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Abstract
The amyloid aggregation of human islet amyloid polypeptide (hIAPP) is 

associated with pancreatic β-cell death in type 2 diabetes. The S20G substitution of 
hIAPP (hIAPP(S20G)), found in Japanese and Chinese, is more amyloidogenic and 
cytotoxic than wild-type hIAPP. The rat amylin (rIAPP) does not have aggregation 
propensity and cytotoxicity. Mounting evidence suggests that soluble 
low-molecular-weight amyloid oligomers formed during the early aggregation are 
more cytotoxic than mature fibrils. The self-assembly dynamics and oligomeric 
conformations remain unknown because the oligomers are heterogeneous and 
transient. The molecular mechanism of sequence-variation rendered dramatically 
different aggregation propensity and cytotoxicity is also elusive. Here, we 
investigated the oligomerization dynamics and conformations of the amyloidogenic 
hIAPP, hIAPP(S20G), and non-amyloidogenic rIAPP using atomistic discrete 
molecular dynamics (DMD) simulations. Our simulation results demonstrated that all 
three monomeric amylin peptides mainly adopted unstructured formation with partial 
dynamical helices near N-terminus. Relatively transient β-hairpin were more abundant 
in the hIAPP and hIAPP(S20G) than in rIAPP. The S20G substituting mutant of 
hIAPP altered the turn region of the β-hairpin motif resulting in more hydrophobic 
residue-pairwise contacts within the β-hairpin. Oligomerization dynamic investigation 
revealed that all the three peptides spontaneously accumulated into helix populated 
oligomers. The conformational conversion of forming β-sheet-rich oligomers was 
only observed in the hIAPP and hIAPP(S20G). The population of the high β-sheet 
content oligomers was enhanced by S20G substitution. Interestingly, both hIAPP and 
hIAPP(S20G) could form β-barrel formations, and the β-barrel propensity of 
hIAPP(S20G) was three times larger than hIAPP. No β-sheet-rich and β-barrel 
formations were observed in the rIAPP. Our direct observation of the correlation 
between β-barrel oligomer formation and cytotoxicity suggested that β-barrel might 
play a critically important role in the cytotoxicity of amyloidosis.
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Introduction.
The pathological aggregation of human islet amyloid polypeptide (hIAPP, also 

known as amylin) forming insoluble amyloid deposits around pancreatic β-cells in the 
islets of Langerhans is the hallmark of type II diabetes (T2D)1-3. Human amylin is a 
37-residue peptide hormone co-secreted with insulin by pancreatic β-cells for 
physiological glucose regulation4, 5. The self-assembly of hIAPP into amyloid fibrils 
features a typical nucleation−growth sigmoid curve, in which hIAPP monomers 
initially nucleate into soluble oligomers and β-rich aggregates followed by rapid 
elongation of proto-fibrils before reaching the saturation of mature fibrils6-9. The 
experimental determined hIAPP fibril structures are polymorphic but share a common 
parallel in-register cross-β-sheet core with the β-strands perpendicular to and the 
inter-strand hydrogen bonds parallel to the fibril axis10-15. Although the hIAPP fibrils 
have been found cytotoxic to pancreatic β-cells, accumulating evidence suggests that 
the transient and polymorphic oligomers formed during the early aggregation stage 
are much more cytotoxic8, 16-20. Therefore, characterizing the early oligomeric 
conformations and the nucleation dynamics proceed to the fibril structures of hIAPP 
becomes imperative to understanding the cytotoxicity mechanism.

Monomers of hIAPP are very flexible and described as an intrinsically disordered 
protein with an amidated C-terminus2, 6, 21, 22. N-terminal region, known as the 
lipid-membrane domain, mostly adopted helical formations stabilized by a conserved 
disulfide bond between Cys-2 and Cys-7 no matter under solution and membrane 
environments1-3, 22-25. The aggregation propensity of the N-terminal of hIAPP 
(residues 1−13) is dramatically weak26, 27 and hypothesized to be outside the fibril 
core in recent cryo-EM determined IAPP fibril structures10-12. Prior experimental and 
computational studies have shown the segments of hIAPP8-2025, 26, 28, hIAPP15-2519, 

