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ABBREVIATIONS:
IAPP, Islet Amyloid Polypeptide; T2DM, Type II Diabetes Mellitus; HMMM, Highly Mobile

Membrane Mimetic; NMR, Nuclear Magnetic Resonance; CD, Circular Dichroism; ThT,
Thioflavin T; EM, Electron Microscopy; MD, Molecular Dynamics; AFM, Atomic Force
Microscopy; PS, phosphatidylserine; PG, phosphatidylglycerol; PC, phosphatidylcholine; SDS,
Sodium Dodecyl Sulfate; DVPC, divalerylphosphatidylcholine; DVPS,

divalerylphosphatidylserine; DCLE, 1,1-Dicloroethane.
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ABSTRACT

Islet Amyloid Polypeptide (IAPP), also known as amylin, forms aggregates that reduce the
amount of insulin-producing cells in patients with type II diabetes mellitus (T2DM). Much
remains unknown about the process of aggregation and cytotoxicity, but it is known that certain
cell-membrane components can alter the rate of aggregation. Using atomistic molecular
dynamics simulations combined with the Highly Mobile Membrane Mimetic (HMMM) model
incorporating enhanced sampling of lipid diffusion, we investigate amylins interaction with the
membrane components as well as the self-assembly of amylin. Consistent with experimental
evidence we find that an initial membrane bound o-helical state folds into stable B-sheet
structures upon self-assembly. Our results suggest the following mechanism for the initial phase
of amylin self-assembly: The peptides move around on the membrane with the positively
charged N-terminal interacting with the negatively charged lipid head-groups. When the peptides
start to interact, they partly unfold and break some of the contacts with the membrane. The initial
interactions between the peptides are dominated by aromatic and hydrophobic interactions.
Oligomers are formed showing both intra- and inter-peptide B-sheets, initially with interactions
mainly in the C-terminal domain of the peptides. Lowering the pH to 5.5 is known to inhibit
amyloid formation. At low pH, Hisl8 is protonated adding a fourth positive charge at the
peptide. With His18 protonated no oligomerization is observed in the simulations. The additional
charge gives a strong mid-point anchoring of the peptides to negatively charged membrane
components and the peptides experience additional inter-peptide repulsion, hereby preventing

interactions.
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INTRODUCTION

Human Islet Amyloid Polypeptide (hIAPP), also known as amylin, is a small hormone peptide.
The peptide forms amyloid aggregates in patients with type II diabetes Mellitus (T2DM) and
deteriorates the disease. T2DM is a multifactorial disease, generally characterized by a decrease
in insulin response and decreased secretion of insulin caused by loss of B-cells. Amylin is stored
along with insulin in the secretory granules of the B-cells in the pancreatic islets and released
together with insulin as response to elevated levels of blood-glucose.' The physiological role of
amylin is unclear; however it is thought to have multiple regulatory roles, including inhibition of
gastric emptying, food intake and glucagon secretion.” Presence of amyloid fibrils have been
identified on the islet cells of the pancreas in patients with T2DM? which has been correlated
with a loss of the insulin producing B-cells.” It is therefore a widely accepted theory that the
aggregation of amylin has a causal relationship to the loss of p-cells.”® The fibrillation of amylin
is not the primary cause of T2DM, however it is found to be a contributing factor and responsible
for the decreased overall insulin production from the B-cells.”® While the correlation between the
formation of amyloid fibrils and loss of B-cells is well established, the molecular mechanism of
the cytotoxic effect of the aggregates remains unclear. Some research indicates that it is the
mature fibrils that destroy the cell membrane,”'® while other studies indicate that the cell
disruption is caused by the formation of toxic oligomers.'' The oligomer hypothesis is supported
by the finding of non-selective ion-channels of amylin oligomers, which has been characterized

by AFM,12 electrochemical me:asure:ments,13 as well as leakage of content from lipid vesicle. %1+

16
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Amylin is a 37-residue polypeptide; in the physiological form it has a disulfide bridge between
residues Cys2 and Cys7 and an amidated C-terminus. At physiological pH it carries a +3 charge,

from the N-terminus, Lys1, and Argl 1. The sequence is shown in Figure 1.

1 5 10 15 20 25 30 35 (IJI

*H;N KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY—C_
B NH,

Figure 1: Sequence of amylin. The disulfide-bridge between Cys2 and Cys7 is indicated with a
line. The three positive charges present at physiological pH are indicated with a blue color of
residue letters. His18 is shown in green. The N- and C-termini including capping are shown at

the ends.

