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ABSTRACT: Amyloid-β (Aβ) and islet amyloid polypeptide (IAPP) are small peptides that have
the potential to not only self-assemble but also cross-assemble and form cytotoxic amyloid
aggregates. Recently, we experimentally investigated the nature of Aβ-IAPP coaggregation and its
inhibition by small polyphenolic molecules. Notably, we found that epigallocatechin gallate
(EGCG) had the ability to reduce heteroaggregate formation. However, the precise molecular
mechanism behind the reduction of heteroaggregates remains unclear. In this study, the
dimerization processes of Aβ40 and IAPP peptides with and without EGCG were characterized
by the enhanced sampling technique. Our results showed that these amyloid peptides exhibited a
tendency to form a stable heterodimer, which represented the first step toward coaggregation.
Furthermore, we also found that the EGCG regulated the dimerization process. In the presence of
EGCG, well-tempered metadynamics simulation indicated a notable shift in the bound state toward
a greater center of mass (COM) distance. Additionally, the presence of EGCG led to a significant
increase in the free energy barrier height (∼15kBT) along the COM distance, and we observed a
transition state between the bound and unbound states. Our findings also unveiled that the EGCG formed a greater number of
hydrogen bonds with Aβ40, effectively obstructing the dimer formation. In addition, we carried out microseconds of all-atom
conventional molecular dynamics (cMD) simulations to investigate the formation of both hetero- and homo-oligomer states by these
peptides. MD simulations illustrated that EGCG played a significant role in preventing oligomer formation by reducing the content
of β-sheets in the peptide. Collectively, our results offered valuable insight into the mechanism of cross-amyloid aggregation between
Aβ40 and IAPP and the inhibition effect of EGCG on the heteroaggregation process.

■ INTRODUCTION
Misfolded proteins and their aggregation are implicated in
more than 30 human diseases, including Alzheimer’s disease
(AD) and type 2 diabetes mellitus (T2DM).1,2 AD is the most
prevalent form of dementia, and it is projected to impact
around 131.5 million global population by 2050.3 Similarly,
T2DM, a chronic metabolic syndrome marked by insulin
resistance and hyperglycemia, is anticipated to affect the 700
million global population by 2045.4 Both AD and T2DM are
classified as protein aggregation diseases. This is due to the
amyloid deposition of β-amyloid (Aβ) peptide in the brain in
the case of AD, and islet amyloid polypeptide (IAPP) or
amylin in the pancreas in the case of T2DM.2,5 Misfolding of
Aβ forms oligomers, protofibrils, and mature amyloid fibrils
that are cytotoxic.2,5 Moreover, electron microscopy, solid-
state nuclear magnetic resonance (NMR), and circular
dichroism (CD) show that Aβ1−40 forms fibrils via the
conformational change to β-sheets. On the other hand,
T2DM involves the amyloid deposition of islet amyloid
polypeptide (IAPP) or amylin in the pancreas.2,5 IAPP or
amylin is a 37 amino-acid hormone that is cosecreted with
insulin from the pancreatic β-cells.6,7 The CD and NMR
spectra demonstrate a highly disordered and unfolded

structure of monomeric IAPP.8 Epidemiological studies report
a strong association between AD and T2DM.9−11 Recent
experimental studies suggest that IAPP can access the brain
parenchyma from circulation and deposit along with Aβ in the
brain tissues of AD patients.12−16

The process of amyloid aggregation follows a nucleation-
dependent mechanism characterized by all or none sigmoidal
kinetics. It involves an initial nucleation phase followed by
rapid elongation and eventual saturation.17,18 Both β-amyloid
(Aβ) and IAPP can form amyloid fibrils with similar β-sheets.
However, these two peptides exhibit distinct aggregation rates.
IAPP tends to aggregate faster with significantly shorter
nucleation phases in vitro when compared to Aβ at the same
concentration. The lag phase can be shortened or even
eliminated by introducing preformed amyloids, a phenomenon
known as the seeding effect.
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The cross- or coaggregation of Aβ and IAPP has been
explored in both in vivo and in vitro studies to uncover the
cross-talk between these two devastating diseases. In vivo
studies have shown that the injection of IAPP and Aβ fibrils
into mice expressing human IAPP resulted in an increased
deposition of IAPP in pancreatic tissue, possibly through
homologous and heterologous seeding mechanisms.16,19,20 The
result also shows a significant increase in pancreatic IAPP and
brain Aβ amyloid deposition in a double transgenic mouse
model expressing Aβ and IAPP in comparison with mice
expressing only human IAPP or only Aβ.19,21In vitro studies
have shown that monomeric IAPP and Aβ interact strongly
with each other, with binding affinities in the low nanomolar
range.22 Recent studies found that the coincubation of IAPP
and Aβ at the monomeric and prefibrillar stage leads to the
misfolding of both peptides and the formation of cross-amyloid
aggregation.23−28 Structural models of both Aβ and IAPP
fibrils derived from the experiments, combined with the MD
simulations, have provided valuable molecular insights into
their cross-interactions.29−31

