, we adopted a simple en-
hanced sampling protocol of performing 50 independent simulations,
each of which presented a relatively long simulation time of ~0.5 μs.
While high molecular weight oligomers were favored due to high
peptide concentration in simulations, the oligomerization process was
dynamic, demonstrating frequent inter-conversion between different
oligomeric species (Figs. 6, S4). The self-assembly of hIAPP was mainly
driven by hydrophobic and aromatic interactions between the primary
(residues 22–29) and secondary (residues 15–20) amyloidogenic re-
gions of the hIAPP sequence (Fig. 4). On average, these oligomers had
more helical contents than β-sheets (Figs. 2 & 3), consistent with ex-
periments reporting helical intermediates (Fig. 1f) [16–18].

Although the average β-sheet content was relatively low for all si-
mulated systems, with varying numbers of peptides and only weak in-
creases observed with respect to the number of peptides in aggregation
simulations, the conversion to β-sheet rich structures was hetero-
geneous with only a few out of ~50 simulation trajectories featuring
high β-sheet contents (Fig. 5). These β-sheet abundant oligomers were
mostly composed of either intra-chain β-hairpins (the strand located at
residues 8–16 and 25–33) and inter-chain β-sheets among the C-term-
inal strands, consistent with a prior hypothesis that the β-hairpin
structure was the amyloidogenic precursor of hIAPP [28]. Kinetic
analysis revealed that long β-sheet structures were more stable in high
molecular weight oligomers larger than trimers (Fig. S5, Fig. 6). The
estimated aggregation free energy landscape with PMF analysis re-
vealed that β-rich oligomers had lower potential energies but higher
free energies due to losses in entropy upon forming well-structured β-
sheets (Fig. 7). The observed high free energy barriers associated with
conformational transitions towards β-rich oligomers are consistent with
the nearly concentration-independent aggregation lag-times at peptide
concentrations above the supercritical concentration for both Aβ and
hIAPP [19,63]. Hence, our computational results together with prior
work [19,63] and our experimental data in this study (Fig. 1) support
the nucleated conformational conversion of peptides to oligomers
during amyloid aggregation.

Importantly, β-barrels composed of four or five hIAPPs were ob-
served among these β-rich oligomers (Figs. 7, S7). Previous reports of
spontaneous formation of β-barrel oligomers were predominantly from
simulations of short 7–11 residue fragments derived from amyloid
proteins [42] [43–45]. Our study represents the first report of β-barrel
oligomers as aggregation intermediate states of full-length hIAPP. These
β-barrel oligomers have been postulated to form the membrane-

Y. Sun et al. BBA - Molecular Basis of Disease 1865 (2019) 434–444

440



associated “amyloid-pores” and play an important role in the pathology
of amyloid aggregation; as such, these potentially toxic β-barrel oligo-
mers with well-defined structures could serve as novel therapeutic
targets against T2D.

4. Materials and methods

4.1. Transmission electron microscopy

hIAPP aggregation was examined experimentally by transmission
electron microscopy (TEM). For this, full length hIAPP (AnaSpec Inc.)
was reconstituted overnight in 100% hexafluoro-2-isopropanol (HFIP)

to dissolve all preformed aggregates. The solution was then freeze-dried
and a stock solution was prepared in Milli-Q water at a concentration of
25 μM. The peptide solution was allowed to aggregate at room tem-
perature up to 24 h and TEM analysis was performed after 0min,
30min, 1 h and 24 h of incubation times. For this, 5 μL of peptide-
containing solution was pipetted onto a glow discharged (15 s) copper
grid (400 mesh; ProSciTech), followed by 1min of adsorption. Excess
sample was then drawn off using filter paper and the grid was washed
by Milli-Q water, with the excess drawn off as previously. The grid was
stained with a drop of 1% uranyl acetate for 30 s, then the excess stain
was drawn off and the grid was air dried. Imaging was performed by a
Tecnai G2 F20 transmission electron microscope (FEI, Eindhoven, The

Fig. 7. Aggregation free energy landscapes and population of β-barrel oligomers. The PMF was computed as the function of the potential energy and the total number
of residues adopting β-sheet conformation for simulations of five (a) and six (c) peptides, with the population of β-barrels also presented on the same coordinates as
the corresponding PMF. To capture the initial aggregation dynamics, the analysis included the whole 500 ns trajectories for all independent simulations with five and
six peptides. Representative β-barrel structures in pentamer (b) and hexamer (d) simulations labeled according to their coordinates in the PMFs (1–3, and α-β-γ) were
shown in two different views (top and bottom).
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Netherlands) operated at a voltage of 200 kV. Images were recorded
using a Gatan UltraScan 1000 (2 k× 2 k) CCD camera (Gatan,
California, USA) and Gatan Microscopy Suite control software.