His18 is expected to be neutral at physiological pH, and protonated hence carrying a positive
charge at lower pH values.'” The amylin peptide is intrinsically disordered, meaning that it does
not have a well-defined structure in solution as a monomer, however mostly it alternates between
random coil and a-helix, as revealed by nuclear magnetic resonance (NMR) and circular
dichroism (CD) spectroscopy.'™” When bound to a membrane or in membrane mimicking
environments (such as bound to micelles or dissolved in hexaflouroisopropanol) the secondary

structure of the peptide becomes primarily a-helical.*?

Furthermore, different experimental
methods yielding atomic details have been applied to obtain structural information about the
peptide: The a-helical structures of amylin bound to sodium dodecyl sulfate (SDS) micelles have
been determined in atomic detail using constraints from NMR spectroscopy. One structure has
been determined at pH 4.6 and without the C-terminal amidation® another at physiological pH

7.4 and including the amidated C-terminus.”* Both NMR-ensembles reveal o-helical

conformations and the major structural difference is that the former is extended, while the latter
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has a kink around residue Ser20. Under certain conditions the peptides aggregate into B-sheet
fibrils after a lag-phase: The fibril formation has been characterized using CD spectroscopy,
Thioflavin-T (ThT) binding assays, and electron microscopy (EM).>*® Detailed information
about the structure of fibrils formed in solution has been obtained with solid-state NMR
suggesting in-register, parallel B-sheets between the peptides in the fibril with a turn between
His18 and Phe23.”” A B-hairpin intermediate has been proposed to mediate the transition to -
sheet fibrils, the proposed B-hairpin (Figure 2a) has a turn at the same place as the proposed

fibril structure (Figure 2b).”%%

a) b) e

F23

Figure 2: a) Proposed B-hairpin structure of amylin. The hairpin contains the same B-strand
regions as the fibril as well as the same turn; however the B-sheet is formed by two-parts of the
same peptide. b) Schematic representation of the amylin fibril structure as proposed from solid-
state NMR spectroscopy. Each peptide is illustrated as two B-strands connected by a turn at
residues H18 to F23. The segments of the B-strands are interacting with the same segments on

the adjacent peptides. The dots indicate the directions of fibril extension.
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Experimental evidence suggests that membrane composition influences the rate of amyloid
formation and membrane disruption. Negatively charged lipids, such as phosphatidylserine (PS)
and phosphatidylglycerol (PG) lipids, have been shown to increase the rate of aggregation in
vitro by CD spectroscopy, Thioflavin-T (ThT) binding assays30 and x-ray diffration.*’ The
studies indicate that the membrane induces conformational changes in the peptides and catalyzes
the amyloid fibril formation. The highest increase in aggregation rate has been observed using a
25-30mol% of anionic lipids in the membrane.’'~? Gangliosides have similarly been shown to
increase the aggregation rate. Ganglioside lipids are glycolipids carrying a net negative charge. It
is seen by cell staining experiments that amylin interacts with domains enriched in gangliosides,
thus giving a high local concentration of amylin leading to increased aggregation.”> However,
recent studies with amyloid-p have indicated that depending on the ganglioside concentration the
rate of oligomerization either increase or decrease, this could potentially be the case for amylin
as well.”* Studies have shown that the cholesterol content of the membrane similarly can affect
the aggregation rate. Depending on the conditions and concentration it can either increase or
decrease the aggregation rate.”’ Infrared reflection absorption spectroscopy experiments
indicates that the N-terminal part of the peptide interacts with the negatively charged lipids.*® In
the secretory granules of the pancreatic B-cells, the pH is approximately 5.5.% At such acidic
conditions the fibril formation and membrane damage is inhibited in vesicles containing 30%
anionic PS lipids and 70% zwitterionic phophatidylcholine (PC) lipids as revealed by dye-
leakage experiments, CD spectroscopy, and ThT fluorescence.'” Residue Hisl18 is expected to
become positively charged at low pH, and this was hypothesized by the authors to be the cause
of the observed lower aggregation rate, possibly due to the increased repulsion between the

charged peptides.'”*
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The biophysical methods for studying the rate of protein aggregation and fibril morphology
include ThT-fluorescence, CD spectroscopy, AFM, and EM.* However, unlike molecular
dynamics (MD) simulations, these methods are not capable of investigating the detailed
structural changes that occur in the initial transition from monomeric peptides to oligomer
aggregates, due to the rapid aggregation of amylin. The self-assembly of amylin in solution has
previously been investigated using replica exchange MD* and similarly for amyloid-B
peptides.” Both studies revealed a transition from a-helical monomers to B-sheet containing
oligomers. Monomeric ensembles of the amylin,.jo fragment* and full length amylin** bound to
lipid bilayers have been investigated using MD simulations, and the studies found that this
environment stabilized the N-terminal a-helix. Oligomer species based on the proposed fibril
structures in a membrane environment have been simulated in a suggested membrane penetration
setup, showing that this structure is stable in a membrane environment and form a water channel
across the bilayer.* To study fibril growth the assembly of protofibrillar fragments of amylin has
been investigated with coarse-grained MD simulations.*

