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Abstract

Amyloid depositions of human islet amyloid polypeptide (hIAPP) are associated with type Il
diabetes (T2D) impacting millions of people globally. Accordingly, strategies against hIAPP
aggregation are essential for the prevention and eventual treatment of the disease. Helix mimetics,
which modulate the protein-protein interaction by mimicking the side chain residues of a natural
a-helix, were found to be a promising strategy for inhibiting hlAPP aggregation. Here, we applied
molecular dynamics simulations to investigate two helix mimetics reported to have opposite
effects on hlAPP aggregation in solution — the oligopyridylamide-based scaffold 1e promoted
whereas naphthalimide-appended oligopyridylamide scaffold DM 1 inhibited the aggregation of
hIAPP in solution. We found that 1e promoted the hIAPP aggregation due to the recruiting
effects through binding with the N-termini of hIAPP peptides. In contrast, DM 1 with a

higher hydrophobic/hydrophilic ratio effectively inhibited hIAPP aggregation by strongly binding
with the C-termini of hlAPP peptides, which competed for the inter-peptide contacts between
amyloidogenic regions in the C-termini and impaired the fibrillization of hIAPP. Structural
analyses revealed that DM 1 formed the core of hlAPP-DM 1 complexes and stabilized the off-
pathway oligomers whereas 1e formed the corona outside the hlAPP-1e complexes and remained
active in recruiting free hIAPP peptides. The distinct interaction mechanisms of DM 1 and 1le,
together with other reported potent antagonists in the literature, emphasized the effective small
molecule-based amyloid inhibitors by disrupting peptide interactions should reach a balanced
hydrophobic/hydrophilic ratio, providing a viable and generic strategy for the rational design of
novel anti-amyloid hanomedicine.
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The effects of helix mimetics on human islet amyloid polypeptide aggregation depend on the
hydrophobic/hydrophilic ratio

INTRODUCTION

The aberrant self-assemblies of proteins into amyloid fibrils with the generation of

toxic intermediates along the process are hallmarks of multiple pathological disorders
including Alzheimer’s and Parkinson’s diseases, and type 11 diabetes (T2D).12 These
insoluble B-sheet rich assemblies are formed via a series of conformational changes out

of soluble, functional proteins. For instance, islet amyloid polypeptide (hIAPP) is the
main component of amyloid deposits observed in the pancreatic islets of T2D patients

and the amyloidogenesis process is linked to pancreatic inflammation, p-cell degeneration,
and the pathogenesis of T2D.3-5 hIAPP is a 37-residue hormone synthesized and stored

in pancreatic p-cell islets, playing both functional roles as a neuropeptide regulator of
glucose homeostasis and pathological role in the development and morbidity of T2D.8
Prior to secretion, hIAPP is stabilized within intracellular p-cell granules by a combination
of low pH and interactions with other granule components, including insulin, zinc ions
and C-peptide.” However, under conditions of T2D, the intrinsically disordered but highly
amyloidogenic hlAPP self-assembles into cytotoxic oligomers and amyloid fibrils within
extracellular space, which eventually leads to dysfunction and death of p-cells in the
pancreas.-10 Although the nature of toxic hIAPP species and the mechanisms of death

of B-cells remain undetermined, mounting evidence supports one possible mechanism

that the toxicity of hIAPP is rendered through its oligomerization along with structural
transformations from disordered monomers to a-helical intermediates and then B-sheet-
rich oligomers.11.12 Subsequently, the oligomers can trigger a series of cellular responses
including reactive oxygen species production, autophagy, apoptosis and extracellular matrix
metabolism, which ultimately lead to B-cell death.

J Chem Inf Model. Author manuscript; available in PMC 2023 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 3

Numerous approaches have been explored to develop antagonists of hlAPP aggregation.
Common strategies against hlAPP aggregation and toxicity often involve small

molecules (e.g., biomimetics, curcumin, resveratrol, epigallocatechin gallate, dopamine,
norepinephrine, etc.)13-18 chaperone proteins (e.g., heat-shock protein 70, serum albumin,
casein, etc.)!® and nanoparticles (e.g., hydroxylated carbon-nanotube, fullerene, graphene,
gold nanoparticles, dendrimers, star polymers, molybdenum disulfide, etc.)20-26, and
peptide-based inhibitors (e.g., hIAPP amyloid core derived d-peptide, etc.)?’. The
motivations are to interfere the amyloid aggregation through competing the amyloid peptide
interactions by establishing hydrogen bond, hydrophobic interaction and r-stacking between
the amyloid peptides and inhibitors, as the mechanisms revealed by molecular dynamics
simulations.16-18.23-27 Among them, helix mimetic is an appealing small molecular strategy
for the inhibition of amyloid aggregation.28-3% The basic idea of helix mimetics is to
reproduce the side chain at residues /, #+3/#4, and A7 of a natural a-helix and modulate
protein—protein interactions.3! A library of helix mimetics has been synthesized and
applied to inhibit protein aggregation, including hIAPP32:33 Alzheimer’s disease-related
amyloid-B (AB) protein3435 and cancer-associated mutant p53 protein®0. Intriguingly,

