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ABSTRACT: Human islet amyloid polypeptide (hIAPP or
amylin) is a causative agent in pancreatic amyloid deposits
found in patients with type 2 diabetes. The aggregation of full-
length hIAPP1−37 into small oligomeric species is increasingly
believed to be responsible for cell dysfunction and death.
However, rat IAPP (rIAPP1−37), which differs from hIAPP in
only six of 37 residues, loses its aggregation ability to form
toxic amyloid species. Atomic details of the effect of sequence
on the structure and toxicity between the amyloidogenic, toxic
hIAPP peptide and the nonamyloidogenic, nontoxic rIAPP
peptide remain unclear. Here, we probe sequence-induced
differences in structural stability, conformational dynamics, and driving forces between different hIAPP and rIAPP polymorphic
forms from monomer to pentamer using molecular dynamics simulations. Simulations show that hIAPP forms from trimer to
pentamer exhibit high structural stability with well-preserved in-register parallel β-sheet and the U-bend conformation. The
hIAPP trimer appears to be a smallest minimal seed in solution. The stabilities of parallel hIAPP oligomers increase with the
number of peptides. Conversely, replacement of hIAPP sequence by rIAPP sequence causes a significant loss of favorable
interpeptide interactions in all rIAPP oligomers, destabilizing the C-terminal β-sheet, turn conformation, and overall stability. A
less β-sheet-rich structure and a disturbed U-shaped topology exert a large energy penalty on the self-assemble of the rIAPP
peptides into highly ordered, in-register β-sheet-rich protofibrils and fibrils, which explains the nonamyloidogenic activity of
rIAPP. Moreover, the absence of interior water within the U-turn region in the well-packed higher-order hIAPP oligomers, not in
the poorly packed rIAPP oligomers, also stabilizes peptide association. This work provides atomic details of the sequence−
structure relationship between the amyloidogenic hIAPP and its analogues such as the nonamyloidogenic rIAPP and some
mutants, which could help in the development of novel therapeutic agents to block the formation of toxic hIAPP oligomeric
species for type 2 diabetes.

Human islet amyloid polypeptide (hIAPP or amylin), a 37-
residue hormone peptide (KCNTATCATQ10RLANFL-

VHSS20NNFGAILSST30NVGSNTY), is produced by pancre-
atic islet β-cells and cosecreted with insulin in response to
glucose and other secretagogues.1 The aggregation of hIAPP
peptides into small soluble amyloid oligomers and large
insoluble amyloid fibrils, which are deposited and found in
the islets of Langerhans of more than 90% of type II diabetes
patients, has been pathologically linked to the death of β-cells,
the reduction of insulin production, and the action of insulin.2

It is still unclear which of the hIAPP species, i.e., monomers,
oligomers, protofibrils, or fibrils, induce toxicity to β-cells, but
converging evidence has supported the “amyloid hypothesis”
that small hIAPP oligomers are likely to be the most harmful
species to β-cells, in common with other amyloidogenic
oligomers formed by amyloid-β (Aβ) peptides associated with
Alzheimer’s disease3 and α-synuclein peptides with Parkinson’s
disease.4 The toxicity of hIAPP oligomers could be correlated
with their interactions with the cell membrane. Such
interactions are most likely to damage membrane integrity
and functions, resulting in ionic homeostasis, oxidative injury,

and altered signaling pathways.5−9 Although the exact
mechanisms of membrane damage induced by hIAPP
oligomers remain controversial, a number of experimental
and computational studies have led to several plausible
mechanisms for membrane damage, including the formation
of ion-permeable oligomeric pores, nonspecific binding of
oligomers to cell membrane, or carpetlike membrane
dissolution.5,10−14 Because of a significant structural poly-
morphism of hIAPP oligomers, these different membrane
disruption mechanisms appear not to be mutually exclusive.
The full-length hIAPP1−37 peptide is composed of multiple

function regions,15 including an N-terminal region (residues 1−
19) that involves membrane binding and insulin binding, a
primary amyloidogenic region (residues 20−29), and a C-
terminal region (residues 30−37) that involves peptide self-
association. Fibrillar structures of full-length hIAPP have been
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extensively studied by atomic force microscopy, cryo-electron
microscopy, solid-state nuclear magnetic resonance (NMR),
and two-dimensional infrared (2D IR).16−24 The hIAPP fibril
structures consistently reveal that multiple U-shaped hIAPP
monomers longitudinally stack on top of each other to form a
parallel in-register β-sheet and each U-shaped hIAPP monomer
consists of two antiparallel β-strands connected by a turn. Being
more biologically relevant species, even hIAPP dimers can
impair insulin secretion, resistance, and hyperglucagonemia,25

but high-resolution atomic structures of hIAPP oligomers
especially for small dimer to pentamer at the very early stage of
amyloid aggregation are still lacking. In addition to their role as
neurotoxic species, small oligomers could also serve as
templated seeds for the growth of amyloid fibrils. The small
size, transit nature, fast aggregation tendency, and heteroge-
neous conformations of hIAPP oligomers make it extremely
difficult to capture and characterize their structural features via
conventional experimental techniques.
A number of computational studies have provided some

structural details for hIAPP monomer, oligomers, and template
fibrils formed by full-length hIAPP or a fragment of the hIAPP
peptide at the atomic level.26−35 The full-length hIAPP
monomers were found to exist as a rather large conformational
variability, which could be attributed to the intrinsic flexibility
of the hIAPP peptide and different computational conditions
(i.e., force fields, solvation models, sampling algorithms,
temperatures, and pHs). The hIAPP monomers could adopt
a wide variety of conformations, including an unstructured
coil,34,35 a disordered conformation with transient α-helical
structure,26,28 a mixed α-helical and short antiparallel β-sheet,35

