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ABSTRACT: Substoichiometric aggregation inhibition of human
islet amyloid polypeptide (IAPP), the hallmark of type 2 diabetes
impacting millions of people, is crucial for developing clinic therapies,
yet it remains challenging given that many candidate inhibitors
require high doses. Intriguingly, insulin, the key regulatory
polypeptide on blood glucose levels that are cosynthesized, costored,
and cosecreted with IAPP by pancreatic β cells, has been identified as
a potent inhibitor that can suppress IAPP amyloid aggregation at
substoichiometric concentrations. Here, we computationally inves-
tigated the molecular mechanisms of the substoichiometric inhibition
of insulin against the aggregation of IAPP and the incompletely
processed IAPP (proIAPP) using discrete molecular dynamics
simulations. Our results suggest that the amyloid aggregations of
both IAPP and proIAPP might be disrupted by insulin through its
binding with the shared amyloidogenic core sequences. However, the
N-terminus of proIAPP competed with the amyloidogenic core
sequences for the insulin interactions, resulting in attenuated
inhibition by insulin. Moreover, insulin preferred to bind the elongation surfaces of IAPP seeds with fibril-like structure, with a
stronger affinity than that of IAPP monomers. The capping of elongation surfaces by a small amount of insulin sterically prohibited
the seed growth via monomer addition, achieving the substoichiometric inhibition. Together, our computational results provided
molecular insights for the substoichiometric inhibition of insulin against IAPP aggregation, also the weakened effect on proIAPP.
The uncovered substoichiometric inhibition by capping the elongation of amyloid seeds or fibrils may guide the rational designs of
new potent inhibitors effective at low doses.
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■ INTRODUCTION

Amyloid diseases, including Alzheimer’s and Parkinson’s
disease and type 2 diabetes (T2D), are associated with
aberrant self-assembly of normally soluble proteins into
insoluble amyloid fibrils with toxic intermediates generated
along the process.1 Amyloid aggregation of human islet
amyloid polypeptide (IAPP) is found in the pancreas of
most T2D patients and are related to the death of β-cells.2

IAPP is hormone stored, produced, and secreted with insulin
in the granules of pancreatic β-cells,3 which is initially
expressed as an 89-amino acid (aa) polypeptide in the
endoplasmic reticulum.4 Mature IAPP is a 37-aa peptide
produced by removing the N-terminal 22-aa signaling
sequence in the endoplasmic reticulum, cleaving off the 19-
aa C-terminal sequence in the secretory granule to produce the
proIAPP peptide with 48 aa and subsequently cutting off the
first N-terminal 11 aa of the proIAPP (Figure 1A).4 In
prediabetic patients, the enzyme processing proIAPP into
IAPP is often overwhelmed with the overproduction of

precursor proteins, which results in accumulation of incom-
pletely processed proIAPP. proIAPP was found to contribute
to the islet amyloid by forming intragranular amyloid, seeding
the formation of mature IAPP amyloid and promoting
interactions with proteoglycans of extracellular matrix.5−7

However, most aggregation and mitigation studies to date
have focused on IAPP; the exact role of proIAPP in T2D
etiology is still unknown.
Numerous biomolecules have been explored to act as

antagonists of IAPP amyloid aggregation and toxicity. The
reported amyloid inhibitors included small molecules,8−12

chaperone proteins,13 antibodies,14,15 nanoparticles,16−20 and
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peptides.21 Among them, the peptide-based amyloid inhibitors
are particularly attractive due to their high sequence specificity,
selectivity, binding affinity, and biocompatibility, which can
further be rationally designed and synthesized.22 Typical
peptide-based amyloid inhibitors include β-strand mimics,
helix mimetics, linear peptide derivatives, cyclic β-hairpin, and
macrocycles.23 However, conventional inhibitors for IAPP
amyloid aggregation usually require relatively high doses while
design of substoichiometric inhibitors, crucial for clinic

application of high molecular weight peptide therapies, remains
challenging. For instance, cyclic D,L-α-peptides required 10
times excess of concentrations to achieve a 55% reduction of
amyloid β (Aβ) cytotoxicity.24 Macrocyclic peptides can
effectively inhibit the amyloid aggregation of IAPP and Aβ
and reduce the cytotoxicities induced by cell membrane
disruption at equimolar concentrations.25−27 Rat IAPP
(rIAPP), which differs from human IAPP at six positions and
does not form amyloid fibrils,28,29 can only double the IAPP

