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Abstract

Experiments suggested that the fibrillation of the 11-25 fragment (hIAPP(11-25)) of human islet
amyloid polypeptide (hIAPP or amylin) involves the formation of transient a-helical
intermediates, followed by conversion to S-sheet-rich structure. However, atomic details of a-
helical intermediates and the transition mechanism are mostly unknown. We investigated the
structural properties of the monomer and dimer in atomistic detail by replica exchange molecular
dynamics (REMD) simulations. Transient a-helical monomers and dimers were both observed in
the REMD trajectories. Our calculated HZ chemical shifts based on the monomer REMD run are
in agreement with the solution-state NMR experimental observations. Multiple 300 ns MD
simulations at 310 K show that a-helix-to-B-sheet transition follows two mechanisms: the first
involved direct transition of the random coil part of the helical conformation into antiparallel g-
sheet, and in the second, the a-helical conformation unfolded and converted into antiparallel -
sheet. In both mechanisms, the a-helix-to-B-sheet transition occurred via random coil, and the
transition was accompanied by an increase of interpeptide contacts. In addition, our REMD
simulations revealed different temperature dependencies of helical and B-structures. Comparison
with experimental data suggests that the propensity for hlAPP(11-25) to form a-helices and
amyloid structures is concentration- and temperature-dependent.
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Additional data provided, including six figures. These figures present the starting conformation and convergence check of the REMD
run of hlAPP(11-25) dimer, dwell time distributions of the REMD run of hlAPP(11-25) dimer, center conformations of the first eight
most-populated clusters of hlAPP(11-25) dimer at 310 K, and the analysis of a representative helix-to-S-sheet transition pathway
following mechanism I: a direct transition of the random coil part of the initial helical conformation into an antiparallel S-sheet and
PMF using (Rg, RMSD) as reaction coordinates with representative structures. This material is available free of charge via the Internet
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INTRODUCTION

The pathological self-assembly of proteins or peptides into highly ordered amyloid fibrils is
associated with a number of human diseases such as type Il diabetes Mellitus (T2DM),
Alzheimer’s disease, and Parkinson’s disease.1=3 In the T2DM, the main component of the
amyloid deposits found in the pancreas has been identified as human islet amyloid
polypeptide (hIAPP or amylin), a 37-residue peptide cosecreted with insulin by islet g-cells.
45 1t has been proposed initially that fibril formation is responsible for the onset of T2DM
due to the widespread observation of fibrils in post mortem evaluations of T2DM patients
and in studies where synthetic hIAPP was applied to B-cell cultures.%” However, growing
evidence supports that soluble oligomers preceding the formation of fibrils are the major
causative agents leading to B-cell death in type Il diabetes.”~1 Thus, exploring the
oligomeric structures and the conformational dynamics in the process of hIAPP fibrillation
is of great significance both for understanding the aggregation mechanism and designing
therapeutic strategies. Yet until now the atomic details of oligomers formed in the early stage
of aggregation remain poorly understood.12 NMR spectroscopic studies on full-length IAPP
peptide revealed a helical conformation of hIAPP and rat-IAPP.13:14 The nature of hIAPP
toxic species is still under discussion. For example, while S-sheet structure is usually more
toxic, the membrane-disrupting hIAPP oligomers may be a-helix-rich®16 and may have
toxic cell-penetrating peptide (CPP) properties.1’ Intriguingly, it has been shown that a
single mutation of IAPP can diminish the toxicity in the N-terminal region.18-20
Experimental studies have also explored the membrane perturbation effect by IAPP and its
20-29 fragment?1-23 with the aim of elucidating the membrane disruption and toxicity
mechanism. In a recent review by Ramamoorthy and his co-workers, membrane disruption
and early events in hIAPP aggregation have been discussed in detail.2* However, complex

behavior of hlAPP aggregates still strongly hampers a rational design of amyloid inhibitors.
25

Substantial experimental investigations have been performed in the past several years to
elucidate the molecular mechanism of hIAPP aggregation. Recent NMR studies showed that
IAPP fibrillizes without an appreciable buildup of nonfibrillar intermediates,28 and the large
oligomeric species may be an off-pathway intermediate.2” However, a number of
experimental studies suggested that transient a-helical intermediates are involved in the
process of hIAPP aggregation both in aqueous solution28-31 and in membrane environment.
15,32,33 More recently, using limited proteolysis combined with mass spectrometry, Liu et al.
identified that the 11-25 fragment of hIAPP was involved in the initial intermolecular
interactions of full-length hIAPP.34 By use of circular dichroism (CD), Fourier transform
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infrared (FTIR), and NMR spectroscopies, they investigated the conformational changes of
this hlAPP(11-25) segment and proposed that the fibrillation process of hlAPP(11-25)
involves the formation of transient a-helix-rich intermediate in the lag phase, followed by a
slow conversion to Bsheets.34 Their further experimental studies strengthened the existence
of a-helical intermediates in amyloid formation of hlAPP(11-25) and full-length h1APP
peptides.35:36