the performances of these helix mimetics varied remarkably depending on the detailed
molecular structures. Specifically, oligopyridylamide scaffold with five carboxy-terminated
side chains to achieve the potential size and charge complementarity with the helical

region of hIAPP region (1€, Figure 1A) were found to be able to inhibit hlAPP

aggregation in the lipid environment but become effective aggregation agonists in the
absence of lipid membranes.33 In contrast, by appending an additional naphthalimide on

an oligopyridylamide scaffold along with three carboxylate functionalities for targeting
hydrophobic and cationic residues on hIAPP, DM 1 was identified to be one of the most
potent antagonists of hlAPP fibrillization both in the presence and absence of lipids,

which can suppress the aggregation of hIAPP at a substoichiometric dose.32 The above
experimental results posed an intriguing question of why two helix mimetics DM 1 and

le synthesized with size and charge complementary to hIAPP exhibited contrasting effects
in modulating hIAPP aggregation in solution, and which properties should helix mimetics
possess to be an effective inhibitor against hlAPP aggregation.

In this study, we applied atomistic discrete molecular dynamics (DMD) simulations to
uncover the mechanism of action of DM 1 and 1e with contrasting modulating effects on
hIAPP aggregation and determine the physicochemical determinant for efficient inhibition
of amyloid aggregation. DMD is a rapid and predictive molecular dynamics algorithm,
which has been used by many groups to study amyloid aggregation.26:36:37 The analyses

of aggregation kinetics, secondary structures and oligomer conformations of hIAPP in
DMD simulations demonstrated that DM 1 inhibited the aggregation of hlAPP whereas

1le promoted the aggregation, consistent with the experimental observations. For DM 1 with
an additional hydrophobic portion, the naphthalimide-mediated hydrophobic interaction and
t-1e stackings enabled it to bind strongly with the C-terminal region of hIAPPs including
the primary amyloidogenic corel1:38 (i.e., residues 22—29), which competed for the inter-
peptide contacts and inhibited the hIAPP aggregation. The charged 1e preferred to bind

the N-termini of hIAPPs and were able to recruit multiple hIAPP peptides, promoting

the fibrillization of hIAPPs by increasing the local concentration of peptides. In addition,
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DM 1 stabilized the off-pathway oligomers by constituting the core of the hIAPP-DM 1
complexes, whereas 1e formed the corona outside the hIAPP-1e complexes and remained
active in recruiting free hIAPP peptides. Thus, the opposite effects of leand DM 1 on
hIAPP aggregation stressed the importance for helix mimetics to reach a balance between
hydrophobic and hydrophilic components, which were further supported by existing amyloid
antagonists3240, including recent helix mimetics with strong anti-amyloid properties®.
Taken together, this study revealed the crucial role of hydrophobic/hydrophilic ratio in
addition to size and charge complementary in inhibiting the amyloid aggregation by helix
mimetics and offered rational design strategy of new helix mimetics-based nanomedicine.

MODELS AND METHODS

Discrete molecular dynamics simulations.

Computer simulations were performed with the united-atom discrete molecular dynamics
(DMD). The continuous interaction potentials in classic molecular dynamics were replaced
by discrete stepwise functions in DMD.4! Collisions occurred when two atoms met at an
energy step and their velocities were updated according to conservation laws. Thus, the
system’s dynamics in DMD was dictated by iteratively updating only the two colliding
atoms, predicting their new collisions with corresponding neighbours, and finding the

