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The amyloid fibrils formed by islet amyloid polypeptide (IAPP) are associated with type Il diabetes. One of the proposed
mechanisms of the toxicity of IAPP is that it causes membrane damage. The fatal mutation of S20G human IAPP was
reported to lead to early onset of type Il diabetes and high tendency of amyloid formation in vitro. Characterizing the
structural features of the S20G mutant in its monomeric state is experimentally difficult because of its unusually fast
aggregation rate. Computational work complements experimental studies. We performed a series of molecular dynamics
simulations of the monomeric state of human variants in the membrane. Our simulations are validated by extensive
comparisons with experimental data. We find that a helical disruption at His18 is common to both human variants. An L-
shaped motif of S20G mutant is observed in one of the conformational families. This motif that bends at His18 resembles
the overall topology of IAPP fibrils. The conformational preorganization into the fibril-like topology provides a possible
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Introduction

The amyloid fibrils found in post-mortem individuals with type
II diabetes are mainly composed of islet amyloid polypeptide
(IAPP), also known as amylin [1,2,3]. IAPP is a peptide hormone
that is co-secreted with insulin by the islet B-cells of the pancreas.
A single mutation of serine-to-glycine at position 20 is associated
with early onset of type II diabetes [4,5] and enhanced amyloid
formation, reflected in larger quantity of fibrils and faster rate of
fibrillation than the wild type [6,7,8]. Although the native
structure of human IAPP (hIAPP) is disordered, experiments
combined with simulations have uncovered several distinct
conformational families of hIJAPP monomers, including o-helical
conformations [9,10,11]. The transient helical structure is
stabilized in membrane environments demonstrated by the
NMR data obtained under a range of conditions [12,13].

One of the proposed mechanisms of hIAPP cytotoxicity is that
hIAPP induces membrane damage to the B cells [14,15].
However, models on how hIAPP permeabilizes membranes are
mutually exclusive. A “pore-like”” model suggests that the hIAPP
oligomers form transmembrane pore structures [16,17,18,19],
while recent experiments indicate that the growth of hIAPP fibrils
at the membrane is the cause of membrane leakage [20,21]. The
seemingly different results i vitro may be due to the differences in
membrane composition, buffer conditions (i.e. ionic strength, pH,
and the types of salts), and the process of the preparation of hIAPP
solutions [22,23].
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To elucidate the mechanism of hIAPP cytotoxicity, a significant
amount of effort has been made to study IAPP-membrane
interactions [14,22,24,25]. Site-directed spin labeling and EPR
spectroscopy were used to investigate the monomeric form of
hIAPP in large unilamellar vesicles containing 80% 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine and 20% 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine [26]. The helical periodicity
shows that residues 9-22 of hIAPP form an a-helix that adopts a
parallel orientation with respect to the membrane surface. The
center of the helix immerses into the membrane by 6-9 A below
the level of the phosphate groups. A helical conformation was also
detected in a similar region for rat IAPP in micelles [27].
Membrane environment accelerates hIAPP fibril formation
[28,29,30]. It was proposed that the formation of helical structures
is the intermediate step towards hIAPP amyloid assembly in
membranes [31,32,33]. The goal of this work is to investigate the
imitial stage of IAPP-membrane interaction and the effect of S20G
mutation on the helical structure in the membrane environment
using molecular dynamics simulations. Characterizing the struc-
tural features of this mutant in its monomeric state is experimen-
tally difficult because of its fast aggregation rate [8]. Computa-
tional approaches that provide structural information at the
atomic level complement experimental studies. Our simulations
provide insights into how the conformational differences between
the wild type and the mutant in the monomeric state may affect
the later amyloid formation.
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Materials and Methods

Membrane Construction

In order to mimic the membrane environment of the B-cells, we
construct the membrane using 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC)/1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(DOPS) in a roughly 7:3 molar ratio. This construction reflects
the observed ratio of neutral to anionic phospholipids within -
cells [34]. The previously equilibrated coordinates of 128 DOPC
lipids and 128 DOPS lipids as well as the corresponding topology
files were obtained from the work of Polyansky et al. [35]. Forty
DOPC lipids were then randomly replaced by the DOPS lipids,
resulted in 40 DOPS lipids and 88 DOPC lipids. Because DOPS
bears —1 charge, 40 Na™ ions were added to neutralize the system.
The lipid/counter ion system was solvated with 5528 SPC (simple
point charge) water molecules, resulted in nearly 24,000 atoms in a
box of 64 Ax64 Ax80 A.