Inspired by experimental work, a growing number of computational studies have been
carried out to characterize the monomeric and oligomeric structures of hIAPP37-43 and
different hIAPP fragments.*4-47 Although a-helical states are observed in some of those
simulation studies, the conformational transition from a-helix to S-sheet is not well
characterized. Recently, using metadynamics and bias-exchange simulations as well as
transition path sampling simulations, Singh et al.*8 reported that the a-helical conformer of
amylin monomer undergoes a transformation into the S-hairpin structure through either an
ordered zipping mechanism or an unstructured coil intermediate. However, the mechanism
for a-helix to B-sheet transition of hIAPP oligomers at atomic level remains to be
determined.

As more general important phenomena, a-helical intermediates were also observed in the
aggregation process of other amyloid peptides by experimental and computational studies,
such as amyloid S-protein (AB)*9-52 and huntingtin N-terminal fragments (httNT).53
Conversion of a-helix into S-sheet has been frequently observed in the process of amyloid
formation, as in the case of the native insulin® and other designed peptides.>® In the
unfolding processes of B-microglobulin and two related variants (one with N-terminal
hexapeptide deletion AN6 and the other with Lys57—-Asp58 cleavage) studied by high-
temperature molecular dynamics (MD) simulations, one observed the S-strand to a-helix
transition, a process thought to be on pathway to the eventual amyloid formation of 5.
microglobulin.56 In addition, in a recent study of an FF domain amyloid formation, Castillo,
Chiti, and Ventura found an overlap between the propensity to form native a-helices and the
propensity to form amyloid structures in protein segments, supporting the view that proteins
use stable a-helices as a strategy to neutralize amyloidogenic stretches of proteins since
proteins cannot avoid the presence of aggregation-prone regions.>’

In this study, we investigated in atomistic level detail the monomeric and dimeric structures
of the hIAPP(11-25) peptide by performing REMD®8 simulations. Transient a-helical states
of the hlIAPP(11-25) monomer and dimer were observed in REMD trajectories.
Subsequently, we examined the transition of REMD-generated a-helical dimer to S-sheet
structure by conventional MD simulations at 310 K. The conformational transition was
found to take place through the increase of peptide—peptide interactions initiated by helix—
helix association, followed either by the direct formation of B-sheet in the nonhelical region
or by helix unfolding into random coil and then B-sheet. In addition, our REMD simulations
reveal different temperature dependencies of helical and g-structures. Comparison of our
simulation results with previous experimental data34 suggests that the overlap between the
propensity for hIAPP(11-25) to form a-helices and amyloid structures is concentration- and
temperature-dependent, reflecting the overall optimization of protein properties.
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MATERIALS AND METHODS
hIAPP(11-25) Monomer and Dimer Systems.

The hIAPP(11-25) peptide consists of 15 residues, with the amino acid sequence of
RLANFLVHSSNNFGA, capped by the ACE (CH3CO) group at the N-terminus and NH»
group at the C-terminus, as done experimentally.3# To mimic the experimental acidic pH
condition (around pH 4.3),34 the side chains of Lys and His were protonated (Lys*, His*),
thus, the peptide carries two net positive charges. Initially the peptide is fully extended in
both the monomer and the dimer systems. The two peptide chains in the dimer system are in
a cross orientation with a minimum distance of 0.8 nm. The initial configuration of the
hIAPP(11-25) dimer is shown in Figure S1 in the Supporting Information. The monomer
and dimer systems were fully solvated with TIP4P5 water molecules in a cubic box with a
size of 5 x 5 x 5 nm3. Counterions (CI-) were added to neutralize the system. There are
4025 water molecules in monomer system and 3939 water molecules in dimer system. The
final peptide concentration is 13.3 mM for monomer and 26.6 mM for dimer system. The
concentration used here is 2 orders of magnitude higher than that used in far-UV CD and
NMR experiments (133 £M).34 This millimolar concentration, used in many simulations,
60-62 js higher than the experimental concentrations on the order of micromolar3463 put
enables us to characterize the conformational ensembles from simulations using current
computer facilities. A recent computational study on the oligomerization of the VEALYL
peptide from insulin at four different concentrations (3.3, 8.3, 16.6, and 83 mM) showed that
the final structures approached ordered aggregates with steric-zipper-like structural features,
irrespective of the initial peptide concentration.®2

REMD and MD Simulations.

