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While islet amyloid polypeptide (IAPP) aggregation is associated with b-cell death in type-II diabetes (T2D),
environmental elements of b-cell granules — e.g. high concentrations of insulin and Zn21 — inhibit IAPP
aggregation in healthy individuals. The inhibition by insulin is experimentally known, but the role of Zn21 is
controversial as both correlations and anti-correlations at the population level are observed between T2D
risk and the activity of a b-cell specific zinc ion transporter, ZnT8. Since Zn21 concentration determines
insulin oligomer equilibrium, we computationally investigated interactions of IAPP with different insulin
oligomers and compared with IAPP homodimer formation. We found that IAPP binding with insulin
oligomers competes with the formation of both higher-molecular-weight insulin oligomers and IAPP
homodimers. Therefore, zinc deficiency due to loss-of-function ZnT8 mutations shifts insulin oligomer
equilibrium toward zinc-free monomers and dimers, which bind IAPP monomers more efficiently
compared to zinc-bound hexamers. The hetero-molecular complex formation prevents IAPP from
self-association and subsequent aggregation, reducing T2D risk.

D

iabetes mellitus is a metabolic disease affecting an estimated 383 million people worldwide, of which about
90% suffer from T2D. T2D features an adult onset of the disease and its progression is characterized by
pancreatic b-cell death, causing reduced insulin secretion. The disease mechanism of T2D is largely
unknown, and there is no known cure. Given the complex nature of the disease, the cause of b-cell death is
likely the result of interplay of many factors. For instance, since amyloid aggregates of IAPP (a.k.a. amylin) in
pancreas are found in approximately 90% of patients upon postmortem examination, many research efforts
focused on understanding IAPP aggregation and its association with the disease1–4. Other disease-related molecules have also been pursued, e.g. genome-wide association studies (GWAS) to find genetic variations resulting in
an increased or decreased T2D risk5,6. Uncovering the inter-connection of various disease-related factors is crucial
for our understanding of the diseases and can help identify potential targets to develop therapeutics against the
disease.
IAPP is a 37-residue peptide secreted by pancreatic b-cells. While it is under debate whether the aggregation of
IAPP is the cause or merely the consequence of b-cell death, accumulating evidences suggest that IAPP aggregates
— either insoluble amyloid or soluble oligomers — are toxic to b-cells7–9. For example, IAPP variants of diabetesprone cat and human aggregate readily in vitro, while IAPP peptides of diabetes-free rat and pig have low
propensity to form amyloid aggregates10. Although these IAPP variants differ only in a few amino acids, many
of these mutations significantly alter the aggregation propensity8,11. For example, a naturally occurring polymorphic Ser20Gly mutation renders the human IAPP more aggregation-prone8,12, and an Asian subpopulation
carrying this mutation is subjected to the early onset of T2D. Moreover, transgenic mice expressing human IAPP
develop hyperglycemia and diabetes. Therefore, aggregation of IAPP plays an important role in T2D. In vitro
studies revealed that human IAPP aggregates readily at mM concentrations13. However, the peptide is stored in bcell granules at mM concentrations without apparent formation of amyloid aggregations in healthy individuals14.
Hence, environmental elements of b-cell granules — e.g. low pH15, high concentrations of zinc ion and insulin
peptides — inhibit the formation of IAPP aggregates. The presence of a high concentration of insulin, usually 20–
100 times higher molar fraction compared to IAPP16, is believed to be responsible for the prevention of IAPP
aggregation. In vitro studies show that insulin, indeed, inhibits or slows down IAPP aggregation17,18. Despite many
research efforts17–21, the detailed mechanism of the inhibition of IAPP aggregation by insulin remains unknown.
In addition to IAPP and insulin with their important roles in T2D, genetics association studies have identified
other T2D-related genes and corresponding variations across different populations with distinct diabetes risks.
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For example, an earlier genome-wise association study (GWAS)5
identified about a dozen genes associated with increased T2D risks.
Of particular interest among these identified genes is the variation of
gene SLC30A8, which encodes a zinc transporter, ZnT8, specific to
b-cells. ZnT8 transports Zn21 ions against the concentration gradient into b-cell granules22. A high concentration of zinc ions is
important for the formation of insulin hexamer, which is stored in
the crystal form in the b-cell granules. It was found that an activityreducing Trp325Arg mutation of ZnT823 results in a greater T2D
risk5. However, follow-up studies with ZnT8 knockout mice were
inconclusive about the correlation between decreased zinc concentration24 and the development of diabetic conditions23–25.
Interestingly, a recent GWAS study reports a ‘‘seemingly opposite’’
effect: loss-of-function mutations of SLC30A8 protects against diabetes with a high statistical significance6. A fundamental question is
what the effect of zinc-deficiency in b-cell granules is on the disease
development, such as IAPP aggregation and IAPP-insulin
interactions.
Insulin can exist as monomers, dimers or hexamers26. Zinc ion
binds only to hexamers, which are usually insoluble and from crystals
in the granule. Therefore, the concentration of Zn21 determines the
equilibrium of insulin oligomers. We hypothesize that the inhibition
of IAPP aggregation by insulin depends on insulin oligomeric states,
which is regulated by zinc concentration in the b-cell granule. We
plan to perform computer simulations to understand the structural
and thermodynamic features of IAPP and its interactions with different insulin oligomers. Previous computational studies focused on
understanding the structure and dynamics of IAPP monomers and
dimers27–30, and the dependence of IAPP aggregation on sequence
variations31. A few experimental and computational studies of IAPPinsulin interactions have been reported17–21,32; however, the dependence on insulin oligomeric states remained to be investigated and a
partial IAPP peptide was used in the computational study21. In this
work, we perform molecular dynamics (MD) simulations to study
the binding of hIAPP with soluble insulin monomers and dimers.
Because of the large system size with multiple proteins interacting
with each other and the requirement of long time scale simulations
necessary to reach equilibrium, systematic study using traditional
MD simulations is computationally challenging and resourcedemanding. Instead, we use the atomistic discrete molecular
dynamics (DMD) simulations with implicit solvent to model the
molecular system33. DMD is a special type of MD algorithm, featuring accurate modeling and rapid sampling efficiency of protein conformational dynamics34,35 and protein-protein interactions36,37.
Using DMD simulations, we find that IAPP binds insulin monomers
and dimers preferentially at specific surface regions that are buried in
the zinc-bound insulin hexamer. The regions of IAPP that bind
insulin oligomers are also responsible for the IAPP homodimer
formation. Therefore, our computational study provides a molecular
insight to the recent GWAS findings6 in that loss-of-function of
ZnT8 and subsequent Zn21 deficiency in b-cell granules shift the
insulin oligomer equilibrium toward insulin monomers and dimers,
which bind IAPP monomers efficiently and prevent IAPP from selfassociation and aggregation, thus reducing T2D risk.