Herein, we apply MD simulations to characterize the self-assembly of amylin peptides bound
to lipid membranes in atomistic details. Capturing large conformational changes of proteins and
peptides such as unfolding and assembly of peptides at the timescales of MD simulations poses a
sampling problem.*® Interactions with lipid membranes usually slow down the peptide dynamics,
and hence conformational sampling of peptides is limited due to the slow diffusion of the lipids
and the high number of interactions between the lipid head groups and the peptides. To partly
overcome this issue, the HMMM model has been developed by Tajkhorshid and co-workers.*’
This model substitutes the hydrophobic interior of the membrane with an organic solvent 1,1-

dichloroethane (DCLE) that mimics the hydrophobic properties of the lipid tails in membrane

ACS Paragon Plus Environment
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core. The membrane-water interface is represented with short-tailed lipids. While this drastically
increases the lipid diffusion and hence provides better sampling, it retains atomistic detail at the
membrane surface. The HMMM model is able to reproduce the energetics of protein insertion
into full-length lipid membranes* and it has been successfully applied in capturing the binding
and insertion of a series of proteins, e.g. a-synuclein,® influenza virus hemagglutinin fusion

peptide,’® cytochrome P450,”' and amylin.>

COMPUTATIONAL METHODS

The starting coordinates for the MD simulations were extracted from representative membrane
bound structures of an amylin monomer from a previous study of each tautomer and protonation
state of His18 (Figure 3a).” Amylin is modelled in its physiological form with amidated C-
terminus and the disulfide-bridge between Cys2 and Cys7 present. The systems were replicated
in both bilayer dimensions resulting in four identical copies of the original conformation (Figure
3b). The membrane bound structures are judged to have adapted to the condition of being bound
to phospholipid bilayers, and are therefore the best available starting point for the simulations.
The membrane bound peptides show similar conformations to the NMR structure of SDS bound

amylin®*, although the C-terminal half of the peptide is less structured after bilayer exposure.
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Figure 3: a) End structure of amylin bound to membrane from previous study’> and b) starting
setup for molecular dynamics simulations with 4 peptides on a membrane. The PC lipids are
shown in green, the PS lipids are shown red, DCLE in gray, and the peptides are shown in

yellow.

A 7:3 ratio of dioleoylphosphatidylserine (DOPS) and dioleoylphosphatidylcholine (DOPC)
lipids was chosen for the membrane, since this content of anionic lipids is known to accelerate
the amyloid formation of amylin in-vitro,”*>* hence providing directly comparable computational
and experimental data. To enhance diffusion the membrane was modelled with the HMMM
model containing 30% anionic divalerylphosphatidylserine (DVPS) and 70% zwitterionic
divalerylphosphatidylcholine (DVPC) and a membrane core of 1,1-dicloroethane (DCLE), this
setup captures the essential properties of a membrane composed of DOPC and DOPS.*” The
system was solvated in CHARMM modified TIP3P water’*>° and ions are present to neutralize
the system. Because the lipids are soluble in water due to their relatively short tails, they were

constrained in the direction perpendicular to the membrane with a weak harmonic force constant
kcal . e . . .
of 0.05 ﬁ acting on the carbonyl carbons of the lipid tails in the simulations, similar to the

advice given in the original HMMM paper.’ A system was built from membrane bound

structures of amylin using for each of the two neutral tautomers of His18, with the hydrogen

ACS Paragon Plus Environment
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placed at No and Ng, respectively, and for the positively charged His18. The simulations were
performed for 400 ns each in three repeats, yielding a total of 3.6 us of atomistic simulation. The

setups are summaries in Table 1.

Table 1: Overview of MD simulation setup

His 18 His 18 . . Time pr. simulation
. No. of simulations
Tautomer Protonation state (ns)

No 3 400
Neutral

Ne 3 400

- Charged 3 400

SIMULATION CONDITIONS

All simulations were performed using the GROMACS 5.0.2 MD engine’’ and the CHARMM36
force field®® for the lipids and the CHARMM22* force field” for the peptides. The latter force
field has proven optimal for reproducing a balance between secondary structure elements of
amylin consistent with experimental data,® recently this was also shown for the similar
amyloidogenic peptide amyloid-B, ¢' and furthermore it generally performs well for intrinsically
disordered peptides. > The bond lengths related to hydrogens were constrained with the LINCS
algorithm® and the simulations were performed with a 2 fs time step. The temperature was held
at 310 K with the velocity rescaling algorithm® and a pressure of 1 atm was achieved with the
Parinello-Rahman®* pressure coupling barostat with a coupling constant of 1 ps. The pressure
coupling was applied semi-isotropically with the x-y dimensions fixed and volume regulation in
the z-direction. The x-y area was set to maintain an area per lipid around 8% higher than

equilibrium for full length DOPC and DOPS lipids, such as recommended for the HMMM

ACS Paragon Plus Environment
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model, to facilitate potential peptide insertion without increasing the surface tension. The
electrostatic interactions were calculated using the Particle Mesh Ewald algorithm® with a grid
spacing of 0.1 nm and a short-range cutoff of 1.2 nm. The van der Waals interactions were

modified with a force-switch cutoff®® from 1.0 to 1.2 nm.

