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ABSTRACT: Islet amyloid polypeptide, IAPP or amylin, is a
37-residue peptide hormone coexpressed with insulin by
pancreatic f-cells. The aggregation of human IAPP (hIAPP)
into amyloid deposits is associated with type II diabetes.
Substantial evidence suggests that the interaction of anionic
membranes with hIAPP may facilitate peptide aggregation and
the N-terminal 1—19 fragment (IAPP,_,,) plays an important
role in peptide—membrane interaction. As a first step to
understand how structural differences between human and rat
IAPP peptides in membranes may influence the later
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oligomerization process, we have investigated the structures and orientations of hIAPP,_;, and the less toxic rIAPP_, (ie,
the HI8R mutant of hIAPP,_,;) monomers in anionic POPG bilayers by performing replica exchange molecular dynamics
(REMD) simulations. On the basis of ~20 ys REMD simulations started from a random coil conformation of the peptide placed
in water, we find that unfolded h(r)IAPP,_j,4 can insert into the bilayers and the membrane-bound peptide stays mainly at the
lipid head—tail interface. hIAPP, 4 displays higher helix propensity than rIAPP,_ o, especially in the L12—L16 region. The helix
is oriented parallel to the bilayer surface and buried in the membrane 0.3—0.8 nm below the phosphorus atoms, consistent with
previous electron paramagnetic resonance data. The helical conformation is an amphiphilic helix with its hydrophilic and
hydrophobic faces pointing, respectively, to the lipid head and tail regions. The H18R substitution enhances the electrostatic
interactions of IAPP,_ |y with the membrane, while it weakens the intrapeptide interactions crucial for helix formation, thus
leading to lower helix propensity of rIAPP, o Implications of our simulation results on the membrane-mediated IAPP,

oligomerization are discussed.

B INTRODUCTION

Human islet amyloid polypeptide (hIAPP), also referred to
amylin, is the protein component of amyloid fibrils found in
individuals with type II diabetes." The aggregates of hIAPP are
found in over 90% of diabetics but only in a minority of
nondiabetic subjects.” IAPP is a 37-residue peptide coexpressed
with insulin by pancreatic f-cells. Its native form contains an
amidated C-terminus and an intramolecular disulfide bridge
between Cys2 and Cys7. It was reported that hIAPP has a
strong cytotoxic effect on f-cells, while the nonaggregating rat
IAPP (rIAPP) has little influence on S-cell survival rates even
when massively overexpressed.® Previous experimental studies
suggested that the JAPP monomer adopts primarily random
coil conformations in aqueous solution.*”” After binding to the
membrane surface,® IAPP transiently adoépts helical structures
before aggregating into amyloid fibrils.*"*® The fibrillation of
IAPP is highly accelerated in the presence of lipid bilayers,
especially those composed of anionic phospholipids.*'>"!
Accumulating evidence has shown that the most toxic species
are early formed oligomers instead of mature amyloid
fibrils.">"* Several mechanisms behind cytotoxicity have been
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proposed, among which the membrane disruption hypothesis
predominates.>*~¢ Toxic oligomers were reported to cause
significant disruption of the phospholipid membrane in both
model membranes and in cells through either the formation of
ion channels or a nonspecific general disruption of lipid
bilayers."’ "

The amino acid sequence of IAPP can be divided into three
regions: the N-terminal 1—19 region, the primary amyloido-
genic 20—29 region, and the C-terminal 30—37 region that can
enhance amyloid formation.**° The N-terminal 1—19 region
has been reported to play an important role in fibrillogenesis
and membrane disruption. In aqueous solution, this region
influences the overall kinetics of fibril formation, and residues
8—20 have been recognized as another amyloidogenic
region.””*" In the presence of a lipid membrane, the membrane
binding and insertion of IAPP were reported to be initiated
from its N-terminal part through electrostatic interaction.”**
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CD spectra of hIAPP,_4 and full-length hIAPP suggested that
both peptides adopt a primarily a-helical structure in 1-
palmitoyl-2—01eoy1-sn-§lycero-3—phospho(1/—rac—glycerol)
(POPG) lipid bilayers.*® POPG liposome leakage experiments
suggested that hIAPP, ;, has the pathological membrane
disrupting activity of the full-length hIAPP.® The rat version of
IAPP,_,, (1IAPP), despite differing from hIAPP,_,, by only
one residue (i.e, HI18R mutation), was shown to be
significantly less toxic than hIAPP,_,,.*

Although the secondary structure of IAPP/IAPP,
monomers in a membrane environment has been extensively
studied by experiments, their high-resolution three-dimensional
(3D) structure in lipid bilayers has not been reported yet as
NMR experiments could not be directly utilized in lipid bilayers
due to the rapid aggregation of IAPP. All of the reported 3D
structures were solved in sodium dodecyl sulfate (SDS) or
dodecylphosphocholine (DPC) detergent micelles at different
pHs using NMR spectroscopy, including the 3D structures of
(1) hIAPP,_;, (with the C-terminus being unamidated) in SDS
micelles at pH 4.6>* (2) hIAPP,_,, (with an amidated C-
terminus) in SDS micelles at physiological pH,* (3) rIAPP,_s,
in DPC micelles at pH 7.3,>° and (4) hIAPP,_,, and rIAPP,_,,
in DPC micelles at pH 7.3.>” For h(r)IAPP,_,, species, its 3D
structure in DPC micelles consisting of a single helix extending
from C7 to V17 and a distorted helical turn from the N-
terminus to C7.>” The orientation of the peptide in the DPC
micelle was reported to be pH-dependent. At pH 7.3, the
hIAPP,_,, peptide was buried deeper than the surface-bound
rIAPP, |5 counterpart, but protonating H18 in hIAPP,
reoriented the peptide to the surface of the micelle.”” As a
micelle typically contains 50—80 detergent molecules, its small
size and large curvature might have bias toward peptide
conformations'"> and might also cause the position of ;)ezptides
in micelles to be different from that in lipid bilayers.”>*® For
example, a recent experimental study on hIAPP aggregation in
various membrane models (including SDS/DPC micelles,
DHPC bicelles, and small/large unilamellar vesicles) suggested
that SDS and DPC micelles stabilized the a-helical con-
formations of hIAPP, and no fibril formation was observed in
these media.”’ Knowledge of structures of IAPP/IAPP, |, in
lipid membranes is of great importance to understand their
different extents of aggregation and toxicity; however, a
comprehensive understanding of their 3D structures and their
lipid interaction in anionic lipid bilayers at the atomic level are
still missing.