29, hIAPP19-2919, 29, and hIAPP22-2830, 31 could self-assemble into amyloid fibrillar 
deposits independent of the full-length polypeptide. In addition, residues from the 
above fragments also feature β-sheet structures in the experimental determined fibril 
models of hIAPP10-14, indicating the aggregation-prone regions of hIAPP should 
locate around residues 8-29. There is only one human amylin natural mutation with a 
serine to glycine substitution at position 20 (denoted as hIAPP(S20G)) found in 
Japanese and Chinese32, 33. The aggregation of hIAPP(S20G) is more rapid than the 
wild-type hIAPP and leads to an increase in β-cell death ratio and the risk of 
early-onset T2D19, 33-35. However, the mechanism of S20G mutation accelerated 
hIAPP fibrillization and associated with early onset T2D remains unknown. Apart 
from the amyloidogenic hIAPP (e.g., hIAPP and its S20G mutation), the 
non-amyloidogenic amylin species are also existent36, 37. For example, the rat amylin 
(denoted as rIAPP) with the six amino acids different from hIAPP (i.e., H18R, F23L, 
A25P, I26V, S28P, and S29P replacements) don’t form amyloid in vitro and in vivo, 
indicating residues 18-29 are crucial in the aggregation of amylin37, 38. In addition, the 
liquid-liquid phase separation (LLPS), which initiated hydrogenation and aggregation 
of hIAPP, was also observed in the rIAPP39. Albeit monomeric and small-size 
oligomeric (e.g., dimeric) conformations of hIAPP, hIAPP(S20G), and rIAPP have 
been extensively investigated in previous computational studies6, 36, 38, 40, 41. The 
molecular mechanism of these sequence-variation induced dramatically different 
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aggregation propensity and cytotoxicity of IAPP remains to be established. 

Numerous experimental studies of hIAPP aggregation kinetics have shown that 
the hIAPP monomers accumulated helical intermediates before forming β-sheet-rich 
aggregates1, 6, 9, 23, 25, 41. For example, enhancing helical conformations of hIAPP by 
negatively charged membranes accelerated the aggregation of hIAPP1-3, 22-25. A single 
point F15L substitution induced hIAPP monomer more helical and low β-sheet 
formations34. The F15L substitution resulted in more rapid fibrillization with 
shortened lag time34. The formation of helical intermediates accelerates hIAPP 
fibrillization, indicating that the helical accumulation might be on-pathway to amyloid 
assembly. Interestingly, De Carufel et al. found that preventing helical folding with 
non-helical hIAPP analogs promoted hIAPP aggregation42.  In addition, preventing 
helical folding also enhanced the membrane perturbation and cytotoxicity of IAPP24. 
Prior ion-mobility spectrometry-mass spectrometry (IMS-MS) experiments and 
molecular dynamics (MD) simulations suggested that the β-hairpin structure might be 
the amyloidogenic precursor of hIAPP6, 38, 41, 43. These results indicated that the 
fibrillization of hIAPP might be irrelevant to their helical intermediates. However, the 
definite role of these helical intermediates in the aggregation and cytotoxicity of 
hIAPP remains ambiguous. The conformational conversion of these helical structures 
to β-sheet-rich aggregates is also unknown. Numerous experimental and 
computational studies revealed the toxic amyloid fragments (e.g. hIAPP19-29 and its 
S20G substitution29, hIAPP8-2025, 28, SOD128–38

44, Aβ16-2245, 46, Aβ25-3547, and 
NACore48) and full-length peptides (e.g. Aβ1-4049, Aβ1-4250-52, and hIAPP1-376)) 
could form well-defined β-barrels as the aggregation intermediates before forming 
well-ordered cross-β fibrils but no β-barrel intermediates were detected in the 
fibrillization of the non-toxic amyloid fragment (hIAPP15-25 and its S20G 
substitution29, G33W and G33V substituting mutants of SOD144), indicating the 
β-barrel oligomers might serve as the toxic agent in amyloidosis.

To investigate the sequence-variation effects on the aggregation of amylin 
peptides, we investigated the oligomerization dynamics of hIAPP, hIAPP(S20G), and 
rIAPP with the number of simulated peptides one and five utilizing atomistic discrete 
molecular dynamics53, 54 (DMD) simulations with an implicit solvent model. Our 
simulation results demonstrated that all three monomeric amylin peptides mainly 
adopted unstructured formation with partial dynamical helices. A similar partially 
helical hIAPP structure was also observed in the experimental NMR measurement22. 
Relatively transient β-hairpin were more abundant in the hIAPP and hIAPP(S20G) 
than in rIAPP. The S20G substituting mutant of hIAPP altered the turn region of the 
β-hairpin motif resulting in more hydrophobic residue-pairwise contacts within the 
β-hairpin. Oligomerization dynamic analysis revealed that all the three peptides 
spontaneously accumulated into helix populated oligomers. The conformational 
conversion of forming β-sheet-rich oligomers after helical accumulation was only 
observed in the hIAPP and hIAPP(S20G). Oligomeric conformations of rIAPP were 
predominantly in helix, and β-sheet structures were extremely rare. The 
helix-to-β-sheet conformational conversion only observed in the aggregation of 
hIAPP and hIAPP(S20G), but not rIAPP, was consistent with prior the CD spectra 
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measurements36. Conformational free energy landscape analysis revealed that S20G 
substitution enhanced the population of high β-sheet content formations. Interestingly, 
hIAPP and hIAPP(S20G) could form β-barrel formations, which were proposed as 
toxic oligomers of amyloid aggregation6, 49-52, 55, 56. The β-barrel propensity of 
hIAPP(S20G) was three times larger than hIAPP. Another recently experimental 
study also demonstrated that the barrel-like oligomers of hIAPP(S20G) were more 
abundant than hIAPP wild-type using transmission electron microscopy (TEM) 
imaging36. No β-barrel formations were observed in the rIAPP. Overall, our results 
not only uncover the nucleation mechanism of hIAPP and hIAPP(S20G) forming 
β-sheet-rich oligomers at the molecular level, but the observation of the correlation 
between forming β-barrel formation and cytotoxicity also supported that β-barrel 
might play an important role in the cytotoxicity of amyloidosis.