At the in silico level, a study reported an accelerated
coaggregation process of IAPP with Aβ as compared with the
aggregation of Aβ alone. Molecular dynamics (MD)
simulations showed that binding of IAPP to Aβ resulted in a
conformational change of the Aβ segment (16−22) from a
helical to an elongated form, which in turn decreased the

barrier of aggregation free energy and thus accelerated the
coaggregation process.28 In another in silico study, MD
simulations were performed on preformed octamer oligomers
of IAPP15−35 alone, Aβ15−40 alone, and the heteroassembly of
four strands of each peptide (IAPP15−35 and Aβ15−40).
Throughout the simulation, all three octamer systems
maintained a common structure consisting of a U-shaped
structure (β-strand − turn − β-strand) stabilized by the
hydrogen bonding network as well as hydrophobic contacts.
Within the formed hetero-oligomers, Aβ was found to form a
template for the growth of IAPP and vice versa.32 In another in
silico study, MD simulations of IAPP-Aβ cross-seeding on cell
lipid membranes were performed, indicating possible toxicity
mechanisms of IAPP-Aβ coaggregates via the alteration of
calcium homeostasis.33 The simulations revealed a strong
binding interface between lipids and peptides, driven mainly by
electrostatic forces that contribute to the formation of Ca2+
bridges linking peptides to lipids. Conformational changes
upon the formation of these heterocomplexes have been
observed; however, the precise molecular details and
mechanisms underlying the coaggregation of Aβ and IAPP
remain elusive. Here, in this study, we address this issue using
enhanced sampling techniques (well-tempered metadynamics
method) on the dimer level. We find that the system visits a
few metastable states when it goes from an unbound state to a
bound state.

Figure 1. (A) Schematic representation of the heterodimer simulation box containing a monomeric Aβ40 and a monomeric IAPP in the presence
of EGCG. EGCG molecules are shown in CPK representation, whereas blue and red spheres represent Na+ and Cl− ions. The heterodimer
interface of Aβ40 and IAPP in the absence (B) and presence (C) of EGCG. In both (B) and (C), IAPP (blue) and Aβ40 (pink) are shown as
cartoons with the residues of each peptide that form heterodimer interface shown as stick representation.
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The discovery of molecules that can inhibit not only the self-
aggregation of amyloidogenic proteins but also their
coaggregation has been proven to be challenging.34 This is
mainly because IAPP and Aβ lack well-defined structures and
are highly flexible and dynamic in nature.34 In order for
inhibitors to prevent the aggregation of such intrinsically
disordered proteins, they should theoretically block the sites of
protein−protein interactions.34 Understanding the detailed
molecular interactions occurring between these proteins is a
prerequisite to the analysis of the inhibitor−peptide interface
and to the investigation of how inhibitors can potentially

destabilize the binding interfaces and prevent the self-assembly
and coassembly processes. Recently, we experimentally studied
the nature of IAPP-Aβ40 coaggregation and its inhibition by
small molecules. We selected polyphenolic candidates for the
inhibition of IAPP or Aβ40 self-aggregation.35 Next, we
examined the inhibitory effect of the most potent candidate on
IAPP-Aβ40 cross-interaction and aggregation. We found that
epigallocatechin gallate (EGCG) reduced heteroaggregate
formation. However, the molecular details and mechanism
behind the inhibition of heteroaggregate formation remain still
unclear. In this study, we performed cMD simulations of IAPP-

Figure 2. Dimerization process of Aβ40 and IAPP in the absence of EGCG. (A) The binding free energy landscape as a function of center of mass
(COM) distance and interchain contacts at the dimer interface. The bound state and unbound state are labeled B and U, respectively. The two off-
pathway intermediate states are labeled O1 and O2. The upper abscissa shows the one-dimensional projection of the free energy landscape along
the COM distance, whereas the left ordinate shows the one-dimensional projection of the free energy landscape along the Q value. (B) The
representative structure of each conformation is observed in the free energy landscape.
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Aβ40 in the absence and presence of EGCG to elucidate the
mechanism by which EGCG inhibits the early stage of IAPP-
Aβ40 coaggregation.

■ RESULTS AND DISCUSSION
As we know, the first step of aggregation is the dimer
formation. A schematic representation of the simulated
heterodimer system in the presence of EGCG is depicted in
Figure 1. We first analyzed the heterodimer formation of Aβ40

and IAPP in the absence and presence of EGCG. Next, we
characterized the hetero-oligomer formation of Aβ40 and IAPP
hexamers in the absence and presence of EGCG, with more
comprehensive details presented in the forthcoming sections.
The Dimerization Process of IAPP-Aβ40 in the

Absence and Presence of EGCG. To elucidate the
dimerization process of the IAPP-Aβ40, the two-dimensional
free energy landscapes (FELs) of the binding process were
generated. Figure 2 shows the FEL of the binding process