On the computational side, a number of studies have
explored the conformational ensembles of monomeric species
of full-length TAPP”*°~>* and the oligomeric species of different
IAPP fragments (such as IAPP,,_,,, IAPP,, ,, and
IAPP;,_,) 5738 in aqueous solution. Recently, investigations
on the structures and orientations of IAPP, ,,°°~** and
IAPP,_,s* in neutral and/or anionic membranes have
emerged. However, these simulations in a membrane environ-
ment all started from prebuilt membrane-bound/unbound
preformed helical/f3-sheet structures, and they were carried out
at constant temperature, leading to insufficient conformational
sampling. Thus, the obtained results might be biased by the
initially preformed structures. In this study, we have performed
replica exchange molecular dynamics (REMD) simulations
using 48 replicas (400/500 ns per replica) with a explicit
membrane on both human and rat IAPP,_,, peptides. As a first
step to understand the membrane-mediated IAPP,_ 4 oligome-
rization, we chose the anionic POPG lipid bilayer as a model
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membrane system to study. To our knowledge, this is the first
REMD simulation study on the human and rat IAPP,
monomers in the presence of explicit lipid bilayers. On the
basis of a ~20 us REMD simulation for each peptide started
from a random coil conformation of the peptide placed in
water, we find that unfolded h(r)IAPP,_4 can insert into the
POPG bilayer, and the membrane-bound peptides adopt coil
conformations or amphiphatic helical structures lying flat at the
interface of lipid hydrophilic heads and hydrophobic tails.
hIAPP,_,, exhibits higher helix propensity (particularly in the
L12—L16 region) than rIAPP,_;, most likely due to weaker
peptide—membrane interaction and stronger intrapeptide
interaction. The formation of an amphiphatic helix may
facilitate the peptide—peptide interaction of IAPP,_,y in the
membrane, which is important for IAPP,_,, aggregation and
toxic oligomer formation. Our calculated lipid Scp values in
IAPP,_,y + POPG and neat POPG systems are quite similar,
indicating that hIAPP, 4 and rIAPP, , monomers do not
cause membrane disruption, consistent with existing exper-
imental results.”'” As oligomerization is crucial for membrane
disruption, the structural difference and the different propensity
to form amphiphatic helical structures for the two peptides in
lipid bilayers may explain the more toxic property of hIJAPP,_,.

B MATERIALS AND METHODS

Systems. The sequence of h(r)IAPP,_,, is NH;"—
KCNTA’TCATQ'’RLANFLVH(R)S—NH,, with the Cys2
and Cys7 forming a disulfide bond and the C-terminus being
amidated. The starting state of hIAPP,_,, is a primarily random
coil conformation, and that of rIAPP,_,, is obtained by
mutating H18 of hIAPP,_, into R18. The peptide is initially
placed in water with a minimum distance from the bilayer
surface of 1.3 nm (see Figure S1 in the Supporting
Information). Our modeled lipid bilayer consists of 49 anionic
POPG lipids per leaflet, built from an equilibrated bilayer with
64 lipids per leaflet from a previous computational study.** The
peptide—membrane systems are solvated with simple point
charge water. Na* and CI” ions are added to neutralize the
charges of the peptide—membrane system and to provide an
additional 120 mM salt concentration to be consistent with the
NMR experiment condition.”” More details about the system
preparation are given in the Supporting Information.

REMD Simulations. The REMD method is an enhanced
sampling method that reduces the time of the system trapped
in local minima of the energy landscape, thus allowing a better
sampling of the conformational landscape.*> We have
investigated the structural properties and membrane inter-
actions of human and rat IAPP,_;, peptides in an anionic
phospholipid membrane by conducting extensive REMD
simulations. We use 48 replicas at temperatures exponentially
spaced between 310 and 455 K. The lowest temperature is
chosen to be higher than the POPG gel-liquid crystalline
phase transition temperature (2274 K).** The simulation time
for the hIAPP,_,,/rIAPP,_,, system is 400/500 ns per replica.
The peptides and POPG lipids are described using, respectively,
Gromos87* and the Berger force field,*® in accordance with
our previous MD simulation studies on the interactions of full-
length hIAPP with a POPG bilayer.*”** All simulations are
performed with GROMACS 4.5.3 software package.*” More
simulations details®®™>> are given in the Supporting Informa-
tion.

Constraints are usually applied to the lipid bilayer when
simulated with REMD using the CHARMM force field for
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lipids®**” in order to prevent disintegration of the lipid bilayer

at high temperature.ss‘?"59 In our REMD simulations, we did not
apply constraints to the lipid bilayer, as done previously by
Ulmschneider et al.% Figure S2 (Supporting Information)
shows that at 331 K, the membrane thickness decrease
gradually with simulation time, and it reaches a plateau after
200 ns. We also monitor the variations of the area per lipid, the
bilayer thickness, and the Scp values of the sn-1 chain with
temperature (Figure S3a—c, Supporting Information). It can be
seen from this figure that the area per lipid of the POPG bilayer
increases with temperature, while both the bilayer thickness and
the Scp values of the sn-1 chain (i.e, palmitoyl) decrease with
temperature. These data indicate that compared to the
membrane at 310 K, the lipid bilayer at higher temperatures
inflates along the membrane plane and shrinks along the
membrane normal. Nevertheless, it maintains the integrity of
the lipid bilayer, as seen from a representative snapshot at 377
K in Figure S3d (Supporting Information).