All MD and REMD simulations were performed in the isothermal-isobaric (NPT) ensemble
using GROMACS-4.5.3 software package®4 6> with OPLS-AA/L force field.56 A previous
computational study on two peptides showed that GROMOS96 overestimates the stability of
the B conformation, and OPLS generates a better balance between a-helical and S-sheet
structures.57 In addition, a recent REMD study on A5(16-22) dimer and trimer showed that
GROMOS96 favors S-sheet structures, and OPLS predicts diverse structures.®® There are 44
replicas with temperatures ranging from 310 to 452 K for the monomer system and from 310
to 453 K for the dimer system, prepared using an approach reported previously.®® The
average acceptance ratios for both systems are 23%. Bond length of peptides and water
molecules were constrained, respectively, using the LINCS’0 and SETTLE algorithms,
allowing an integration time step of 2 fs. Nonbonded pair lists were updated every five
integration steps. The protein and nonprotein (water and counterion) groups were separately
coupled to an external heat bath with a relaxation time of 0.1 ps using a velocity rescaling
coupling method.” The pressure was kept at 1 bar using the Parrinello-Rahman method??
with a coupling time constant of 1.0 ps. Electrostatic interactions were treated with the
particle mesh Ewald method with a real space cutoff of 1.0 nm. The van der Waals
interactions were calculated using a cutoff of 1.4 nm. The exchange between two adjacent
replicas was attempted every 1000 integration steps. The simulation time per replica is 200
ns for monomer and 300 ns for dimer.
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Forty independent 300 ns MD simulations were performed to examine whether a hlAPP(11-
25) helical dimer can transit into a S-sheet structure or not. The initial helical dimer was
taken from dimer conformations generated in REMD run at 355 K. The forty MD runs
started from the same initial helical dimer but with different random velocities. The system
contains 3951 water molecules.

Trajectory analysis was performed with our in-house-developed codes and the facilities from
GROMACS-4.5.3 software package.®4%° The data in the first 30 and 50 ns REMD
trajectories were discarded to remove the bias of the initial states for monomer and dimer,
respectively. Continuous trajectories of the REMD run were produced using the demux tool
from the GROMACS package. The secondary structure of the peptide conformation was
identified using the DSSP program.” Structural analysis was performed using a main chain
root-mean-square deviation (RMSD) cluster analysis method. The Daura method’# was used
to cluster the conformations sampled in the REMD simulations with a RMSD cutoff of 0.2
nm both for monomer and dimer using residues L12-G24, with R11 and A25 being excluded
due to their high flexibilities. The chain-independent RMSD was calculated by completely
neglecting the chain identifier in the coordinate file of the hlAPP(11-25) dimer to obtain the
smallest RMSD as the two chains are topologically identical.”> The two-dimensional (2D)
free energy surface is constructed using —R7 log ARy, H-bond number), where ARy, H-
bond number) is the probability of a conformation having a certain value of /g and H-bond
number. Here, Ry and H-bond number denote the radius of gyration of the dimer and the
total number of hydrogen bonds (including intra- and intermolecular H-bonds), respectively.
A H-bond is considered as formed if the N---O distance is less than 0.35 nm and the N-H.-O
angle is greater than 150°. The interpeptide interactions are analyzed by the probability of
residue—residue contact maps. Here, a contact is defined when the aliphatic carbon atoms of
two nonsequential side chains (or main chains) come within 0.54 nm or any other atoms of
two nonsequential side chains (or main chains) lie within 0.46 nm. The VMD program?®
was used for trajectory visualization and for graphical structure analysis. H% chemical shifts
were calculated using the program SPARTA+.77

Converged REMD Simulations Reproduced NMR Chemical Shifts.