next collision via quick sort algorithms. Compared with classic molecular dynamics, the
sampling efficiency of DMD is significantly enhanced and has been used by us and others
to study protein folding, amyloid aggregation, and interactions with nanoparticles.2636.37
Interatomic interactions including bonded interactions (i.e., covalent bonds, bond angles,
and dihedrals) and non-bonded interactions (i.e., van der Waals, solvation, hydrogen bond,
and electrostatic terms) in our all-atom DMD simulations were adapted from the Medusa
force field, which was benchmarked for accurate prediction of protein stability change
upon mutation and protein-ligand binding affinity.42:433/4/22 2:09:00 PM The force field
parameters for van der Waals, covalent bonds, bond angles, and dihedrals were taken from
CHARMM 19 force field.#* Solvation was implicitly modelled by the effective energy
function proposed by Lazaridis and Karplus.*® The distance- and angle-dependent hydrogen
bond interactions were modelled by a reaction-like algorithm.46 The screened electrostatic
interactions were computed using the Debye—Huckel approximation with the Debye length
set to 10 A, corresponding to a monovalent salt concentration of 100 mM.

Helix mimetics were modelled in all-atom DMD simulations using the MedusaScore, an
extension of the Medusa force field.*3 The MedusaScore is consisted of the same weighted
energy contributions as the Medusa force field (i.e., van der Waals (VDW), solvation,

and hydrogen bonding energies) and has been parameterized using a large set of small
molecule ligands.*3 The predictive power of the MedusaScore was validated in various
benchmark studies, including accurate prediction of near-native ligand-binding poses and
binding affinities during the prediction exercises of blind ligand-receptor docking organized
by community structure-activity resource (CSAR).4’ Since the atom types and parameters
are assigned in a consistent way as the original Medusa force field, the MedusaScore

for small molecules is compatible with the protein simulations.*3:4849 Combined with
DMD, the force field has been shown to be able to accurately describe the interactions
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between proteins and a wide variety of small molecules, including curcumin, resveratrol®®,
epigallocatechin gallate (EGCG)®!, naringin®2, dendrimer?, etc.

The initial structures of DM 1 and 1e were constructed by Avogadro.>® Conformation of
hIAPP monomer was taken from protein databank (PDB ID: 2L.86). For each system, 39
independent simulations with different initial configurations and velocities were performed
at 300 K, each of which lasted 650 ns with an accumulative simulation time of ~25 us. A
cubic box with periodic boundary conditions in three directions was used. For the systems
with equimolar concentration of peptides and helix mimetics, four hIAPP peptides and four
helix mimetics were simulated in a cubic box with dimension of 8.9 nm. For the systems
with sub-stoichiometric concentration of helix mimetics, five hIAPP peptides with one helix
mimetics were considered in a cubic box with dimension of 9.5 nm to maintain the same
concentration of peptides at 4 mM.

Computational analysis.

The peptide secondary structure was calculated using the dictionary secondary structure of
protein (DSSP) program.®* A hydrogen bond was considered to be formed if the distance
between the backbone N and O atoms within 3.5 A and the angle of NH---O was larger
than 120°. Residue-residue and residue-1e/DM 1 contact were defined if they had at

least one heavy atom contact within the cutoff distance of 0.65 nm. The - stackings
between helix mimetics and residues with aromatic side chains were determined if the
number of atomic contacts between aromatic rings was larger than 5.The radial distribution
function g(r) of atom in helix mimetics-hIAPP complexes with respect to the center of
mass was calculated by g(A = M, r+ dnl4wr2dr, where Mr, r+ dr) was the number

of atoms within the spherical shell with radii rand r+ drmeasured from the center

of the complex. Two-dimensional potential of mean force (PMF) was obtained via the
probability distribution, i.e., —&g 7109 A loligomer, E3-sheet), Where Aligomers €3-sheet Was
the probability of conformations with oligomer size /jligomer and B-sheet content ég—sneet

RESULTS AND DISCUSSION

hIAPP self-assembly in the presence and absence of two helix mimetics

Aggregations of four hIAPP peptides with and without an equimolar of 1&/DM 1 were
simulated in DMD simulations. For each of the three molecular systems, about forty
independent simulations were performed starting from different initial configurations with
randomized velocities and inter-molecular distances and orientations (Methods). Averaged
over independent simulations, time evolutions of the mass-weighted cluster size and B-sheet
content of hIAPP peptides in the absence and presence of helix mimetics were shown

in Figures 1B&C. In the absence of helix mimetics, hIAPP peptides aggregated into

large oligomers within 100 ns, after which the average oligomer size fluctuated around