Analysis Methods. All analyses have been carried out with
our in-house-developed codes and GROMACS facilities. All
results reported in this study refer to the REMD sampling
collected at 331 K. The reasons for which we use the data at
this temperature for analysis are given in the Supporting
Information. We discarded the first 300/400 ns of each replica
to remove the bias of the initial state for the hIAPP,_,y/
rIAPP,_, peptide and used the last 100 ns of data for analysis.
We analyzed the REMD data with several parameters, including
the secondary structure content,®' the z-position of each amino
acid residue, the free-energy landscape, the number of
hydrogen bonds (H-bonds), the salt bridges,> and main
chain—main chain (MC—MC) and side chain—side chain (SC—
SC) contact probability maps.®> All of the representations of
the studied systems are drawn with the VMD program.’* A
detailed description of these parameters is given in the
Supporting Information.

B RESULTS AND DISCUSSION

A 400/500 ns REMD simulation has been conducted on the
hIAPP,_,o/rIAPP,_,o system. Both peptides adsorb to the
membrane surface within the first 25 ns and respectively stay at
the water—lipid interface for 100 and 300 ns, as shown in
Figure S4 (Supporting Information). After 135 ns, hIAPP,_,
inserts into the bilayer and stays mostly at 0.3—0.8 nm below
the phosphorus atoms (Figure S4a, Supporting Information).
In contrast, rIAPP,_,, takes more time to insert into the
membrane due to its stronger electrostatic interactions with the
lipid head groups as there is one more net positive charge in
rIAPP, _ . rIAPP,_,, is located in the POPG bilayer at 0.3—0.8
nm below the phosphorus atoms after 310 ns (Figure S4b,
Supporting Information). The peptide—membrane distance
curves for both systems reach a plateau after 310 ns, indicating
the convergence of the two REMD simulations.

The convergence of the REMD simulations is further verified
by comparing the number of peptide—membrane H-bonds and
the dominant secondary structure contents (including the helix,
turn, bend, and coil) of each amino acid residue within two
different time intervals using the 300—350 and 350—400 ns
data for the hIAPP,_,, system and the 400—450 and 450—500
ns data for the rIAPP, , system (see Figures SS and S6,
Supporting Information). As shown in Figure SS (Supporting
Information), the number of protein—membrane H-bonds
displays similar distributions within two different time intervals
for both systems. As shown in Figure S6 (Supporting
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Information), the secondary structure contents of most of the
residues within the two time windows are also quite similar for
both systems, although the secondary structure probability of a
few residues has certain differences. Overall, these data suggest
that our two REMD simulations are reasonably converged over
the last 100 ns. The convergence of our REMD simulations at
331 K indicates that analysis using the data generated at 331 K
can provide an appropriate estimate to the conformational
space of the peptide, and we do not need to reweigh all of the
configurations at different temperatures, as shown recently by
us>>*>% and many other groups.”’~*

We then investigate the influence of IAPP, ;4 monomers on
the ordering of the POPG bilayer by calculating the deuterium
order parameter (Scp).”® The Scp, values of the sn-1 chain (ie.,
palmitoyl) and sn-2 chain (i.e., oleoyl) are shown in Figure S7
(Supporting Information). For comparison, the Scp values for a
pure POPG bilayer are also given. For the first five carbon
atoms, their Scpy values in the sn-1/sn-2 chain in the IAPP,_,q +
POPG system are the same/larger as/than those in a neat
POPG bilayer system, indicating the ordering of these carbon
atoms. By contrast, the Scp values of the last eight/five carbons
in the sn-1/sn-2 chain in the IAPP,_;4 + POPG system are
smaller than those in a neat POPG bilayer system, indicating
less ordering of these carbon atoms. For both acyl chains, the
Scp curves of POPG in hIAPP,_,y + POPG and rIAPP,_;, +
POPG systems overlap well, indicating similar perturbation
effects of human and rat IAPP;_ 4 on the ordering of the POPG
bilayer. Overall, the lipid Scp values in IAPP,_;y + POPG and
neat POPG systems are quite similar, differing by only 0.05,
indicating that hIAPP, ;4 and rIAPP, , monomers do not
cause membrane disruption, consistent with existing exper-
imental results.>"”

hlAPP,_,, and rlAPP,_,, Monomers Display Different
Secondary Structure Propensities in a POPG Bilayer. The
calculated average probabilities of helix, turn, bend, and coil
structures are, respectively, 10, 18, 18, and 53% for hIAPP,_|,
and 6, 19, 16, and 58% for rIAPP,_,,. The helix probability of
hIAPP, |, is higher than that of rIAPP, ), while the coil
probability is lower. The per residue secondary structure
contents are also markedly different, as seen from Figure 1.
Two dominant helical regions are observed in the hIAPP,
peptide, namely, the N-terminal region spanning residues T4—
T9 and the C-terminal region spanning residues L12—L16,
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Figure 1. Secondary structure contents for hIAPP,_,, (black curve)
and rIAPP,_y (red curve) as a function of amino acid residue.
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while only the N-terminal helical region is seen in rIAPP;_g
(see Figure la).