Materials and methods
Molecular systems used in simulations. The sequence of hIAPP, hIAPP(S20G), and 
rIAPP were shown in Table 1. The initial structure of monomeric hIAPP (PDBid: 
2L8657) and rIAPP(2KJ758) used in our simulation was taken from the protein data 
bank determined by NMR measurements. The starting structure of the hIAPP(S20G) 
monomer was constructed by S20G substitution using the PyMol mutagenesis based 
on the structure of hIAPP (PDBid: 2L8657). Two molecular systems with a number of 
simulated peptides of one and five were performed for each type of amylin molecule 
to investigate its nucleation dynamic and conformations. For the monomeric system 
of each amylin peptide, sixty independent simulations were performed starting from 
the same initial structure but with different velocities. The ionization-ion mobility 
spectrometry-mass spectrometry measurement revealed that the critical size of hIAPP 
oligomers adopted extended conformations was ~459. Thus, we chose a system size 
with a number of simulated peptides of 5 for the oligomerization simulation. For each 
amylin peptide, we also performed sixty independent DMD simulations with different 
initial configurations (i.e., coordinates and velocities). Five peptides were initially 
positioned randomly (both positions and orientations) within a 9.5 nm cubic 
simulation box with any minimum inter-molecular distances of no less than 1.5 nm. 
To avoid the potential biases from the initial states, the duration time of each 
independent DMD simulation was up to 1000 ns. Details of all the simulations are 
summarized in Table 2.

Table 1. Amino acid sequences of hIAPP, hIAPP(S20G), and rIAPP used in our 
simulation. Each peptide with a Cys2-Cys7 intra-molecular disulfide bond.

Amylin Sequence
hIAPP KCNTATCATQ10 RLANFLVHSS20 NNFGAILSST30 NVGSNTY

hIAPP(S20G) KCNTATCATQ10 RLANFLVHSG20 NNFGAILSST30 NVGSNTY
rIAPP KCNTATCATQ10 RLANFLVRSS20 NNLGPVLPPT30 NVGSNTY

DMD simulations. All simulations were performed at 300K using the DMD algorithm 
with the Medusa force field53, 54, 60 benchmarked for the accurate prediction of protein 
stability change upon mutation and protein–ligand binding affinity60, 61. DMD is a 
unique molecular dynamics algorithm where stepwise functions model the continuous 
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interaction potentials in classic molecular dynamics in DMD. The comprehensive 
descriptions of the atomistic DMD algorithm can be found in previous publications62, 

63. The dynamics of the system in DMD are dictated by iteratively updating a series of 
collision events, predicting their new collisions with corresponding neighbors, and 
finding the next crash via quick sort algorithms. The sampling efficiency of DMD is 
significantly enhanced without frequent calculations of forces and accelerations (e.g., 
every ∼1–2 fs) in traditional MD simulations. With significantly sampling efficiency, 
the DMD algorithm has been widely used to study protein folding and amyloid 
aggregation by both our group6, 8, 25, 51 and others64-66. The nonbonded parameters 
were adopted from the CHARMM19 force field67. Water was implicitly modelled 
using the EEF1 implicit solvation model68. A reaction-like algorithm was used to 
model the distance- and angle-dependent hydrogen bond63, 69. The screened 
electrostatic interactions were calculated using the Debye–Hückel approximation with 
the Debye length set to 10 Å, corresponding to ∼100 mM NaCl (a widely used 
experimental condition in hIAPP aggregation35, 70). With significantly enhanced 
sampling efficiency and rapid computational speed, the DMD was widely used to 
study protein folding/aggregation63, 71 and protein–nanoparticle interactions18, 21, 48 
both by our group and by others72, 73. DMD software is freely available to academic 
researchers at Molecules In Action (www.moleculesinaction.com). The units of mass, 
time, length, and energy used in our united-atom with implicit water model were 1 Da, 
∼50 fs, 1 Å, and 1 kcal/mol, respectively. 

Table 2. Details of each molecular system, including the number of peptides, 
corresponding dimensions of the cubic simulation box, number of DMD runs, length 
of each DMD simulation, and accumulative total simulation times.