a mixed helical and β-sheet structure,34 an extended antiparallel
β-hairpin,35,36 and a compact helix−coil structure.36 Similarly,
experimental studies also show different and even controversial
results for hIAPP monomers. A number of studies19,37,38

reported that hIAPP monomers mainly adopted random
structures using CD spectroscopy. Another CD study by
Brender et al.9 revealed that full-length hIAPP mainly adopted a
random coil conformation at a low ionic strength of 25 μM and
contained a small degree of β-sheet structure at a high ionic
strength of 150 mM. However, Yonemoto et al.39 and
Williamson et al.40 revealed the helical conformations with
little β-sheet structure for hIAPP monomers using NMR. Even
more complex conformations of hIAPP monomers were also
characterized. Kayed et al.23 described that the coexistence of
two distinct conformers with both β-sheet and α-helix
structural motifs. Dupuis et al.36 combined ion mobility mass
spectrometry and molecular dynamics (MD) simulations to
investigate the structure of hIAPP monomers. They concluded
that hIAPP monomers adopted two populated conformational
families: an extended β-hairpin structure and a compact helix−
coil structure.
For small hIAPP oligomers, Laghaei et al.29 reported that a

full-length hIAPP dimer displayed a strong expanded β-strand
conformation between residues 17−27 and 29−35, which are
required to form β-sheet for oligomerization. Dupuis et al.30

found that hIAPP dimers form an extended β-hairpin
conformation at residues 11−18 and 23−32 using combined
ion mobility spectrometry−mass spectrometry and MD
simulations. Barz and Urbanc41 systematically compared the
structure and dynamics of both Aβ1−40 and Aβ1−42 dimers and
examined the effects of force fields of coarse-grained discrete
MD and all-atom MD and water models of SPCE and TIP3P
on resulting dimer structures. Simulations showed that dimer

formation increased the level of structural disorder in Aβ1−42,
but not in Aβ1−40, conformations. The structural difference
between Aβ1−40 and Aβ1−42 dimers was not statistically
significant using different water models and force fields.
These computational studies have shown that hIAPP dimers
have a larger conformational variability, and they also achieve a
certain structural consensus with rich β-structure at residues
23−32. For other highly ordered hIAPP oligomers, MD
simulations of the self-assembly process of multiple
hIAPP20−29

31,42,43 and hIAPP22−27
44−46 peptides showed differ-

ent slablike nuclei with different side chain packings at the
interface, but the assembled β-sheets preferred to adopt
antiparallel packing orientations with respect to each other.
More interestingly, during the self-assembly process, the
dewetting phenomenon was observed between adjacent β-
sheets. In our recent study,32,33 we have modeled and simulated
a number of highly ordered hIAPP oligomers, which are
generally classified into “stacking-sandwich” and “wrapping-
cord” structures depending on β-sheet organization. In the
stacking-sandwich structures, two or three β-layers are laterally
stacked on top of each other in an antiparallel way to form a
“sandwichlike” structure with either two-fold symmetry or
asymmetry. The stacking β-layers are mainly associated by
interdigitating overlapping side chains to form a steric zipper.
Alternatively, multiple β-layers can wind around a hydrophobic
core to form a “phone cord-like” structure with a certain
periodicity. Unlike the stacking-sandwich models, the wrap-
ping-cord structures can naturally accommodate the twist of
cross-β-layers without causing severe structural defects, and
therefore, they can accommodate more cross-β-layers to form a
three-, four-, or five-fold fibril organization. Different stacking-
sandwich and wrapping-cord hIAPP oligomeric structures serve
as elementary templates for growth of fibrils via peptide
elongation, reflecting a general and intrinsic nature of amyloid
polymorphism. Similarly, Wang et al.22 also proposed some
structural models of two- and three-fold hIAPP protofilaments
using 2D IR spectroscopy and MD simulations, compatible
with our stacking-sandwich and wrapping-cord models.
More importantly, the rat and mouse IAPP sequence (rIAPP,

KCNTATCATQ10RLANFLVRSS20NNLGPVLPPT30NVGSN-
TY) differs from the hIAPP sequence in only six of 37 residues,
but rats and mice do not develop diabetes-like symptoms even
when rIAPP is overexpressed. Via six mutations (His18Arg,
Phe23Leu, Ala25Pro, Ile26Val, Ser28Pro, and Ser29Pro) in
hIAPP, six different residues of rIAPP are mainly located
between residues 20 and 29, called a primary amyloidogenic
region. Because of the high degree of sequence similarity and
three hydrogen bond breakers of proline residues, rIAPP has
been used as an inhibitor to prevent amyloid formation by
hIAPP as previously demonstrated by thioflavin-T florescence,
transmission electron microscopy, and circular dichroism.47

There has been speculation that rIAPP can not aggregate into
β-sheet-rich species,48 which are required for amyloid toxicity.
However, a striking finding recently showed that rIAPP
peptides can also form their own amyloid β-sheet upon being
templated with the hIAPP β-sheet rather than blocking the β-
sheet formation of hIAPP.49 Although the exact biological role
of rIAPP serving as an inhibitor or a catalyzer to prevent or
promote hIAPP β-sheet formation is still unclear, a number of
studies have shown that cross-seeding of different but
conformationally similar peptides may catalyze them to
promote protein aggregation via conformational selection.50−53

Thus, structure characterization of rIAPP peptides is critical for
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a mechanistic understanding of hIAPP fibrillogenesis, toxicity,
and inhibition, but major questions remain. What is the
minimal size of the hIAPP seeds and their stability, and how
sensitive is hIAPP oligomer formation to sequence changes? To
better understand the structural features of and differences
between the human and the rat versions of IAPP, we used the
NMR-derived β-strand−turn−β-strand motif17 as a building
block to construct a series of hIAPP and rIAPP oligomers from
dimer to pentamer with parallel peptide organization and to
probe the differences in structural stability, conformational
dynamics, and underlying stabilizing forces between hIAPP and
rIAPP oligomers using all-atom MD simulations in explicit
water. MD simulations show that the overall structural stability
and β-sheet population of hIAPP oligomers significantly
increase with the number of peptides. Small hIAPP oligomers
such as trimer, tetramer, and pentamer are highly stable in the
parallel organization at 330 K, suggesting that seeds for hIAPP
aggregation can be quite small. Conversely, rIAPP oligomers
from dimer to pentamer suffer from large secondary structure
changes by losing β-strand conformation over time. Compar-
ison of the structural stability of hIAPP and rIAPP oligomers
reveals the importance of interpeptide hydrogen bonds in
maintaining in-register peptide association. This work provides
atomic details about hIAPP and rIAPP oligomeric structures,
leading to a better understanding of the biological role of
hIAPP oligomers in aggregation and toxicity mechanisms.