To compare the secondary structures of the two peptides in
more details, we divide the whole peptide into five regions
according to helical propensity: T4—T6, C7—C9, Q10—RI11,
L12—L16, and V17—H(R)18. As the three residues near the N-
terminus, K1—N3, and the C-terminal residue S19 are mostly in
coil structures, they are excluded here. It can be seen from
Figure 1 that for the T4—T6 region, the percentages of helix
and bend structures are larger for hIAPP,_,, (hIAPP,_,, versus
rIAPP,_,s: 30 versus 21% for helix, 29 versus 18% for bend)
due to the H18R mutation, while the turn propensity increases
noticeably with the mutation (from 33 to 59%). For the C7—
T9 region, the probability of helical structures is similar for the
two peptides. In both peptides, residues Q10 and R11 mainly
adopt coil (50—70%) and bend structures (10—40%). For the
L12—L16 region, the helix percentage in hIAPP,_,, (11—14%)
is much higher than that in rIAPP,_,, (<5%). Significant
differences in secondary structure propensities are also seen for
residues V17 and HI18 around the mutation site. These two
residues have a higher turn probability in hIAPP,_,, (80%)
than that in rIAPP,_,, (62%). Most of the residues in both
peptides have high propensities (>50%) to adopt coil structures
except residues T4—T6 and L16—H(R)18 (Figure 1d). These
results demonstrate that the H18R mutation decreases the helix
propensity of residues L12—L16 and increases the turn
propensity of residues T4—T9. The helix region found in our
simulations is consistent with the NMR experiments of
hIAPP,_;, and rIAPP,_;, in DPC micelles at neutral pH,
where a helix encompassing residues C7—V17 was observed for
both peptides.”” Other experimental studies on the structures
of the full-length IAPP in a mixed lipid (80% POPS/20%
POPC) bilayer (using site-directed spin Iabelin§ and electron
paramagnetic resonance (EPR) spectroscopy)”® or in SDS
detergent micelles at acidic and neutral pH conditions (using
NMR spectroscopy)>* > also found helical structures running
through the N-terminal region. It should be noted that the helix
segment of rIAPP; o found here is shorter than that of the
solution NMR structure in DPC micelles. This difference in
helix length might be due to the different model membrane
used. Micelle models, including SDS and DPC, may over-
stabilize helical structures of IAPP,* thus leading to longer
helices.

Conformational Ensembles and Free-Energy Land-
scapes of hlAPP,_,, and rlAPP,_,, in POPG Bilayers. To
explore the dominant conformational states of human and rat
IAPP,_,y peptides in a POPG bilayer, we perform a RMSD-
based cluster analysis for 25000 conformations for each system.
Using a backbone RMSD of 0.1 nm, the conformations of
hIAPP,_,, and rIAPP,_,, are separated into 43 and 36 clusters,
respectively. The center structures of the top five most-
populated clusters (C1—CS for hIAPP,_;, and C1'—CS’ for
rIAPP,_,) and their corresponding probabilities are given in
Figure 2. These clusters represent 59 and 62% of the total
conformations of hIAPP,_,y and rIAPP,_,, peptides, respec-
tively. It can be seen from Figure 2a,b that hIAPP,_,, has higher
helical propensity than rIAPP,_ ;. Helical structures are
observed in clusters 2—4 of hIAPP, o, while they are only
seen in a single cluster (Cl’) of rIAPP,_j,. It is worth
mentioning that the hIAPP, ;4 helix in cluster C2, spanning
residues AS—L16, is much longer than the rIAPP, 4 helix in
C1’, consisting of residues T4—T9. Statistics on the secondary
structures of all of the conformations in each cluster is shown in
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Figure 2. (a,b) Representative conformations of the top five most-
populated clusters and the corresponding populations for IAPP;_,.
The peptide backbone is shown in cartoon representation (purple:
helix; silver: coil; cyan: turn and bend.) The Car atom of K1 is shown
by a cyan bead. Free-energy landscape (in kcal/mol) for (c) hIAPP,_,,
and (d) rIAPP,_j, in a POPG bilayer. Labels in the energy basins
correspond to the cluster indexes. The purple line represents the
average z-position of the first lipid tail carbon atoms in the upper
leaflet. The average z-position of the upper leaflet phosphorus atoms is
set to 0 (z = 0).

Figure S8 (Supporting Information). As seen from Figure S8b
(Supporting Information), residues from AS to L16 in C2 have
higher propensities (>60%) to adopt helical structures except
for Q10 and R11 with turn structures. A short helix spanning
residues T4—T6 is observed in 60% of all conformations in C3
and in nearly all conformations of C4. Conformations in C3 are
the most compact, with the smallest end-to-end distance (1.67
+ 0.06 nm) among the five clusters. The conformations in the
other two clusters (C1 and CS) of hIAPP,_;, mainly adopt
bend and coil structures, except that there is a turn from AS to
C7 in C1 (see Figure S8a, Supporting Information).
Conformations in C1 are the most extended, with the largest
end-to-end distance of 2.35 + 0.06 nm among the five
hIAPP,_,, clusters.

The most populated conformation of rIAPP,_, is a partially
helical structure containing a helix from T4 to T9 (see C1’ in
Figure 2b) and has the longest end-to-end distance (2.70 +
0.07 nm) among all of the 10 clusters shown in Figure 2.
Conformations in C3’ and C4’ are also relatively extended,
with end-to-end distances of 2.61 + 0.03 and 2.51 + 0.06 nm,
respectively, but they are mostly in disordered coils and bends.
The second largest cluster of rIAPP,_,, that is, C2’, is an
ensemble of disordered compact conformations with an end-to-
end distance of 1.73 + 0.04 nm. Conformations in C5’ are the
most compact, with an end-to-end distance of 1.33 + 0.03 nm.
The helical conformations observed here for hIAPP,_;, (C2)
and rIAPP,_,, (C1’) are consistent with the NMR-derived
structures of the human/rat IAPP, ;o fragment in DPC
micelles. Detailed comparisons with experimental results are
presented in the next section.