Results
We first performed DMD simulations of human and rat IAPP (hIAPP
and rIAPP, respectively) to investigate the possible effect of sequence
variations on the structural and thermodynamic properties of IAPP
monomers. We further studied the formation of hIAPP homodimer,
and molecular complex foramation between a hIAPP and an insulin
monomer or dimer. The details of molecular systems used in DMD
simulations can be found in the Methods section.
The hIAPP monomer does not have a well-defined folded state.
With the sequence difference of only 6 residues, hIAPP aggregates
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rapidly in vitro while rIAPP does not. To uncover the molecular
mechanism behind this striking difference, we first performed
replica exchange DMD (REXDMD) simulations of hIAPP and
rIAPP monomers to study their folding thermodynamics in
solution (Methods). NMR structures solved in the hydrophobic
environment were used as the starting conformations38. From the
replica exchange simulations, we computed the temperature
dependence of specific heat and the secondary structure contents
using weighted histogram analysis method (WHAM)39. Within the
temperature range of our simulations, the specific heat of hIAPP
decreases slowly and steadily with increasing temperatures, lacking
any peak (Fig. 1A). In contrast, a distinct peak exists in the specific
heat curve of rIAPP around T 5 0.575 kcal/mol?KB (see Methods for
DMD units; Kelvin or uC units are not used to indicate that
temperature values in DMD simulation do not directly correspond
to actual temperatures), which indicates a more corporative
unfolding transition compared to hIAPP. The secondary structure
contents of hIAPP and rIAPP exhibit similar behaviors. Both
peptides are helical at low temperature. As temperature increases,
the helical content of hIAPP decreases and coil content increases
gradually (Fig. S1). In the case of rIAPP, the helical content
exhibits a sharp decrease around the same transition temperature
of 0.575 kcal/mol?KB (,290 K) and the random coil structure
content of rIAPP increases significantly around the same
temperature. This observation is consistent with a previous NMR
study of rIAPP at the room temperature (,300 K), where an
extended structural ensemble of rIAPP with residual helical
content was reported40.
We also examined the three-dimensional structures of both peptides at different temperatures. At a low temperature T 5 0.5 kcal/
mol?KB, the N-terminal residues 5–17 and central residues 20–25 of
hIAPP form two helices. As the temperature increases, the helix
formed by residues 5–17 remains stable while residues 20–25 of
hIAPP lose their helical structure first (e.g. a typical structure at T
5 0.55 kcal/mol?KB in Fig. 1B). In contrast, rIAPP residues 5–23
form a single helix at T 5 0.5 kcal/mol?KB with the C-terminal
packing against the N-terminal helix (Fig. 1C). The structure remains
intact at 0.55 kcal/mol?KB, and unfolds above its melting temperature (Fig. 1A). Comparing the structures of hIAPP and rIAPP, we
found that mutations of six residues in rIAPP with respect to hIAPP
(highlighted in sticks in Figs. 1B&C) are responsible for tertiary
contacts formation. Therefore, our simulations suggest that in contrast to its rat variant hIAPP monomer does not have a well-defined
folded state and the lack of tertiary structures may promote
aggregation.
The hIAPP dimer is more ordered than monomer. Dimerization is
likely the first step in hIAPP aggregation pathway41. We first
performed replica exchange simulations of hIAPP dimer with two
monomers initially positioned in proximity with a parallel
orientation (Methods). We computed the specific heat as the
function of temperature. The specific heat plot featured a distinct
peak (Fig. 2A), which suggests that dimerization has a stabilizing
effect on hIAPP structure and the peak corresponds to dimer
dissociation. In order to characterize structural properties of
hIAPP dimers, we carried out equilibrium DMD simulations at T
5 0.6 kcal/mol?KB (,300 K), which is below the dimer dissociation
temperature. Multiple independent simulations with different initial
velocities and relative dimer orientations were carried out in order to
increase the statistical significances of simulation results. With these
constant temperature DMD simulations, we computed the intermonomer contact frequency for all residue pairs. Two residues are
defined to form a contact if any two inter-residue heavy atoms are
within 5 Å. Interestingly, we found a few hotspots in the contact
frequency map (Fig. 2B). Many of the frequent contacts are along
the diagonal, suggesting a parallel association between the two
2
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Figure 1 | hIAPP and rIAPP monomer structures. (A) The specific heat, Cv, plots for hIAPP and rIAPP monomers. The hIAPP monomer lacks any peak
in the Cv plot while the rIAPP monomer has a well-defined melting temperature. Representative snapshots of hIAPP (B) and rIAPP (C) conformations are
taken from DMD simulations at T 5 0.55 kcal/(mol?KB). Compared to hIAPP, rIAPP has an ordered 3D folded structure. Six residues different between
hIAPP and rIAPP are highlighted in stick representation.