Figure 1. Structures of IAPP and proIAPP monomers. (A) Amino acid sequences of IAPP, proIAPP, and insulin with the positively and negatively
charged residues highlighted in blue and red, respectively. Disulfide bonds are shown by black lines. (B) Secondary structure propensities of IAPP
and proIAPP monomers. The results are presented as the mean ± SEM of 50 independent simulations. (C, D) Residuewise intrapeptide contact
frequency maps for (C) IAPP and (D) proIAPP. (E, F) Two-dimensional PMF with respect to the radius of gyration (Rg) and number of β-sheet
residues for (E) IAPP and (F) proIAPP monomers. The basins are labeled with the typical conformations presented on the right.
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aggregation time when the rIAPP/IAPP ratio is ∼5.30
Intriguingly, insulin, the key regulatory polypeptide for blood
glucose levels that is co-produced, stored, and secreted with
IAPP in the granules of pancreatic β-cells, has been identified
as an exceptionally potent natural inhibitor of IAPP amyloid
aggregation even at substoichiometric concentrations. For
instance, the addition of 2 μM insulin was found to increase
the fibrillization time of 25 μM IAPP by 8-fold.31 Insulin was
even capable of effectively inhibiting the aggregation of 16 μM
IAPP at a relatively low concentration of IAPP/insulin =
100:1.32 A complete understanding of the molecular
mechanism of insulin’s substoichiometric inhibition against
the amyloid aggregations of IAPP and proIAPP may provide
important guidelines for the rational design of new peptide-
based inhibitors.
Extensive investigations have been conducted to probe the

interactions between insulin and IAPP peptides. Insulin is a
globular protein consisting of two chains A and B, which are
cross-linked by two disulfide bonds (Figure 1A). By dividing
insulin into consecutive overlapping peptide arrays and
investigating its binding with IAPP peptides separately, the
residues 8−25 and 20−30 of insulin chain B were identified as

the binding sites for IAPP.33 By use of a reciprocal peptide
array, residues 7−19 of IAPP were recognized to bind
insulin.33 The π−π stacking interaction between Y16 in insulin
and F19 in IAPP was identified to play a crucial role in
stabilizing the complexes formed by insulin and IAPP fibrils.34

The inhibition effects of insulin depended on the insulin
oligomeric state, as the binding regions of insulin for IAPP
coincided with the insulin−insulin binding interface.35

Compared to IAPP, proIAPP was found to be less
amyloidogenic in vitro, but the inhibition effect of insulin is
less effective against proIAPP than IAPP.32,36 Despite these
advances, the molecular mechanisms of the substoichiometric
inhibition of insulin against the aggregation of IAPP as well as
the incompletely processed proIAPP remain to be resolved.
In this study, we investigated the molecular mechanisms of

substoichiometric inhibition of IAPP and proIAPP amyloid
aggregation by insulin using discrete molecular dynamics
simulations (DMD, see Methods), a predictive and efficient
molecular dynamics engine with enhanced sampling effi-
ciency.37,38 The interactions of insulin with IAPP and proIAPP
in monomeric, oligomeric, and fibrillar states were probed by
long time simulations (∼50 μs accumulative simulation time