Simulation Protocols of the DOPC/DOPS Bilayer

The system was subjected to the steepest descent energy
minimization to remove unfavorable contacts. The minimization
stopped when the maximum force <<1000.0 kJ/mol-nm or the
minimization steps reached 50000 steps, whichever came first. The
GROMACS package (version 4.5.1) [36] was used for the
minimization and the subsequent molecular dynamics (MD). To
equilibrate the system, we performed an MD run in the NVT
ensemble for 50 ps followed by an additional 1-ns MD run in the
NPT ensemble. Finally, a 50-ns MD production run was carried
out in the NPT ensemble. The 3D periodic boundary conditions
with a 2-fs time step were used in the simulation. The Parrinello-
Rahman [37] pressure coupling method was employed to
maintain an isotropic constant pressure of 1.0 bar with a coupling
time constant of 2.0 ps. The temperature was kept constant at
300 K using the Berendsen thermostat [38] for the NV'T run and
the Nosé-Hoover thermostat [39,40] was used for the NPT runs
with a coupling time constant of 0.1 ps. The snapshots were saved
every 2 ps. All bonds were constrained with the LINCS algorithm
[41]. The electrostatic interactions were treated with the particle-
mesh Ewald summation [42,43], and a 12-A cutoff was used for
the van der Waals interactions.

Peptide Fragments

Lines of experimental evidence have shown that IAPP interacts
with the membranes by its N-terminal segment [12,13,26,30]. The
amino acid range that forms the initial intermolecular contact in
aggregation was determined to be residues 11-25 by the limited
proteolysis [44]. Therefore, the fragment of residue 1 to 25 was
studied in this work. A series of MD simulations was performed on
the membrane-bound IAPP fragment with a charged N-terminus
and an amidated C-terminus. The fragments are wild-type
hIAPP, o5 with neutral His18 (protonated on Ndl) for a total
charge of +3, S20G hIAPP,; 55 with neutral His18 (protonated on
Ndl) for a total charge of +3, and wild-type hIAPP; o5 with
doubly protonated His18 for a total charge of +4.

Initial Structure and Orientation of the Peptides
Although the consensus in the literature is that the N-terminal
segment 1s a helical structure, the length of the helical region varies
[13,26,27,30]. The reported longest helical region spans residues
5-28 [13]. We built residue 5 to 25 into an a-helix, which is the
longest possible helix for the fragment in our study. The disulfide
bridge between Cys2 and Cys7 makes the first four residues form a
disordered hairpin loop. The initial orientation of the IAPP
peptides relative to the membrane surface is based on the data of
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EPR spectroscopy of spin-labeled hIAPP derivatives [26]. The o-
helical region of IAPP is parallel to the membrane surface with
Thr9, Leul?2, Leul6 and Ser20 buried inside the membrane and
GInl10, Asn14, and His18 exposed to the solvent. The center of the
helix is immersed into the membrane for 7 A below the average
position of the phosphate groups.

Simulations of the Peptide-membrane Systems

After the IAPP peptides were orientated with respect to the
membrane surface, the peptides were immersed into the equili-
brated DOPC/DOPS bilayers using the g membed module in
GROMACS [45]. This module allows one to insert a protein/
peptide into an equilibrated lipid bilayer and keeps the membrane
close to its equilibrium state after the embedding. After the
msertion, 2 DOPC molecules in each IAPP-membrane system
were removed to optimally accommodate the peptide. Three CI™
atoms for hIAPP(+3) and four Cl atoms for hIAPP(+4) were
added, respectively, to neutralize the systems. We used 53A6
GROMOS force field parameter set for the peptides [46]. The
peptide-membrane systems were subjected to the energy minimi-
zation with the same protocol as that used for the DOPC/DOPS
membrane. The systems were then equilibrated in the NVT
ensemble for 50 ps followed by an additional 1-ns MD run in the
NPT ensemble. The MD simulation protocol was the same as that
used for the membrane bilayer. A summary of the simulations is
given in Table 1. An illustration of the initial position and
orientation of the peptide in the membrane is shown in Figure 1A.
We monitored the contacts between the lipid head groups and the
protein as a function of simulation time (Figure S1).
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Figure 1. Simulations of membrane-bound wild-type hIAPP,_,5
(+3). (A) Initial position and orientation of the peptide in the
membrane. All of the biomolecular images in this work were generated
using the Chimera [71] package. The peptide is rendered as a ribbon
with its N-terminus in blue and C-terminus in orange. The water and
membrane molecules are shown by the wire model. The coloring
scheme for the atoms of water and membrane are: red (O atom), blue
(N atom), grey (C atom), orange (P atom) and white (H atom). The
scheme is used in all of the following figures. (B) Helicity. (C) H*
chemical shifts. The black line denotes the simulation result and the
grey line represents the experiment data [12]. (D) Simulated (black line)
and experimental (gray line) H* secondary shifts. The average values
and the error bars in (B)-(D) were calculated over five trajectories.
doi:10.1371/journal.pone.0047150.g001
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Table 1. Summary of the simulations.