4.2. Fourier transform infrared spectroscopy

FTIR spectra were obtained using a Shimadzu IRTracer-100 spec-
trophotometer. For this, 5 μL aliquots of 25 μM hIAPP after 0min,
30 min, 1 h and 24 h of incubation were placed on a sample holder, air
dried and spectra were acquired between 1000 and 4000 cm−1 at 20 °C
with resolution of 4 cm−1. A blank spectrum was acquired and sub-
tracted from the sample spectra. Second-order derivative peak fitting of
FTIR spectra was performed in Origin.

4.3. Simulation system setup

The sequence of hIAPP is KCNTATCATQ10 RLANFLVHSS20 NNFG-
AILSST30 NVGSNTY37, with the Cys2 and Cys7 forming a disulfide
bond. In order to investigate the aggregation dynamics, we studied six
different systems with the number of hIAPP peptides increased from
one to six. The initial structure of hIAPP for monomer simulations was
taken from the protein data bank (PDB ID: 2L86) obtained by an NMR
study at physiological pH in a membrane environment [12]. Out of 50
independent monomer simulations (each run lasted 200 ns), we se-
lected 50,000 conformations from the last 100 ns of each trajectory and
performed root-mean-square deviation (RMSD)-based cluster analysis
[69] with a cutoff of 0.55 nm to select the representative hIAPP
monomer structures in solution. The initial structures for simulations
with more than one hIAPP peptide were constructed by randomly se-
lecting monomer conformations from the center structures of top ten
clusters (representing 24.5% of the monomer ensemble), where the
peptides were randomly positioned in the simulation box with any
inter-peptide atomic distances larger than 1.5 nm. In all cases, the same
peptide concentration of ~6mM was maintained by adjusting the si-
mulation box sizes. Details of all the simulations are summarized in
Table 1.

4.4. DMD simulations

All simulations were performed using the discrete molecular dy-
namics (DMD) algorithm [34–36]. DMD is a unique type of molecular
dynamics algorithm with significantly enhanced sampling efficiency,
which has been widely used in studying protein folding [35], ag-
gregation [37], and interactions of small molecules or nanoparticles
with proteins and peptides [70–72]. DMD features similar inter-atomic
interactions as conventional molecular mechanics force fields, although
interaction potentials are modeled by step-wise functions mimicking
the continuous potential functions. In the present study, bonded inter-
actions (bonds, bond angles, and dihedrals) were modeled with infinite
wells. Non-bonded interactions (i.e., van der Waals, solvation, hy-
drogen bond, and electrostatic potentials) were represented as a series

of discrete energetic steps with increasing distances until reaching zero
at the cutoff distance. The van der Waals parameters were based on the
CHARMM force field [73], and bonded termed were parameterized
based on statistical analysis of protein structures from protein data
bank. The solvation effects were implicitly modeled using the EEF1
implicit solvation model developed by Lazaridis and Karplus [74]. The
hydrogen bond interactions were depicted by a reaction-like algorithm
[75]. Screened electrostatic interactions were modeled by the De-
bye–Hückel approximation with the Debye length set as 10 Å, corre-
sponding to 100mM of NaCl under physiological conditions. The units
of mass, time, length, and energy were 1 Da, ~50 femtosecond, 1 Å, and
1 kcal/mol, respectively. The temperature of the system was main-
tained around 300 K using the Anderson's thermostat [76].

4.5. Analysis methods

Secondary structure analyses were performed using the dictionary
secondary structure of protein (DSSP) method [77]. A hydrogen bond
was considered to be formed if the distance between backbone N and O
atoms was ≤3.5 Å and the angle of NeH⋯O≥ 120°, which was used in
prior studies [78,79]. A peptide was considered to have formed a stable
β-sheet conformation if it had at least five residues adopting β-sheet
structure for> 1 ns during the simulations. Two strands from the same
peptide were adjacent, oriented in an antiparallel alignment (the N-
terminus of one sheet was adjacent to the C-terminus of the next), and
linked by a short loop of two to five amino acids treated as a β-hairpin
motif. Inter-chain peptide interactions were analyzed by the residue-
residue contact frequency. Here, a pairwise residue contact was defined
when the distance between the heavy atoms of two non-sequential re-
sidues was<0.55 nm. If two peptides were connected by at least one
inter-chain contact, they were treated to belong to the same oligomer
[37]. The two-dimensional potential of mean force, PMF, was con-
structed using –KbTlnP(x, y), where Kb is Boltzmann constant, T denotes
the temperature of 300 K, and P(x, y) corresponds to the probability of
selected reaction ordinates, x and y. If every peptide was connected by
two β-sheet neighbors and formed a closed cycle oligomer, this oli-
gomer was treated as a β-barrel structure, similarly to what we defined
in a recent study [44].
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