Figure 2. Binding of IAPP and proIAPP monomers with insulin. (A, B) Residuewise contact frequency maps between insulin and (A) IAPP, (B)
proIAPP monomers. The hot spots of contacts are highlighted by boxes. The histograms of interpeptide contacts per residue were obtained by
integrating the corresponding pairwise contact frequency map and are plotted on the top for insulin and right for IAPP or proIAPP residues,
respectively. (C) Probability distribution of IAPP-insulin and proIAPP-insulin atomic contacts. (D, E) Top-five representative conformations of
(D) IAPP-insulin and (E) proIAPP-insulin complexes obtained by clustering analysis with the proportion of the cluster and residues in contact
indicated at the bottom of conformations.
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for each molecular system). We found that insulin tended to
bind and form intermolecular β-sheets with the amyloidogenic
regions of IAPP and disrupt the interpeptide interactions in the
self-assembly of IAPPs. The N-terminus of proIAPP competed
with the amyloidogenic region near the C-terminal for the
insulin interaction, thus weakening the inhibition effects of
insulin in consistency with experimental results.32 Moreover,
insulins can tightly bind to the elongation surfaces of IAPP
fibrils with preformed β-sheets, resulting in a stronger binding
affinity than that with the intrinsically disordered IAPP
monomers. The binding of insulin capped the IAPP fibril
elongation surface by sterically prohibiting the fibril growth via
monomer addition. By capping the growth of emerging fibril
seeds during the lag-phase, a small amount of insulin can thus
achieve substoichiometric inhibition of IAPP amyloid
aggregation against the onset of T2D.

■ RESULTS AND DISCUSSION

Both IAPP and proIAPP Monomers Were Intrinsically
Disordered with Short Helices. The structures of IAPP and

proIAPP monomers were investigated by 50 independent
DMD simulations with random initial velocities to ensure
sufficient sampling, accumulating about 50 μs of simulation
time in total. Both IAPP and proIAPP were intrinsically
disordered with the coil and bend being the predominant
secondary structures (Figure 1B). The sequence index of
proIAPP started from −10 such that the common sequence
with IAPP had the same index. Residues 1−37 of proIAPP and
IAPP shared similar ordered secondary structures, with
residues 8−15 of high propensities to form helical structures
and residues 16−20 and 24−28 of weak propensities to adopt
β-sheet structures. Residuewise contact frequency map
revealed interaction patterns of residues 8−15 along the
diagonal and between residues 16−20 and 24−28 perpendic-
ular to the diagonal (Figure 1C), consistent with correspond-
ing secondary structures. The first 11 residues of proIAPP
tended to form a helical structure with a lower propensity than
the helix of residues A8−F15. Meanwhile, the N-terminus of
the proIAPP can form β-hairpin with residues 10−20, as
indicated by the contact pattern perpendicular to the diagonal

Figure 3. Dimerizations of IAPP and proIAPP. (A) Helical and β-sheet propensities of each residue in IAPP and proIAPP dimers. The results are
presented as the mean ± SEM of 50 independent simulations. (B, C) Residuewise interpeptide contact frequency maps for (B) IAPP and (C)
proIAPP dimers. (D, E) Top-five representative conformations obtained by clustering analysis for (D) IAPP and (E) proIAPP dimers with the N-
terminal residues indicated by spheres.
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in the contact frequency map (Figure 1D). To better
understand of the structures of IAPP and proIAPP, we
calculated the two-dimensional potential of mean force (PMF)
with respect to the radius of gyration (Rg) and number of β-
sheet residues (Figure 1E,F). The β-sheet residue number and
Rg of IAPP and proIAPP were sampled in a broad range of
distributions, indicating the disordered feature of the peptides.
The free-energy landscape of IAPP had two basins, with basin
m featuring totally unstructured conformation and base n
representing conformations with low β-sheet structures formed
between residues 16−20 and 24−28 (Figure 1E). In contrast,
there was a third basin P on the free-energy landscape of
proIAPP, characterized by a high β-sheet structure content
where the first 11 residues in the N-terminus −10−0, residues

16−20, and 24−28 in the C-terminus formed a three-strand β-
sheet (Figure 1F). Taken together, IAPP and proIAPP
monomers were highly disordered, and the N-terminus of
proIAPP had weak tendencies to form ordered structures of
both helix and β-sheet via intrapeptide interactions.