3.4, suggesting the dynamic binding and unbinding of peptides. In the presence of helix
mimetics, the hIAPP peptides can aggregate into larger oligomers in a shorter time,
indicating the effective binding of both DM 1 and 1e with the peptides. After binding

with hIAPP peptides, DM 1 facilitated the formation of stable tetramers with the population
higher than 97%, whereas the hlAPP oligomers formed with 1e remained dynamic with
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averaged size larger than control (Figures 1B&S1). At the initial aggregation stage, the
B-sheet content of hIAPP peptides in the presence of 1e remained almost the same as that
of the control group with peptides alone. After reaching steady states, the B-sheet content
of hIAPP peptides with 1e raised to a higher level than the control group, consistent with
the promotion effects of 1e on hlAPP aggregation observed in experiments. The effects
of 1ein reducing the lag time of hIAPP self-assembly and p-sheet formation were subtle
in simulations (the relaxation time z obtained by fitting the time evolution of B-sheet
content were ~27.39 ns for hlAPP alone and ~27.70 ns for hIAPP:1e=4:4, see the fitted
lines in Figure 1C) due to the fast aggregation kinetics under high peptide concentration
in silico (~ 4 mM) than the experimental condition (usually at UM range). In contrast, the
B-sheet content of hIAPP peptides with the presence of DM 1 reduced to a lower level
with a longer lag time compared to hIAPP peptides alone (the relaxation time was ~30.5
ns for hIAPP:DM 1=4:4, see Figure 1C), which were consistent with the experiments.32
Hence, kinetics analyses of simulation trajectories showed that DM 1 inhibited the hIAPP
aggregation by retarding the lag time and reducing the B-sheet structure content, whereas
1e promoted the hIAPP aggregation by elevating the p-sheet structure in steady state with
effects on the aggregation lag time potentially shadowed by the high peptide concentration
used in simulations.

The effect of helix mimetics on the aggregation kinetics of hIAPP were further analyzed by
calculating the two-dimensional potential of mean force (PMF) with respect to the oligomer
size and B-sheet content (Figure 2). The PMFs featured two basins with the first basin

(i.e., i, I, and i’) corresponding to the monomeric state with a low p-sheet content and

the second basin (i.e., ii, I, and ii”) corresponding to the tetramers with a relatively high
[B-sheet content. In the presence of 1e, the basin of oligomers (basin 1) with a relatively
high p-sheet content became broader (Figure 2B). Moreover, the energy barrier for the
oligomer nucleation (A£;) was reduced (A£,=0.81 &g T for hIAPP alone and A£;=0.72 kgT
for hIAPP:1e=4:4) and the tetramer state became more stable compared to the monomeric
state with lower free energy (A£,=-1.35 AgT for hIAPP alone and A£,=—1.66 AgT for
hIAPP:1e=4:4) (Figures 2D&E), which suggested that 1e facilitated the transformation of
hIAPP from monomeric state to oligomeric state with a high p-sheet content. In contrast, the
free energy basin in oligomeric state (basin i”) featured low B-sheet content in the presence
of DM 1 (Figure 2C). At the same time, the oligomeric state became more energetically
favorable compared to the control (A£,=—3.53 AgT) with the energy barrier for nucleation
kept almost unchanged (A£,=0.80 AgT) (Figure 2D&E), which meant that DM 1 favored
the formation of hIAPP oligomers with low p-sheet structures. Therefore, the free energy
landscape analyses revealed that 1e facilitated the formation of oligomers with high p-sheet
contents whereas DM 1 rendered the formation of oligomers with low b-sheet contents.

The secondary structure propensities of each hIAPP residue after the simulations reached
steady states were also analyzed to evaluate the detailed secondary structure changes of
hIAPP induced by helix mimetics, (Figures 3&S1). In the absence of helix mimetics,

the N-terminus of hIAPP, especially A8-F15, had a high propensity to form a helical
structure, which was consistent with site-specific two-dimensional IR spectroscopy and
NMR results®®%6, Obvious B-sheet structure can be observed at residues 1620 and 25—
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29, which also agreed well with previous studies®’. In the presence of an equimolar
concentration of 1e, the B-sheet structure of residues 3-31 increased due to the unfolding
of helix structures (Figures 3A&B). In comparison, DM 1 increased the helix propensity of
residues 18-26 and significantly decreased the propensity of B-sheet structure at residues
16-21 and 25-32 (Figures 3C&D). As a result, 1e reduced the overall helix propensity and
increased the B-sheet propensity of hIAPP peptides, whereas DM 1 enhanced the overall
helix propensity and decreased the p-sheet propensity (Figure 3E). For both 1eand DM 1,
the coil and bend structure propensity remained almost unchanged and the turn propensity
slightly reduced (Figures 3E&S1).