Amylin
Peptide 
numbers

Box size 
(nm)

DMD 
runs

Simulation 
time (ns)

Total duration 
(μs)

1 6.5 60 1000 60
hIAPP

5 9.5 60 1000 60
1 6.5 60 1000 60

hIAPP(S20G)
5 9.5 60 1000 60
1 6.5 60 1000 60

rIAPP
5 9.5 60 1000 60

Analysis methods. The secondary structure was calculated using the DSSP program74. 
The hydrogen bond was considered to be formed when the N···O distance was within 
3.5 Å, and the N−H···O angle was more than 120°. According to prior protein folding 
studies75, 76, a pairwise residue contact was defined as the distance between the heavy 
atoms from the mainchain or sidechain of two non-sequential residues within 0.65 nm. 
Cluster analysis was performed using the Daura algorithm77 and a backbone 
root-mean-square-deviation (RMSD) cutoff of 0.55 nm. A two-dimensional (2D) free 
energy surface is constructed using −RT ln P(x, y), where P(x, y) is the probability of 
a conformation having a particular parameter value of x and y. If the β-strand 
segments of an oligomer could form a closed cycle with every β-strand connected by 
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two β-strands neighbors through at least two hydrogen bonds, this oligomer was 
treated as a β-barrel oligomer6, 51.

Results and Discussion
Monomeric hIAPP, hIAPP(S20G), and rIAPP mainly adopted unstructured 
formations with partially dynamical helix structures, and transient β-sheets of hIAPP 
and hIAPP(S20G) monomers were more abundant than rIAPP. Multiple 
long-timescale independent simulations were performed to investigate the monomeric 
conformational dynamics of hIAPP, hIAPP(S20G), and rIAPP. Time evolution of the 
secondary structure of every residue from each type of amylin peptide revealed that 
all the three peptides were dynamic with frequency conformational changes of 
forming dynamical helix and transient β-sheet structures (Fig. 1a-c). Overall, the 
transient structured formations of all the three amylin peptides were populated in 
helix, and dynamical β-sheet of amyloidogenic amylin (i.e., hIAPP or hIAPP(S20G)) 
were more abundant than the non-amyloidogenic amylin (i.e., rIAPP). The large 
conformational changes estimated by the time evolution of the secondary structures, 
the total number of hydrogen bonds, and the radius gyration (Fig. S1) suggested the 
simulation result should be independent of the initial structure. The equilibrium 
assessment was estimated by the time evolution of secondary structure content, the 
number of hydrogen bonds and contacts, and the radius gyration averaged over the 
total number of independent DMD simulations (Figs. S2&S3). There were not many 
noticeable changes during the last 500 ns, indicating all the systems were reasonably 
converged. Average secondary structure content showed that all the three peptides 
predominantly adopted unstructured formations (i.e., random coil and bend 
structures), structured formations were mostly in helical structures, and β-sheets were 
very rare (Fig. 1d). All three types of amylin monomer featured high helical 
propensity around residues 8-15. Prior NMR measurement also demonstrated that the 
solution hIAPP monomer mainly adopted unstructured formation with partial helix 
spanned residues 8–1722.  Such partial helix formation near N-terminal structures of 
hIAPP and rIAPP was also observed in other MD simulations78, 79. Residues 16-23 of 
rIAPP were also populated in the helix (Fig. 1e). The weakly populated β-sheets were 
mainly formed by residues 16-28, and the β-sheet tendencies around the above region 
of hIAPP and hIAPP(S20G) were stronger than rIAPP. The top nine most populated 
conformations of each type of amylin showed that helical formation was mainly 
abundant around N-terminals, and partial β-hairpins were only observed in the 
amyloidogenic amylin peptides (Fig. 1f-h).
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Fig. 1. Conformational dynamics analysis of monomeric amylin peptide. a-c) Time evolution of 
the secondary structure for each residue from hIAPP, hIAPP(S20G), and rIAPP monomeric 
simulation is shown on the left panel. Dynamically ordered structures formed along the simulation 
trajectory (the time-stamped blow) are presented on the right. For each system, one 1000 ns DMD 
trajectory is randomly selected from sixty independent simulations. d) The average secondary 
structure contents of unstructured (coil and bend), β-sheet, helix, and turn conformation for each 
monomeric amylin peptide during last 500 ns. e) The average propensity of each residue from 
hIAPP, hIAPP(S20G), and rIAPP monomer adopting different secondary structures. f-h) 
Representative monomeric conformations of the top nine most-populated clusters of hIAPP, 
hIAPP(S20G), and rIAPP. The N-terminal Cα atom is highlighted as a bead.

The S20G substituting mutant of hIAPP altered the turn region of the β-hairpin motif 
resulting in more hydrophobic residue-pairwise contacts within the β-hairpin. The 
conformation of each type of amylin monomer was analyzed by residue-pairwise 
contact frequency using the structures from saturation states (Fig. 2). The 
residue-pairwise contact formed by atoms from the main-chain demonstrated that both 
hIAPP and hIAPP(S20G) monomers featured a high tendency helical pattern along 
the diagonal around residues 8-19 (snapshots 1 shown in Fig. 2a&b), consistent with 
prior numerous computational and experimental studies6, 22, 25, 80. This helical region 
was also known as the membrane-binding helical domain24, 81, 82. The high propensity 
helical pattern of rIAPP ranged from residue 8 to residue 23, much longer than that of 
hIAPP and hIAPP(S20G) (Fig. 2c). We also observed a relatively weak β-hairpin 
contact pattern perpendicular to the diagonal in all three types of amylin monomers. 
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The β-strand within the β-hairpin of rIAPP was much shorter than that of hIAPP and 
hIAPP(S20G) (snapshots 2 in Fig. 2a&b). The S20G substitution altered the 
residue-pairwise contact of the β-hairpin (Figs. 1e&S4), which enhanced the 
residue-pairwise contact among hydrophobic residues within the β-hairpin formations 
by changing the turn region (snapshots 2 in Fig. 2).