Figure 3. Dimerization process of Aβ40 and IAPP in the presence of EGCG. (A) The binding free energy landscape as a function of center of mass
(COM) distance and interchain contacts at the dimer interface. The bound state, unbound state, and transition state are labeled B, U, and T,
respectively. The upper abscissa shows the one-dimensional projection of the free energy landscape along the COM distance, whereas the left
ordinate shows the one-dimensional projection of the free energy landscape along the Q value. (B) The representative structure of each
conformation is observed in the free energy landscape.
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projected using the two collective variables (CV1 and CV2).
CV1 corresponds to the center of mass (COM) distance of
two monomers (Aβ40 and IAPP), and CV2 is the contact
number of the residue pairs on the interface of the dimer
obtained from our previous equilibrium MD simulations (see
Methods section for detail). The two peptide monomers are
bound together when they have small COM distances and a
large Q value (CV2), whereas these are unbound when they
have large COM distances and a small Q value. Based on two
CV values, we can divide the FELs into different regions: the
bound region, with CV1 < 6 Å and CV2 > 0.7; the unbound
region, with CV1 > 25 Å and CV2 < 0.2; and the intermediate
region, with 10 Å < CV1 < 20 Å and 0.3 < CV2 < 0.6.
As shown in Figure 2A, the lowest free energy minimum is

located in the bound state, which simply means that both
IAPP-Aβ40 monomers prefer to bind with each other. The free
energy of the unbound state is higher than the bound state,
and we observed no free energy barrier between the bound and
unbound states when we project the FEL along the COM
distance. The free energy of the unbound state is ∼20.55 kcal/
mol when the free energy of the bound state is set to zero. The
bound state in FEL is observed at a COM distance of ∼3.1 Å
and a Q value of ∼0.76, whereas the unbound state is located
at a COM distance of ∼29.1 Å and a Q value of 0.1. When
projecting the free energy along the COM distance, only two
local minima become apparent. However, a two-dimensional
reaction coordinate that encompasses both the COM distance
and the Q value uncovers multiple metastable states (B, O2,
O1, and U). The metastable states observed along the
dimerization pathway are named off-pathway states. The
orientation of the two monomers (IAPP and Aβ40) in these
two states is distinct from those in the bound state.
Figure 2B shows the representative structures corresponding

to the minimum free energy states observed in the FELs. It can
be seen that the orientation of the C-terminal loop is different
in both the O1 and O2 states than in the dimer state. In the
bound state, a high Q value of 0.76 indicates that most of the
residue pairs defined as CV2 (as stated in the Methods
section) are present at the heterodimer interface. The
dimerization pathway observed in our simulations in the
absence of EGCG is defined as follows: first, the system goes to
the unbound state, then it goes to the O1 state, after O1 it

visits the O2 state, and finally, it reaches the bound state, which
is thermodynamically more stable than the other observed
states.
The FEL of heterodimer formation in the presence of

EGCG was generated using the same CVs (CV1 and CV2) as
described previously and is shown in Figure 3A. Only CV2,
which refers to the contact number of residue pairs at the
interface of the dimer, changes in the presence of EGCG (see
Methods section for detail). The FEL in the presence of
EGCG was also divided into three regions: the bound region,
the intermediate region, and the unbound region. We observed
a transition state between the bound and unbound regions.
The metastable states O1 and O2 observed in the absence of
EGCG are absent in the presence of EGCG, but a new
intermediate state (high energy state) has emerged. The bound
state in FEL is observed at a COM distance of ∼5.2 Å and the
Q value is ∼0.9, while the unbound state is located at a COM
distance of ∼29.1 Å and the Q value is 0.06. In both systems
(with and without EGCG), we found that the minimum free
energy state corresponds to the bound state, but the free
energy minima corresponding to the COM distance are shifted
to a higher value in the presence of EGCG. This observation is
probably due to the effect of EGCG in preventing the two
monomers from approaching each other. The free energy of
the unbound state is higher than that of the bound state, and
there is a transition state between the bound state and the
unbound state. The free energies of the unbound state and the
transition state are 29.4 and 38.9 kcal/mol, respectively, while
the free energy of the bound state is set to zero. Based on the
free energy landscape, we conclude that the dimerization in the
presence of EGCG is a two-step process. From the unbound
state, the system must overcome the free energy barrier of the
transition state. Once it has overcome the energy barrier, it
goes very rapidly into the bound state as indicated by a steep
slope. The free energy barrier between the unbound state and
the transition state is 9.5 kcal/mol.
The two major minima on the free energy landscape curve

indicate that the dimerization of IAPP-Aβ40 in the presence of
EGCG is a two-state process, whereas in the absence of
EGCG, we observed some metastable states. In the presence of
EGCG, the system should overcome a much higher free energy
barrier from the unbound state to the bound state than in the

Figure 4. Distance matrices illustrating inter-residue contacts between Aβ40 and IAPP peptides in the absence of EGCG (A) and in the presence of
EGCG (B). The inter-residue contacts are shown for Aβ40 and IAPP peptides for the whole simulation time. The color bar on the right indicates
average inter-residue distances (in nanometers).
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absence of the EGCG system (9.5 kcal/mol vs 0 kcal/mol).
The result clearly indicates a slower transition between the
unbound and bound states in the presence of EGCG. We
found that EGCG does not completely block dimer formation
but slows the dimerization process. Figure 3B shows the
representative structures corresponding to the minimum free
energy states observed in the FELs. In the bound state, EGCG
binds to both monomers and prevents them from approaching
each other, whereas in the transition state, all EGCG molecules
bind to IAPP. The dimerization pathway observed in our
simulations in the presence of EGCG is defined as follows:
first, the system enters the unbound state, then it overcomes
the free energy barrier and visits the transition state, and
finally, it reaches the bound state.
In our simulation, both systems exhibit the bound state.