Differential binding of DM 1 and 1le with hIAPP peptides

To elucidate the molecular mechanism for the opposite effects of DM 1 and 1eon the
hIAPP aggregation, binding frequencies of each hlAPP residue with DM 1 and 1le were
calculated (Figure 4A). Due to the structural similarities, DM 1 and 1e possessed similar
binding properties with the first 15 residues of hIAPP peptides, where the binding was
dominated by the electrostatic interactions (K1 and R11) and rt-m stackings (e.g., F15)
(Figures 4B&C). The most intriguing feature is that the binding affinities between DM

1 and h1APP residues 16-37 including the amyloidogenic core sequence of 22—2911.38,
were much higher than those with 1e. The enhanced binding affinities between DM 1 and
hIAPP C-terminal region can be attributed to the hydrophobic interactions between the
naphthalimide and hydrophobic residues (e.g., F23, 126, L27, Y37, etc.). Examination of
typical snapshots of hlIAPP-DM 1 and hlAPP-1e complexes confirmed that the extensive
hydrogen bonds and m-rt stacking have been formed between the oligopyridylamide scaffold
and the peptide backbones or side chains (Figures 4B&C), suggesting these characteristic
interactions associated with the helix mimetics were essential for the hetero-molecular
complex formation. For DM 1, the hydrogen bonding with hIAPP peptides and r-rt
stackings with the aromatic residues of the hlAPP were higher than these with 1e, due

to the appending of naphthalimide groups (Figures S2). The C-terminal residues of hlAPP,
especially the amyloidogenic core of residues 22—29, strongly influenced and contributed
towards hlAPP aggregation. The amyloidogenic regions of hIAPP peptides were found

to play a crucial role in the peptide self-association and aggregationl138, When these
residues took part in hydrophobic interactions and - stackings with DM 1, inter-peptide
interactions would be diminished and thus the aggregation was inhibited. Taken together, we
found that DM 1 showed higher binding affinities with the C-terminus of hlAPP than 1e due
to the hydrogen bond formation and rc-r stackings with naphthalimide groups.

To further characterize the influences of DM 1 and 1e on the assemblies of hIAPP peptides,
residue-wise intra- and inter-peptide contact frequency maps were calculated after the
simulations reached steady states (Figure 5). For hIAPP tetramers in control simulations,

the high intra-peptide contacts in the diagonal region of A8-F15 corresponded to the highly
helical structure (Figure 3). Inter-peptide contacts were rich between 16-20 and 25-29,
confirming the formation of p-sheet structure in these two regions. The presence of le
increased the overall inter-chain contacts with a noticeable enhancement of inter-peptide
contacts between the amyloidogenic core of hlAPP (residues 22—29) (Figure 5B). As a
result, the p-sheet propensity of hIAPP residues, especially in the amyloidogenic region, was
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promoted (Figure 3B). The diagonal region of intra-peptide contacts decreased, indicating
the unfolding of helix structures. Together with the binding affinities with 1e (Figure 4A),
the contact frequency maps suggested that 1e recruited hIAPPs via electrostatic interactions
with the N-termini, subsequently increasing the local hlAPP concentration and enhancing
inter-peptide interactions between the amyloidogenic regions near the hIAPP C-termini
to promote hl1APP fibrillization. In contrast, DM 1 suppressed the inter-peptide contacts
between the residues 16-20 and 25-29 despite the increased inter-peptide contacts in the
other regions due to the recruiting effect of DM 1 (Figure 5C). In addition, the enhanced
intra-peptide contacts in the diagonal region of 16-20 and 25-29 suggested DM 1 can
stabilize the helix structure, the unfolding of which were crucial for the fibrillization of
hIAPP. Therefore, DM 1 inhibited the hlAPP fibrillization by reducing the inter-peptide
contacts between amyloidogenic region and stabilizing the helix structure.