RESULTS AND DISCUSSION
This study investigates the self-assembly of monomeric amylin peptides into oligomers to mimic
the initial phases of amyloid fibril formation. Simulations have been performed in atomistic
details using 4 monomers of amylin on a membrane consisting of 70% PC and 30% PS lipids
modelled with the HMMM model.*” Three simulations for each of the two neutral tautomers of
His18 were run for 400 ns each and with 4 peptides in each system, which amounts to 24 single
peptide trajectories in total. In addition 3 simulations of 400 ns were performed with a cationic
histidinium at His18 entailing 12 peptide trajectories. From an overall visual analysis of the
simulations it was observed that many of the peptides with the neutral Hisl8 interacted
persistently with other peptides during the simulations, while peptides with cationic His18 did
not make inter-peptide contacts, or only briefly made contact to other peptides, and therefore
mostly sampled monomeric membrane-bound conformations. In some of the His-neutral
simulations all the peptides where included in self-assembly (Movie S1) and in other simulations
2 or 3 of the peptides assembled (Movie S2). In the simulations with cationic His18, none of the
peptides make lasting contact with other peptides (Movie S3). The oligomers formed in the self-
assembly simulations were rather heterogeneous overall, but they do allow for an investigation of
trends regarding the structure and the type of interactions formed between the peptides.

The primary focus of this study is on the process of self-assembly of amylin, thus the analysis

will only include data from the peptides that show durable interaction with other peptides. The

ACS Paragon Plus Environment
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distribution of the number of residues of the peptides in contact with other peptides is shown in
Figure 4, with contact defined as two heavy atoms of the respective residues being within 5 A.
The distribution for all the peptides in all simulations peaks around 16 residues (black in Figure
4) in contact with other peptides, which indicates that the individual peptides have a tendency to
have 16 residues interacting with other peptides. From the peak the distribution decrease
smoothly to a higher number of contacts, but it is increased and noisy moving to lower values.
The low contact numbers include transient contacts that do not represent aggregated structures.
To focus the analysis on the aggregated peptides the peak is fitted to a normal distribution (fitted
to a Gaussian function with parameters for the mean, p=15.7, and standard deviation, 6=5.5;
green in Figure 4) and all peptides that are not above the first lower standard deviation (rounded
down to 10) in more than half the simulation time are not included in the analysis. 17 peptides
had more than 10 residues in contact with other peptides in more than half the simulations time,
these were chosen for analysis. The contact distribution for the 17 peptides chosen for analysis is
in good agreement with the fitted Gaussian (orange in Figure 4). The excluded peptides peak at
around 3 residues in contact with other peptides (yellow in Figure 4). A similar distribution is
observed for the peptides with cationic Hisl8 (blue in Figure 4). None of the peptides with
cationic His18 are included in the analysis, as only one pair of peptides had a high number of
residues in contact, but with duration less than half the simulation time. The time-evolution of
the number of residues in contact with other peptides for the individual peptides is shown in

Figure S1.

ACS Paragon Plus Environment
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Normalized count

5 10 15 20 25 30
Number of contacts

All simulations Not chosen peptides = = Fitted gaussian
17 chosen peptides Charged histidine peptides == 1. standard deviation

Figure 4: Distributions of the number of residues in contact with other peptides for all
simulations (black), 17 chosen peptides (red), not chosen peptides (yellow), and peptides with
cationic His18 (blue). The peak of the distribution with all peptides is fitted to a Gaussian
function (green) and the first standard deviation (upper and lower, dashed lines) of this function

is indicated.