Insulins Bound with the Amyloidogenic Region of
IAPP, while the Incompletely Processed N-Terminus of
proIAPP Competed for Insulin Binding. To reveal the
interaction mechanisms of insulin with IAPP and proIAPP, we
first simulated either an IAPP or a proIAPP monomer with an
insulin. The residuewise interpeptide contact frequencies
between IAPP or proIAPP and insulin were calculated and
averaged by all the independent simulations after reaching
steady states (Figure 2A). The intermolecular interactions

Figure 4. Inhibition of the dimerizations of IAPP and proIAPP by insulin. (A, B) Residuewise interpeptide contact frequency changes Δc = (C −
C0)/max(C0) for (A) IAPP and (B) proIAPP dimers induced by the presence of insulin, where C and C0 are the respective contact frequencies in
the presence and absence of insulin. (C) Contact frequencies between the amyloidogenic region 22NFGAILSS29 and insulin. (D) Histogram of the
atomic contacts between 22NFGAILSS29 and insulin. (E, F) Top-five representative conformations obtained by clustering analysis for (E) IAPP and
(F) proIAPP dimers.
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between IAPP and insulin were predominantly contributed by
residues 22−29 and 13−19 of IAPP, the primary and
secondary amyloidogenic core regions of IAPP,39,40 and the
residues 42−49 in the C-terminus of insulin chain B, consistent
with previous work.35 Rare interactions can be found between
chain A of insulin with IAPP. The interactions with insulin
enhanced the formation of β-sheet structures between residues
22−29 and 13−19 of IAPP (Figure S1). Representative
conformations obtained by clustering analysis showed that
residues 22−29 and 13−19 of IAPP formed parallel and
antiparallel β-sheet structures with the residues 42−49 of
insulin (Figure 2D).
For the proIAPP monomer, most of its interaction with

insulin occurred with the C-terminus of insulin chain B, similar
to that with IAPP. Intriguingly, the N-terminus of proIAPP
tended to form antiparallel β-sheet structures with the C-
terminus of insulin chain B, in addition to the residues 22−29
and 13−19 of proIAPP (Figure 2B).33 The interactions with
insulin significantly enhanced the β-sheet propensities in these
regions (Figure S2). Importantly, the N-terminus of proIAPP
competed with the amyloidogenic regions for the overlapped
binding site in the insulin. Thus, the contacts between insulin
and the proIAPP amyloidogenic regions, which were necessary
for insulin to inhibit the amyloid aggregation of proIAPP, were
mitigated (Figure 2C), as revealed by the histogram of atomic

contacts of IAPP and proIAPP with insulin. As indicated by the
representative conformations obtained with the clustering
analysis, the largest conformation cluster of proIAPP-insulin
complexes involved antiparallel β-sheet structures formed by
the N-terminus of proIAPP and the C-terminus of insulin
(Figure 2E). Thus, the inhibition effect of insulin on the
amyloid aggregation of proIAPP was weaker than that on the
IAPP, supporting the experimental observation.32

Insulin Disrupted IAPP and proIAPP Dimerization by
Hindering Self-Association Interactions between Amy-
loidogenic Regions. We next investigated the effects of
insulin on the self-assembly of IAPP or proIAPP by simulating
the dimerization of IAPP and proIAPP with and without the
presence of an insulin. For each molecular system, 50
independent simulations were performed starting with
randomized molecular positions and orientation and a
minimum intermolecular atomic distance of 1.5 nm. Compared
to IAPP monomer, the dimerization of IAPP alone was
characterized by the increase of β-sheet structure between
residues 16−20 and 24−28, while the helical propensities of
each residue remained almost unchanged (Figure 3A, Figure
S3). Relatively high interpeptide contact frequencies were
identified between residues 16−20 and 24−28 (Figure 3B).
The overall interpeptide contact frequency was low, suggesting
the dimerization of IAPP peptide was a dynamic process