EGCG does not completely inhibit dimer formation but slows
down the dimerization process by increasing the free energy
barrier between the unbound and bound states. It also shifts
the global minima at a higher COM distance. In addition, we
experimentally reported in our previous work the inhibition of
coaggregation by EGCG.35 Therefore, to explore the precise
mechanism of the inhibition of cross-aggregation, we
performed the MD simulations for the hexamer system (i.e.,

at the oligomeric level), which we will discuss in the following
sections.
The Inter-residue Distance between IAPP-Aβ40

Dimer Systems in the Absence and Presence of EGCG.
To get an overview of how the two peptides are arranged with
respect to each other as dimers both with EGCG and without
EGCG, we calculated the interpeptide distance on a residue-to-
residue basis. The resulting interpeptide distance matrices for
both systems are shown in Figure 4. Figure 4A demonstrates,
in the absence of EGCG, IAPP residues, 8−20, 22, 25−30, to
have high contact density with Aβ40 residues, 22−37. Our data
show that IAPP residues that are in close contact with Aβ40
span different regions of IAPP including the middle region
(residues 8−20) and the amyloidogenic region (residues 20−
29). As for Aβ40, its identified residues that are in close
contact with IAPP are mainly located in its core and C-
terminus regions (22−37). These regions, particularly the
sequence 29−40 of Aβ40, are previously shown in the
literature to be highly aggregation-prone for amyloid
formation.36,37 Additionally, the IAPP region (20−29) has
been reported in studies as important in controlling amyloid
formation.38−40 In fact, the rat IAPP sequence differs from that
of humans at six positions, five of which are located in the
region (20−29). Three proline substitutions at positions 25,

Figure 5. Time evolution of intermolecular hydrogen bonds formed between each EGCG molecule and Aβ40 (A) and IAPP (B) in the
heterodimer system. Schematic representation of H-bond between Aβ40-EGCG (C) and IAPP-EGCG (D). The EGCG molecule was shown in
stick representation. The red dotted lines show the H-bonds.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00500
ACS Omega 2024, 9, 30256−30269

30261

https://pubs.acs.org/doi/10.1021/acsomega.4c00500?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00500?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00500?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00500?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


28, and 29 prevent the rat IAPP from forming a β-sheet
amyloid structure.38−40 Our data are in agreement with
previous experimental studies that have reported the hot
regions of IAPP (8−18 and 22−28) and Aβ40 (19−22, 27−
32, and 35−40) to mediate both self-interaction and cross-
interaction between the two peptides.22 The IAPP and Aβ40
residues identified in our distance matrices are largely within
the reported hot regions. Understanding the detailed molecular
interactions between IAPP and Aβ40 in the absence of EGCG
is required to analyze the effect of the inhibitor EGCG on the
protein−protein interaction interface.34
On the other hand, in the presence of EGCG, the

interpeptide distance between almost all residues of the two
peptides increased (Figure 4B). This clearly demonstrates that
EGCG disrupts the peptides when they come into close
proximity, consistent with our free energy results. In both
peptides, the N-termini and a few residues of the core regions
are between 0.5 and 1 nm apart from each other, while the
amyloidogenic regions of both peptides are not at a distance
that permits their interactions. Only IAPP residues (11−17,
21, and 25−28) and Aβ40 residues (14−21, 27, 31, and 34)
are between 0.5 and 1 nm apart from each other. These
distances are above the required threshold for hydrogen bond
formation. Importantly, the bound system in the presence of
EGCG does not show the aggregation-prone residues of each
peptide to be close enough to each other as they are in the
bound state in the absence of EGCG. This finding indicates
that residues forming the heterodimer interface in the absence
of the inhibitor are unable to interact with each other in the
presence of the inhibitor. The bound state presented earlier in
the presence of EGCG (Figure 3) has a center of mass distance
of ∼5.2 Å; however, the bound state does not imply that IAPP
and Aβ40 residues are at a distance that permits their
interactions to form close polar and hydrophobic contacts at
the interface. In addition, we analyzed the inhibitor−peptide
interactions by computing inter-residue distance maps (Figure
S1). These data enable us to further investigate how EGCG
can potentially destabilize the binding interface and prevent
the cross-interaction process. It can be noticed that four
EGCG molecules are in close proximity to Aβ40 residues from
the core region (9−15) and C-termini residues (30−35) with
distances of around 0.5 nm. While for IAPP, only two EGCG
molecules are in close proximity with the IAPP residues from

the core (10, 11, and 14 at a distance of around 0.5 nm) and
amyloidogenic regions (25−31 at a distance of around 1 nm).
Interpeptide Hydrogen Bonds between IAPP and