The following quantitative analysis will include a discussion of the interactions between the
peptides, the conformational changes related to the self-assembly and the peptide-lipid
interactions. The peptides with cationic His18 will be treated separately in the analysis. The
simulations with the neutral tautomers of His18 will be analyzed together, as no particular
differences were observed between the tendency of the peptides to self-assembly from the visual

analysis or from the contact analysis in Figure S1.
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Interactions between the neutral peptides during self-assembly

During the simulations many of the peptides acquired notable contacts with other peptides. The
time-evolution of the fraction of each residue in contact with other peptides is shown in Figure
Sa with contact defined as any heavy atom of the two residues being within 5 A. Within the first
50 ns of the simulations, less than 10% of any residue in the 17 peptides was in contact with
other peptides in the simulations. The first distinctive residues to show contacts were Phel5 and
Phe23, which after 50 ns had contact to other peptides in more than 50% of the 17 peptides.
After 100 ns many of the residues from 10 to 37 were in contact with other peptides in a high
fraction of the peptides. Still residues Phel5 and Phe23 had the most dominating contacts to
other peptides. After 200 ns, contacts with the aromatic residues Phel5, His18, and Tyr37 are
still prominent, and interactions with residues 22-NFGAIL-27 are dominating the interactions
with more than 80% of the residues in contacts with other peptides.

The residue-residue contact map in Figure Sb shows which residues are in contact with which
residues in other peptides averaged over all the contacts observed during the simulations for the
17 aggregating peptides. Starting at residue Ser20 a diagonal is observed, showing parallel
interaction ending around residue Thr30, this shows that these residues have in-register contacts,
meaning that these residues have a tendency to interact with the same residue index of the other
peptides. The interactions of residue Phel5 are indicated on the contact map in Figure Sb. Phel5
has sustained interactions with Phel5 on other peptides and also with the hydrophobic residues
in other parts of the sequence, predominantly with Ala25 and Ile26, but also the C-terminal
residues Asn35, Thr36, and Tyr37. Residue Phe23 is found to have stable interactions with
Phe23 on other strands and with His18, as encircled in Figure Sb. Generally the inter-peptide

contacts are between the residues in the C-terminal part. The N-terminal residues 1-10 had

ACS Paragon Plus Environment
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almost no interactions with other peptides; this is primarily due to interactions with the

membrane, which will be analysed in greater detail later.
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Figure 5: a) Fraction of residues of the 17 peptides that are in contact with other peptides as a
function of simulation time. The data is plotted in averaged windows of 10 ns. The first dashed
line indicates 50 ns, the second indicates 100 ns, and the third indicates 200 ns. A contact is
defined between residues for which any pair of atoms from the two residues in question is within
5 A. b) Number of contacts between a residue in one strand and residues in any of the remaining
peptides summed over all 17 peptides. The number is normalized to the maximum number of
contacts observed between two residues. A contact is defined as any heavy atom of the two

residues within 5 A at any time. The important areas of the plot are marked with black ellipses.

Residues Phel5 and Phe23 were some of the first residues to make contact with other peptides in
many simulations and they made very persistent interactions with the same aromatic residues of
the other peptides. This clear indication of the importance of the hydrophobic and aromatic

residues for the initial interaction between the peptides substantiates previous experimental
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678 and fragments® have shown that aromatic

findings: Mutational studies of full length amylin
interactions are important for the rate of aggregation, though not a strict requirement for the
formation of amyloids. One hypothesis is that these initial aromatic interactions decrease the
flexibility of the peptides and make it feasible for the 22-NFGAIL-27 segments of the peptides to
approach each other and thereby accelerate the aggregation, which has previously been

suggested from NMR experiments and 2D-infrared spectroscopy.’””

From the plot of
interactions in Figure Sa it is seen that interactions with residues 22-NFGAIL-27 are abundant
after 100 ns and the diagonal in the contact map (Figure Sb) indicate in-register interactions
between the peptides in the region of residues 22-NFGAIL-27. In-register interactions in this
region are expected to be present in the mature fibrils based on available NMR-ensembles of the

fibril and fragments.72’73

This segment has a strong propensity to aggregate, and has previously
been identified as part of the amyloidogenic core of amylin.®* The observations made here
therefore suggest that in the process of fibril formation, the initial contacts involve the aromatic

residues after which the 22-NFGAIL-27 segments makes lasting in-register contacts between the

peptides.

Conformational changes of the neutral amylin peptides during self-assembly.

Major conformational changes are observed as the peptides interact. In all the starting
conformations, the peptide consisted of two a-helices, one near the N-terminus and a smaller one
at the C-terminus (Figure 3b), similar to the NMR structure of amylin bound to SDS micelles.**
The evolution of the average degree of secondary structure during the simulations is shown in
Figure 6a the secondary structure of each residue is determined with the DSSP algorithm.”* The

degree of a-helix structure generally decayed rapidly within the first 50 ns of the simulations to

ACS Paragon Plus Environment
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less than 10%, while the average degree of B-strand increased to around 5%. The secondary-
structure distribution was relatively stable until around 200 ns, where a second noteworthy
increase in average degree of P-strand to above 10% occurred. The average distribution of
secondary structure for each residue excluding the first 50 ns of the simulations is shown in

Figure 6b.

a)

25 ¢

b)