Fig. 2. Residue-pairwise contact frequency of each monomeric amylin peptide. a-c) The 
residue-pairwise intramolecular contact frequency maps are computed between main-chain atoms 
(lower diagonal) and side-chain atoms (upper diagonal) based on the last 500 ns trajectories of 
sixty independent DMD simulations after reaching saturation state. The representative contact 
pattern labelled as 1&2 corresponding to the helical and β-hairpin formations highlighted by boxes 
in the contact frequency map is also presented. Side-chains within the helical and β-hairpin motif 
are shown as sticks and colored according to the residue type (hydrophobic in white and 
hydrophilic in green). 

The hIAPP and hIAPP(S20G) peptides could nucleate into β-sheet-rich oligomers via 
helical accumulation, but rIAPP peptides only accumulated into helical populated 
compact oligomers. Sixty independent DMD simulations with five peptides were 
performed for each type of amylin peptide to investigate the oligomerization dynamic 
and conformations. Time evolution of each residue’s secondary structure, oligomer 
size each peptide aggregated into, and the number of hydrogen bonds and contacts 
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showed all the three types of peptides readily nucleated into helical structure 
populated oligomers in less than 100 ns (Fig. 3). Some hIAPP and hIAPP(S20G) 
peptides converted into β-sheet structures after the helical accumulations (snapshots 
shown in Fig. 3a&b). The rIAPP peptides predominantly adopted helical formations, 
and β-sheet formations were drastically rare (Fig. 3c). The time evolution of the 
probability of each secondary structure (including unstructured formation, helix, and 
β-sheet), the total number of hydrogen bonds and contact, and the radius gyration for 
the five-peptide simulations of hIAPP, hIAPP(S20G), and rIAPP revealed that all 
three systems reached steady states during last 500 ns (Fig. S5). The equilibrium 
analysis of each molecular system with the five peptides simulation was further 
estimated by the time evolution of the averaged secondary content, the number of 
hydrogen bonds and contacts, and radius gyration over the sixty independent 
simulations (Figs. S6&S7). Only the saturated structures from the last 500 ns were 
used for the conformational analysis to avoid potential bias from the initial state. Time 
average β-sheet content in each independent trajectory during the last 500 ns 
displayed a high heterogeneity among the simulations of hIAPP and hIAPP(S20G) 
(Fig. 4a). For example, the first independent simulation of hIAPP and hIAPP(S20G) 
had much higher β-sheet content than the rest. The S20G substitution enhanced the 
hIAPP peptides to form more β-sheet populated formations. All the rIAPP 
independent simulations featured helix abundant and low β-sheet content formations 
(Fig. 4a&b). Representative snapshots of helices and β-sheets populated formations 
from the same trajectory suggested that some helical hIAPP and hIAPP(S20G) 
peptides converted into β-sheets after helical accumulations (Fig. 4c).  The 
helix-to-β-sheet conformational conversion was only observed in the oligomerization 
of hIAPP and hIAPP(S20G) but not rIAPP, which was consistent with experimental 
CD spectra measurement36.
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Fig. 3. Oligomerization dynamics and conformational changes. The secondary structure of each 
residue (first column),  the oligomer size into which a peptide aggregated (second column), the 
number of backbone hydrogen bonds and heavy contacts (third column) are presented as the 
function of simulation time in the representative five-peptide simulation trajectories of hIAPP a), 
hIAPP(S20G), and rIAPP c). Oligomer size and each peptide chain in the second column are 
described as O1 to O5 and C1 to C5, respectively. Two representative snapshots populated with 
helix or β-sheet formations along the simulation trajectories are presented to the right.