monomers. In particular, residues with strong inter-monomer
interactions include Leu12, Phe15, Leu16, Phe23, Ile26, Leu27 and
Ser28. Three of the most frequently contacting residues (Phe23, Ile26
and Ser28) are among the six mutations between hIAPP and rIAPP
variants, suggesting their important roles in hIAPP dimerization. For
instance, a point mutation of Ile26 to proline was shown to make the
mutant peptide not only non-aggregating but also an inhibitor of the
wild-type hIAPP aggregation11. Mutations of Phe15 was also found
to significantly affect hIAPP aggregation in experiments41.
To further verify whether hIAPP monomers actually form parallel
dimer structures, we clustered low energy structures obtained from
DMD simulations using a hierarchal clustering algorithm42 (Methods)
and examined the centroid representatives of the most populated
clusters (Fig. S2). We found that the highly populated clusters indeed
consist of parallel b-sheet structures formed by residues between 20–
30. The N-termini are mostly helical, which can also make parallel
contacts with each other (Fig 2C). Wiltzius et al. solved the structure of
hIAPP fused to a maltose binding protein in the dimeric form41. They
reported parallel association of N-terminal helices with aromatic
stacking between Phe15 residues of two hIAPP monomers, in agreement with some of our DMD-derived structural ensembles (Fig. 2C).
Interestingly, the amyloid-predicting algorithm, Waltz43, also predicted that residues 22–29 of hIAPP are amyloidogenic (colored
orange in Fig. 2C) whereas rIAPP is not amyloidogenic. Therefore,
the self-association tendency of these residues in DMD simulations is
consistent with the amyloidogenic nature of the same region. Our
DMD simulations support the hypothesis that dimerization is the first
step along the hIAPP aggregation pathway41.

The binding of hIAPP with insulin monomers and dimers
competes with high-order insulin oligomer formation and
hIAPP dimerization. We carried out both replica exchange and
constant temperature DMD simulations of a hIAPP monomer
together with a human insulin ‘‘monomer’’, which consists of two
chains (A- and B-chain consisting of 21 and 30 residues, respectively)
cross-linked by a disulfide bond. We observed two peaks in the
specific heat plot (Fig. 3A), which may correspond to either the
melting of individual molecules or their disassociation. To
delineate these peaks, we calculated the number of inter-molecular
contacts between insulin and hIAPP and the backbone Ca rootmean-square deviation (RMSD) of insulin as a function of
temperature. We found that the first and second peaks in the
specific heat plot (Fig. 3A) correspond to insulin–hIAPP
dissociation and insulin unfolding, respectively (data not shown).
The lack of peak corresponding to hIAPP unfolding is consistent
with the non-cooperative unfolding of hIAPP monomer (Fig. 1A).
Compared to the hIAPP dimer dissociation temperature (Fig. 2A),
the hIAPP-insulin dissociation temperature is higher, suggesting a
stronger inter-molecular interaction. The binding of hIAPP with
insulin monomer also considerably reinforces the helical content
of hIAPP as the melting of helices happens at a higher temperature
(Fig. S3) comparing to the monomer (Fig. S1).
Based on independent constant temperature DMD simulations at
T 5 0.6 kcal/mol?KB, we calculated inter-molecular contact frequencies (Fig. 3B). The hIAPP residues that make frequent contacts with
insulin mostly include 11–16 and 23–27 (y-axis in Fig. 3B). Most of
these residues are the exact same residues making inter-monomer

Figure 2 | hIAPP homodimer formation. (A) The specific heat plot of hIAPP dimer has a peak, which is different from its monomer. (B) Inter-molecular
contact frequencies of hIAPP residues when they form dimers at T 5 0.6 kcal/(mol?KB). Many of the frequent contacts are along the diagonal, indicating a
favorable parallel association of two monomers. (C) A typical dimer structure corresponding to the centroid of one of the largest clusters shows a parallel
association of helices formed by N-terminal residues. Residues 22–29 in orange, which are amyloidogenic, form a b-sheet in the dimer. The hotspot
residues making frequent contacts are highlighted in stick representation.
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Figure 3 | hIAPP–insulin dimerization. (A) The specific heat plot for insulin–hIAPP complex has two peaks corresponding to insulin–hIAPP unbinding
and insulin melting. (B) The inter-molecular contact frequencies between insulin and hIAPP residues at T 5 0.6 kcal/(mol?KB). Insulin A-chain (21
residues) and B-chain (30 residues), separated by a dotted orange line, are numbered sequentially. (C) A typical structure of the hIAPP-insulin complex is
derived from DMD simulations. The amyloidogenic residues of hIAPP (residues 22–29) are shown in orange. The residues of insulin important for
binding hIAPP are highlighted in stick representation. (D) The residues of an insulin monomer are colored according to hIAPP binding frequencies in the
structure of an insulin hexamer. The view with 180u rotation is also presented. The residues with strong hIAPP-binding are located at the insulin
monomer–monomer interface.