Aβ40 in the Absence and Presence of EGCG. To
investigate the effect of EGCG on modulating IAPP-Aβ40
cross-interaction, we analyzed the interpeptide hydrogen
bonds (H-bonds) during dimer simulations. The interpeptide
H-bonds are defined as the hydrogen bonds formed between
Aβ40 and IAPP monomers. The GROMACS hbond tool41 was
used to calculate the presence of the H-bonds using a
threshold distance of 3.5 Å and a cutoff angle of 30°. Figure S2
shows the time evolution of interpeptide H-bonds both in the
presence and absence of EGCG. Our result showed that the
number of interpeptide H-bonds varied throughout the
simulation between the two dimer systems. Notably, in the
absence of EGCG, the average number of interpeptide H-
bonds is 5.40, whereas in the presence of EGCG, the average
number of H-bonds is 4.2. The low number of interpeptide H-
bonds in the presence of EGCG clearly indicates that EGCG
modulates the cross-interaction at the dimer level. To elucidate
whether EGCG binds any monomers, we also calculated the
H-bonds between the EGCG molecule and Aβ40 or IAPP.
The time evolution of H-bond formation between each EGCG
molecule and Aβ40 and IAPP is shown in Figure 5A,B,
respectively. Figure 5C,D illustrates the schematic representa-
tion of the H-bonds formed between EGCG and Aβ40, as well
as the IAPP. The average number of H-bonds formed between
each EGCG molecule and Aβ40 peptide is 1.02, whereas for
IAPP the average number of H-bonds is 0.415. Our data
demonstrate that EGCG forms more H-bonds with Aβ40 than
with IAPP throughout the simulation time. Moreover, the
interaction with both peptides may indicate an interference
effect of EGCG against the formation of IAPP-Aβ40
heterodimer.
Homo- and Hetero-Oligomerization of IAPP and

Aβ40 in the Absence and Presence of EGCG. To
understand the early steps of IAPP and Aβ40 self- and
coaggregation, we performed cMD simulations of homo- and
heterohexamer systems. For homosystems, the oligomerization
simulation of six IAPP monomers (Figure 6A, red dotted line)
shows an immediate formation of IAPP tetramers during the
first 200 ns, followed by the formation of pentamer oligomers
until 580 ns. The stable formation of IAPP homohexamers is

Figure 6. (A) The homo-oligomerization states of the Aβ40 and IAPP systems over simulation time. The blue solid line corresponds to the Aβ40
system, whereas the red dotted lines correspond to the IAPP system. (B) The hetero-oligomerization states of the Aβ40 and IAPP systems in the
presence and absence of EGCG over simulation time. The blue solid line corresponds to the heteroaggregate in the presence of EGCG, whereas the
red dotted line corresponds to heteroaggregate forms in the absence of EGCG.
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observed from 580 ns until the end of the simulation time. As
with the Aβ40 homosystem (Figure 6A, blue solid line), the
Aβ40 monomers form pentamer oligomers after the first 50 ns,
which fluctuate slightly until 750 ns, where a stable Aβ40
homohexamer forms. Our MD simulations show that stable
homohexamers form earlier for IAPP than for Aβ40. This
observation is consistent with previous experimental results
showing shorter lag phases and faster self-aggregation kinetics
of IAPP compared to Aβ40.24,28,35
In contrast to homo-oligomerization, hetero-oligomerization

of three IAPP and three Aβ40 monomers results in a different
oligomerization pathway (Figure 6B, the red dotted line). The
IAPP-Aβ40 heterosystem shows an early formation of
heterotrimers lasting about 180 ns, followed by a fluctuation
of tetramer and pentamer oligomers until 420 ns, after which
stable heterohexamers are formed until the end of the
simulation time. Interestingly, in the presence of EGCG
(Figure 6B, the blue solid line), the IAPP and Aβ40 monomers
formed only dimers in the first 400 ns, followed by trimer
formation with the transient formation of hexamers. Our MD
results decipher the molecular mechanism by which EGCG
molecules prevent the early steps of IAPP-Aβ40 co-
oligomerization, as indicated by the inability of IAPP and
Aβ40 monomers to form stable hexamers in the presence of
EGCG.
To further elucidate the inhibition mechanism of EGCG at

the early stages of IAPP and Aβ40 coaggregation, the
heterohexamer systems were analyzed for the number of
atomic contacts between IAPP and Aβ40 residues in the
absence and presence of EGCG over the entire simulation time
(Figure 7). The results of atomic contacts clearly demonstrate
the lower number (between 1.3- and 2.5-fold decrease) of
atomic contacts between IAPP and Aβ40 in the presence of
EGCG as compared to the system simulated in the absence of

EGCG. The results suggest the effect of EGCG molecules in
interfering with the interactions occurring between the IAPP
and Aβ40 heterohexamers throughout the simulation time.
Our current MD results support the inhibitory role of EGCG
against IAPP-Aβ40 coaggregation, in agreement with our
previous experimental data.35 Notably, in our previous work,
we investigated the effect of EGCG on the isolated Aβ
monomer or IAPP monomer systems as well as the mixed
IAPP-Aβ heterosystem. Using thioflavin-T fluorescence assay
and transmission electron microscopy, we investigated the role
of EGCG (along with 5 potential polyphenolic candidates) in
preventing Aβ40 and IAPP self-aggregation. Our results
demonstrated that EGCG was highly and similarly effective
in reducing the self-aggregation of Aβ40 (by 67.5%) as well as
IAPP (77.6%). While the effect of EGCG on Aβ40 is well
addressed in the literature, several studies in the literature have
also reported the inhibitory effect of EGCG on IAPP
aggregation. Studies have shown that EGCG efficiently
inhibited IAPP aggregation and protected the rat β-cells
from the toxic effect of IAPP fibrils42,43 Given that ECGC was
the most potent candidate in our experimental screening, the
current study was devoted to elaborate on its mechanistic role
in preventing the IAPP-Aβ40 coaggregation systems in silico.
Secondary Structure Changes during the Processes