The average secondary structure propensities of the self-assemblies in each 
molecular system were also analyzed (Fig. 5a). The oligomers formed by all three 
types of amylin peptides were dominant with unstructured formations (more than 
55%), and helical content is much larger than the β-sheet ratio. Compared with the 
monomeric simulations (Fig. 1d), the β-sheet propensity of hIAPP and hIAPP(S20G) 
peptides enhanced up to 9%, which was much larger than that in their monomers (less 
than 3%). In both one- and five-peptide simulations, the averaged β-sheet propensity 
of rIAPP was very rare (less than 2%), but the helix propensity of rIAPP (~32%) in 
the five-peptide simulation was much more than its monomeric simulation (~24%). 
These results indicated the oligomerization enhanced the hIAPP and hIAPP(S20G) 
peptides to form more β-sheets but promoted rIAPP to adopt more helices. The 
secondary structure propensity for each residue was also analyzed (Fig. 5b). 
Regardless of the system size, the helix and β-sheet abundant region of each amylin 
peptide obtained from the monomeric simulation (Fig. 1e) were similar to that in the 
oligomeric systems (Fig. 5b). Residues 16-28 of hIAPP and hIAPP(S20G) with a 
strong propensity of forming β-strand-turn-β-strand structure in the five-peptide 
oligomerization simulation were also observed in prior hIAPP dimer all-atom explicit 
REMD simulations41. In addition, residues 16-28 were present around the cross-β 
cores in previous experimentally-proposed amyloid fibril models of amylin15. 
Interestingly, the S20G substitution of hIAPP decreased the turn (i.e., loop) 
populations and boosted the β-sheet formations of residues 22-23 were consistent with 
a recent cryo-EM experimental study83. For example, the residues around 22-23 were 
described as β-strand in the hIAPP(S20G) fibril rather than the loop in the hIAPP 
fibril model 14, 83. The β-sheet regions obtained from our simulations were similar to 
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the experimentally-determined fibrils14, 15, 83, indicating the interactions stabilizing 
amyloid fibrils were also present in stabilizing the oligomers of amyloidogenic amylin 
peptides.

Fig. 4. The time-average β-sheet and helix propensity of each independent simulation. The 
time-averaged β-sheet a) or helical b) probability is computed for each independent simulation 
during the last 500 ns. Simulation trajectories are sorted according to the averaged β-sheet content 
from high to low. c) One helix-rich and one β-sheet-rich structures from the same top-ranked 
trajectory are shown for each molecular system. 

Fig. 5 ． Oligomeric conformation analysis. a) The average secondary structure contents of 
unstructured (coil and bend), β-sheet, helix and turn conformation for the oligomers formed by 
hIAPP, hIAPP(S20G), and rIAPP peptides. b) The averaged propensity of every residue adopting 
coil and bend, helix, β-sheet, and bend conformations in five-peptide simulations for each type of 
amylin peptides. c-d) The probability distribution as a function of the number intrachain/interchain 
heavy-atom contact c) and backbone hydrogen bonds d). e) The probability distribution as a 
function of radius gyration (Rg) and radial distribution function (RDF) of Cα atoms for the 
self-assemblies formed by each peptide. f-h) The oligomeric formation of each type of amylin 
peptide. Only the last 500 ns trajectories from 60 independent simulations are used for the above 
conformational analysis.

Conformations of the oligomers formed by each type of amylin peptides were 
further analyzed through the probability distribution of the number of heavy atom 
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contact and hydrogen bonds formed by main-chain atoms, radius gyration, and radial 
distribution function (RDF) of each residue’s Cα atoms (Fig. 5c-e). Oligomers of 
rIAPP were more populated with intramolecular hydrogen bonds and contacts than 
hIAPP and hIAPP(S20G) due to the oligomeric rIAPP being more helical than hIAPP 
and hIAPP(S20G) (Fig. 5f-h). The hIAPP and hIAPP(S20G) aggregates had more 
intermolecular hydrogen bonds than rIAPP because the self-assemblies of hIAPP and 
hIAPP(S20G) were abundant with intermolecular β-sheets (Fig. 5f-g). The S20G 
mutant promoted the amyloidogenic amylin to form more intermolecular contacts and 
hydrogen bond formations, indicating that the self-assembly propensity of 
hIAPP(S20G) should be more potent than hIAPP, which was consistent with prior 
numerous experimental studies19, 33-35. Radius gyration (Rg) distribution and radial 
distribution function (RDF) of Cα atoms revealed that conformations of rIAPP 
oligomers were more compact (Fig. 5e) than hIAPP and hIAPP(S20G).