IAPP Monomers in the Membrane

System Lipids Atom (#) Simulation time? (ns)
DOPC/DOPS 88 DOPC : 40 DOPS 23656 1x50
DOPC/DOPS+hIAPP;_,5(+3) 86 DOPC : 40 DOPS 23726 5x100
DOPC/DOPS+hIAPP;_,5 (+3) (reversed orientation) 86 DOPC : 40 DOPS 23723 1x100
DOPC/DOPS+520G hIAPP;_;5(+3) 86 DOPC : 40 DOPS 23717 5x100

DOPS+hIAPP (+3) 126 DOPS 24349 1x100
DOPC/DOPS+hIAPP,_,5 (+4) 86 DOPC : 40 DOPS 23725 1x100

doi:10.1371/journal.pone.0047150.t001

Analysis

The immersion depth, Dy, of a residue is defined as the
distance between the z component of the geometric center of a side
chain to the z component of the average position of the
phosphorus atoms at the peptide-membrane interface. The
peptide-membrane interface is the side of the bilayer where the
peptide was immersed. The g_dist module in GROMACS was
used to calculate the distance. The <D;,,> is the average Dj,, over
the simulations. The do_dssp and g _hbond modules of GRO-
MACS were used for the secondary structure assignments and
hydrogen bond calculations, respectively. A hydrogen bond 1is
considered to be present if the corresponding hydrogen donor and
acceptor are within 3.5 A and the angle of acceptor - donor -
hydrogen is less than 30°. The helicity of a residue is defined as the
percentage of occurrence of helical conformations of this residue
within an interested simulation time period. The predicted *J g g
coupling constant was calculated using the Karplus equation [47]:

Ty gz = A cos?(®—60) + Bcos(®—60) + C,

where @ is the backbone dihedral angle of a particular residue.
The A, B, and C parameters are 6.51, —1.76, and 1.60,
respectively [48]. The average 3J N o values of the last 50-ns
trajectory were used to plot the sequence profile of 3J yN o The
chemical shifts were predicted using SHIFTX (version 1.1) [49].
The random coil values were from reference [50]. In the analysis
of side-chain contacts, two side chains are defined to be in contact
if the distance between any of their side-chain heavy atoms (C*
atom for Gly) is less than 4.5 A. The area per lipid and the lipid
bilayer thickness were calculated using the toolkit GridMAT-MD
[51]. The order parameters (S.q) were calculated using the g_order
module in GROMACS. The three-dimensional radial distribution
function (RDF) of phosphate groups of DOPC and DOPS relative
to oxygen atoms of water were calculated using the g_rdf module
in GROMACS. The number of water molecules per phosphate
group is the cumulative sum derived from the analysis of RDF at
the separation distance of 3 A. The plot of RDF for DOPC/
DOPS bilayer is shown in Figure S5. The last 50-ns trajectories
were used for the analyses of peptide-membrane systems.