(#+sheet
a-helix

35+ #-sheet
20

a-helix

15

10 |

Degree of secondary structure (%)
Degree of secondary structure (%)

o LOAL 1 . . 1

0 50 100 150 200 250 300 350 400 1 5 10 15 20 25 30 3s

Tire {ns) Residue

Figure 6: a) Average degree of B-strand and a-helix content of the aggregating peptides during
the simulations. The blue curve corresponds to the fraction of residues in B-strand conformation
and the green curve corresponds to the fraction of a-helical residues. The dashed lines are
located at t=50 ns and t=200 ns. b) Average distribution of B-strand and a-helix content of the
aggregating peptides for each residue in the simulations excluding the first 50 ns. The blue curve
corresponds to the average fraction of residues in B-strand structure and the green curve
corresponds to the average fraction of a-helical residues. The secondary structure is determined

with the DSSP algorithm.74
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The highest degree of a-helix content is present for residues 8 to 16, this helix was present in
the starting structure of all peptides in the simulations and it was stabilized by interactions with
the membrane. The a-helices unfolded for many of the aggregating peptides, and are only
present in 35% of the peptides on average, excluding the first 50 ns, which is seen from Figure
6. Since the helices are stable with a single peptide in the previous study,” the rapid
destabilization is likely due to the change in environment from the presence of other peptides on
the bilayer. In some simulations the a-helices unfolded to coiled structures and sometimes it
refolded into B-strand conformation. The residues with the highest propensity for forming B-
strands in the simulations were residues 14-NFLVH-18 and 25-AILST-30. Residue I1e26 had the
highest propensity and was found in B-strand conformation about 30% of the time.

Figure 7 displays the time evolution of the secondary structure of and it is seen that after 200
ns around 40% of the peptides had B-strand in the region of residues 25-AILSST-30 and around
20% in 14-NFLVH-18. The symmetry between the degrees of B-strand formation between these
two segments is due to B-hairpin formation. This effect is less pronounced late in the simulations

where residues 25-AILSST-30 have the highest degree of B-strand conformation.
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Figure 7: Fraction of peptides with residues in a B-strand conformation as a function of time.

The first dashed line indicates t=50 ns and the second t=100 ns, and a third at 200 ns.

A map of the average intra-peptide contacts are shown in Figure 8. Intra-peptide contacts are

defined here as any C, atom being within 5 A of another C, atom of the same peptide. The N-
terminal residues 1-7 are characterized by the disulfide bridge connecting Cys2 and Cys7. The
diagonal from the bottom-left represents constant interactions to adjacent, covalently bonded
residues, reflecting the peptide chain. This diagonal is broadened from residue Ala8 to His18
which is due to the a-helix present in the starting structure, in which residue i interacts with
residue i + 4 in the next turn. Two anti-diagonals are observed to be dominating in the
simulations; the first anti-diagonal (1) in Figure 8 with contacts between residues Asnl4-Serl9
and Phe23-Ser29, and a second (2) with contacts between residues Thr9-Leul6 and Hisl8-

Thr30.
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Figure 8: Average intra-peptide contact map of the peptides, showing the normalized fraction of

contacts between Ca atoms. Contacts present in more than a 0.25 fraction of the time are shown
in yellow. The a-helix is indicated by the broadening of the diagonal from Ala8 to His18. The

two anti-diagonals 1 and 2 are indicated.

The anti-diagonals correspond to hairpin structures as was also visually observed in the
simulations. The hairpin from anti-diagonal (1) with interactions between residues Asnl14-Serl9
and residue Phe23-Ser29 was the most abundant. This hairpin had the same turn as observed in
the NMR structures of mature fibrils of amylin, although in the fibril structure the B-sheets are
always formed between different peptides, as illustrated in Figure 2.”7>">">"> The presence of
the B-hairpin structure in the present study, correlates well with previous experiments and
simulations of structural ensembles of monomer amylin, from which it has been hypothesized
that the hairpin is a potential pre-nuclear structure.””’®"’

Generally, the segment with the highest B-strand propensity in the simulations was 25-

AILSST-30 as shown in Figure Sb; several of these residues are within the segment with the
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most inter-peptide contacts, the 22-NFGAIL-27 segment. This is expected, because this part of
the peptide has a high propensity to aggregate into B-sheet containing structures. Mutational
studies using ThT binding assays and CD spectroscopy have shown that an Ile26Pro’® or
Gly24Pro’® mutation can inhibit fibril formation. Furthermore, rat amylin is known not to form
amyloid fibrils. It contains only 6 mutations relative to the human variety, of which five are
within residues Phe23-Ser29, and three of the substitutions are to prolines: Ala25Pro, Ser28Pro,
and Ser29Pro.* Proline is a known B-strand breaker and since mutations to proline in this
segment would prevent important interactions between the peptides and prevent the initial -
strand formation, it abolishes the amyloid formation, possibly already in this initial stage of the

self-assembly.