Residue-pairwise contact frequency analysis for the self-assemblies of each type of 
amylin. To better characterize the structure of each molecular self-assemblies, we 
computed the intra- and inter-chain contact probabilities between all residue pairs, 
shown as the contact frequency maps between main-chain atoms (Fig. 6) or 
side-chain atoms (Fig. S8). A high propensity intra-chain helical contact pattern along 
the diagonal was observed in all three molecular systems, and the helical pattern of 
rIAPP (residues 9-25) was much longer than hIAPP and hIAPP(S20G) (residues 9-16) 
(Fig. 6). Thus, residues of rIAPP displayed more intramolecular contact than hIAPP 
and hIAPP(S20G) (Fig. 5d). A weak intra-chain β-hairpin contact pattern 
perpendicular to the diagonal formed by residues 14-29 was only detected in the 
oligomeric hIAPP and hIAPP(S20G). The S20G mutant changed the turn region and 
increased the hydrophobic residue-pairwise contact with the β-hairpin (as we 
discussed in Fig. 2). The intermolecular contacts formed by main-chain atoms among 
residues 1-13 of hIAPP and hIAPP(S20G) peptides were too weak to be observed 
(Fig. 6a&b), indicating the aggregation propensity around this region was extremely 
weak, agreed with previous studies 26, 27. For example, Residues 1-13 were 
hypothesized to be outside the fibril core in recent cryo-EM determined IAPP fibril 
structures10-12 due to their conformations being too dynamic. Residues 13-30 of 
hIAPP and hIAPP(S20G) displayed a strong tendency to form intermolecular 
main-chain-main-chain contact suggesting that these residues played a critical in their 
fibrillization. Prior experimental and computational studies have shown the segment 
from residues 13-30 (e.g. hIAPP8-2025, 26, 28, hIAPP15-2519, 29, hIAPP19-29 19, 29, and 
hIAPP22-2830, 31) could directly self-assemble into amyloid fibril independent of the 
full-length polypeptide. The average number of intermolecular side-chain contacts of 
residues L12, F15, L16, V17, H18, F23, G24, A25, I26, and L27 from hIAPP and 
hIAPP(S20G) were larger than the remaining residues (Fig. S8a&b), indicating the 
fibrillization was mainly driven by the hydrophobic and aromatic interactions. The 
intermolecular main-chain contacts around residue 22 region of hIAPP(S20G) were a 
little larger than the hIAPP wild-type. The intermolecular residue-pairwise 
interactions for the main-chain atoms of residues 1-22 of rIAPP were dramatically 
weak, and high contact tendency regions were mainly spread around residues 23-30. 
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Fig. 6．The residue-pairwise contact frequency of backbone atoms. The frequency of inter-chain 
(upper diagonal) and intra-chain (lower diagonal) inter-residue contact formed by backbone atoms 
are calculated by averaging over the last 500 ns trajectories of all independent simulations for 
hIAPP a), hIAPP(S20G) b), and rIAPP c). The total number of intra-chain (histograms to the 
right) and inter-chain (histograms on the top) contacts per residue is calculated by integrating the 
corresponding 2D contact probability map.

Conformational ensembles of hIAPP and hIAPP(S20G) oligomers were populated 
with β-sheet rich and extended conformations, while rIAPP self-assemblies 
predominantly adopted low β-sheet content compact formations. To further 
characterize the structural ensemble of each repeat, we calculated the potential of 
mean force (PMF, the effective conformational free energy landscape) as a function 
of the radius of gyration (Rg) and β-sheet content using the last 500 ns DMD 
trajectories from sixty independent DMD simulations (Fig. 7). The free energy basins 
of hIAPP and hIAPP(S20G) were broad with Rg∼1.8–3.5 nm and β-sheet 
content∼0.03–0.2, indicating that the oligomeric conformations were very diverse 
(Fig. 7a&b). The hIAPP and hIAPP(S20G) aggregates with low β-sheet ratio (less 
than 0.10) were populated with the Rg ranging Rg∼1.8–3.5 nm, but the β-sheet-rich 
aggregates (β-sheet probability more prominent than 0.1) were mainly adopting the 
compact formations with Rg less than 1.3 nm. Representative snapshots 
corresponding to the low energy regions labeled on the free energy surface confirmed 
that (Fig. 7a&b). In addition, the oligomers with β-sheet content greater than 20% 
formed by hIAPP(S20G) featured lower free energy than hIAPP, indicating the S20G 
substitution promoted the peptide to form more β-sheet formations. The probability 
distribution of helix and β-sheet content for each oligomer aggregated by hIAPP and 
hIAPP(S20G) further confirmed that (Fig. S9). However, the free energy landscape 
surface of rIAPP self-assemblies was completely different from those of hIAPP and 
hIAPP(S20G), with most rIAPP oligomers featuring small Rg values (1.7-2.1 nm) and 
relatively weak β-sheet content (0-0.06) (Figs. 7c&S9). Representative conformations 
of rIAPP oligomers with low free energy revealed that the rIAPP peptides 
accumulated into helix compact formations. Overall, conformational ensembles 
analysis revel oligomers of hIAPP and hIAPP(S20G) were much more populated with 
β-sheet formations than rIAPP, and the S20G substitution enhanced hIAPP to form 
more β-sheet content formations (Fig. S9).
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Fig. 7．The conformational free energy landscape of each amylin peptide. The potential mean 
force as a function of the total number of radius gyration (Rg) and β-sheet content in 
self-assemblies of hIAPP a), hIAPP(S20G) b), and rIAPP c). Three representative structures 
labelled in the PMFs (α, β, γ) are shown on the right.
 