Results and Discussion

Wild-type hIAPP,_,5 (+3 Charge State) in Membrane

We collected five MD trajectories of the wild type of 100 ns
each. The helicity is shown in Figure 1B. Residues 517 exhibit
high helicity, while His18 appears as a helical disruption site. The
residues succeeding Hisl18 show lower helicity than those that
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*The multiple trajectories were carried out from the same initial structure, but different initial velocities were assigned.

precedes it. Helical distortion at His18 has been observed under a
variety of experimental conditions, though it is usually described as
a kink, for example, hIAPP in the sodium dodecyl sulfate (SDS)
micelle [12], hIAPP in the helix-inducing solution [52], and IAPP
fused to maltose binding protein [53]. Overall, the helicity
observed in our simulation is consistent with the result of helical
periodicity of EPR (Figure 3A of Ref. [26]), where residue 9 to 22
were identified as a helical region. The EPR data do not include
residues 1, 3, and 5-7. We also calculated the H* chemical shifts
and the secondary shifts (Figure 1C-D), which are shown
experimentally to be sensitive to secondary structures [54]. We
reproduced the experimental data [12] well for most of the
residues except the N-terminal region and residues 11-12. The
discrepancies may be due to the difference in the experimental and
simulation conditions: SDS micelles were used experimentally
while we simulated DOPC/DOPS bilayers. Generally, both
experiments and simulations show that an ordered helical
structure is present from residue 5 to residue 17 and a less
ordered or a dynamic helix is present in the region after residue
18.

To investigate the change in peptide orientation during the
simulation, the mean of the immersion depth (<D,,,>) of each
residue and its standard deviation during the simulation are
calculated. As shown in Figure 2A, one side of the helix with Thr9,
Leul?2, Leul6, and Ser20 is buried inside the membrane, while the
other side of the helix with GInl0, Asnl4 and His18 is exposed to
the solvent, consistent with the initial orientation. This indicates
that the relative orientation of the peptide with respect to the
membrane surface remains unchanged during the simulations.
Figure 2B depicts one snapshot. Compared to the experimental
accessibility analysis [26], the overall trend of the simulation data
is in line with the experimental result even though the numerical
values are different. This is because different distances are
measured in the experiment and simulation: the distance from
the center of each spin labeling group to the membrane-water
interface is detected by the experiment, while we calculate the
distance between the geometric center of each side chain and the
interface. We also ran a simulation starting from the opposite
orientation with Thr9, Leul2, Leul6, and Ser20 exposing to the
solvent and GIn10, Asnl14 and His18 buried inside the membrane.
We find that the peptide turns around quickly, making residue 12
and 16 immerse into the membrane and residue 10 and 14 expose
to the solvent (Figure S2). Therefore, the parallel orientation with
GInl0, Asnl4, and Hisl8 on the solvent-exposing side is favored.

Membrane-bound hlAPP,_,5(+3) S20G Mutant

520G is a fatal mutation that accelerates amyloid formation
[6,7]. Combining the circular dichroism, Fourier transform
infrared spectroscopy, transmission electron microscope, and dye
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Figure 2. Relative position and orientation of the peptide in
the membrane. (A) Mean immersion depth (<Dim>) of each residue.
The mean (black line) is calculated from the five simulations and its
standard deviation is shown as an error bar. For comparison, the
immersion depth of the initial structure (grey line) and the experimental
results [26] (red line/symbol) are also shown. The experimental data are
not available for residue 1, 3, 5, 6, and 7. Note that the full length (37
residues) IAPP was used in the experiment. The simulation data may be
influenced by the truncation at the C-terminus. (B) Wild-type hlAPP;_,5
(+3) and its nearby molecules (within 4.5 A) at 100 ns in one of the
trajectories. The peptide is represented by the surface model. The
solvent exposing residues, GIn10, Arg11, Asn14 and His18, are in green.
Other residues are colored according to atom types: sulfur is in yellow
and other atoms are colored using the same scheme as Fig. 1. The cyan
balls represent the oxygen atoms of water molecules. The lipid
molecules are rendered by the stick model.
doi:10.1371/journal.pone.0047150.g002

binding results, Liu ef al. concluded that the dominant structure in
the fibrils formed by the hIAPP S20G fragment (11-25) is parallel
B-sheet, while the wild-type hIAPP;; o5 forms o-helix-rich
assemblies [44]. The authors suggested that S20G facilitates the
a-helix to B-sheet transition in the process of aggregation [44].
However, their results of H* secondary chemical shifts and
rotating-frame Overhauser effect do not reveal any difference
between the wild-type hIAPP;; o5 and its S20G mutant in the
monomeric state in aqueous solution; both peptides show transient
o-helical conformations. How does the single-point mutation
promote B-sheet-rich aggregation? We investigate this issue by
comparing the structural features of the wild type and the mutant
in the membrane environment.