Figure 5. Insulin capped on lateral and elongation surfaces of an IAPP fibril. (A) Residuewise contact frequency map for insulin with elongation
surface of an IAPP fibril. (B) Histogram of residue contacts between insulin and IAPP monomer and fibril. (C) Two-dimensional PMF with respect
to the residue contacts on the lateral surface and elongation surface. The two basins are labeled with representative conformations shown at right.
(D) Binding frequency of insulin with IAPP fibril. The IAPP fibril is represented by its surface with the molecular surface colored according to each
residue’s binding frequency from low (blue) to high (red). Left panel: front viewpoint. Middle panel: top viewpoint. Right panel: overlaying of final
snapshots from 50 independent simulations.
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involving frequent association and dissociation. The IAPP
dimers were stabilized by weak interactions with most residues
adopting disordered structures (Figure 3D). In contrast,
significant conformational conversions were observed during
the dimerization of proIAPP. Upon dimerization, the helical
structures at residues −10−0, 6−15, and 21−26 were
converted to β-sheet structures with the β-sheet propensities
reaching ∼0.30 (Figure 3A). The overall interpeptide contact
frequency of proIAPP was higher than IAPP (Figure 3C).
Various diagonal and antidiagonal contact patterns can be
identified in the interpeptide contact frequency map,
suggesting the proIAPP dimers were rich with parallel and
antiparallel β-sheet structures (Figure 3E). The presence of
intermediate states with the prevalence of out-register β-sheet
would prohibit the nucleation of proIAPP fibrils that consist of
in-register parallel β-sheet structures, in agreement with ThT
experiments that the aggregation lag time of proIAPP was
longer than that of IAPP32 and electron microscopic
experiments that ProIAPP had a strong potential to aggregate
into ordered but nonfibrillar structures.36

In the presence of insulin, the diagonal region of
interpeptide contact frequency between IAPP residues 15−
21 and 22−29 was reduced, whereas off-diagonal contacts
between residues 15−21 and 22−29 increased, suggesting that
insulin prohibited the formation of in-register β-sheet
structures and facilitated out-of-register β-sheet structures
(Figure 4A). For proIAPP dimers, both in-register and out-of-
register β-sheet structures were reduced in the presence of
insulin except the first 11 residues in the N-terminus, where
the formation of antiparallel β-sheet structures was significantly
enhanced (Figure 4B). Moreover, the reduction of interpeptide
contacts between the primary amyloidogenic core of residues
22−29 of proIAPP was weaker compared with IAPP dimers
(boxed regions in Figure 4A,B), consistent with experimental
observations that the inhibition effect of insulin was weaker on
proIAPP than IAPP aggregation.32 The overall contact
frequency between insulin and the primary amyloidogenic
core of proIAPP was lower than that with IAPP (Figure 4C),
confirming that insulin was less effective in prohibiting the
assembly of the proIAPP amyloidogenic regions. The histo-
grams of atomic contacts indicated that the IAPP-insulin and
proIAPP-insulin contact states can be divided into a low-
contact state and a high-contact state (Figure 4D). Both the
probabilities of low- and high-contact states of proIAPP were
lower compared with IAPP. The representative conformations
obtained by clustering analysis showed that the IAPP dimers
bound with the insulin was highly disordered with one of the
amyloidogenic regions interacting with the insulin (Figure 4E),
whereas the proIAPP dimers were rich with intrapeptide β-
sheet structures that protected the amyloidogenic region from
binding with the insulin (Figure 4F). Thus, the reduced
inhibition effect of insulin on proIAPP aggregation may be
attributed to the multiple intrapeptides β-sheet structures that
prevented the proIAPP amyloidogenic region from interacting
with insulin.
Insulins Substoichiometrically Inhibited IAPP Aggre-

gation by Binding and Sterically Capping the Elonga-
tion Surfaces of IAPP Fibrils. The above discussions
demonstrated that the aggregation of IAPP could be inhibited
with an equimolar amount or 0.5 equiv of insulin. However,
insulins were reported to inhibit the aggregation of IAPP
peptides at substoichiometric concentration effectively, e.g.,
even at a very low molar ratio of IAPP/insulin = 100:1.32 Thus,