contacts in the hIAPP homodimer simulations (Fig. 2). For insulin,
there are a few hotspots, including residues 44–48 near the C-terminal
(i.e., residues 23–27 of B-chain as observed in a recent work32; Fig. 3C).
To visualize the binding of insulin monomer with hIAPP, we colored
insulin residues according to their hIAPP-binding frequencies
(Fig. 3D). The surface area of insulin monomer with the most frequent
binding to hIAPP coincides with the insulin monomer–monomer
contact surface (and also to insulin–insulin dimer interface). A similar
hIAPP-binding interface for insulin monomer has been observed in a
computational study using a hIAPP segment (residues 9 to 20) with
the amyloidogenic residues truncated21. We also examined the structures of the hetero-molecular complex using clustering analysis (Fig.
S4). The representative structure of a large cluster consisting of
,11.6% of the total population (Fig. 3C) showed that the insulin Bchain residues 24–27 bind to the amyloidogenic region of hIAPP
(residues 22–29), forming an antiparallel sheet. The C-terminal of
hIAPP also contributes to the sheet formation, forming a third strand.
In three out of four most populated clusters (account for ,43.6% of all
conformations) the C-terminal residues and residues 22–29 form bhairpins. Therefore, hIAPP-insulin monomer binding competes with
the oligomerization of insulin dimer and hexamer as well as hIAPP
dimerization.
Next, we carried out constant temperature DMD simulations of an
insulin dimer with a hIAPP monomer at the same temperature, T 5
0.6 kcal/mol?KB. In a related study, the binding of rIAPP with insulin
was probed by NMR chemical shift perturbation20. Since the concentration of insulin used in NMR study (0.5 mM) is higher than the
insulin dimerization equilibrium constant (,100 mM), insulin are
expected to be in its dimeric form and we compare the results with
our hIAPP-insulin dimer simulations instead of the hIAPP-insulin
SCIENTIFIC REPORTS | 5 : 8240 | DOI: 10.1038/srep08240

monomer simulations. We computed the contact frequency map for
insulin and hIAPP residues (Fig. 4A). We found a qualitative agreement between our simulation results and the chemical shift perturbation data in terms of the locations of peaks even though some of the
details do not match perfectly. In NMR studies, chemical shift perturbation occurs primarily to the C-terminal half of A-chain and to
the central residues of B-chain. Our contact frequency map follows
this general trend (Fig. 4C and 4D). One major exception is the
presence of a peak for the residue 46 (residue 25 of B-chain) in
Fig. 4C which is not seen in the NMR studies. The difference might
result from the fact that different IAPP sequences are used between
experiments and simulations. We also color-coded insulin residues
according to their binding frequencies to hIAPP (Fig. 4B).
Interestingly, when the monomer–monomer interface of insulin is
not available in the insulin dimer, hIAPP binds to insulin residues at
the dimer–dimer interface. Insulin residues, which do not belong to
either monomer–monomer or dimer-dimer interfaces and are solvent-exposed, also have weak probability to bind hIAPP monomer
(Fig. 4B). Therefore, similar to hIAPP-insulin monomer binding, the
association of hIAPP with insulin dimer also competes with the
formation of hIAPP homodimer and high-molecular-weight insulin
hexamer.

Discussion
Using DMD simulations, we found structural differences between
aggregation-prone hIAPP and non-aggregating rIAPP — hIAPP is
intrinsically disordered while rIAPP can form a tertiary structure. In
an attempt to find the structure-activity relationship of IAPPs, simulations of human, rat and other IAPP variants have been carried out
previously. Replica exchange MD simulations with implicit solvent
4
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Figure 4 | Insulin dimer–hIAPP contact. (A) The inter-molecular contact frequency map between insulin dimer (averaged over two monomers) and
hIAPP. (B) The residues of an insulin dimer are colored according to the hIAPP-binding frequency in the 3D structure of the insulin hexamer. For each
residue in A-chain (C) and B-chain (D), the average number of contacts with hIAPP is obtained from DMD simulations.