In order to examine the convergence and accuracy of the REMD simulations, we first
examine the H® chemical shifts of each amino acid residue in the hlAPP(11-25) monomer,
for which solution NMR data are available.3* Based on the 200 ns REMD simulation of the
monomer system, the H® chemical shifts of each amino acid residue were calculated for all
the conformations generated within 30200 ns, using the program SPARTA+.”” As shown in
Figure 1a,b, we essentially reproduced the experimental H* chemical shifts. The calculated
H<e secondary chemical shifts are also in agreement with the solution state NMR
experimental observations, with a Pearson correlation coefficient of 0.57. Negative H
secondary chemical shifts indicate a helical structure. Figure 1c,d shows representative
REMD-generated helical and g structures of hlAPP(11-25) monomers in solution at 310 K.
It can be seen that, in helical conformations, the N-terminal residues have a high propensity
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to adopt helical structure (see below for more detailed discussion), while g conformations
mainly populate hairpin-like structures.

The convergence of the REMD run for the dimer was checked using the probability
distributions of Ay generated within two independent time intervals: 50-175 and 175-;300
ns. As seen from Figure S2(a), the two probability distribution curves overlap very well,
indicating a good convergence of REMD simulations. We also monitored the time evolution
of replicas by tracing one replica (replica 1) in temperature space. The time evolution of
replica 1 shows that the peptide visited sufficiently the entire temperature space (see Figure
S2(b)). In addition, we calculated the percentage of dwell time at each temperature for each
of the 44 replicas (Figure S3). Each of the 44 replicas samples all of the 44 temperatures
through the 300 ns simulation time, indicating sufficient sampling. The overall standard
deviations also show an appropriate sampling of the REMD simulation. These results
demonstrate that our REMD simulations reasonably converged for both monomer and dimer
systems.

hIAPP(11-25) Dimer Displays Much Higher g-Sheet Propensity than Monomer.

To further study the conformational properties, we calculated the secondary structure
distributions of monomers and dimers at 310 K (Figure 2). Structural analysis was
performed using a RMSD-based cluster analysis described in Materials and Methods. Using
a cutoff of 0.2 nm, we separated the monomer conformations into 180 clusters. It can be
seen from Figure 2 that the monomer adopts mainly random coil conformations with a high
percentage of coil (~40%), bend (~30%), and turn (17%) and a low percentage of helix (6%)
and B-sheet (7%). The 6% helix indicates that the helical structure is transiently populated,
consistent with a recent solution-state NMR study on the hlAPP(11-25) monomer.34

We also performed structural analysis on the hlIAPP(11-25) dimer. With a RMSD cutoff of
0.2 nm, the dimer conformations at 310 K were separated into 518 clusters. The center
conformations of the first eight most-populated clusters are shown in Figure S4. This larger
cluster number reflects that the structural diversity of the dimer is more pronounced than that
of the monomer. However, the secondary structure propensities for the dimer conformers are
more consistent. For example, even though all of these clusters display certain
conformational disorder, most of them contain S-sheet content (except for clusters 3, 4, and
8). Figure 2 shows that, with respect to the monomer, the dimer displays a significantly
increased B-content (23%) and a decreased turn content (7%), although the dimer mostly
populates random coil states with a coil content of 43% and a bend content of 23%.
Compared with monomers (6% for helix and 7% for B-sheet), dimers have relatively lower
probability to adopt helical conformations (3%), while they have a significantly higher
probability to adopt B-conformations (23%).

To obtain residue-specific a-helix and S-sheet propensities, we calculated the secondary
structure probability as a function of the amino acid residue. As shown in Figure 3, both
monomers and dimers have a propensity to sample helical structures in the N-terminal
region spanning residues A13-V17, and sample B-sheet conformation both in the N- and C-
terminal regions. Monomers have slightly higher probability to adopt helical structures than
dimers, whereas dimers have significantly higher probability to sample B-structures.
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We further investigated the percentage of S-sheet and helix content as a function of
temperature, both for monomer and dimer. Different temperature dependencies were
observed (Figure 4). For both systems, the probability of S-structure decreases
monotonically with increasing temperature, whereas the probability of helical structure has a
wide peak with an initial slow increment and then a gradual decline. This indicates that
helical and B-structures have different temperature sensitivities. Similar phenomenon was
observed previously in a REMD study of hIAPP pentapeptide (hIAPP(15-19)) aggregation,
46 which reveals a generality of such a kind of temperature dependence of certain peptide
sequences. In short, our REMD results indicate that the a-helix and B-sheet propensities of
hIAPP(11-25) are concentration- and temperature-dependent.

Coexistence of a-Helix- and g-Sheet-Rich Conformers in the Global Minimum of Free
Energy Surface of hIAPP(11-25) Dimer.