■ MATERIALS AND METHODS

hIAPP and rIAPP Models. Initial monomer coordinates of
the hIAPP1−37 peptide were extracted and averaged from 10
solid-state NMR-based structures as provided by the Tycko
lab.17 Each hIAPP1−37 monomer had a β-strand−loop−β-strand
(U-bend) fold consisting of two antiparallel β-strands
connected by one turn [β-strand (Lys1−Val17)−turn
(His18−Leu27)−β-strand (Ser28−Tyr37)]. An intramolecular
disulfide bond between Cys2 and Cys7 was formed to stabilize
the structure at the N-terminus. The N- and C-termini were
blocked by NH3

+ and COO− groups, yielding a net charge of
+3 at pH 7.4. An hIAPP1−37 oligomer (from dimer to
pentamer) was constructed by packing hIAPP1−37 monomers
on top of each other in a parallel and in-register manner, with
an initial peptide−peptide separation distance of ∼4.7 Ǻ,
corresponding to the experimental data.17 All starting structures
of rIAPP1−37 from monomer to pentamer were built from the
corresponding hIAPP1−37 structure by replacing side chains of
six targeted residues (i.e., His18Arg, Phe23Leu, Ala25Pro,

Ile26Val, Ser28Pro, and Ser29Pro), but without changing the
backbone conformations and side chain orientations. The
structures of the rIAPP1−37 monomer and oligomers were first
minimized for 1000 steps using the steepest decent algorithm
with the backbone of the protein restrained before being
subjected to the following MD simulations. All models are
summarized in Table 1.

Explicit Solvent MD Simulation. All MD simulations
were performed using NAMD54 with the CHARMM27 force
field for peptides and the modified TIP3P model for water.55

Each oligomer was solvated in a TIP3P water box with a margin
of at least 15 Å from any edge of the water box to any peptide
atom. Each system was then neutralized by adding Cl− and Na+

ions to mimic an ionic strength of ∼200 mM. The resulting
systems were subjected to 5000 steps of steepest decent
minimization with peptide backbone atoms harmonically
constrained, followed by 5000 additional steps of conjugate
gradient minimization without any constraint. Short 1 ns MD
simulations were performed to heat the system from 0 to 330 K
by constraining the backbones of oligomers. The production
MD simulations were performed using an isothermal−isochroic
ensemble (NPT, where T = 330 K and P = 1 atm) under
periodic boundary conditions. The Langevin piston method
with a decay period of 100 fs and a damping time of 50 fs was
used to maintain a constant pressure of 1 atm, while the
Langevin thermostat method with a damping coefficient of 1
ps−1 was used to control the temperature at 330 K. The
simulation temperature of 330 K is slightly higher than the
physiological temperature of 310 K and helps to aid in avoiding
kinetic traps, which allow us to probe the stabilities and
dynamics of rIAPP and hIAPP peptides more quickly in the
limited simulation time.56,57 All covalent bonds involving
hydrogen were constrained by the RATTLE method so that
a 2 fs time step was used in the velocity Verlet integration. van
der Waals (VDW) interactions were calculated by the switch
function with a twin-range cutoff at 12 and 14 Å. Long-range
electrostatic interactions were calculated using the force-shifted
method with a 14 Å cutoff. Structures were saved every 2 ps for
analysis. All analyses were performed using tools within
CHARMM, VMD,58 and code developed in house.

■ RESULTS AND DISCUSSION

Structural Stability of hIAPP and rIAPP Monomers.
The hIAPP and rIAPP monomers are the smallest building
blocks to self-assemble into highly ordered oligomers. Atomic-
resolution structural information for both hIAPP and rIAPP

Table 1. Summary of Simulation Systems with Structural Characteristicsa

system
backbone root-mean-square deviation

(Ǻ) Rg (Å)
normalized solvent accessible surface area (SASA)b

(Ǻ2) twist (deg) time (ns), no. of runs

hIAPP1 16.3 ± 1.1 14.7 ± 0.8 4014.7 ± 173.4 − 50, 2
hIAPP2 7.4 ± 0.4 12.5 ± 0.2 2742.2 ± 116.3 27.0 ± 5.6 50, 2
hIAPP3 5.8 ± 0.2 14.7 ± 0.3 2322.1 ± 52.2 16.0 ± 1.6 50, 2
hIAPP4 5.3 ± 0.2 15.9 ± 0.2 2183.1 ± 50.3 12.8 ± 1.1 50, 2
hIAPP5 5.3 ± 0.3 16.5 ± 0.1 1957.1 ± 35.0 9.8 ± 0.9 50, 2
rIAPP1 11.1 ± 1.0 12.0 ± 0.5 3490.0 ± 140.9 − 50, 2
rIAPP2 10.8 ± 0.4 14.1 ± 0.3 2866.5 ± 92.6 32.9 ± 9.8 50, 2
rIAPP3 13.5 ± 0.3 17.9 ± 0.2 2808.9 ± 76.5 20.9 ± 1.2 50, 2
rIAPP4 9.1 ± 0.2 16.2 ± 0.1 2239.0 ± 54.5 13.4 ± 1.4 50, 2
rIAPP5 7.4 ± 0.3 17.9 ± 0.1 2144.5 ± 49.0 12.6 ± 1.0 50, 2