To have an overall view of the conformational ensembles and
locations of human and rat IAPP,_,, peptides in a POPG
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bilayer, we plotted in Figure 2c,d the free-energy landscape
projected on two reaction coordinates: the C,-RMSDs relative
to, respectively, their NMR structures solved in DPC micelles®’
and the z-position of the centroid of the peptide backbone. We
have labeled each energy basin using the index of the
corresponding cluster, as shown in Figure 2 (for example,
energy basin-1 corresponds to cluster-1). Basin-1 in Figure 2c
and basin-2’ in Figure 2d are located, respectively, at (C,-
RMSD, z-position) values of (0.53 nm, 0.34 nm) and (0.66 nm,
0.31 nm). The peptide conformations that belong to these two
energy basins are located at the hydrophilic region of the
membrane (ie., above the purple line). Other energy basins are
primarily located at the hydrophobic region of the membrane
(—=0.51 to —0.75 nm for rIAPP;_,4 and —0.56 to —0.71 nm for
hIAPP, ,,).

An earlier REMD simulation study demonstrated that a 16-
residue peptide WALP16 can insert into the zwitterionic DPPC
bilayer prior to helix formation and then fold inside of the
membrane. Figure 2 shows that both hIAPP,_,¢ and rIAPP, |,
can exist in a coil conformation inside of the anionic POPG
bilayer, indicating that these two peptides can insert into POPG
bilayers mostly as an unfolded structure, similar to the WALP16
peptide.®® To determine where the helix formation occurs, we
first separate the trajectory into four independent time
intervals: 0—100, 100—200, 200—300, and 300—400 ns. Then
we plot in Figure S9 (Supporting Information) the probability
density map of all of the conformations within each time
interval as a function of the helix propensity of hIAPP,_,4 and
the distance of the peptide to the bilayer center (d). As seen
from Figure S9 (Supporting Information), within the initial 100
ns (0—100 ns), when hIAPP,_,, is located in water (d = 2.6
nm) or just below lipid heads (d = 1.8 nm), the peptide has a
very low probability to form a partially helical structure (with a
helix propensity of ~20%). Within the second 100 ns (i.e.,
100—200 ns), hIAPP,_,, stays mostly inside of membrane, and
the conformations with partially helical structure increase, while
hIAPP located in water does not show any helix signal. Within
the 200—300 ns time interval, hIAPP, 4 stays only inside of
membrane, with the vast majority of the conformations being in
unfolded states and a very small population of the
conformations being in partially helical structure (with a helix
propensity of ~15%). Within the 300—400 ns time interval, the
probability of partially helical structure increases, and the helix
becomes longer (with a helix propensity of ~45%). All of the
helical conformations are located at a distance of 1.6 nm from
the bilayer center (i.e., at the lipid head—tail interface). These
data indicate that unfolded hIAPP,_,, can insert into the POPG
bilayer, with helix formation occurring when hIAPP, 4 is
located at the lipid head—tail interface. Similar behavior is
observed for rIAPP,_,, (data not shown).

For the conformations located in all of the energy basins, the
C,-RMSD values are in the range of 0.28—0.78 nm for
hIAPP,_,, (Figure 2c), while they vary from 0.41 to 0.67 nm
for rIAPP,_,, (Figure 2d). The wider C,-RMSD value
distribution suggests that hIAPP,_ 4 samples a more diversified
conformational space in the POPG bilayer than rIAPP,_,4 does.
The helical conformations in C2 have the smallest C,-RMSD
(0.31 nm) with respect to the NMR structure of hIAPP,_,, in
DPC detergent micelles,”” and they are located at the interface
of lipid hydrophilic heads and hydrophobic tails. For rIAPP,_,,,
the helical structures in C1’ have the smallest C,-RMSD (0.45
nm) with respect to the NMR structure of rIAPP,_,, in DPC
micelles.”” Such a large RMSD value mostly results from the
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disordered C-terminal residues Q10—S19. Combining the
structures of IAPP, ;o with the corresponding membrane
burial depths, we conclude that the monomeric hIAPP,_,y/
rIAPP,_ |, peptide is primarily located at an immersion depth of
0.3—-0.8/0.2—0.8 nm below the phosphorus atoms of the
POPG head groups. A previous experimental study suggested a
helical preference for IAPP in the phosphorlipid head group
region of the membrane.” Our results demonstrate that
IAPP,_,y has a preference to adopt helical structure when it
is located at the interface of hydrophilic and hydrophobic
regions of the POPG bilayer (see below for more detailed
discussion). The anionic head groups of the POPG bilayer
stabilize the intrapeptide electrostatic interactions by screening
the positive charges of the peptide. Meanwhile, the lower
dielectric constant of the lipid environment favors the
formation of peptide backbone hydrogen bonds."* Also, the
membrane tails provide a hydrophobic environment for the
hydrophobic residues of the peptide. Thus, the amphiphilic
interface of the POPG bilayer facilitates the folding of IAPP in
the membrane.

Orientations of hIAPP,_,, and rlAPP,_,s Helical
Structures in POPG Bilayers. As mentioned above, both
hIAPP,_,, and rIAPP, ;4 can adopt helical structures in a
POPG bilayer. To probe the orientations of the helical
structures in membrane, we present in Figure 3ab the
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Figure 3. Representative helical structures of (a) hIAPP,_,, and (b)
rIAPP,_,y in a POPG bilayer. The peptide backbone is shown in
cartoon representation, colored by their secondary structures (purple:
helix; cyan: turn and bend; silver: coil). All of the charged residues are
emphasized using bond representation. The tan particles are the
phosphorus atoms. (c,d) Distribution of the angle of the human and
rat IAPP,_,5 backbone with respect to membrane surface.

representative conformation of cluster-2 of hIAPP,_,, and
that of cluster-1" of rIAPP,_,o in a POPG bilayer. It is observed
that the peptide is approximately parallel to the membrane
surface. Quantitatively, the distribution of the angle of the
h(r)IAPP,_,, backbone with respect to the membrane surface
in Figure 3c,d shows that the membrane-buried peptide has a
tilt angle ranging from 5 to 18° for hIAPP,_ 4 and 3 to 15° for
rIAPP,_ |, revealing parallel orientation of IAPP,_, relative to
the POPG bilayer surface.