of Homo- and Hetero-Oligomerization of IAPP and
Aβ40 in the Absence and Presence of EGCG. The
secondary structural analyses of the homohexamer and
heterohexamer systems were performed by calculating the
probabilities per residue for each secondary structure element,
α-helices, β-sheets, and turns over the entire simulation time
(1000 ns) and for all six monomers in each system.
Examination of the Aβ40-homohexamer system (Figure 8A)
reveals that most Aβ40 residues, particularly core-stretch and
C-terminus, form predominantly turn structures and β-sheets.
These results are consistent with the expected intrinsically
disordered nature of Aβ40 monomers and their tendency to
form a hairpin structure consisting of turns and β-sheets.44 In
fact, Aβ oligomers have been shown to exhibit compact twisted
conformations known as beta-hairpins. The crystallographic
structures of Aβ oligomers were revealed using β-hairpin
mimics, which had the tendency to assemble into trimers and
higher-order hexamers and dodecamers via hydrophobic and
exposed hydrogen bonds.44 On the other hand, secondary
structure analysis of the IAPP homohexamer system shows that
most IAPP residues tend to form turns and α-helices and have
little probability of forming a β-sheet (Figure 8B). Our
observation of the involvement of α-helices and turns in the
self-oligomerization of IAPP can be explained by previous
studies that showed the importance of α-helices over β-sheets
in the early stages of IAPP self-assembly and oligomerization.45

Using Raman and infrared spectroscopy, IAPP oligomers were
found to have a higher content of α-helices as compared with
the mature IAPP fibrils that are rich in β-sheets.46
Secondary structure analysis of the heterohexamer system

shows that both IAPP and Aβ40 monomers have overall
similar secondary structural elements as their homosystems
(Figure 9). However, IAPP residues in the early core region
(7−15) have a higher content of α-helices in the heterosystem
than in the homosystem. Also, IAPP residues in the C-termini
regions (28−37) exhibit a higher tendency to form turn
structures in the heterosystem than in the homosystem. Having
higher turn structures in IAPP residues 28−37 may indicate
their role in interacting with Aβ40 to form early oligomeric

Figure 7. Time evolution of atomic contact between the Aβ40 and
IAPP peptides in the absence and the presence of EGCG molecules.
The blue solid line corresponds to the atomic contacts between Aβ40
and IAPP in the absence of EGCG, whereas the red solid line
corresponds to the atomic contacts between Aβ40 and IAPP in the
presence of EGCG. The shaded region shows the error bars.
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Figure 8. Secondary structural characterization of homo-oligomerization states. Probability of secondary structures to form in each residue of the
Aβ40 (A) and IAPP (B) peptides. The bars represent the cumulative secondary structure probabilities consisting of helix (green color), β-strand/
bridge (blue color), and turn or bend (red color). The difference from 1.0 presents the probability of the random coil state.

Figure 9. Secondary structural characterization of hetero-oligomerization states. Probability of secondary structures to form in each residue of the
Aβ and IAPP peptides in the absence of EGCG (A), and in the presence of EGCG (B). The bars represent the cumulative secondary structure
probabilities consisting of helix (green color), β-strand/bridge (blue color), and turn or bend (red color). The difference from 1.0 presents the
probability of the random coil state.
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species. Interestingly, in the presence of EGCG (Figure 9B),
IAPP-Aβ40 heterohexamers exhibit a lower tendency toward
β-sheets in the Aβ40 residues and a higher tendency toward α-
helices in the IAPP residues (especially in the amyloidogenic
region of IAPP). The presence of the key amyloidogenic
residues of IAPP in an α-helix rather than in the turn structure
in the presence of EGCG may indicate the effect of EGCG in
maintaining the structured helical folding of IAPP, protecting
its residues from interaction with Aβ40, as we have previously
shown in inter-residue distance data in Figure 4.

■ CONCLUSION
In recent years, significant research encompassing in vitro, in
vivo, and as well as computational in silico studies unveiled a
strong association between AD and T2DM. Notably,
individuals diagnosed with AD face an increased risk of
developing T2DM, while those with T2DM are prone to
developing AD. The precise mechanism behind this association
is still ambiguous, but recent studies suggest that peptides
central to each of these diseases play a pivotal role in this
association. Recently, we experimentally investigated the
nature of IAPP-Aβ40 coaggregation and its inhibition by
small polyphenolic molecules. Notably, we found that EGCG
had the ability to reduce heteroaggregate formation. EGCG is
an antioxidant polyphenolic small molecule that has wide
preclinical applications in many human diseases including its
use as an inhibitor of self-aggregation of different pathogenic
proteins such as Aβ and IAPP.35 In our previous work, we also
demonstrated the protective effect of EGCG on two cell lines
(neuronal and pancreatic cell models) against the cytotoxicity
of IAPP−Aβ40 heteroaggregates. The in vitro cell viability rates
of PC-12 cells and RIN-m5F cells were reduced when treated
with IAPP-Aβ40 heteroaggregates (without EGCG addition),
whereas cells treated with IAPP-Aβ40 heteroaggregates in the
presence of EGCG had higher viability rates indicating the
inhibitory role of EGCG against the cytotoxicity of IAPP-Aβ40
heteroaggregates. Importantly, we found the highest reduction
of cytotoxicity of IAPP-Aβ40 heteroaggregates on PC-12 and
RIN-m5F cell models, specifically at EGCG concentrations,
which are 2.5-fold higher than the mixed peptide concen-
trations.35