The conformational properties of hlAPP(11-25) monomer and dimer can be effectively
characterized by the radius of gyration and the number of main-chain hydrogen bonds. The
average Ry per chain is 0.72 nm in the monomer and 0.87 nm in the dimer, indicating that
the hIAPP(11-25) peptide chain in the dimer system has a slightly larger dimension than in
the monomer system. We probed the intrapeptide stabilization by computing the average
number of intrapeptide hydrogen bonds per chain. The value is 2.85 for monomer and 0.6
for dimer. The presence of a relatively larger number of intrapeptide H-bonds in the
monomer system reflects the formation of helical or S-sheet structures. Although the
average number of intrapeptide H-bonds in the dimer system is less than 1, the total number
of H-bonds is much larger (~8) when interpeptide H-bonds are included.

To have an overall view of the conformational distribution of hlAPP(11-25) dimer, we
constructed the 2D free energy surface (or potential of mean force, PMF) in Figure 5 using
—RT log ARy, H-bond number) described in Analysis. As shown in Figure 5, the free energy
surface contains three minimum-energy basins, centered at (Ry, H-bond number) values of
(0.85 nm, 8), (1.12 nm, 10), and (1.33 nm, 11). The deepest basin at (0.85 nm, 8) is
populated by multiple conformations, mainly corresponding to collapsed and disordered
states with helix, S-sheet, and random coil contents (see snapshots, Figure 5A-D). The
basins located at (1.12 nm, 10) and (1.33 nm, 11) are rather shallow, corresponding to
relatively extended states with high S-sheet content. The S-sheet structures found in these
minimum-energy basins are mostly antiparallel (see snapshots, Figure 5E-H).

The PMF features described above reveal two important characteristics of the free energy
surface of the hlAPP(11-25) dimer. First, the barriers among the three energy basins are
relatively low, indicating that easy conversion can occur among the conformers between two
adjacent energy basins. The second characteristic is that the a-helical structure was observed
to coexist with random coil and disordered B-sheet-rich conformers in the global minimum-
energy basin. This observation implies that conformational transition among a-helical,
random coil, and SB-sheet-rich conformers may take place readily. When tracing one replica
through temperature space, we found a long-enduring stable a-helical conformation. This
finding, together with the two PMF features, suggests the existence of an a-helix-rich
intermediate and the possibility of a-helix to S-sheet transition of the hlAPP(11-25) dimer.
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We note that the observed low energy barrier in the 2D free energy surface here depends on
the reaction coordinates used as certain reaction coordinates can only reflect limited features
of a high-dimensional free energy landscape. To have another view of the free energy
landscape, we also plotted the 2D freee energy surface using (R, RMSD) as reaction
coordinates (Figure S6). Consistently, we found that the energy barriers from extended
conformations to compact ones are relatively low.

To better understand the roles of different residues in the formation of dimeric structures, we
re-examine the details of the peptide—peptide interactions from the probability of
interpeptide contacts between all pairs of residues of the hIAPP(11-25) dimer from the
REMD run. We see from Figure 6 that the pairwise contact probabilities among hydrophobic
residues L12, A13, F15, L16, V17, and Phe23 are relatively higher than others, indicating
that hydrophobic interaction plays a considerable role in hlAPP(11-25) dimerization. The
importance of hydrophobic interactions to the dimerization of hlAPP(11-25) is consistent
with recent experimental studies on the amyloid formation of the 20-2978 and 22-297°
fragments of hIAPP. The role of aromatic stacking interactions in the amyloid formation of
hIAPP and/or its fragment is under debate.”8-81 Some studies suggested that an aromatic
residue is not required for amyloid formation,”®81 while other studies reported that
aromatic-aromatic interaction play a negligible role in amyloid formation.”€0 In our
current study, we observed limited Phe-Phe interactions. As can be seen in Figure 6, the
highest contact probabilities come from A13-F23 and F15-N22 contacts, indicating that
hydrophobicity is more important than direct aromatic stacking to the dimerization of
hIAPP(11-25) peptide.

Conformational Transition of hIAPP(11-25) Dimer from a-Helix to g-Sheet Occurred
through Random Coil States.