We then examine the orientation of each amino acid residue
in the helical structure of IAPP,_ 4 peptide by calculating the z-
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position of each residue relative to the phosphorus atoms (z =
0). For hIAPP, _,,, as seen from Figure 44, the helical structure
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Figure 4. The z-position of the C, atom and the side chain centroid of
each residue in the helical structures of (a) hIAPP,_;, and (b)
rIAPP,_ . The average z-positions of the phosphorus atoms and the
first lipid tail carbon atom in the upper leaflet are shown, respectively,
by the purple and cyan dotted lines.

is completely buried below the phosphorus groups, and its
backbone is located at the interface of the hydrophilic head and
hydrophobic tail regions of POPG bilayer (see the black curve
in Figure 4a). Its centroid is at an immersion depth of ~0.7 nm,
which is consistent with previous experimental study on
hIAPP,_;, in a 80% POPS/20% POPC bilayer that found the
helix center to be at 0.6—0.9 nm below the lipid head groups.”®
The z-positions of side chains show that the side chains of
hydrophilic residues T6, Q10, N14, and H18 are located at the
hydrophilic lipid head region, while the side chains of
hydrophobic residues A8, L12, and L16 fall into the
hydrophobic lipid tail region, revealing that hIAPP, 4 is an
amphiphatic helix. Our finding is consistent with an earlier EPR
spectroscopy study by Langen et al. on hIAPP,_3;, monomer in
a mixed 80% POPS/20% POPC lipid bilayer, which reported
that Q10, N14, and H18 fall into the hydrophilic face of the
helix and the most deeply membrane-embedded residues T9,
L12, L16, and S19 fall into the hydrophobic face. Our result is
also in line with the data from MD simulations by Huo et al. on
a preconstructed membrane-bound hIAPP,_,; helix.** The
amphiphatic feature of hIAPP,_,, monomers inside of POPG
bilayers may facilitate the peptide—peptide association inside of
membranes via strong hydrophobic interactions. We note that
the orientation of the membrane-embedded hIAPP,_,, helical
structure observed here is different from the orientation of
hIAPP,_;, adsorbed on the surface of the POPG bilayer
membrane reported in our recent MD simulation study™® due
to the different locations of the peptide. Compared to the
adsorption study of hIAPP at the membrane surface,** our
current study goes one step beyond by providing the atomistic
details of hIAPP after its insertion into the POPG bilayer.
Using spin-labeled lipids and EPR spectroscopy, Langen et al.
found that residues T9, L12, L16, and S20 are at a relatively
constant immersion membrane depth of 1.6 nm.*® In our
simulations, we find that the most deeply membrane-buried
residues are A8, L12, and L16 (see the red curve in Figure 4a),
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consistent with the EPR study,”® but they are at an immersion
depth of 0.9—1.2 nm. The difference in membrane immersion
depth is probably due to the different extent of negatively
charged lipids in the model membrane. In Langen’s experiment,
the lipid bilayer consists of 80% POPS, while in our simulation,
the lipid bilayer consists of 100% POPG, which may cause
IAPP to have stronger electrostatic interaction with POPG
head groups, leading to a smaller immersion depth in the
POPG bilayer.

For rIAPP,_,,, as seen from Figure 4b, its C-terminal region
from residues N14 to R18 is buried less deeply than its N-
terminal region from T4 to Rl11, different from the case of
hIAPP,_,, (Figure 4a). This difference is attributed to the
increased attractive electrostatic interactions between rIAPP,_,,
and the negatively charged lipid head groups of POPG lipids
due to the H18R mutation. The rIAPP, 4 peptide, albeit with
lower helix content than hIAPP, 4, also displays an
amphiphatic feature, with the side chains of hydrophobic
residues A8, L12, and F15 pointing toward the lipid tails and
those of residues T6, Q10, N14, and R18 pointing toward the
lipid heads. The NMR structures of h(r)IAPP,_;, monomers in
DPC micelles suggested that both human and rat IAPP,_,
monomers are bound to the micelle surface.”” The discrepancy
in the location of IAPP,_jo in the POPG bilayer and that in
DPC micelle might result from the different curvatures of the
POPG bilayer and DPC micelles as well as the different lipid
compositions. It is noted that the 3D structures of IAPP,_,, in
anionic bilayers were not reported previously.

H18R Mutation Enhances the Peptide—Lipid Inter-
action while Weakening the Intrapeptide Interaction.
We examine the peptide—lipid interactions by probing the salt
bridge formation between the positively charged groups (i,
the NH;" group in the N-terminus (N-ter) and those in the
side chains of K1, R11, and R18) of IAPP,_;, and the
negatively charged phosphate (PO,”) groups of POPG lipids.
To this aim, we calculate the minimum distance between the
two oppositely charged groups. As shown in Figure S10
(Supporting Information), the minimum distance between the
NH;* group of N-ter, K1, R11, or R18 and the PO,~ group is
smaller than 0.32 nm, indicating the formation of salt bridges.
The distance distribution peaks of the N-ter—PO,” and K1—
PO, are located at a smaller distance than those of R11-PO,~
and R18—PO,”, indicating stronger interactions between the
N-terminus of IAPP,_,y and the POPG bilayer. We find that
the distance distribution peak of R11-PO,” in rIAPP,_ is
shifted to the right located on the right of R18. This
observation indicates that the H18R mutation weakens the
interaction between R11 and phosphate groups while
strengthening the interactions between R18 and phosphate
groups.