The S20G substitution significantly enhanced hIAPP to form β-barrel formations. The 
β-barrel aggregates first observed in an 11-residue peptide derived from the 
slow-aggregating αB crystalline have been proposed as toxic oligomers of amyloid 
aggregation55 due to their well-defined structures and compatibility to the 
“amyloid-pore”56 hypothesis of amyloid toxicity44, 50. The formation of β-barrel 
oligomers by full-length Aβ peptides was supported by hydrogen exchange mass 
spectrometry, NMR measurement, cryo-EM essays, and computational 
simulations49-52. The correlation between the formation of β-barrel intermediates and 
the cytotoxicity in serials amyloid segments with contrastingly cytotoxicity (e.g., 
hIAPP15-25, hIAPP19-29, SOD128–38 and its G33W and G33V substitution, Aβ16-22, 
Aβ25-35, NACore) also supported β-barrels as the toxic oligomers in amyloidosis29, 44, 

48. Nucleation of β-rich oligomers and β-barrels was also observed in the early 
aggregation simulation of hIAPP6. To investigate whether disease-associated S20G 
mutation of hIAPP could affect the population of β-barrels, the probability for each 
type of amylin peptide to form the β-barrel in every simulated system was also 
calculated (Fig. 8). Because β-barrel structures were also observed during the first 500 
ns, all the whole 1000 ns trajectories were used for the β-barrel propensity analysis. 
No β-barrel formations were observed in the non-toxic rIAPP oligomerization 
simulations. The cytotoxic hIAPP and hIAPP(S20G) could form β-barrels. The 
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β-barrel propensities of hIAPP(S20G), which was more toxic than hIAPP, were three 
times larger than hIAPP. Another recent TEM measurement also revealed that the 
barrel-like oligomers of hIAPP(S20G) were more abundant than hIAPP wild-type 
during the nucleation stage36. The structural stability of the β-barrel structure formed 
by either hIAPP or hIAPP(S20G) from DMD simulations was examined by all-atom 
explicit-solvent standard MD simulations at room temperature (Figs. S10&S11). 
Different force fields (including GROMOS9684, OPLS-AA85, AMBER99SB-ILDN86, 
and CHARMM36m87) were also tested with a duration time of each independent MD 
simulation up to 1 μs. Only small conformational changes were observed in the 1 μs 
MD simulations, which were estimated by the time evolution of the RMSD 
corresponding to the initial structure and the content of each secondary structure. The 
β-barrel structures were well dynamically maintained and underwent open-and-close 
dynamics during the course of traditional MD simulations, which was consistent with 
our DMD simulation results. Together with prior computation and experimental 
studies (summarized in Table S1)6, 25, 29, 44, 46, 48-52, our direct observation of the 
β-barrel formation during the self-assembly of toxic hIAPP and hIAPP(S20G) but not 
the nontoxic rIAPP indicated β-barrels as the common toxic intermediates in amyloid 
aggregation, which may serve as a novel target for the treatment of T2D.

Fig. 8. The population ensemble of β-barrel oligomers. a) The average probability of β-barrel 
formation formed by each type of amylin peptide is calculated using all the 1000 ns simulation 
trajectories for each type of peptide. b) Representative β-barrel structure formed by hIAPP and 
hIAPP(S20G) peptide. Three representative β-barrel structures formed by each type of amylin 
peptide are presented in two different views (side and top). Due to the β-barrel being extremely 
heterogeneous in structures, three representative β-barrels are randomly selected from the 
top-three most populated β-barrel trajectories.

The correlation between the formation of β-barrel intermediates and the 
cytotoxicity in the above discussion suggested that β-barrels might serve as common 
toxic oligomers in amyloidosis. Despite β-barrel pores formation causing membrane 
leakage was also supported by experimental evidence49, 50, 52, the nucleation of 
amyloid peptides along with conformational changes under membrane environments 
remains unknown. The S20G substitution effects on the hIAPP and lipid membrane 
interaction (e.g., membrane insertion) still need further study. Future work may 
include lipid membrane in the oligomerization simulation of amyloid peptides (e.g., 
hIAPP and hIAPP(S20G)) to investigate the membrane disruption and the early 
events of amyloid aggregation.
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Conclusions.
In this study, we investigated the self-assembly dynamics and structures of hIAPP, 
hIAPP(S20G), and rIAPP using atomistic DMD simulations. Our simulation results 
demonstrated that all three monomeric amylin peptides were mainly adopted 
unstructured formations with frequently conformal changes, and dynamically ordered 
structures were populated with helix. The amyloidogenic hIAPP and hIAPP(S20G) 
peptides first accumulated into helix abundant conformations before converting into 
β-sheet-rich oligomers. The rIAPP spontaneously nucleated into helix dominant 
compact structures, and the β-sheet formation was very weak. The S20G substituting 
mutant enhanced hydrophobic residue-pairwise contact within the β-hairpin by 
changing the turn region of the β-hairpin motif. Conformational free energy landscape 
analysis revealed that S20G substitution enhanced the population of high β-sheet 
content structures. Interestingly, hIAPP and hIAPP(S20G) could form β-barrel 
formations, and the β-barrel propensity of hIAPP(S20G) was three times larger than 
hIAPP. No β-sheet-rich and β-barrel formations were observed in the rIAPP. Our 
direct observation of the correlation between β-barrel oligomer formation and 
cytotoxicity suggested that β-barrel might play a critically important role in the 
cytotoxicity of amyloidosis. These β-sheet-rich oligomers, especially the β-barrel 
oligomers, with well-defined structures might serve as a novel therapeutic target for 
T2D.

Electronic supplementary information (ESI) available: Figs. S1-S11 and Table 
S1.
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