aAll data are averaged from the last 10 ns simulations. bThe total SASA values of hIAPP and rIAPP aggregates are normalized by the number of
peptides for comparison.
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monomers can improve our understanding of the difference in
the oligomerization mechanism between hIAPP and rIAPP
peptides. Visual inspection of 50 ns MD trajectories clearly
revealed that hIAPP monomer essentially lost its initial β-
hairpin structure and folded into a mixed conformation of small
β-strand at the C-terminus, random coil in the middle, and
small α-helix at the N-terminus, leading to a large backbone
root-mean-square deviation (rmsd) of 16.3 Å. We next
clustered the similar conformations of hIAPP monomer using
the cluster plugin in VMD with the criteria of a Cα rmsd cutoff
of 5.0 Ǻ. Figure 1a shows five representative conformations
belonging to the five most populated clusters for hIAPP
monomer. Each cluster represents a comparable structural
population of ∼3.3%, representing a sum of ∼16.3% of all
conformations. It can be seen that five representative hIAPP
conformations displayed little transit β-strand and α-helical
structures, but a large propensity for turn and random
conformations, with values of 51.4 and 9.7%, 56.8 and 43.2%,
43.2 and 37.8%, 37.8 and 37.8%, and 43.2 and 56.8% in the five
clustered conformations, respectively. This structural property
is in reasonable agreement with experimental data that hIAPP
monomer exists as a disordered structure in solution.19,23,37,38

As described in the introductory section, all of these structural
studies suggest that hIAPP monomers sample more complex
and multiple conformations in solution. These different
conformers not only equilibrate among random coil structure,
partially helical structure, and β-hairpin structure but also
dynamically balance with other highly ordered aggregates. No
exact consensus about the secondary structure content of
hIAPP monomers is achieved because of the complexity of
hIAPP. It should also be noted that our conventional MD
simulations have rather limited ability to search the large
conformational space of monomers, and more populated
monomeric structures could be obtained using highly efficient
sampling techniques such as replica-exchange MD and Monte
Carlo (MC) simulations.
Similar to hIAPP monomer, rIAPP monomer also lost its

initial β-hairpin conformation and evolved into different
clustered conformations with similar populations (Figure 1b).
The percentages of turn and random conformations were 15.7
and 55.3%, 30.5 and 54.1%, 13.5 and 56.8%, 46.4 and 29.7%,
and 35.1 and 40.5%, respectively, for the five representative
clustered conformations. Reddy et al.59 reported two populated

conformations of rIAPP monomers in solution: one containing
an α-helical conformation comprised of residues 7−17 and the
other adopting a random coil conformation (in reasonable
agreement with our results). Moreover, the bend motif,
stabilized by intramolecular contacts among Gly24, Pro25,
and Val26 and Leu16, Val17, and Arg18, was consistently
presented in all five rIAPP clusters. It appears that rIAPP
monomer displays a stronger tendency to maintain the bend
conformation at positions 16−26 than hIAPP monomer.
Overall, both monomeric hIAPP and rIAPP exhibit little β-
propensity because of the lack of stabilizing interactions from
adjacent peptides. This in turn suggests that the inherent
propensity to form β-sheet-rich aggregates requires additional
intermolecular peptide−peptide interactions. It should be
noted that unlike replica-exchange MD or MC simulations,
our conventional MD simulations sample an only relatively
small conformational space, and thus, these representative
hIAPP and rIAPP clusters are not necessarily excluded from
other populated conformations.

Structural Stability of hIAPP and rIAPP Oligomers.
The 37-residue hIAPP peptides can polymerize into different
heterogeneous oligomers. Although these hIAPP oligomers are
structurally diverse and transit, most of them contain β-sheet-
rich structure, and some of them could act as seeds of nuclei for
subsequent fibrillization. Figure 2 shows the final MD
snapshots of hIAPP and rIAPP aggregates from monomer to
pentamer at 330 K and neutral pH. For hIAPP systems, despite
the dramatic decrease in rmsd values from monomer (16.3 Å)
to dimer (7.4 Å) (Table 1 and Figure 3a), the parallel β-strands
in hIAPP dimer, particularly C-terminal β-strands, were still
largely disturbed, but two hIAPP peptides of the dimer still
remain associated and retain a certain degree of extended β-
strand structure. As the number of peptides continuously
increased to the hIAPP trimer, tetramer, and pentamer, they
displayed very high structural stability with comparable rmsd
values of ∼5.3, 5.3, and 5.8 Ǻ, respectively. The parallel in-
register β-strands and the U-shaped peptide topology in trimer,
tetramer, and pentamer were well maintained, with a typical
twist of ∼4° between adjacent β-strands. The presence of a
twist is consistent with experimental data obtained from NMR
of hIAPP fibrils17 and might represent a prerequisite for the
incorporation of oligomers into fibrils. Consistently, hIAPP
monomer and dimer had larger residue-based root-mean-square