We then calculate the numbers of H-bonds formed within
the peptide and those between the peptide and lipid head
(including glycerol, phosphate, and ester). The results are
shown in Figure 5. For both hIAPP,_,¢ and rIAPP,_,y, most of
the intrapeptide hydrogen bonds are formed among the main
chains (Figure Sa). We also observe H-bonds between the main
chains and the side chains (Figure Sa), while there are very few
H-bonds formed between the side chains (Figure Sb). Among
the three groups of lipid heads, IAPP, _, mainly forms H-bonds
with the phosphate and ester groups through its side chains. In
contrast, there are few H-bonds between IAPP, ,, and the
glycerol group. Compared with rIAPP,_ o, hIAPP, |4 has more
intrapeptide H-bonds (11.6 versus 7.0), but it forms fewer H-
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Figure S. Number of hydrogen bonds formed by the (a) main chain
(MC) and (b) side chain (SC) with each other, with themselves, and
with three lipid groups (glycerol, phosphate, and ester) in helical
structures (i.e., cluster-2) of hIAPP,_,, and (cluster-1’) of rIAPP;_,,.

bonds with the lipids (21.1 versus 27.4). These data
demonstrate that the intrapeptide hydrogen-bonding inter-
actions of rIAPP,_,, are weaker than those of hIAPP,_,,, while
the peptide—lipid interactions between rIAPP,_,, and POPG
are stronger than those between hIAPP,_,, and POPG.

To understand the physical forces that stabilize the helical
and nonhelical structures of IAPP inside of POPG bilayers, we
present in Table 1 the H-bond number and the total potential
energy of the peptide in the top five most-populated clusters
shown in Figure 2. The total potential energy includes the
potential energy of the peptide itself (pep—pep) and the
interaction energy between the peptide and its environment
(including the membrane and water) (pep—mem and pep—
wat). It can be seen from Table 1, for hIAPP, that the number
of intrapeptide H-bonds of the helical structures in basin-2 is
12, much larger than the number of H-bonds of the nonhelical
structures (<7) in the other four basins. The pep—pep
potential energy of helical structures is also lower than that
of the nonhelical structures, indicative of the strongest
intrapeptide interaction of the helical structures. Although the
electrostatic interaction energy is much larger than the vdW

interaction energy, the pep—pep energy difference between
helical and nonhelical structures mainly comes from the vdW
term. The strong pep—pep interaction (lower potential energy)
of helical structures weakens the pep—mem interaction (higher
potential energy) and reduces the number of H-bonds between
the peptide and membrane. However, the number of H-bonds
between the helical structures and the membrane is smaller
than the number of H-bonds between the nonhelical structures
and the membrane. The corresponding pep—mem interaction
is also weaker than the interaction between the nonhelical
structures and the membrane. For rIAPP, similar results are
obtained, with the helical structures having more H-bonds,
lower pep—pept energy, and higher pep—mem energy than the
nonbhelical structures. For both hIAPP and rIAPP, the pep—wat
interaction energy is very small compared to the pep—mem
term as there are very few water molecules in the membrane.
The positive interaction energy between the peptide and water
indicates that the interaction of water with the peptide is
unfavorable for the peptide to stay inside of the membrane.
Overall, the helical structures (in basin-2 for hIAPP and basin-
1 for rIAPP) have a lower total potential energy (see the most
right column of Table 1) than the nonhelical structures in most
of the basins. It should be noted that nonhelical structures in
basin-4 of hIAPP and basin-5’ of rIAPP have lower total
potential energy than the helical structures in basin-2 and basin-
1’, respectively, due to the very strong pep—mem electrostatic
interaction. Our previous MD study showed that the
electrostatic interaction energy of a charged residue with a
single lipid molecule is very large, ranging from —10 to —20 kJ/
mol.* The lower potential energy of basin-4 and basin-5’ might
be due to the local gathering of phosphates around the charged
residues. Taken together, the potential energy analysis reveals
that the helical structures are mostly favored by intrapeptide
interactions, whereas the nonhelical structures are predom-
inantly favored by peptide—membrane interactions.

To better understand the intrapeptide interactions, we have
plotted in Figure 6 the contact probability maps for MC—MC
and SC—SC pairs. The SC—SC contact probability map
displays mostly local contacts that are regrouped into three
dominant submatrices, spanning residues C2—C7 (matrix 1 or
1), C7-L12 (matrix 2 or 2’), and N14—S19 (matrix 3 or 3')

Table 1. Number of H-Bonds, Total Potential Energy, And Potential Energy Components for hIAPP in Basins 1—5 and rIAPP

in Basins 1'—5"“

H-bonds # potential energy (kJ/mol)
pep—pep  pep—mem pep—pep pep—mem pep—wat
basin index vdW elec vdW-+elec vdW elec vdW+elec vdW elec total
hIAPP 1 4 28 —388 —2202 —2590 —1264 —6285 —7549 —63 —=22 —10225
2 12 21 —-567 —2232 —-2799 —1094 —6361 —745S 14 -116 —1035S
3 6 22 —-372 —2212 —2584 —1287 —6068 —73S858 —-12 —56 —10007
4 S 27 —413 —-2123 —2536 —1287 —6670 —7957 -9 91 —10412
S 7 26 —440 —-2312 —2752 —-1262 —5865 —=7127 —-12 19 —9872
r[APP 1’ 6 27 —435 —1967 —2402 —-1350 —-8132 —9482 35 130 —11718
2 4 32 —349 —1882 —2231 —1339 —-8317 —9656 —28 202 —-11712
3 S 27 —408 —17558 —2163 —1319 —8314 —9633 37 146 —11613
4 S 28 —-350 —1963 —2313 —1470 —8056 —9526 51 203 —11584
s 1 31 -377 —1640 —-2017 —1409 —8571 —9980 16 218 —11764

“The H-bond number includes the number of intrapeptide (pep—pep) H-bonds and the number of H-bonds formed between peptide and POPG
membrane (pep—mem). The total potential energy includes the potential energy of the peptide itself (pep—pep) and the interaction energy between
the peptide and its environment (including the membrane and water) (pep—mem and pep—wat). The potential energy components include van der

Waals (vdW) and electrostatic (elec) interaction energies.
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Figure 6. MC—MC and SC—SC contact probability maps of

hIAPP,_,, and rIAPP,_j, peptides. For brevity, we use IAPP for
IAPP,_y, in this figure.