To gain insights into the dimerization process of IAPP and
Aβ40, which is the first step of coaggregation, both in the
absence and presence of EGCG, we employed advanced
sampling techniques, specifically the well-tempered metady-
namics method. WTMD simulations enable us to characterize
the free energy landscape and identify metastable states
involved in the dimerization process with and without
EGCG. In both cases, the lowest free energy state on the
FEL corresponds to the bound state, indicating a significant
interaction between the two peptides. However, there is a
notable distinction between the two cases. In the absence of
EGCG, the minimum energy state corresponds to a COM
distance of 3.1 Å, indicating a close proximity of two peptides.
In contrast, in the presence of EGCG, the minima correspond
to a COM distance of 5.2 Å, which exceeds the threshold value
for polar interaction. In essence, our findings suggest that
without EGCG, the system radially forms a stable dimer, while
the presence of EGCG prevents the dimerization process,
leading to a bound state but not the formation of a stable
dimer.
Furthermore, we examined the formation of interpeptide H-

bonds and found that in the absence of EGCG, IAPP-Aβ40

exhibited a higher number of H-bonds, which aligns with our
argument. However, this raised the question of why, in the
presence of EGCG, the system does not form the dimer. To
address this, we investigated the intermolecular H-bonds
between EGCG and the peptides and observed that EGCG
indeed forms H-bonds with both peptides. As a result, when
the two peptides come into close proximity, the presence of
EGCG obstructs the dimer formation process. Supporting this
observation, we provided data on the distances between
residues in both cases, indicating that regions of the peptides
that were close in the absence of EGCG moved significantly
apart in the presence of EGCG. Additionally, we looked at the
dimerization pathways, finding multiple metastable states
between the bound and unbound states in the absence of
EGCG, whereas with EGCG, we observed a high energy
transition state between these states.
We also investigated the homo- and hetero-oligomerization

of IAPP and Aβ40 in both the absence and presence of EGCG,
aiming to elucidate the mechanism of cross-amyloid inhibition
using long cMD simulations. Our results revealed that IAPP
aggregated at a faster rate compared to Aβ40, which aligned
with experimental findings. Without EGCG, Aβ40 and IAPP
coaggregated to form hexamers, while in the presence of
EGCG, they never coaggregated as hexamers during the whole
simulation period. Analysis of the secondary structure revealed
that EGCG inhibited coaggregation by modulating the
secondary structure of both peptides. In summary, this study
offers valuable insights into the mechanism by which EGCG
inhibits coaggregation, shedding light on the complex interplay
between these peptides.

■ METHODS
Systems. To understand the inhibitory role of EGCG

against IAPP-Aβ40 cross-interaction, molecular dynamics
simulations have been performed with and without EGCG.
Aβ40 and Aβ42 are the two major isoforms of the β-amyloid
peptides and are both elevated in the brain of Alzheimer’s
disease patients.47 Aβ42 is more amyloidogenic and toxic with
respect to Aβ40, and the higher abundance of Aβ40 in body
fluids, with a ratio of 9:1 (Aβ40:Aβ42), is the reason for
adopting Aβ0 in our MD simulation. The two systems were
modeled accordingly: the first system contains one Aβ40
(Residue: 1−40) monomer and one IAPP (Residue: 1−37)
monomer, and the second system contains one Aβ monomer,
one IAPP monomer, and five EGCG molecules. The initial
structures of Aβ40 (PDBID: 2LFM)48 and IAPP (PDBID:
2L86)49 were obtained from the Protein Data Bank. The IAPP
structure was resolved for the native amidated IAPP at a
physiological pH and with a disulfide bridge between residues
Cys2−Cys7. EGCG structure was built from its canonical
SMILES obtained from the PubChem database. Since the
reported PDB structures were resolved in the multimeric form,
therefore, in this study, we have taken one monomeric
structure for each peptide. We simulated the monomeric
peptides starting from the initial structure and solvated them
with a cubic box. We run these simulations for 500 ns. For the
heterodimer simulations, the representative Aβ40 and IAPP
monomer structures were determined using the GROMACS
clustering tool of Daura et al.50 with a cutoff of the root-mean-
square deviation (RMSD) of 0.2 nm. All-atom MD simulations
were performed using the GROMACS package v5.1.4,41

CHARMM36m force field51 with the TIP3P water model.52
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To mimic the experimental condition, we added 100 mM
NaCl to the system.
For heterodimer formation simulations, we placed the two

monomers that correspond to Aβ40 and IAPP peptides
randomly using the PACKMOL.53 The two peptides were
placed at least 1.2 nm distance between them in a cubic
simulation box with a distance of 10 Å from the box walls. Ions
were added to neutralize the system as well as mimic the
experimental conditions. We capped the N- and C-terminals of
the peptides with acetyl (ACE) and N-methyl amide (NME)
groups, respectively, to mimic the experimental conditions.
Before performing the well-tempered metadynamics (WTMD)
simulations,54 the systems were energy-minimized through the
steepest descent method for the 10 000 steps to remove the
bad contacts that may arise due to the random placement of
water and ions. Periodic boundary conditions were applied in
all three directions. For neighbor search, a cutoff of 10 Å was
used. The neighbor list for the nonbonded pairs was updated
every 40 steps. The particle mesh Ewald summation method55