Figure 1. Five most populated representative conformations of (a) hIAPP monomer and (b) rIAPP monomer collected from a cluster analysis with a
Cα rmsd cutoff of 5.0 Ǻ. The population of each cluster is given in parentheses. The secondary structure is generated using the STRIDE program
implemented in VMD. Color scheme for secondary structure: purple for α-helices, yellow for extended β-strand, cyan for turn, and white for random.
The C-terminus of each conformation is shown as a red bead.
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fluctuations (rmsf) than hIAPP trimer, tetramer, and pentamer
across all residues (Figure 4a). It can be seen that the overall
structural stability of hIAPP oligomers generally increases with
the number of peptides. Although the hIAPP monomer and
dimer exhibit rather larger conformational flexibility, addition of
a single peptide from dimer to trimer dramatically enhances the
structural integrity and β-sheet content of hIAPP aggregates,
suggesting that small hIAPP trimer could act as a seed of nuclei
for facilitating amyloid fibril formation and fibril growth. We
also extended MD simulations of hIAPP trimer, tetramer, and

pentamer to 80 ns. These oligomers still remained stable with
well-organized parallel in-register β-sheets (data not shown).
It is important to quantify the role of amino acid sequence in

the structure and dynamics of rIAPP aggregates from monomer
to pentamer. At first glance, MD trajectories clearly showed
that all rIAPP aggregates were structurally unstable, as also
confirmed by large rmsd values of 11.1 Ǻ for monomer, 10.8 Ǻ
for dimer, 13.5 Ǻ for trimer, 9.1 Ǻ for tetramer, and 7.4 Ǻ for
pentamer (Table 1 and Figure 3b). In contrast to the well-
preserved β-sheets in hIAPP oligomers, the parallel, in-registere
β-sheets were largely disrupted in rIAPP dimer to tetramer and
less distorted in rIAPP pentamer. Figure 4b shows that the
rIAPP tetramer and pentamer had very similar rmsf values, but
the other rIAPP aggregates (i.e., monomer, dimer, and trimer)
exhibited greater local fluctuations across all residues, especially
for Arg18, Leu23, Pro25, Val26, Pro28, and Pro29. These six
residues are located in the amyloidogenic region of residues
20−29, which plays an important role in fibril formation. As
shown in Figure 2, the presence of these six residues in all
rIAPP oligomers causes the turn and the C-terminal β-strands
to be less stable than the N-terminal β-strands, resulting in the
less populated β-conformation for residues 29−37 as compared
to residues 1−17. We also performed additional 20 ns MD
simulations for each hIAPP aggregate from monomer to
pentamer at 310 K. MD trajectories showed that all rIAPP
aggregates had unstable structures with disturbed turns at 310
K (data not shown), similar to these rIAPP oligomer structures
at 330 K. The disturbed turn region in rIAPP tetramer and
pentamer could prevent the rIAPP from stacking on top of each
other to form high-order, in-register oligomers and fibrils. This
preventative effect will become more pronounced as the
peptide becomes elongated because of the unfavorable entropy
effect. In addition, it is also possible that our preformed rIAPP
oligomers could not resemble in vitro and in vivo aggregation
of rIAPP; i.e., rIAPP may be not able to fold into the U-bent β-
strand−turn−β-strand conformation or form β-sheet-rich seeds
for fibril growth, and both effects would result in the prevention
of the formation of rIAPP fibrils. The large structural instability
of the rIAPP aggregates mainly arises from the loss of perfectly
parallel packings from the C-terminal β-strands and the large
movement of the turn regions.
In our previous study,33 on the basis of NMR, mass per

length, and electron microscopy, we have selected and
determined three stable three-fold triangular hIAPP 15-mers
(termed C-WT, N-WT, and T-WT) from a total of 72
triangular models by considering different packings among
three U-shaped β-sheets. Although these three triangular hIAPP
oligomers had different sizes, periodicities, sheet-to-sheet
orientations and interfaces, and core-forming sequences at the
cross section, all of them displayed high structural stability with

Figure 2. MD snapshots of (a) hIAPP (blue) and (b) rIAPP (cyan)
aggregates from monomer to pentamer averaged from the last 10 ns
simulations. Six residues at positions 18, 23, 25, 26, 28, and 29 are the
locations of differences in sequence between hIAPP and rIAPP. Color
scheme: green for polar residues, orange for nonpolar residues, and
blue for negatively charged residues. C-Termini are shown as red
beads for guiding the eyes, and water and ions were removed for the
sake of clarity.

Figure 3. Backbone rmsds of (a) hIAPP and (b) rIAPP aggregates from monomer to pentamer with respect to their energy-minimized structures.
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favorable layer−layer interactions. Upon introduction of the
rIAPP sequence into three stable hIAPP structures via
mutations (termed C-rat, N-rat, and T-rat), the N-rat and C-
rat structures showed a strong tendency toward β-sheet
disassociation. The T-rat structure was well maintained in the
β-sheet association and the U-shaped topology comparable to
that of the T-WT structure, but interactions between β-sheets
were disfavored compared to those in the hIAPP T-WT model.
Taken together, structural comparison of hIAPP oligomers with
rIAPP oligomers suggests that because of the high structural
stability and well-preserved U-shaped topology, hIAPP forms
from trimer to pentamer could serve as seeds of nuclei to grow
into fibrils via different growth pathways. For instance, they can
longitudinally accommodate new monomers at the edges via
the “lock-and-dock” mechanism60 to form single-strand fibrils,
laterally associate with other oligomers via stable C-terminal or
N-terminal β-sheets to form multiple-strand sandwich-stacking
fibrils, or incorporate more β-sheets via different fold
symmetries to form multiple-strand wrapping-cord fibrils.
Because of the defective U-shaped topology of the rIAPP
oligomers, it is very unlikely that the rIAPP oligomers grow into
the fibrils via three pathways as described above.
β-Sheet Population of hIAPP and rIAPP Oligomers.