was used to show that non-aggregating porcine and rat IAPPs sample
mostly helical conformations while aggregating human and cat
IAPPs sample more b-hairpin structures31. In another MD study,
the correlation between helicity of residues 7–16 and aggregation
propensity of the peptide was observed — the more helical these
residues are, the more aggregation-prone the corresponding peptide
is Ref. 27. These two computational studies may appear to contradict
with each other. However, our simulations showed a crossing of
secondary structure contents between rIAPP and hIAPP as the temperature increases — at low temperatures rIAPP is relatively more
helical, but at higher temperatures hIAPP can have more helical
residues (Fig. S1). Therefore, the differences observed in previous
simulations may result from different effective temperatures used
corresponding simulations, as reported experimentally that the
structural content of hIAPP depends on experimental conditions41,44.
Our DMD simulations also showed that hIAPP is stabilized upon
dimerization. The dimer structure is driven by the interaction of
amyloidogenic residues 22–29 of two monomers in a parallel orientation. The hIAPP monomer can also bind insulin monomers and
dimers with the same residues forming hIAPP homodimer.
Similarly, the residues of insulin monomer and dimer that bind
hIAPP also participate in the formation of higher-molecular-weight
insulin oligomers, i.e. dimer and hexamer, respectively. Our results
are consistent with a number of previous structural studies, including
the crystallography structure of IAPP fused to a maltose binding
protein in a dimeric form, point mutation experiments, and computational studies27,29,31,41. Since insulin hexamer is usually insoluble
and thus unavailable for binding, we did not model its interaction
with hIAPP monomer. However, our results that hIAPP tends to
SCIENTIFIC REPORTS | 5 : 8240 | DOI: 10.1038/srep08240

bind the interface residues of insulin monomer and dimer in the
3D structure of insulin hexamer suggest that hIAPP-binding by
insulin hexamer is weaker compared to monomer and dimer.
In b-cell granules, insulin outnumbers hIAPP by 1–2 orders of
magnitude16. Because of a high concentration of zinc ions, insulin
peptides are usually stored as insoluble, crystal-forming hexamers
instead of soluble monomers and dimers26. The concentration of
zinc ions in b-cell granule depends on the activity of ZnT8, which
can be affected by mutations. Interestingly, the role of zinc ion in
T2D is rather controversial at the population level since both anticorrelation23 and correlation6 are reported between ZnT8 activity
and T2D risk. Our computational results are consistent with the latest
GWAS study6 (Fig. 5). Specifically, the first step toward hIAPP
aggregation is the homodimer formation41. hIAPP monomers can also
bind to insulins, whose oligomer equilibrium is regulated by the zinc
ion concentration. For the sub-population with loss-of-function mutations of ZnT8, the significantly low concentration of zinc ions shifts
the insulin oligomer equilibrium towards soluble monomers and
dimers. Binding of hIAPP monomers with insulin monomers and
dimers competes with hIAPP dimerization. The availability of a high
concentration of insulin monomers and dimers sequesters hIAPP
monomers and inhibits the formation of hIAPP homodimers and
subsequent amyloid aggregation, reducing T2D risk.
A major difference between the genetics association studies with
‘‘seemingly contradicting’’ correlations between T2D risk and ZnT8
activity is the extent of perturbation to ZnT8 transporter activity and
thus the concentrations of zinc ions in b-cell granules. The
Arg325Trp mutation only weakly perturbs the activity of ZnT8
and thus the base-line zinc ion concentrations, while loss-of-function
5
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compared to constant temperature simulations and hence are suitable for calculating
equilibrium properties. However, for protein-protein interactions, the vast available
conformational space makes it challenging for even replica exchange simulations to
reach the association/dissociation equilibrium. Starting from the bound state of a
molecular complex, replica exchange simulations can be used to sample the dissociation dynamics and the corresponding dissociation temperature can be calculated to
estimate the binding strength of the complex. In order to capture the association
dynamics, we performed multiple independent constant temperature simulations
with different initial starting structures, including inter-molecular distances and
orientations. Although we do not expect each simulation to reach the association/
dissociation equilibrium, by averaging over all these independent simulations at a
given temperature we expect to obtain a better estimation of association-related
quantities, such as the hIAPP-binding frequency of each insulin residue, with a higher
statistical significance.

Figure 5 | The relationship between hIAPP aggregation pathway and
insulin oligomer equilibrium. hIAPPs (in yellow) form dimers first, and
finally b-strand rich aggregates. Insulins (in gray) are at oligomer
equilibrium between monomer, dimer and hexamer. Two zinc ions are
required for the coordination of three dimers to form the hexamer, and
thus the concentration of zinc ion governs the insulin oligomer
equilibrium. Our DMD simulations suggest that hIAPP monomer
preferentially binds to insulin monomer and dimer. Binding of hIAPP
monomers by insulin monomers and dimers competes with hIAPP
homodimer formation. With loss-of-function mutations in ZnT8, the
deficiency of zinc ions shift the insulin oligomer equilibrium toward
monomers and dimers, which sequester hIAPP monomers and inhibit
hIAPP self-association and aggregation.

mutations greatly reduce the concentration of zinc ions. We hypothesize that additional functions of zinc ion, such as direct binding of
zinc with hIAPP45,46, might help explain the observed anti-correlation
between Zn8T activity and T2D risk at high zinc concentrations.
Therefore, a systems approach, which includes the molecular mechanism proposed in this work (Fig. 5) and additional inter-molecular
interactions such as direct zinc-insulin binding, is necessary to reconcile various complex effects and sometimes paradoxical observations
in the field of T2D research, to uncover the disease mechanism, and
design therapeutics.