was used to calculate the long-range electrostatic interactions
with a grid spacing of 0.16 nm and interpolation of order 4.
SETTLE56 and LINCS57 algorithms were used to constrain the
covalent bonds of the system to their equilibrium properties.
The temperature was set to 310 K with a V-rescale
thermostat.58 The pressure was retained at 1 bar using a
Perrinello-Rahman barostat59 and an isotropic scheme. After
minimization, each system was heated up from 0 to 310 K in
the NVT ensemble for 10 ns, followed by another 10 ns
equilibration in the NPT ensemble.
Well-Tempered Metadynamics Simulations. The

WTMD simulations were performed with the GROMACS
package v5.1.441 and PLUMED v2.4.60 The first collective
variable of our metadynamics simulation was defined as the
distance between the center of mass (COM) of the two
peptides. The second collective variable (CV2) of our
simulations was defined as the contact number of the typical
residue pairs that lie on the dimer interface. We used our 700
ns equilibrium simulation presented in our previous work35 to
extract the residue pairs located at the dimer interface. Briefly,
in the absence of EGCG, the heterodimer interface forms
between the Aβ40 residues (R5, H6, S26, G29, I31, V36, V39,
V40) and the IAPP residues (T6, A8, Q10, S20, S28, S29, N31,
Y37) that form polar interactions at the heterodimer interface.
While in the presence of EGCG, the heterodimer interface is
formed between Aβ40 residues (H6, D7, E11, V12, Q15) and
IAPP residues (K1, C2, Q10, N14).
Figure 1B,C shows the residue pairs at the dimer interface in

the presence and absence of EGCG. The Gaussian height was
set as 0.5 kJ/mol and deposited every 1 ps with a gradually
decreasing bias factor of 32.0. The Gaussian widths were set to
0.6 for both CV1 and CV2. WTMD simulations were
performed for 400 ns with the time step set to 2 fs. The
fluctuations of the CVs were monitored and the convergence
of the simulation was assessed by evaluating the magnitude of
Gaussian height. The sampling was considered converged
when the Gaussian height dropped and reached a threshold
value (Figure S3). We used Gaussian height <0.006 kJ/mol as
a threshold value.
Hexamer Simulations. To study the underlying mecha-

nism of both the homo- and heteroaggregation (oligomer
formation) and how the EGCG inhibits the heteroaggregation,
we introduced six peptides into a cubic box with a 10 nm edge
length. For the homosystem, all six peptides correspond to the

same peptide, whereas for the heterosystem, three peptides
correspond to each system. We used the same force field and
water model, i.e., CHARMM36m51 and TIP3P,52 to study the
aggregation behavior of the peptides. The initial configuration
for these simulations was generated with the PACKMOL53

program, using the most populated peptide structure observed
in the monomer simulations. We positioned the monomer in
such a way that the monomer−monomer distance was smaller
than 1.2 nm. We followed the same simulation protocol as
discussed in the Well-Tempered Metadynamics Simulations
section. Each hexamer simulation was performed for 1 μs with
the time step set to 4 fs.
Analysis. Structural analysis The simulation trajectories

were analyzed using a combination of GROMACS tools, in-
house Python scripts invoking the MDAnalysis,61 and MDTraj
libraries.62 To identify the inter- and intrapeptide contacts, we
considered two residues to be in contact, if the distance
between any pair of atoms of the residues is less than or equal
to 0.4 nm. Using the same distance cutoff, we determined the
size of oligomers. For the H-bonds, we used the following
criteria: the distance between the donor and the acceptor is d
≤ 3.5 Å, and the angle between the donor and the acceptor is
<30°. The results were plotted using the matplotlib v3.3.263
The structural images were drawn using the visual molecular
dynamics (VMD)64 and PyMOL.65

Free energy landscape The free energy landscapes (FELs) are
plotted as a function of the probability distribution.

F k T P
P

lnB
max

=
(1)

where kB is the Boltzmann constant and T is the temperature.
Pmax is the maximum probability that corresponds to ΔF = 0.
In our WTMD simulations, the probability distribution of

conformational states was computed along the two reaction
coordinates: the center of mass distance between the Aβ40 and
IAPP monomer-formed dimers; and the fraction of the native
contacts (Q) calculated using the equation:66
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where the sum runs over the N atom pairs, rij(Ω) is the
distance between the i and j atom pair in configuration Ω, rij

0 is
the distance between the heavy atoms i and j from the
experimental crystal structure. β is the smoothing parameter
taken to be 5 Å−1, and the factor λ accounts for the fluctuations
when the contact is formed, taken to be 1.8. Eight residue pairs
were selected to characterize the binding process in the
absence of an inhibitor (EGCG), whereas six residue pairs
were chosen in the presence of an inhibitor. Therefore, N = 6
and 8 were chosen for both cases to calculate the fraction of
native contacts (Q) and plot the free energy landscape.
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and cMD simulations for all systems, the representative
structures of all intermediate states, and the input files
for the metadynamics simulations and cMD simulations
are available at Zenodo data repository (https://
zenodo.org/records/10478034) (PDF)
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