Many studies have shown that the formation of β-sheet
structure is a general feature of the amyloid nucleus and
fibrils.21,61,62 Figure 5 shows the collective secondary structure
of the hIAPP and rIAPP aggregates from monomer to
pentamer as a function of time, while Figure 6 quantitatively
measures the β-sheet population for all hIAPP and rIAPP
aggregates using the DSSP algorithm.63 The hIAPP monomer
was unfolded into a disordered conformation containing a large
population of coil, bend, and turn, and almost negligible β-
structure (4.3%) near the turn region, suggesting that hIAPP
monomer is not prone to the formation of significant β-
structure alone in solution. For the hIAPP dimer, Figure 5
shows that the C-terminal β-strands largely lost their initial β-
structure and were converted into an unstructured conforma-
tion, while the N-terminal β-strands (approximately three to
five residues) retained a certain degree of β-structure. Although
the overall U-shaped topology of the hIAPP dimer was still
largely distorted, because of the increased level of interpeptide
interactions, the β-sheet population was increased from 4.3% in
monomer to 15.8% in dimer. Barz and Urbanc41 recently
reported that Aβ1−40 and Aβ1−42 dimers contained ∼15−25% β-
structure, in good agreement with our β-structure propensity of
15.8%. Dupuis and co-workers30 also reported that hIAPP
peptides formed a β-strand-rich dimer. They proposed three
different types of hIAPP dimerization, including side-by-side
association of β-hairpin monomers, lateral stacking of β-hairpin
monomers, and compact assembly of helical-coil monomers

that convert into β-stand structure at the monomer−monomer
interface. Our hIAPP dimer is in reasonably good agreement
with the side-by-side β-hairpin association mode. Surprisingly,
as hIAPP peptides continuously assembled into trimer or larger
oligomers, the parallel in-register cross-β-structures were well
preserved, and the β-sheet population dramatically increased to
49.2, 54.3, and 61.8% for the hIAPP trimer, tetramer, and
pentamer, respectively (Figure 6).
A secondary structure content analysis of the rIAPP peptides

revealed that the β-sheet content was maintained at 12.1% for
monomer and 12.3% for dimer and then monotonically
increased to 23.8% for tetramer, 26.6% for pentamer, and
38.2% for pentamer (Figure 6), showing an increased level of β-
sheet structure as a function of the rIAPP polymorphic form,
which is similar to the pattern for hIAPP oligomers. Particularly
for the rIAPP forms from trimer to pentamer, the C-terminal
residues that have sequences different from that of hIAPP
suffered from a significant reduction in the level of β-sheet,
whereas the N-terminal residues retained their initial β-strand
conformation. The turn conformation also underwent large
fluctuations during the entire simulations (Figure 7). This less
β-sheet-rich structure and disturbed U-shaped topology exert a
large energy penalty for the self-assembly of the rIAPP peptides
into highly ordered, in-register β-sheet-rich protofibrils and
fibrils, which explains the nonamyloidogenic activity of rIAPP.

Interpeptide Interactions Play an Important Role in
Maintaining β-Strand Association. It is generally accepted
that hydrogen bonding interactions between peptides are
inherent to β-sheet stability. The number of hydrogen bonds
between adjacent i and i + 1 peptides was calculated and
normalized by the number of adjacent peptide pairs, n − 1,
where n is the number of peptides, to allow direct comparison
for different polymorphic forms of hIAPP and rIAPP peptides
(Figure 8a). Comparing the β-sheet content in Figure 6 with
the number of hydrogen bonds in Figure 8a revealed a clear
correlation that regardless of sequence difference, the β-sheet
content increased with the number of hydrogen bonds. For the
stable hIAPP oligomers (i.e., trimer to pentamer), native
hydrogen bonds between adjacent peptides were almost evenly
distributed along two β-strand directions throughout the
simulations. Once formed, these hydrogen bonds were rarely
broken and acted as a zipper to retain the parallel in-register
interchain organization. In contrast, the great loss of hydrogen
bonds between adjacent peptides was observed for all rIAPP
oligomers at the very early stage of simulations (∼10 ns). It can
be seen in Figure 8a that as compared to that of each
corresponding hIAPP oligomer, the number of hydrogen bonds
was largely reduced by 50.0, 36.6, 28.1, and 26.9% for rIAPP
dimer, trimer, tetramer, and pentamer, respectively. Proline is
known to be a β-sheet breaker. The replacement of Ala25,

Figure 4. Residue-based backbone rmsf of (a) hIAPP and (b) rIAPP aggregates from monomer to pentamer with respect to their energy-minimized
structures.
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Ser28, and Ser29 in the hIAPP sequence with three prolines in

the C-terminal β-strand region in the rIAPP sequence caused a

loss of intermolecular hydrogen bonds between adjacent

peptides and intramolecular contacts with its counterpart of

the N-terminal β-strands, leading to a distorted β-sheet

structure. Because the formation of hydrogen bonds requires

strong distance and angular dependencies, hydrogen bonding

interactions help not only in retaining the existing interchain

Figure 5. Secondary structure of (a) hIAPP and (b) rIAPP aggregates from monomer (top) to pentamer (bottom), as calculated by the DSSP
algorithm.63
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organization but also in reorganizing disordered peptide
packings into a directional and ordered interchain arrangement.
In addition to hydrogen bonds, other interpeptide

interactions such as hydrophobic interactions, π−π stacking,
and other side chain contacts can also contribute to the
stabilization of β-sheet structure. To provide a more complete
identification of driving forces underlying β-strand association,
we calculated interpeptide interactions to explain the
correlation between the overall structural stability and under-
lying peptide−peptide interactions. Because different oligomers
have different numbers of peptides, to consider the effect of the
size of oligomers on interpeptide interactions and to
consistently correlate the interpeptide interactions with the
overall structural stability of oligomers, we calculated the
average interaction between any single peptide and other
peptides in a given oligomer using the relationship Epeptide−peptide
=∑i=1

n ∑j>i
n Eij/n, where i and j represent the ith and jth peptides

in a given oligomer, respectively. In Figure 8b, the interpeptide
interactions were normalized by the number of peptides (n) for
direct comparison. The interpeptide interaction energies were
−267.8, −378.6, −439.7, and −468.1 kcal/mol for hIAPP
dimer, trimer, tetramer, and pentamer, respectively, while these
interaction energies were reduced to −128.4, −286.8, −369.8,
and −382.2 kcal/mol for rIAPP dimer, trimer, tetramer, and
pentamer, respectively (Figure 8b). Clearly, a change in the
sequence from hIAPP to rIAPP caused the loss of interpeptide
interactions for each oligomer. Small hIAPP oligomers are