To examine whether structural transition from a-helix to B-sheet can take place in the
dimerization process of the hlAPP(11-25) peptide, we carried out forty 300-ns independent
MD simulations using different initial velocity distributions in the NPT ensemble at 310 K.
The starting conformation of those MD runs is a helical dimer taken from the replica at 355
K, very close to snapshot B in Figure 5 (with a main-chain RMSD of 0.18 nm).
Conformational transition from a-helix to S-sheet was observed in 9 out of 40 MD runs. We
characterized these MD trajectories by calculating the number of main-chain H-bonds,
interpeptide contact number, and peptide main-chain RMSD with respect to the S-sheet part
of the conformation at 150 ns. We found that the transition took place through two different
mechanisms (denoted as I and I1), which are illustrated in Figures 7 and 8. The detailed
analysis of a representative helix-to-8-sheet transition pathway following mechanism 1 is
given in Figure 7. We see that the random coil part of the initial helical conformation
directly transited into a short antiparallel S-sheet at £= 26 ns (Figure 7a,b), during which the
total number of H-bonds changed slightly (Figure 7c). This B-sheet structure was maintained
in the remainder of the MD trajectory (with a RMSD < 0.2 nm relative to the S-sheet formed
at 150 ns; Figure 7d). The formation and stabilization of this B-sheet structure weakened the
helix—helix association (see the snapshot at #= 130 ns) and a complete unfolding of the
helical structure was observed at #= 263 ns. This helix-to-B-sheet transition was
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accompanied by the increase in the number of interpeptide contacts (Figure 7e). Eight MD
trajectories follow this transition mechanism (a similar MD trajectory is given in Figure S5).

Figure 8 presents the detailed analysis of the helix-to-B-sheet transition pathway following
mechanism I1. It can be seen from Figure 8a,b that the initial helical conformation unfolded
after 50 ns and transited into a random coil structure at £= 100 ns. The process of helix
unfolding was accompanied by a decrease in the number of H-bonds within the first 100 ns
(Figure 8c). Afterward, the number of H-bonds started to increase and a transition from
random coil to a short antiparallel S-sheet structure occurred at £= 127 ns (Figure 8a). This
short S-sheet structure remained stable in this MD trajectory (with a RMSD < 0.2 nm with
respect to the B-sheet formed at 150 ns; Figure 8d) and it became longer at £= 270 ns. We
expect that this partially formed antiparallel S-sheet would elongate with simulation time
and become a fully extended antiparallel S-sheet (like snapshot H in Figure 5) if the
simulation time is long enough. Interestingly, the process of helix unfolding and helix-to-5-
sheet transition was accompanied by an increase in the number of interpeptide contacts
(Figure 8e). Similarly, in other MD runs, the number of interpeptide contacts also increased
during the formation of S-sheets (see Figures 7 and S5). Results from these MD simulations
suggest that the conformational transition of hlAPP(11-25) dimer from a-helical state to 5
sheet takes place through an intermediate random coil state and is facilitated by interpeptide
interactions.

To reveal the physical interactions underlying the helix-to-sheet transition of the hIAPP(11-
25) dimer, we probe the details of the peptide—peptide interactions before and after S-sheet
formation. This can be estimated by the probability of interpeptide contacts between all pairs
of residues in the hlAPP(11-25) dimer in the two representative MD runs shown in Figures
7 and 8. It can be seen from Figure 9 that the interpeptide N-terminal helix-helix (mostly
hydrophobic) interactions and the pairwise contacts among the C-terminal residues N21,
N22, F23, and G24 are prominent before B-sheet formation. After S-sheet was formed, the
interpeptide N-terminal interactions disappeared or were reduced, while the interpeptide C-
terminal residues interactions were preserved or enhanced, especially, those between N21-
N22, N22-N22, N21-F23, and N22—-F23 pairs. These results indicate that the initial helix—
helix interactions and the C-terminal residues N21-F23 interactions play an important role
in the random-coil-bridged helix-to-sheet transition and the S-sheet stabilization of
hIAPP(11-25) dimer. Note that limited F23-F23 contacts are seen in the residue-based
pairwise contact probability maps, indicating that the aromatic stacking interaction between
F23-F23 is not so significant, consistent with the result from the REMD-generated contact
probability map (Figure 6) of all conformations of hlAPP(11-25) dimer.