the molecular mechanism of the substoichiometric inhibition
of insulin on IAPP aggregation remains unclear. Here we
investigated the interaction of insulin with a preformed IAPP
fibril comprised of 16 peptides, recently solved by cryo-
EM.41−43 The fibril with in-register β-sheet structures modeled
the amyloid seed generated in the lag phase. The fibril was kept
static to reduce computational cost, while the insulin was
allowed to move freely (Methods). After the systems reached
steady states, the residues 15−29 of IAPP fibril were found to
display a high contact frequency with the residues 41−50 of
insulin chain B (Figure 5A), similar to the binding pattern of
insulin with a monomeric IAPP. Residue Y37 of insulin chain B
was also identified to have a high binding affinity for IAPP
fibrils, consistent with previous results that Y37 of insulin
played an important role in stabilizing the insulin-IAPP fibril
complex.34 To compare the binding behaviors of insulin with
IAPP monomers and fibrils, we calculated the distribution of
residue contacts in each case (Figure 5B). The results showed
that IAPP fibrils had a higher probability to make contact with
insulin than IAPP monomers, and the number of residue
contacts with peak probability was also larger for IAPP fibrils
than monomers, suggesting IAPP fibrils entailed a strong
binding with insulin than the IAPP monomers. To obtain more
detailed information, we monitored the contacts between
insulin and IAPP fibrils (e.g., 10 randomly selected simulation
trajectories in Figure S4). IAPP monomers constantly
associated and disassociated with insulin (Figure S4A),
whereas the complexes formed by insulin and IAPP fibril
were quite stable with rare disassociation observed (Figure
S4B). Thus, the IAPP fibril had a stronger bind affinity with
insulin than the IAPP monomer, which can be attributed to the
aligned β-sheet structures of IAPP fibrils that facilitated the
formation of interpeptide hydrogen bonds, whereas the
conversion of IAPP monomers from disordered to ordered
structures required extra entropy loss.
To describe the binding of insulin on the IAPP fibril, two-

dimensional PMF with respect to the residue contacts on the
elongation surface and lateral surface of IAPP fibril was
calculated (Figure 5C). The PMF featured two local basins I
and II, corresponding to insulin binding on the lateral and
elongation surfaces, respectively. The free energy of basin II
was lower than basin I, suggesting that insulin preferred to bind
the elongation surface of IAPP fibrils. As indicated by the time
evolution of residue contacts on the lateral and elongation
surfaces of typical trajectories, insulins that initially bound the
lateral IAPP fibril surface could diffuse and convert to bind on
the elongation surface in some cases (Figure S5). The binding
frequency between insulin and each IAPP residue after
reaching steady states was shown in Figure 5D. The
amyloidogenic core residues on the elongation IAPP fibril
surface displayed higher binding probabilities with insulin,
while the binding with the lateral surface was weaker, especially
given the fact that residues 19−30 were buried inside the fibril.
As indicated by the conformations of insulin-IAPP fibril
complexes (Figure 5C,D), the exposed helical structures of
insulin bound on the elongation surface of IAPP fibril were not
compatible with the fibril structures. Thus, the high binding
affinities between the amyloidogenic cores of IAPP elongation
surfaces and insulin enabled capping of insulins to sterically
prevent the fibrillar growth of IAPP, which led to the
substoichiometric inhibition of insulin on IAPP aggregation.
During the lag phase of IAPP amyloid aggregation, the
emerging IAPP fibril seeds are expected to have similar in-
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register β-sheets as mature IAPP fibrils. The high binding
affinity of insulin with these IAPP seeds and subsequent
inhibition of their growth would provide a robust inhibition of
IAPP aggregation than the mechanism based on interactions
with monomeric IAPP peptides. Although we focused on IAPP
fibrils due to the lack of solved proIAPP fibril structures, the
obtained interaction modes are expected to be valid also for
proIAPP fibrils as the N-terminus of IAPP was disordered in
fibrils without clear density,41−43 which on the other hand
would be available to compete with the IAPP amyloidogenic
region in the elongation surface for binding with insulin.
In summary, we investigated the molecular mechanisms for