more energetically favorable than rIAPP oligomers, suggesting
that the hIAPP peptides are more likely to remain stable in
solution for further peptide aggregation. Decomposition of
interpeptide interaction energies into VDW and electrostatic
contributions revealed that regardless of peptide sequence and
size, VDW interactions (44.9−50.8%) were comparable to
electrostatic interactions (49.2−55.1%), suggesting peptide
association is in a cooperative mode. Moreover, the number
of favorable interpeptide interactions decreased the most from
dimer to trimer by 110.8 kcal/mol for hIAPP peptides and by
158.4 kcal/mol for rIAPP peptides, but the increasing trend was
gradually slowed as the number of peptides decreased. This fact
further supports the idea that hIAPP trimer could be serve as as
seeds of nuclei for fibril formation and growth. Given an ideal
separation distance of 4.7 Ǻ between adjacent peptides and
long-range interaction cutoff of 14 Ǻ, it is reasonable to
extrapolate that interpeptide interactions will eventually achieve
a stable plateau for highly ordered oligomers (i.e., ≥7-mer). As
expected, interpeptide interactions were well correlated with β-
sheet content; i.e., the peptides have strong intermolecular
interactions with their neighboring peptides, producing a well-
ordered β-sheet structure with more stable and saturated
hydrogen bonds between peptides. Thus, the structural stability
and β-sheet content of hIAPP and rIAPP oligomers are more

Figure 6. Averaged β-sheet content of hIAPP and rIAPP aggregates.

Figure 7. Conformations and internal hydrations of the turn regions (residues 16−26) of (a) hIAPP and (b) rIAPP oligomers from dimer (leftmost)
to pentamer (rightmost). Some structurally important residues are labeled.

Figure 8. (a) Number of hydrogen bonds and (b) averaged interaction
energy between any single peptide and other peptides in a given
oligomer. There is a reasonable correlation between β-sheet content
(Figure 6) and the number of hydrogen bonds and interpeptide
interactions between peptides.
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precisely attributed to a strong network of interactions between
peptides. There was speculation that the formation of amyloid
oligomers usually can be divided into two steps. The monomers
rapidly collapse into disordered assemblies driven by strong
interactions between hydrophobic residues, followed by the
slow structural reorganization to characteristic β-structure
driven by main chain hydrogen bonds.64

Hydration of hIAPP and rIAPP Oligomers. Water plays a
significant role in mediating the structure and kinetics of early
prefibrillar oligomers and final mature fibrils at different
assembly stages.65 The solvent accessible surface area (SASA)
of hIAPP and rIAPP aggregates, normalized by the number of
peptides, was calculated to quantify the hydration for each
residue and each oligomer (Figure 9 and Table 1). Table 1
shows that, on average, regardless of hIAPP and rIAPP
aggregates, the SASA values generally decreased with the
number of peptides, with more dramatic decreases from
monomer to dimer. As the size of peptide aggregates increased,
more residues were well protected from solvent because of the
formation of a well-ordered β-sheet structure. Similarly, because
of the high structural stability, stable hIAPP oligomers exhibited
relatively smaller SASAs than corresponding unstable rIAPP
oligomers. A large SASA suggests not only the more exposed
residues but also the larger dewetting barrier upon association
with other peptides. In Figure 9, the SASA of each residue for
both hIAPP and rIAPP aggregates was inhomogeneous,
suggesting that residues have various ways of being exposed
to water. For the oligomers with a relatively ordered β-sheet

structure, residues pointing outward to bulk water (black bars)
generally had larger SASA values than inward-pointing residues
(dashed bars).
When hIAPP or rIAPP peptides pack in parallel along the

fibril axis, they possess internal cavities formed by consecutive
U-turns. The initial size of these internal U-turn cavities was ∼4
Ǻ, which is slightly large to accommodate water molecules
inside. It is thus of interest to explore the structure and
dynamics of confined water in the U-turn cavity in all hIAPP
and rIAPP aggregates. The inspection of MD trajectories did
not reveal interior hydration within the U-turn cavity in hIAPP
forms from trimer to pentamer (Figure 7a). In those well-
preserved U-turn cavities, compact inward-pointing side chain
packing prevented water molecules from penetrating into the
U-turn region, although the turn region consists of five
consecutive hydrophilic residues (Hse18, Ser19, Ser20,
Asn21, and Asn22). SASA data also indicated that the interior
cavity of each stable U-turn formed by His18−Leu27 residues
was almost solvent inaccessible for hIAPP forms from trimer to
pentamer. We also extended MD simulations of hIAPP
oligomers to 80 ns, but no internal hydration was observed
for stable hIAPP oligomers from trimer to pentamer because of
the highly integrated and compact turn conformation. Because
of the relatively disordered and expanded turn conformation in
hIAPP dimer, few water molecules can access and interact with
turn residues. In contrast, the stronger internal hydration
propensity observed for rIAPP was mainly due to the specific
solvation of the disturbed turn region. All rIAPP oligomers