DISCUSSION

We investigated the structural properties of monomers and the smallest oligomers, that is,
dimers of hIAPP(11-25) by performing extensive REMD simulations. We found that
dimerization of hIAPP(11-25) led to a significant shift in the conformational propensities of
the peptide. The average radius of gyration of a single peptide in a monomer and dimer
increases from 0.72 to 0.87 nm, which indicates that peptides become more extended upon
dimerization. Dimerization caused a decrease of the number of intrapeptide hydrogen bonds
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per chain (from 2.85 to 0.6) and an increase of the number of interpeptide hydrogen bonds.
More strikingly, the populations of secondary structure content in hlAPP(11-25) dimer
undergo a drastic change with respect to the monomer. The average percentage of S-content
increases from 7 to 23%, while that of a-helix decreases from 6 to 3%. We found that both
monomers and dimers have a tendency for a helical conformation mainly in the N-terminal
region, and for a S conformation in both the N- and C-terminal regions, indicating that the
N-terminal region has the propensity for both a-helical and B-sheet structures. We also
found that a-helical and B-sheet structures have different temperature dependencies. There
are no specific a-helical stabilization regions in the free energy landscape of hlAPP(11-25)
dimer (Figure 5).

Our extensive REMD simulation shows that monomeric hlAPP(11-25) is predominantly a
random coil with a helical content of 6%, consistent with the previous solution-state 1H
NMR study which reported the presence of transient a-helical structure in the hIAPP(11-
25) monomer.34 This is also consistent with previous NMR studies of full-length IAPP
monomer in aqueous solution, suggesting the presence of transient a-helices.28-31 The CD
spectroscopy of hIAPP(11-25) also suggested the assembly of monomers into a-helix-rich
intermediates.34 It is noted that in the solution-state 1H NMR spectra, peaks due to
intermediates including small oligomers were not observed during the aggregation of
hIAPP(11-25) peptide,3* indicative of fast dimerization process. Thus, the a-helix-rich
intermediates observed in experiment are likely multimers larger than dimers. In this case
the dimer result from our REMD simulations can not be compared directly with experiment.
Our results showed that the propensity of helix and B-sheet is sensitive to monomeric and
dimeric states, implying strong concentration dependence. Similar secondary structure shift
was also observed for the monomers and dimers of AB(25-35)/Ag by us82 and by other
groups.83:84

Multiple MD simulations were also carried out to examine the mechanism of a-helix to 5
sheet transition of hlAPP(11-25) dimer. Helix-to-sheet transformation was observed in 9 out
of forty 300-ns MD trajectories at 310 K. We found that the conformational transition
occurred through two different mechanisms. The first mechanism involved a direct transition
of the random coil part of the initial helical conformation into an antiparallel g-sheet. In the
second mechanism, the initial a-helical conformation first unfolded to adopt a transient
random coil conformation and then converted into an antiparallel S-sheet. In both
mechanisms, a-helix-to-B-sheet transition occurred via a random coil state and the transition
was companied by an increase in the number of interpeptide atomic contacts. Here the initial
helix—helix interaction plays the role of a trigger, necessary for the conversion to B-sheets,
by providing a higher chance for contact for the two peptides. The mechanism proposed here
is consistent with previous experimental work suggesting that helical dimerization is on the
pathway of fibril formation of full-length hIAPP.85 In particular, the first mechanism
observed here is similar to a recently reported helix-to-sheet transition mechanism of full-
length hIAPP in solution at acidic pH.4% Our simulations go, however, one step beyond by
showing that following the coil-to-sheet transition, the helix part of the initial helical
conformation unfolded to adopt an extended state. Our study suggests that the a-helix-rich
conformation facilitates interpep-tide interactions, leading to the helix-to-3-sheet transition.
Very recently, using REMD simulations with implicit solvent, Wu and Shea studied the
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monomeric structures of full-length IAPP from four different species (human, rat, cat, and
pig). Their simulations revealed that monomeric IAPP populates helix—coil, g-hairpin, and
to a lesser extent helix-hairpin conformations. Consistent with their study, helix—coil and 8-
hairpin conformations were also observed in our REMD run for hlIAPP(11-25) monomer.
Based on the monomeric structural features of aggregating (human and cat) and
nonaggregating (rat and pig) sequences, they speculated that the helix-hairpin conformation
may act as an on-pathway intermediate leading to Brich conformations.*3 Whether the
helix-hairpin conformation is an on-pathway state to S-rich structure remains to be
determined.

Moreover, of interest is the different temperature sensitivities of a-helical and B-structures.
The helical content increases gradually with increasing temperature within a wide
temperature range and ends in slow decrease, while the g-content decreases monotonically
with increasing temperature. This feature was also observed previously in the pentapeptide
hIAPP(15-19),46 which reveals a generality of such kind of temperature dependence of
certain peptide sequences. Indeed, this may provide some clues into the high temperature
endurance of hyperthermophilic proteins, where the respective organisms thrive at
temperatures near and even above 373 K.86:87 The high-temperature-endurable ordered
secondary structures, such as helices observed here, are essential to the exceedingly stable
protein molecules. Therefore, the overlap between the a-helices and amyloid structures
propensity in protein segments is concentration- and temperature-dependent, reflecting
overall optimization of protein properties during evolution of protein sequences.