Methods
System setup and simulation details. The simulated molecular systems included
hIAPP monomer, rIAPP monomer, hIAPP homodimer, human insulin monomer
(consisting of chains A and B), hIAPP dimer with insulin monomer and hIAPP
monomer with insulin dimer. The protein coordinates were obtained from the
protein data bank, PDB codes 2L8638 for hIAPP, 2KJ740 for rIAPP, and 1TRZ47 for
insulin.
Simulations were performed using discrete molecular dynamics (DMD) algorithm34,35. Briefly, DMD uses step-function potentials to model the interactions
between atoms. During the course of simulation atoms interact via series of collisions
between which the velocities remain constant. At each collision, the velocities are
updated following the conservation of energy, momentum and angular momentum.
We used the united-atom representation for proteins. The interaction potential
includes van der Waals, solvation, environment-dependent hydrogen bonding and
electrostatic interactions in addition to the bonded terms. The solvation energy was
modeled using the Lazaridis-Karplus implicit solvation48. The hydrogen bond
interaction was modeled using a reaction-like algorithm49. We also included electrostatic interactions between charges, including the basic and acidic residues in
proteins50. The Debye-Hückel approximation, with Debye length setting to 10 Å, was
used to model the screened charge-charge interactions. We used an interaction range
of 30 Å for the electrostatic interactions, where the screened potential approaches
zero.
We performed both constant temperature and replica exchange DMD (REXDMD)
simulations. The replica exchange simulations have higher sampling efficiency
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Constant temperature simulations. In constant temperature simulations, we
performed ten independent DMD runs with randomly chosen initial conditions
(velocity of atoms; relative orientations of monomers in the case of multiple proteins).
For the largest system of insulin dimer–hIAPP, 20 independent DMD simulations
were performed to ensure sufficient sampling. Each simulation lasted two million
DMD time units or 100 ns (each time unit corresponds to 50 fs). We found that the
calculated quantities such as secondary structure contents and contact numbers often
rapidly reached plateau (e.g. typical DMD simulations in Fig. S5). Therefore, by
starting from different initial structures, running long simulations, and averaging
with multiple independent simulations, we expected to reduce possible simulation
biases, increase sampling efficiency, and improve the convergence of calculations.
The temperatures in DMD simulations were maintained using the Andersen
thermostat51. The scaling factor for converting these reduced temperature units to the
corresponding values in Kelvin is approximately 5.03 3 102.
Replica exchange simulations. In REXDMD simulations, multiple simulations or
replicas of the same molecular system were performed in parallel at different
temperatures. The replicas periodically reshuffle simulation temperatures according
to the replica exchange algorithm52 for enhanced sampling efficiency. Eight replicas
with temperatures evenly sampled within the range from 0.5 to 0.675 (reduced units)
were simulated. The temperatures were chosen to ensure that the acceptance ratio for
exchange is between 0.3 and 0.7. The simulations were carried out for 2 million DMD
time units as in the constant temperature DMD simulations. The temperature
dependence of thermodynamic quantities are calculated using the weighted
histogram analysis method (WHAM)39.
Clustering. First, the trajectories from independent simulations were concatenated
and low energy frames were selected from this combined trajectory. The cutoff energy
used for determining low energy frames was determined for each system such that
about one-fourth of the frames are selected. Similar structures with consecutive
frames were then filtered out using a sliding window (,3000–4000 DMD time units).
The resulting configurations were clustered into fifty clusters using the hierarchical
clustering algorithm, OC42. Within each cluster, the conformation that has the
minimum RMSD to all other structures was chosen as the centroid.
Contact frequency map. Two residues were defined to be in contact if the distance
between any of the atom pairs between them was less than 5Å. The contact frequency
of any pair of residues was the ratio of contact time to the total time, calculated over
the later half of the simulations.
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2. Götz, J., Ittner, L. M. & Lim, Y.-A. Common features between diabetes mellitus
and Alzheimer’s disease. Cell. Mol. Life Sci. 66, 1321–1325 (2009).
3. Konarkowska, B., Aitken, J. F., Kistler, J., Zhang, S. & Cooper, G. J. S. The
aggregation potential of human amylin determines its cytotoxicity towards islet bcells. FEBS J. 273, 3614–3624 (2006).
4. Hebda, J. A. & Miranker, A. D. The Interplay of Catalysis and Toxicity by Amyloid
Intermediates on Lipid Bilayers: Insights from Type II Diabetes. Annu. Rev.
Biophys. 38, 125–152 (2009).
5. Sladek, R. et al. A genome-wide association study identifies novel risk loci for type
2 diabetes. Nature 445, 881–885 (2007).
6. Flannick, J. et al. Loss-of-function mutations in SLC30A8 protect against type 2
diabetes. Nat. Genet. 46, 357–363 (2014).
7. Ritzel, R. A., Meier, J. J., Lin, C.-Y., Veldhuis, J. D. & Butler, P. C. Human Islet
Amyloid Polypeptide Oligomers Disrupt Cell Coupling, Induce Apoptosis, and
Impair Insulin Secretion in Isolated Human Islets. Diabetes 56, 65–71 (2007).
8. Sakagashira, S. et al. S20G Mutant Amylin Exhibits Increased in Vitro
Amyloidogenicity and Increased Intracellular Cytotoxicity Compared to WildType Amylin. Am. J. Pathol. 157, 2101–2109 (2000).
9. Janson, J., Ashley, R. H., Harrison, D., McIntyre, S. & Butler, P. C. The mechanism
of islet amyloid polypeptide toxicity is membrane disruption by intermediatesized toxic amyloid particles. Diabetes 48, 491–498 (1999).