Distinct 3D structures of hIAPP-DM 1 and hlAPP-1e complexes

To further reveal the structural characteristics of the hIAPP-DM 1 and hlAPP-1e complexes,
we calculated the radial distribution functions of peptide atoms and small molecular atoms
as a function of the distance measured from the center of mass of the complexes, averaged
over the structural ensemble of corresponding oligomers (Figure 6). The peak density of
leatoms occurred at a larger distance than that of hIAPP peptide atoms in hIAPP-1e
complexes, whereas the peak density of DM 1 atoms occurred at a shorter distance than that
of hlAPP peptide atoms in hlIAPP-DM 1 complexes (Figures 6A&B). Thus, 1e positioned
outside of the complexes and formed the corona of the hIAPP oligomers, whereas DM

1 located inside the complexes and instead formed the core of oligomers. The contrast
positioning of DM 1 and 1e with respect to hIAPP peptides in the complexes were
confirmed by the representative snapshots (Figures 6C&D). In addition, the exposed 1e

in hIAPP-1e complexes were able to recruit additional hlAPP peptides from the solution,
which can further promote the hIAPP fibrillization. In contrast, the C-terminal regions of
hIAPP tended to be buried in the core of oligomer due to its high binding affinity with DM
1, which were similar with the structures of small-weight hIAPP oligomers formed with
polyphenols including curcumin and resveratrol®C. In these cases, the buried amyloidogenic
regions were prevented from further interactions with other peptides, thus stabilizing the
off-pathway oligomers.

DM 1 inhibits hIAPP aggregation substoichiometrically

The above discussions showed that the naphthalimide group enabled DM 1 to suppress
the aggregation of hIAPP at equimolar concentrations. One appealing properties of DM 1
was that it remained functional at substoichiometric concentrations compared to the high
dose requirements for other small molecular inhibitors.>® Here, we also performed DMD
simulations of five hlAPP and one DM 1 in accordance with experimental results that 0.2
equivalents of DM 1 were effective in suppressing hIAPP aggregation.32

Figures 7A&B showed at the substoichiometric concentration, DM 1 remained effective in
stabilizing a-helical structure and reducing the B-sheet structure propensities at residues
16-21 and 25-32 with the extent much slighter than those with equimolar DM 1 (Figures
3&S3). The overall secondary structure contents also suggested the noticeable enhancement
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of a-helical structure and reduction of the p-sheet structure of hIAPP peptides in the
presence of 0.2 equivalents of DM 1 (Figure 7C). Similar with the equimolar concentration
cases, both the inter- and intra-peptide contacts between amyloidogenic regions of hlIAPP
peptides were reduced by 0.2 equivalents of DM 1 (Figures 7D, E&S4), indicating that the
inhibition mechanisms described above remained valid. On average, one DM 1 molecule can
bind with at least three hIAPP peptides to interfere inter-peptide contacts in more than 95%
of the total conformation ensembles (Figure 7F), explaining the ability of DM 1 to function
at substoichiometric doses. Furthermore, the single DM 1 molecule positioned in the center
of hIAPP-DM 1 complex to stabilize the off-pathway oligomers, as illustrated by the typical
conformations (Figure 7G). Collectively, our simulations confirmed that DM 1 was able to
inhibit hIAPP aggregation substoichiometrically.

The hydrophobic-to-hydrophilic ratio of helix mimetics and the anti-aggregation functions

A major structural difference of DM 1 with respect to 1e is the hydrophobic naphthalimide
group appended on the oligopyridylamide scaffold, which makes DM 1 essentially with a
higher hydrophobic/hydrophilic ratio. The molecular structures suggested that the effective
helix mimetics-based amyloid inhibitors should reach a delicate balance of the hydrophobic-
to-hydrophilic ratio. The notion is supported by that various DM 1 variants showed no

or less effect on hIAPP aggregation.32 Specifically, hydrophilic bispyridylamide DM 2
and trispyridylamide DM 3, having two and three acidic groups respectively without the
hydrophobic naphthalimide group (Figure S5A), did not affect hlAPP aggregation. On the
other hand, simple hydrophobic monopyridyl DM 5 and carboxylated naphthalimide DM
6 also had no effect on hIAPP aggregation (Figure S5A). In addition, bispyridylamide

DM 4, containing a naphthalimide and a carboxylate group (Figure S5A) which was less
hydrophilic than DM 1, delayed hlAPP aggregation with a lesser extent. In addition,

the more recently developed helix mimetics ADH-353 (Figure S5B), which contained

one hydrophobic N-butyl and two hydrophilic N-propylamine side chains, attenuated
cytotoxicity by inhibiting A fibrillization in a strict molecular structure-dependent way.
Small deviations from the optimal hydrophilic/hydrophobic arrangement resulted in the loss
of inhibitory effects.3 The increase of hydrophobic/hydrophilic ratio of helix mimetics
led the assembles of inhibitors varying from isolate monomer to micelles and vesicles.
Consistent with this notion, 1e did not self-assemble in our simulations (Figure 6C),

while DM 1 assembled into a small micelle-like core in the center of hIAPP-DM 1
complexes (Figure 6D) and ADH-353 with larger hydrophobic portions formed stable
vesicles under physiological conditions. The micelles or vesicles with localized inhibitor
concentrations provided multiple binding sites for the amyloid peptides, thus effectively
inhibited their aggregations. Taken together, these findings support that effective helix
mimetics-based inhibitors should reach a delicate balance between hydrophobic and
hydrophilic components.