Peptide-lipid interactions
Throughout the simulations the N-terminal part of the peptides display strong interactions with
the membrane and no peptides were observed to dissociate from the membrane surface. Figure 9

shows the average distance between each residue and the central x-y plane of the membrane.
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22 Figure 9: Average distance to membrane center for the 17 peptides having neutral His18 and
24 showing aggregation. The average distance of each residue to the center of the membrane for
27 each peptide is shown in blue, and the average of all the peptides is shown in green. Distance is
29 measured from the central x-y plane of the membrane. The average z-coordinate of the
phosphate atoms of the lipids is shown with a dashed line and standard deviation is shown in

34 yellow.

Residues Lysl to Argll were located approximately 25 A from the center of the membrane,
42 corresponding to within 5 A of the phosphate groups of the lipids. This is likely caused mainly
44 by the positive charge at the N-terminus, and residues Lysl and Argll interacting with the
negatively charged PS lipids. The C-terminal residues His18 to Tyr37 were on average placed
49 nearly 10 A higher than the N-terminus. From the anchor point at Argl1 towards the C-terminal
51 the residues showed a high degree of flexibility, as seen in the large differences in the z-
54 coordinates for the C-terminal residues of the 17 individual peptides. In the a-helix present in the

56 N-terminus of the starting structures, the hydrophobic residues Ala8, Leul2, Alal3, Phel5, and
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Leul6 were pointing into the membrane, whereas the more hydrophilic residues GInl0, Argll,
and Asnl4 were pointing toward the solvent. This burying of the hydrophobic residues in the
membrane stabilized the N-terminal a-helix and sustained the anchoring of amylin. As shown in
Figure 6 this a-helix was not stable in all the simulations, as it unfolded as the peptides started to
interact with one another. In the present study Lysl-Argl1 were mostly bound to the surface of
the membrane, and therefore made almost no contact to other peptides, as revealed by Figure 5.
This is in agreement with experimental data from infrared reflection absorption spectroscopy that
a peptide consisting of the 19 N-terminal residues of amylin interact strongly with the membrane
and surface tension experiments have also shown that while the N-terminal part interacts
strongly with the membrane, the Ser20-Ser29 fragment does not interact with the membrane.*’
Here, the flexible C-terminus had more freedom to sample larger parts of phase space as it is not
mounted directly to the membrane. As shown in Figure 5 the C-terminal part made the most
inter-peptide contact, which we suggest is linked to the increased flexibility and the larger
distance from the membrane compared to the N-terminal, hereby allowing the peptides to
interact.’® The amount of time the Lys1 residues were in contact with a given PS and PC lipid is
shown in Figure S2. Almost all the peptides had its Lys1 in contact with the same PS lipids for
more than 100 ns and in many cases for more than 300 ns. This is due to a strong electrostatic
interaction between the positive charges of the N-terminus and both the carboxylate found in the
PS lipid headgroup and with the phosphate of the phospholipid headgroups. In comparison the
zwitterionic PC lipids, shown in Figure S3, which also have a negative charge at the phosphate
part of the head-group, only had interactions with Lys1 for more than 100 ns in a few cases. This
indicates that PS lipids have a stronger interaction to the peptides than PC lipids. Having the

peptides confined to the two dimensions of the membrane surface instead of a 3-dimensional
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solution makes it more likely for the peptides to meet and aggregate. This provides evidence for
the hypothesis that the observed speed-up of aggregation in the presence of membrane bilayers
with either anionic lipids or gangliosides, which has been suggested to increase the local

concentration of amylin.33

Simulations with positively charged His18

The peptides with positively charged His18 showed an increased attraction between the peptides
and the lipid head groups as compared to peptides with neutral His18. In this set of simulations
the N-terminal a-helix is fixed to the lipid-solvent interface by electrostatic interactions with the
positively charged residues Lysl and Hisl8 at the ends of the N-terminal a-helix and in the
middle with Argl1. The average distance between the residues of the peptides and the membrane
center is shown in Figure 10. The residues of the a-helix are buried well below the phosphate
layer of the lipids and have much less variation among the peptides than the peptides with neutral
His18 (Figure 9). The hydrophilic residues of the N-terminal a-helix: GIn10, Argl1, Asnl4, and
His18 are situated at the level of the phosphates, whereas the hydrophobic residues were pointing
into the hydrophobic core of the membrane. This is in contrast to simulations with the neutral
His18 where these residues are mostly above the membrane-water interface. The C-terminus of
the peptides is more flexible with varying distances to the membrane center for residues 20 to 37,

a shorter flexible region than the peptides with neutral His18 (Figure 9).
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Figure 10: Average distances to the center of the membrane for each residue of the peptides with
positively charged His18. The average z-coordinates of the residues in each peptide are plotted in
blue, and the average distance of all the peptides is shown in green. Distance is measured from
the central x-y plane of the membrane. The average z-coordinate of the phosphate atoms of the

lipids is shown with a dashed line and standard deviation is shown in yellow.