CONCLUSIONS

In this study, we have investigated the conformational ensemble and a-helix-to-S-sheet
transition of the hIAPP(11-25) dimer by performing extensive REMD and MD simulations.
Our REMD run on the hlIAPP(11-25) monomer reproduced experimental observations of
NMR chemical shifts. REMD run on dimers reveals the coexistence of a-helical dimers, 5-
sheet-rich conformations (including compact disordered g-sheet-rich dimers and fully
extended antiparallel B-sheets), and random coil states. Secondary structure comparison
between dimers and monomers shows that dimerization of hlAPP(11-25) resulted in a
significant shift in the conformational propensities of the peptide. Monomers have slightly
higher probability to adopt helical structures than dimers, whereas dimers have significantly
higher probability to sample S-structures. In addition, our REMD simulations revealed
different temperature dependencies of helical and g-structures. Results from multiple long
MD simulations reveal that the conformational transition of hlAPP(11-25) dimer from an a-
helical state to B-sheet structure occurred through an intermediate random coil state and it
was accompanied by the increase of peptide—peptide atomic contacts. The formation of a-
helices may kinetically facilitate the S-sheet formation by providing a compact nucleating
contact, mostly through hydrophobic interactions in the N-terminal region. As the
hIAPP(11-25) peptide was identified to be responsible for the initial intermolecular contacts
in the aggregation of hIAPP, these results obtained from hIAPP(11-25) might provide
structural insights into the transition mechanism between a-helix and S-sheet conformations
of full-length hIAPP oligomers.
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Figure 1.
Comparison between calculated and experimental chemical shifts of hlAPP(11-25)

monomer along with representative REMD-generated a-helical and g-structures at 310 K.
(a) H2 chemical shifts (8), (b) H® secondary chemical shifts (A68), (c) three representative a-
helical structures, and (d) three representative S-structures.
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Calculated secondary structure probabilities for monomers and dimers.
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Probability of helical and g structures as a function of temperature for hIAPP(11-25)

monomer and dimer.
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Figureb.
Free energy surface (in kcal/mol) for the hlIAPP(11-25) dimer at 310 K as a function of

radius of gyration (/) and the total number of intra- and intermolecular H-bonds (H-bond
number). The free energy surface contains three minimum energy basins, centered at (£, H-
bond number) values of (0.85 nm, 8), (1.12 nm, 10), and (1.33 nm, 11). Representative
structures in each minimum-energy basin are also given, along with their probabilities:
0.10% (A), 0.04% (B), 0.20% (C), 0.03% (D), 2.17% (E), 0.03% (F), 0.38% (G), and 0.35%
(H).
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Figure 7.
Analysis of a representative helix-to-S-sheet transition pathway following mechanism 1. (a)

Secondary structure of each residue as a function of simulation time. (b) Four representative
snapshots at 0, 26, 130, and 263 ns of the MD run. Time evolution of (c) number of main-
chain H-bonds, (d) main-chain RMSD with respect to the short antiparallel S-sheet formed
at £=150 ns, and (e) number of interpeptide atomic contacts. The antiparallel g-sheet at ¢=
150 ns has a main-chain RMSD of 0.17 nm with respect to the snapshot at = 263 ns. The
black curve in (c)—(e) is a smoothed line over five data points.
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Analysis of a representative helix-to-S-sheet transition pathway following mechanism 1. (a)

Secondary structure of each residue as a function of simulation time. (b) Four representative
snapshots at 0, 100, and 292 ns of the MD run. Time evolution of (c) number of main-chain
H-Bonds, (d) main-chain RMSD with respect to the short antiparallel S-sheet formed at =
150 ns, and (e) number of interpeptide atomic contacts. The antiparallel g-sheet at = 150 ns
has a main-chain RMSD of 0.19 nm with respect to the snapshot at £= 292 ns. The black
curve in (c)—(e) is a smoothed line over five data points.
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Figure9.
MD-generated interpeptide contact probability map of hlAPP(
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11-25) dimer before (left

panel) and after (right panel) g-sheet formation for (a) the MD run shown in Figure 7 and (b)

the MD shown in Figure 8
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