Figure 9. Solvent accessible surface area (SASA) of individual residues in hIAPP and rIAPP aggregates from monomer to pentamer. All data were
averaged using structures from the last 10 ns of each simulation.
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displayed a disturbed turn conformation (Figure 7b), and the
expanded interpeptide distances near the turn region allow
water molecules to enter into and be trapped in the turn region
during the simulations. Interior water would further destabilize
intermolecular interactions between rIAPP peptides. It is
apparent that a number of water molecules were confined
between peptides to form certain hydrogen bonds with
peptides.
Figure 10 shows the radial distribution function, g(r), of the

oxygen atoms of water (Ow) around the β-carbon atoms (CB)

of six inward-pointing turn residues at positions 16, 18, 20, 22,
24, and 26. The height of g(r) represents local water density
(bulk water density of 1 g/cm3). From all five g(r) profiles in
the hIAPP systems, the change in height of the g(r) revealed
the following decreasing order of the level of hydration near the
turn region: monomer > dimer > trimer > tetramer > pentamer
(reflecting the reduction of water molecules in the solvation
shells near the turn region). The number of water molecules
decreased >57% in the first solvation shell from the monomer
system to the trimer, tetramer, and pentamer systems. Because
of the dry condition inside the turn region (except for the
dimer), no obvious hydration shells [i.e., peaks of g(r)] were
observed at 3.5−7.5 Å for all systems, consistent with SASA and
MD trajectories. On the other hand, g(r) profiles of the rIAPP
systems, particularly from trimer to pentamer, displayed almost
identical water distributions (Figure 10b), in which the first
hydration shell appeared at ∼5 Å with a local water density
similar to 40−50% of bulk water density, suggesting that water
molecules are able to access the disturbed turn region. The
dramatic difference in water g(r) profiles between rIAPP and
hIAPP oligomers further confirms that the well-preserved turn
cavity in the hIAPP forms from trimer to pentamer is likely to
prevent water molecules from penetrating into the cavity
because of the limited interior space and restricted side chain
movement. It appears that the well-ordered and stable
oligomers are less solvated than the disordered aggregates,
and this evidentially suggests that desovaltion in hIAPP
oligomers provides an additional favorable entropic contribu-
tion for facilitating the peptide aggregation process.
It is interesting to note that unlike the dehydrated U-turn

cavity in hIAPP oligomers, the internal hydrated U-turn cavity
was observed in Aβ oligomers,57,66,67 which adopt β-strand−
turn−β-strand motifs similar to those of hIAPP oligomers. The
U-turn cavity in Aβ oligomers (6−7 Ǻ) is larger than the U-turn
cavity in hIAPP oligomers (4 Ǻ), which may explain
penetration of water molecules into the U-turn cavity.
Meanwhile, confined water molecules stabilized interior
Asp23−Lys28 salt bridges but were not trapped into a 4.8 Ǻ

space between neighboring peptides, which would otherwise
induce destabilization. Additionally, Buchete et al.68 reported
that as finite Aβ oligomers grow into infinite Aβ fibrils, the
desolvation of the U-turn cavity occurs. Despite the large
energy and entropic penalty, desolvation is generally required
to facilitate peptide assembly longitudinally and laterally, which
forms different dry interfaces between in-register peptides and
between multiple protofilaments.69,70

■ CONCLUSIONS

We have performed all-atom explicit solvent MD simulations to
investigate the structural stability and dynamics of hIAPP and
rIAPP aggregates from monomer to pentamer. All hIAPP and
rIAPP oligomers are modeled by longitudinally stacking U-
shaped peptides together to form an initial in-register parallel β-
sheet. MD results show that hIAPP monomer and dimer are
unstable in solution, but an increase in the level of order of
peptides even from monomer to dimer can significantly
enhance peptide association by increasing the number of
favorable interpeptide interactions (enthalpy) and decreasing
the level of intrapeptide conformation change (entropy). This
becomes even more pronounced for higher-order oligomers.
Small hIAPP oligomers such as trimer, tetramer, and pentamer
are highly stable with a well-preserved in-register parallel β-
sheet at 330 K, suggesting that the minimal seeds for hIAPP
aggregation could be as small as a trimer. The stable parallel in-
register C-terminal or N-terminal β-sheet allows the lateral
association of multiple hIAPP oligomers or protofilaments to
form higher-order protofilaments or fibrils. In contrast, rIAPP
oligomers from dimer to pentamer suffer from a significant loss
of C-terminal β-sheet and turn conformation. Compared to
strong interpeptide interactions stabilizing hIAPP oligomers,
the substantial reduction in the level of interpeptide
interactions, including hydrogen bonds, contributes to
destabilization of the rIAPP oligomers. Additionally, unlike
the solvated and disrupted U-turn conformation in rIAPP
oligomers, the highly conserved U-turn cavity in the higher-
order hIAPP oligomers is dehydrated without accommodating
water molecules inside, which help to protect interpeptide
association from penetrating water. Structural comparison of
hIAPP oligomers with rIAPP oligomers suggests that the
disruption of the U-shaped turn conformation appears to be a
plausible inhibition pathway to prevent hIAPP aggregation.
This work provides a molecular basis for improving our
understanding of interactions governing the self-assembly of
amyloidogenic hIAPP peptides and nonamyloidogenic rIAPP
peptides.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: zhengj@uakron.edu. Telephone: (330) 972-2096.

Author Contributions
G.L. and J. Zhao contributed equally to this work.

Funding
G.L. is thankful for financial support from the National Natural
Science Foundation of China (Grant 10901169). J. Zheng is
thankful for financial support from National Science
Foundation CAREER Awards CBET-0952624 and CBET-
1158447 and a 3M Non-Tenured Faculty Award.

Notes
The authors declare no competing financial interest.

Figure 10. Radial distribution function, g(r), of water molecules
around the β-carbon (CB) atoms of six inward-pointing turn residues
at positions 16, 18, 20, 22, 24, and 26 for (a) hIAPP and (b) rIAPP
polymorphic aggregates.

Biochemistry Article

dx.doi.org/10.1021/bi301525e | Biochemistry 2013, 52, 1089−11001098

mailto:zhengj@uakron.edu


■ ACKNOWLEDGMENTS

We thank Dr. Robert Tycko for providing the atomic
coordinates of the hIAPP fibrillar models. This study utilized
(in part) the high-performance Anton cluster at the National
Resource for Biomedical Supercomputing.

■ REFERENCES
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