Only very little self-assembly was observed for the peptides with positive His18, which is
shown in Figure S1. The peptides with cationic Hisl8 are more strongly bound to the
membrane, than the neutral His18 peptides, which gives less flexible peptides, which is seen in
Figure 10, and thus preventing the structural changes necessary for self-assembly. Another
contributing factor is maybe the increased repulsion between the peptides due to the additional
positive charge. The simulations with neutral His18 showed a lot of inter-peptide interaction in
the segments close to Hisl8, and the charge-charge repulsion is expected to make this less
favorable. For this reason fewer sustained contacts were observed between these peptides. From
kinetic experiments with ThT binding assays and CD spectroscopy it has been shown that fibril

formation and membrane damage is slowed down in low pH conditions, where His18 is expected
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to become protonate The results in the present study hereby suggests that the slow-down

occur in the initial self-assembly to inhibit protofibril formation.

CONCLUSIONS

In this study we have shown that the transition from membrane bound a-helical amylin peptides
to B-strand containing oligomers is dependent on the protonation state of His18. Aggregation is
rapid for the peptides with a neutral His18 and is initiated with interactions between aromatic
residues (Phel5 and Phe23) followed by B-sheet formation. The peptides with positively charged
His18 did not aggregate. The analysis indicates the following mechanism for the initial phase of
amylin self-assembly as sketched in Figure 11: a) The peptides diffuse on the membrane with
the N-terminus fixed to anionic lipids via electrostatic interaction. The N-terminus is initially a-
helical, whereas the C-terminus is found to be flexible. When the peptides start to interact with
other peptides, some of the interactions with the membrane are broken and the a-helical structure
is partly or fully unfolded, in both the N- and the C-terminal. b) The self-assembly initiates in the
central part, and the contacts between the peptides show that the aromatic residues make the
initial interactions between the peptides. ¢) The initial contact with the aromatic residues enables
contact in the segment of residues 22-NFGAIL-27, which in several of the simulations make
long-lasting interactions similar to interactions found in the known fibril structures. d) When the
peptides self-assemble, B-sheets are formed, and the highest propensity for formation of B-strand
is observed in residues 14-NFLVH-18 and 25-AILSST-30. Some of the B-strands that are formed
are intra-peptide B-hairpin structures while others are part of inter-peptide B-sheets. The B-
hairpin conformation has previously been proposed to be a pre-nuclear structure of amylin” and
the areas with the highest degree of B-strand content fits with experiments as the regions

expected to have B-strand in the fibrils.”’
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The simulations with the charged His18 did not reveal any self-assembly, the extra charge
makes the anchoring to the membrane additionally strong by increased electrostatic interactions
between the positively charged residues and the anionic PS lipids, and thus prevents the
conformational changes necessary for self-assembly to take place. The charge at His18 similarly
increases the repulsion between the peptides near segments that are important for the interaction
between the peptides.

With the results presented here we are able to explain many of the experimental results within
amylin structure and aggregation in atomic detail. This time-resolved structural data thus
provides detailed knowledge on the interaction between the amylin peptides and membranes
during the initial self-assembly. This knowledge can potentially be applied in identifying
importing steps in the early aggregation, which can be used as targets in the development of new
therapeutics meant to inhibit self-assembly or the interactions with the membrane. Already
known inhibitors of amylin aggregation and membrane damage include rifampicin,** Congo Red,
and other polyphenolic compounds, which possibly work by preventing membrane insertion of
the peptide assemblies.* Extending the system in size and simulation time could reveal more
steps towards fibril formation. Such studies are underway in our group including more complex

and physiologically relevant membrane models and more peptides.
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46 Figure 11: Sketch of the mechanism of amylin self-assembly of two peptides. The peptides are
48 shown in green and orange, respectively. The level of the phospholipid phosphates is sketched as
51 a dashed orange line. (a) Monomer, membrane-bound amylin in a-helix conformation. (b)
53 Peptides unfold and initiate contact to other peptides through aromatic interaction with Phe23.

(c) Oligomers are formed with in-register B-sheet formation. (d) The B-strands extend.
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Figure S2: Interactions between Lys1 and PS lipids
Figure S3: Interaction between Lys1 and PC lipids
14 Movie S1: Simulation trajectory with 4 peptides self-assembling
16 Movie S2: Simulation trajectory with 3 peptides self-assembling

Movie S3:  Simulation trajectory with no peptide self-assembly
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