6

www.nature.com/scientificreports
10. Chakraborty, S., Chatterjee, B. & Basu, S. A mechanistic insight into the
amyloidogenic structure of hIAPP peptide revealed from sequence analysis and
molecular dynamics simulation. Biophys. Chem. 168–169, 1–9 (2012).
11. Abedini, A., Meng, F. & Raleigh, D. P. A Single-Point Mutation Converts the
Highly Amyloidogenic Human Islet Amyloid Polypeptide into a Potent
Fibrillization Inhibitor. J. Am. Chem. Soc. 129, 11300–11301 (2007).
12. Seino, S. S20G mutation of the amylin gene is associated with Type II diabetes in
Japanese. Study Group of Comprehensive Analysis of Genetic Factors in Diabetes
Mellitus. Diabetologia 44, 906–909 (2001).
13. Padrick, S. B. & Miranker, A. D. Islet Amyloid: Phase Partitioning and Secondary
Nucleation Are Central to the Mechanism of Fibrillogenesis{. Biochemistry
(Mosc.) 41, 4694–4703 (2002).
14. Hutton, J. C. The insulin secretory granule. Diabetologia 32, 271–281 (1989).
15. Jha, S. et al. pH Dependence of Amylin Fibrillization. Biochemistry (Mosc.) 53,
300–310 (2014).
16. Hull, R. L., Westermark, G. T., Westermark, P. & Kahn, S. E. Islet Amyloid: A
Critical Entity in the Pathogenesis of Type 2 Diabetes. J. Clin. Endocrinol. Metab.
89, 3629–3643 (2004).
17. Westermark, P., Li, Z.-C., Westermark, G. T., Leckström, A. & Steiner, D. F.
Effects of beta cell granule components on human islet amyloid polypeptide fibril
formation. FEBS Lett. 379, 203–206 (1996).
18. Larson, J. L. & Miranker, A. D. The Mechanism of Insulin Action on Islet Amyloid
Polypeptide Fiber Formation. J. Mol. Biol. 335, 221–231 (2004).
19. Knight, J. D., Williamson, J. A. & Miranker, A. D. Interaction of membrane-bound
islet amyloid polypeptide with soluble and crystalline insulin. Protein Sci. 17,
1850–1856 (2008).
20. Wei, L. et al. Residual Structure in Islet Amyloid Polypeptide Mediates Its
Interactions with Soluble Insulin{. Biochemistry (Mosc.) 48, 2368–2376 (2009).
21. Jiang, P., Wei, L., Pervushin, K. & Mu, Y. pH-Dependent Interactions of Human
Islet Amyloid Polypeptide Segments with Insulin Studied by Replica Exchange
Molecular Dynamics Simulations. J. Phys. Chem. B 114, 10176–10183 (2010).
22. Chimienti, F., Devergnas, S., Favier, A. & Seve, M. Identification and Cloning of a
b-Cell–Specific Zinc Transporter, ZnT-8, Localized Into Insulin Secretory
Granules. Diabetes 53, 2330–2337 (2004).
23. Nicolson, T. J. et al. Insulin Storage and Glucose Homeostasis in Mice Null for the
Granule Zinc Transporter ZnT8 and Studies of the Type 2 Diabetes–Associated
Variants. Diabetes 58, 2070–2083 (2009).
24. Lemaire, K. et al. Insulin crystallization depends on zinc transporter ZnT8
expression, but is not required for normal glucose homeostasis in mice. Proc. Natl.
Acad. Sci. 106, 14872–14877 (2009).
25. Pound, L. D. et al. Deletion of the mouse Slc30a8 gene encoding zinc transporter-8
results in impaired insulin secretion. Biochem. J. 421, 371–376 (2009).
26. Dunn, M. F. Zinc–Ligand Interactions Modulate Assembly and Stability of the
Insulin Hexamer – A Review. Biometals 18, 295–303 (2005).
27. Miller, C., Zerze, G. H. & Mittal, J. Molecular Simulations Indicate Marked
Differences in the Structure of Amylin Mutants, Correlated with Known
Aggregation Propensity. J. Phys. Chem. B 117, 16066–16075 (2013).
28. Singh, S., Chiu, C., Reddy, A. S. & Pablo, J. J. de. a-helix to b-hairpin transition of
human amylin monomer. J. Chem. Phys. 138, 155101 (2013).
29. Dupuis, N. F., Wu, C., Shea, J.-E. & Bowers, M. T. The Amyloid Formation
Mechanism in Human IAPP: Dimers Have b-Strand Monomer2Monomer
Interfaces. J. Am. Chem. Soc. 133, 7240–7243 (2011).
30. Laghaei, R., Mousseau, N. & Wei, G. Structure and Thermodynamics of Amylin
Dimer Studied by Hamiltonian-Temperature Replica Exchange Molecular
Dynamics Simulations. J. Phys. Chem. B 115, 3146–3154 (2011).
31. Wu, C. & Shea, J.-E. Structural Similarities and Differences between
Amyloidogenic and Non-Amyloidogenic Islet Amyloid Polypeptide (IAPP)
Sequences and Implications for the Dual Physiological and Pathological Activities
of These Peptides. PLoS Comput Biol 9, e1003211 (2013).
32. Susa, A. C. et al. Defining the Molecular Basis of Amyloid Inhibitors: Human Islet
Amyloid Polypeptide–Insulin Interactions. J. Am. Chem. Soc. 136, 12912–12919
(2014).
33. Ding, F. & Dokholyan, N. V. Emergence of Protein Fold Families through Rational
Design. PLoS Comput Biol 2, e85 (2006).
34. Shirvanyants, D., Ding, F., Tsao, D., Ramachandran, S. & Dokholyan, N. V.
Discrete Molecular Dynamics: An Efficient And Versatile Simulation Method For
Fine Protein Characterization. J. Phys. Chem. B 116, 8375–8382 (2012).
35. Ding, F., Tsao, D., Nie, H. & Dokholyan, N. V. Ab Initio Folding of Proteins with
All-Atom Discrete Molecular Dynamics. Structure 16, 1010–1018 (2008).
36. Dagliyan, O., Proctor, E. A., D’Auria, K. M., Ding, F. & Dokholyan, N. V.
Structural and Dynamic Determinants of Protein-Peptide Recognition. Structure
19, 1837–1845 (2011).