the substoichiometric inhibition of peptide-based inhibitors
against amyloid aggregation by studying the interactions of
insulin with IAPP and proIAPP monomers, dimers, and fibrils.
We found that the C-terminus of insulin chain B could bind
both the primary and secondary amyloidogenic cores of IAPP
by forming parallel or antiparallel intermolecular β-sheets.
Thus, the insulin binding was found to disrupt the self-
assembly of the amyloidogenic cores during the dimerization
of IAPP because of the overlap between IAPP−IAPP and
IAPP-insulin binding regions. The unprocessed N-terminal
residues of proIAPP also exhibited a high binding propensity
with the same C-terminus of insulin chain B, competing with
the amyloidogenic regions for insulin binding. As a result, the
inhibition effect of insulin on proIAPP dimerization was
weaker than IAPP, consistent with experimental results.32 Our
results indicated that despite the high sequence similarity with
IAPP, proIAPP exhibited a distinct aggregation behavior as
well as a different interaction pattern with insulin due to the
extra N-terminus of proIAPP.
Our simulations demonstrated that the interactions of

insulin with IAPP and proIAPP monomers and dimers were
highly dynamic involving frequent association and dissociation.
Hence, the binding of insulin with IAPP monomers and dimers
could not explain the substoichiometric inhibition of IAPP
aggregation. In contrast, the binding of insulin on the
elongation surface of IAPP fibrils was more energetically
favored with a low dissociation rate because of the prealigned
in-register β-sheet structures in the fibrillar state. Insulins
bound on the elongation surfaces of IAPP fibrils can sterically
block the fibril growth via monomer addition. Since the
nucleation of amyloid seeds with fibril-like structures is rare, a
small number of insulin proteins with high affinity can
efficiently bind and cap emerging amyloid seeds during the
lag phase and subsequently inhibit the aggregation and delay
the lag phase. Together, our results indicated that substoichio-
metric inhibition could be achieved by targeting the amyloid
seeds or protofibrils by capping on the elongation and lateral
surfaces and prohibiting the elongation and secondary
nucleation. The principle was supported by emerging
experimental results, e.g., by analyzing the kinetics of amyloid
aggregation, and the clusterin chaperones were found to
substoichiometrically retard the aggregation of Aβ by
preferentially binding with the fibril ends and inhibiting the
elongation process.44 DNAJB6, a chaperone protein of Hsp40
family, was identified as a substoichiometric inhibitor of the Aβ
peptides due to its interactions with the aggregated forms
instead of the monomeric form of Aβ.45

The in-register β-sheet structures of IAPP fibrils were found
to facilitate insulin binding compared to the disordered IAPP
monomers because of the reduction of entropy loss required
for binding. This contributed to the extraordinary inhibition

performance of insulin with folded structures compared to
other unstructured peptides that failed to exhibit substoichio-
metric inhibition effects, such as rIAPP and pramlintide.30 The
results suggested that it is possible to enhance the
substoichiometric inhibition effect by reducing the entropy
cost associated with the conformational conversion of peptide-
based inhibitors. Macrocyclic peptides, which reduced the
entropy loss to adopt extended β-strand conformation by
connecting the N- and C-termini of the designed peptides into
cyclic forms, were found to be about 10 times more potent in
retarding the lag time of Aβ aggregation than the free
peptides.46 The enhanced binding affinities between IAPP
fibrils and insulins by reducing the entropy loss associated with
conformational conversion provided a promising strategy for
strengthening the inhibition effect of peptidomimetics by
choosing folded proteins or constraining the peptides into
aggregation-prone conformations.