Besides helix mimetics, many reported amyloid inhibitors in the literature also featured
a delicately balanced hydrophobic-to-hydrophilic ratio. Fullerenols with intermediated
hydrophobic/hydrophilic ratios exhibited significant inhibition effects on the amyloid
aggregation of alpha-synuclein NACore, while highly hydrophobic or hydrophilic
fullerenols had no or weak effects.3® Amphiphilic compound LS-4, consisting of a
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hydrophobic amyloid fibril-binding fragment and a hydrophilic azamacrocycle (Figure
S5C), exhibited dramatically enhanced binding affinity toward various Ap aggregate species
compared to the compound Pre-LS-4, which contained only the hydrophobic conjugated
aromatic fragment (Figure S5C)*. As a negative control, heparin, the highly sulphated
linear polysaccharide, promoted the aggregations of hIAPP, AB, alpha-synuclein and p2-
microglobulin, similar to the negatively charged 1e.59-61 Taken together, our simulations
and the above reports support the notion that a delicate balance between hydrophobicity
and hydrophilicity is likely necessary for eliciting inhibition effects on amyloid aggregation.
This can be understood by the fact that amyloid proteins and peptides are intrinsically
amphiphilic polymers. Thus, the inhibitors with balanced hydrophobic/hydrophilic ratios
maximize their disrupting effects on amyloid aggregations in dual ways, hamely the
hydrophobic components of inhibitors drive the binding with amyloidogenic peptides and
polar groups of inhibitors compete with the formation of inter-peptide hydrogen bonds by
forming hydrogen bonds with peptide backbones.

Conclusion

Human h1APP forms amyloid deposits in the islets of Langerhans, a phenomenon associated
with type-2 diabetes impacting millions of people worldwide. Accordingly, strategies against
hIAPP aggregation are essential for the prevention and eventual treatment of the disease.
Here, we investigated the molecular mechanism for the opposite modulating effect of two
helix mimetics - amphiphilic DM 1 and highly charged 1e - on hlAPP aggregation via
discrete molecular dynamics and explored the role of hydrophobic/hydrophilic ratio in

the design of helix mimetics-based amyloid inhibitor. Consistent with experiments, DM

1 was found to reduce the B-sheet structure propensity and stabilize the helix structure,
whereas 1e facilitated the conversion of helix structure into the p-sheet structure. The
molecular mechanisms for the opposite effects of DM 1 and 1e were revealed by the
different binding behaviors with hIAPP peptides. Specifically, the helix mimetic DM 1 with
a higher hydrophobic portion had a strong binding affinity with the C-termini of hlIAPPs
driven by the hydrogen bonding, hydrophobic interactions and r-rt stacking interactions
with the appended naphthalimide group of DM 1. Thus, DM 1 competed for the inter-
peptide contacts between C-termini of hlAPPs which were crucial for the fibrillization of
hIAPP, resulting in effective prevention of hIAPP aggregation. However, in the absence

of the hydrophobic naphthalimide group, 1e bound with the N-termini of hIAPP peptides
and effectively recruited hlAPPs via hydrophobic and electrostatic interactions with the N-
termini, subsequently increasing the local hIAPP concentration and enhancing inter-peptides
interactions between the amyloidogenic regions near the hIAPP C-termini to promote hlAPP
fibrillization. Further structural analyses revealed that DM 1 formed the core of hIAPP-DM
1 complexes and stabilized the off-pathway oligomers, whereas 1e formed the corona
outside the hlIAPP-1e complexes and remained active in recruiting free hIAPP peptides.