(Figure 6a,c). Due to the existence of a disulfide bond between
C2 and C7, strong SC—SC and MC—MC interactions are
observed between many pairs around this region for both
hIAPP,_,, and rIAPP,_,, (i.e, matrix 1 and 1’). Strong MC—
MC and SC—SC interactions are also observed between residue
pairs in the region spanning residues N14—S19 for both
peptides (i.e, matrix 3 and 3’). Within hIAPP,_,,, in the middle
region (i.e, matrix 2 in (a) and (b)) of the peptide, the MC—
MC and SC—SC interactions are still very strong for i—i+2 , i—i
+3, i—i+4, and i—i+$ pairs. In contrast, within rIAPP,_,,, the
SC—SC interactions in this region (i.e., matrix 2" in Figure 6c)
are dramatically weakened, and the MC—MC interactions are
sharply reduced mainly for i—i+2 pairs (i.e, matrix 2’ in Figure
6d). This is consistent with the less ordered structure of this
region in rIAPP,_ as indicated by the higher coil probability
(Figure 1d) compared to that of the same segment in
hIAPP, ..

Long-range interactions are also observed in hIAPP,_,. For
example, the side chain of H18 has contacts with those of
residues T9, R11, L12, and N14 (Figure 6a). In contrast, the
R18 side chain in rIAPP, ;o has no contacts with any other
residues (Figure 6¢). Due to the fact that R11 is in the middle
of the IAPP peptide, its side chain has an opportunity to
interact with many of its neighboring residues. Differently,
being at the terminus and positively charged, R18 in rIAPP has
a preference to interact with the lipid head groups (Figure $).
Therefore, it has less opportunity to interact with other residues
(Figure 6¢c). This leads to obvious differences of intrapeptide
interactions between rIAPP,_,, and hIAPP,_,, Experimental
studies suggested that electrostatic interactions between the N-
terminal 1—19 region and anionic lipids play a key role in
IAPP—membrane interactions.”*%!"7! Here, we observe that
the H18R mutation enhances the electrostatic interactions of
IAPP,_,, with the membrane and imposes constraints on the
flexibility of the peptide. As a result, the interactions of
rIAPP, |, with the membrane are stronger than those of
hIAPP, o, which is reflected by a larger number of hydrogen
bonds formed with the membrane, which leads to weakened
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intrapeptide interactions within rIAPP, ;o and thus a lower
helical propensity compared to that of hIAPP, ;.. Several
models have implied that the association of helix structures in
the membrane plays an important role in the oligomerization of
IAPP, which leads to a high local peptide concentration and
facilitates the aggregation of IAPP.”**”? Our simulations
suggest that the enhanced protein—membrane interaction
lowers the helix probability for rIAPP,_,4, which might disfavor
the helix—helix association important for the full-length IAPP
oligomerization in phospholipid membranes.”> These results
may explain the lower toxic property of rIAPP,_,, The
interaction of IAPP with the cellular membrane is believed to
be crucial for its cytotoxic activity through catalyzing the
formation of toxic oligomers.lz’13 As hIAPP,_,, was reported to
display pathological membrane-disrupting activity of the full-
length peptide® and the N-terminal 1—19 region is crucial for
helix—helix association, the results obtained here for IAPP,_,,
might provide molecular insights into the interactions of full-
length IAPP with anionic lipid bilayers. Future studies are
needed to investigate the structural properties of membrane-
bound IAPP oligomers.

B CONCLUSIONS

We have studied for the first time at the atomistic level the
conformations, orientations, and membrane interactions of
human and rat IAPP,_;, monomers in anionic POPG bilayers
by performing extensive REMD simulations started from a
predominantly random coil conformation placed in the water
environment. Our simulations demonstrate that both
hIAPP,_,, and rIAPP,_,, peptides can insert into the POPG
membrane in an unfolded conformation, with helix formation
occurring after membrane insertion. Inside of the POPG
bilayer, the two peptides can adopt amphiphatic helical
structures and coil conformations, lying flat at the interface of
lipid hydrophilic heads and hydrophobic tails. The potential
energy analysis reveals that the helical structures are mostly
favored by intrapeptide interactions, whereas the nonhelical
structures are predominantly favored by peptide—membrane
interactions. Secondary structure analysis shows that hIAPP,_
monomer has a higher probability to adopt helical structures
than rIAPP;_;,. Two helical regions spanning residues T4—T9
and L12—L16 are observed in hIAPP,_,,, while only one helical
region (residues T4—T9) is seen in rIAPP, j,. The
representative helical structure is characterized by an
amphiphatic helix that is oriented parallel to the membrane
surface with its hydrophilic residues facing the lipid head groups
and the hydrophobic residues facing the lipid tail groups. Their
structural differences and different propensities to form
amphiphatic helical structures in lipid bilayers may affect the
formation of the later oligomers of IAPP, ;, We also find that
more hydrogen bonds are formed between rIAPP, ;4 and the
lipid hydrophilic head groups. As rIAPP, ,, carries one more
positive charge (due to HI8R mutation) than hIAPP,_,,, the
interactions of rIAPP,_ 4 with the membrane are stronger, thus
weakening the intrapeptide interactions. The relatively stronger
intramolecular interactions in hIAPP,_,, are beneficial for the
formation of helical structures important for IAPP,
oligomerization in phospholipid membranes. These results
provide structural insights into the different oligomerization
and membrane disruption propensities of human and rat
IAPP,_,y peptides.
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