SCIENTIFIC REPORTS | 5 : 8240 | DOI: 10.1038/srep08240

37. Kimura, S., Caldarini, M., Broglia, R. A., Dokholyan, N. V. & Tiana, G. The
maturation of HIV-1 protease precursor studied by discrete molecular dynamics.
Proteins Struct. Funct. Bioinforma. 82, 633–639 (2014).
38. Nanga, R. P. R., Brender, J. R., Vivekanandan, S. & Ramamoorthy, A. Structure
and membrane orientation of IAPP in its natively amidated form at physiological
pH in a membrane environment. Biochim. Biophys. Acta BBA - Biomembr. 1808,
2337–2342 (2011).
39. Kumar, S., Rosenberg, J. M., Bouzida, D., Swendsen, R. H. & Kollman, P. A. THE
weighted histogram analysis method for free-energy calculations on
biomolecules. I. The method. J. Comput. Chem. 13, 1011–1021 (1992).
40. Nanga, R. P. R. et al. Three-Dimensional Structure and Orientation of Rat Islet
Amyloid Polypeptide Protein in a Membrane Environment by Solution NMR
Spectroscopy. J. Am. Chem. Soc. 131, 8252–8261 (2009).
41. Wiltzius, J. J. W., Sievers, S. A., Sawaya, M. R. & Eisenberg, D. Atomic structures of
IAPP (amylin) fusions suggest a mechanism for fibrillation and the role of insulin
in the process. Protein Sci. 18, 1521–1530 (2009).
42. Barton, G. J. OC - A cluster analysis program. (University of Dundee, UK, 1993).
43. Maurer-Stroh, S. et al. Exploring the sequence determinants of amyloid structure
using position-specific scoring matrices. Nat. Methods 7, 237–242 (2010).
44. Luca, S., Yau, W.-M., Leapman, R. & Tycko, R. Peptide Conformation and
Supramolecular Organization in Amylin Fibrils: Constraints from Solid-State
NMR{. Biochemistry (Mosc.) 46, 13505–13522 (2007).
45. Brender, J. R. et al. Role of Zinc in Human Islet Amyloid Polypeptide Aggregation.
J. Am. Chem. Soc. 132, 8973–8983 (2010).
46. Salamekh, S. et al. A Two-Site Mechanism for the Inhibition of IAPP
Amyloidogenesis by Zinc. J. Mol. Biol. 410, 294–306 (2011).
47. Ciszak, E. & Smith, G. D. Crystallographic Evidence for Dual Coordination
Around Zinc in the T3R3 Human Insulin Hexamer. Biochemistry (Mosc.) 33,
1512–1517 (1994).
48. Lazaridis, T. & Karplus, M. Effective energy function for proteins in solution.
Proteins Struct. Funct. Bioinforma. 35, 133–152 (1999).
49. Ding, F., Borreguero, J. M., Buldyrey, S. V., Stanley, H. E. & Dokholyan, N. V.
Mechanism for the a-helix to b-hairpin transition. Proteins Struct. Funct.
Bioinforma. 53, 220–228 (2003).
50. Ding, F., Furukawa, Y., Nukina, N. & Dokholyan, N. V. Local unfolding of Cu, Zn
superoxide dismutase monomer determines the morphology of fibrillar
aggregates. J. Mol. Biol. 421, 548–560 (2012).
51. Andersen, H. C. Molecular dynamics simulations at constant pressure and/or
temperature. J. Chem. Phys. 72, 2384–2393 (1980).
52. Sugita, Y. & Okamoto, Y. Replica-exchange molecular dynamics method for
protein folding. Chem. Phys. Lett. 314, 141–151 (1999).

Acknowledgments
This work was supported in part by NSF CBET-1232724, NIH R15ES022766-01A1, and the
startup funds from Clemson University. All simulations were performed on the Palmetto
high performance cluster, which is managed and maintained by Clemson University CCIT.

Author contributions
P.N.G. and F.D. conceived the research design. P.N.G. performed the computational
simulations and data analysis. P.N.G. and F.D. wrote the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Nedumpully-Govindan, P. & Ding, F. Inhibition of IAPP
aggregation by insulin depends on the insulin oligomeric state regulated by zinc ion
concentration. Sci. Rep. 5, 8240; DOI:10.1038/srep08240 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

7