The distinct performances and interaction mechanisms of DM 1 and 1e with hIAPP
peptides emphasized the pivotal roles of the balance between hydrophobic and hydrophilic
components for helix mimetics, which enabled them to provide multiple binding sites in

a concentrated volume by forming micelles or vesicles, to be effective hlAPP aggregation
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inhibitors. The situation in the presence of lipids, where both 1eand DM 1 inhibited the
aggregation of hlAPP, required further investigation in the future. The current study, together
with reported potent antagonists and their variants, suggested that effective small molecule-
based amyloid inhibitors that target at the amyloidogenic core regions and compete for

the amyloid peptide interactions, should possess balanced hydrophobic/hydrophilic ratios,
providing a facile strategy for the optimal design of new anti-amyloid medicines.
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Figure 1. Kinetics of hl APP aggregation in the absence and presence of helix mimetics.
(A) Structure illustrations of 1e (left panel), DM 1 (middle panel) and hlAPP monomer

(right panel). Helix mimetics 1e and DM 1 were shown as sticks and hIAPP (PDB ID:
2L.86) was shown as carton with the residues K1 and R11 highlighted as sticks. The

carbon, nitrogen, oxygen and hydrogen elements were colored in green, blue, red and gray,
respectively. The amino acid sequence of hIAPP was shown with the positive charged
residues colored in red and disulfide bond indicated by black line. (B) Mass-weighted cluster
size of hIAPP peptides as a function of time was obtained by averaging over independent
simulations in the absence and presence of 1e and DM 1. The dashed lines showed the
kinetics fitted with y=M(1-exp(-# 7))+1, where Mand T were fitting parameters. (C)
B-sheet content of hIAPP peptides as a function of time in the absence and presence of 1e
and DM 1. The dashed lines showed the kinetics fitted with y=A(1-exp(-4 7)), where A and
T were fitting parameters.
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Figure 2. Aggregation free energy landscape of hl APP in the absence and presence of helix
mimetics.
Two-dimensional PMF with respect to the oligomer size and B-sheet content for (A) hIAPP
peptides and in the presence of (B) 1eand (C) DM 1. (D) One-dimensional PMF with
respect to the oligomer size. (E) Probability distribution of the oligomer size formed in the

presence and absence of leand DM 1.
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Figure 3. Secondary structure of hlAPP in the presence of helix mimetics.
Secondary structure propensities of each hlAPP residue in the presence of (A, B) leand (C,

D) DM 1. (A, C) helical structure; (B, D) p-sheet structure. (E) Overall secondary structure
contents of hIAPP peptides in the absence and presence of 1eand DM 1. Data were shown

as mean + SEM of 39 independent simulations.
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Figure 4. Binding behaviors of helix mimetics with hl APP peptides.
(A) Binding frequency of DM 1 and 1e with each residue of hIAPP peptides. Residues with

peak binding frequencies were highlighted and labeled. Data were shown as mean values

+ SEM of 39 independent simulations. (B, C) Left panels. Typical binding conformation

of hIAPP with (B) DM 1 and (C) 1e. hIAPP peptides were shown as wheat cartons and
lines, whereas the helix mimetics were shown as sticks colored by elements. Right panels:
Zoomed-in snapshots of the boxed region in the left panels. Polar interactions and rt-n
stackings were respectively showed in yellow and cyan dashed lines. Binding residues were
highlighted as orange sticks.
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Figure 5. Residue-wise inter- and intra-peptide contact frequency maps of hl APP peptides.
(A) Contact frequency maps of hIAPP tetramer. (B, C) Changes of contact frequency maps

in the presence of (B) 1leand (C) DM 1 with respect to the hlAPP tetramer.
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Figure 6. Three-dimensional structural propertiesof hlAPP-DM 1 and hl APP-1e complexes.
(A, B) Radial distribution functions of hIAPP and helix mimetics atoms from the center

of mass of the cluster. (A) hlAPP and 1e. (B) hIAPP and DM 1; Peaks were indicated by
dashed lines. Typical conformations of systems with (C) hlAPP:1e=4:4 and (D) hlAPP:DM
1=4:4. hIAPP peptides were shown as cartons with N-termini indicated by spheres and helix
mimetics were shown as sticks.
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Figure 7. Interactions between hl APP and DM 1 at substoichiometric concentration ratio

hIAPP:DM 1=5:1.

(A) Helix and (B) B-sheet structure propensities of each hIAPP. (C) Overall secondary

structure contents of hIAPP peptides in the absence and presence of DM 1. (D) Contact
frequency maps of hIAPP pentamer. (E) Changes of contact frequency maps in the presence
of DM 1 compared to the hIAPP pentamer. (F) Probability distribution of the number of

hIAPP peptides in contact with DM 1. (G) Typical snapshoots of hIAPP-DM 1 complex

B-sheet

at concentration ratio hlAPP:DM 1=5:1. Left panel. h1APP peptides shown as cartons and

helix mimetics shown as sticks. Right panel: hlAPP peptides shown as wheat spheres and

helix mimetics shown as green spheres.
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