■ METHODS
Discrete Molecular Dynamics (DMD) Simulations. Interac-

tions of IAPP and proIAPP with insulin were simulated by all-atom
DMD. DMD is a rapid and predictive molecular dynamics algorithm
that replaces the continuous interaction potentials in traditional
molecular dynamics with optimized discrete stepwise functions. A
comprehensive description of the atomistic DMD algorithm can be
found in previous publications.37,38 Briefly, atoms in DMD move with
constant velocities until the potential between two atoms is not
continuous, where the motions of atoms are instantaneously updated
by solving the ballistic equations considering the conservations of
energy, momentum, and angular momentum. By implementing a
quick sort algorithm to find the collision atoms and only updating the
velocities of colliding atoms, DMD can achieve a rapid computational
speed and enhanced sampling efficiency. Thus, DMD simulations
have been utilized by our group and others to study protein folding,
amyloid aggregation, and interactions of proteins/peptides with
nanoparticles. The DMD program is available via Molecules in
Action, LLC (http://www.moleculesinaction.com/).

Similar to traditional molecular dynamics, bonded interactions (i.e.,
covalent bonds, bond angles, and dihedrals) and nonbonded
interactions (i.e., van der Waals, solvation, hydrogen bond, and
electrostatic terms) are considered in our all-atom DMD simulations.
The interatomic interactions were adapted from the Medusa force
field. The force field parameters for van der Waals, covalent bonds,
bond angles, and dihedrals were taken from the CHARMM 19 force
field.47 To reduce the computational cost, implicit solvent model is
adopted where the solvation energy is implicitly calculated by the
effective energy function proposed by Lazaridis and Karplus.48 The
distance- and angle-dependent hydrogen bond formation is explicitly
modeled by a reaction-like algorithm.49 The screened electrostatic
interactions between charged atoms are approximated by the Debye−
Hückel model with the Debye length assigned to ∼10 Å, which
corresponds to a physiological monovalent electrolyte concentration
of 100 mM and a water dielectric constant of 80.

The interactions of insulins with (pro)IAPP peptides in monomer,
dimer, and fibril states were simulated. The initial structures of
proIAPP and IAPP monomers were obtained from the RCSB Protein
Data Bank (PDB codes 6UCK and 2L86, respectively, amino acid
sequences were shown in Figure 1A) and equilibrated at 300 K for 50
μs.50 The equilibrated monomeric peptides were further incubated
with insulins (PDB code 1TRZ) at molar ratios (pro)IAPP/insulin of
1:1 and 1:2. For the interactions between insulin and IAPP fibril, an
insulin peptide with folded structure and a 16-peptide fibril based on
the S-shaped fibril structure solved by cryo-EM were adopted (PDB
code 6ZRF), leading to a substoichiometric concentration IAPP/
insulin = 16:1.41−43 The IAPP fibril was fixed to reduce the
computational cost, while the insulin peptides can move freely. The
folded structure of insulin was preserved by implementing Go̅
constraints on Cα atoms with the native contacts determined if the
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Cα atom was within 0.8 nm. The peptides were simulated in a cubic
box with the concentration of IAPP peptides fixed at 2.7 mM.
Periodic conditions were applied in three directions. Fifty
independent simulations starting from random positions and
velocities were conducted to enhance the sampling efficiency. Each
simulation ran for 1.0 μs, accumulating 50.0 μs of simulation time for
each system.
Computational Analysis. The secondary structures of proteins

were determined by the DSSP algorithm.51 Two residues were
considered to contact each other if their minimum atomic distance
was less than 0.65 nm. The two-dimensional potential of mean force
(PMF) was calculated by the probability distribution function, i.e.,
−kBT log P(Rg,nβ‑sheet), where P(Rg,nβ‑sheet) was the probability of
conformations with radius of gyration Rg and number of β-sheet
residues nβ‑sheet. The representative conformations of simulation
trajectories were obtained by grouping similar protein conformations
using the hierarchical clustering oc program (www.compbio.dundee.
ac.uk/downloads/oc). Briefly, the hierarchical clustering algorithm
iteratively joined the two closest clusters into one cluster according to
the distances between two clusters, which was defined as the mean
value of all the pairwise distances between the elements of the two
corresponding clusters. The clusters are ranked by their population
from high to low, with each cluster represented by its centroid
structure, which was selected as the one with the smallest average
distance to other elements in the cluster.
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