Like the wild type, the whole helix is separated into an ordered
helix (residues 5-17) and a less ordered helix (residues 19-23) by
the disruption site at His18 (Figure 3A). Unlike the wild type, we
find that in some mutant conformations the two helices adopt a
roughly perpendicular orientation, which resembles an L-shape
that bends at His18. To quantitatively describe the orientation, we
calculated the angle formed between the vector from the C* of
Alal3 to the C* of Vall7 and the vector from the C* of Serl9 to
the C* of Phe23, which is one helical turn preceding and
succeeding His18, respectively. The distribution of the angle is
shown in Figure 3B. For the wild type, the mean of the interhelical
angle is near 20°, while the S20G mutant shows two peaks: one is
at around 40° and the other is near 90°. Using the interhelical
angle as a “clustering” criterion, we consider that the wild type has
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Figure 3. Simulations of hIAPP,_,5(+3) S20G mutant. (A) Helicity.
The average value and the error bar were calculated over five
trajectories. (B) Interhelical angle distribution. The angle is defined as
that between the vector from the C* of Ala13 to the C* of Val17 and the
vector from the C* of Ser19 to the C* of Phe23. The black line denotes
the wild type and the gray line is for the S20G mutant. Every 10° is a bin
and the midpoint of each bin is represented by a symbol.
doi:10.1371/journal.pone.0047150.9003

only one conformational family (with a small interhelical angle),
while the mutant has two families, the one with a small interhelical
angle and the one of the L-shaped motif (interhelical angle = 90°).

What interactions obstruct the wild type to adopt the L-shaped
motif? To answer this question, we compare the residue-residue
contacts in the wild type and the mutant and present the main
differences in Figure 4A. For the wild type, the main-chain-side-
chain hydrogen bonding between Leul6 and Ser20 is prevalent,
present in 83.8% of the conformations. It was reported that the
hydrogen bonding between the side chains of serine or threonine
and the i-3 or i-4 main-chain carbonyl group is common for
membrane-bound proteins [55]. Although the long helix (residues
5-17) is separated from the short helix (residues 19-22) by the
helical break at His18, this main-chain-side-chain hydrogen bond
imposes a geometric restraint on the helices, leading to a small
interhelical angle. When the S20G mutation demolishes this
hydrogen bonding, other hydrogen bonds, such as those between
Leul6 and Asn21 as well as those between Vall7 and Asn2l
(Figure 4A), are not present frequently enough to impose the
restraint to the same extent. Further, the side-chain-side-chain
contacts among residues Argl1, Asnl4, Asn22, Phel5, and Phe23
help to stabilize the L-shaped motif in S20G. The main-chain-
side-chain hydrogen bonding between Leul6 and Ser20 in the
wild type and the side-chain contacts of S20G mutant that stabilize
the L-shaped structure are depicted in Figure 4B and Figure 4C,
respectively.

The L-shaped conformation that we observed in the simulation
of the S20G mutant closely resembles the helix-kink-helix motif of
the wild-type hIAPP (+3) in SDS micelles at pH 7.3 detected by
high-resolution NMR [12] (Figure 5). Their structure reveals two
major helices, residues 7-17 and residues 21-28, separated by a
short flexible region and the interhelical angle is 85°. We chose
one conformation from the 90-degree peak region of Figure 3B as
the representative L-shaped conformation. The C* root-mean-
square deviation of the ordered helix (residues 5-17) between the
representative conformation and the NMR structure (model 1) is
less than 1 A. However, no interhelical contact is present in the
NMR structure, while the simulated structure shows the side-chain
contacts among Argl1, Asnl4, and Asn22 as well as that between
Phel5 and Phe23. We searched the helix-kink-helix motif in the
protein data bank using PDBelFold [56] and find that the similar
structures are stabilized by intramolecular hydrophobic contacts
(Figure S3). We suspect that the small size of the SDS micelle
happens to stabilize the L-shaped conformation without the
intramolecular contacts. We also chose one S20G conformation
from the 40-degree peak region (of Figure 3B) and a wild-type
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Figure 4. Residue contacts: implications for the L-shaped
structure. (A) Occupancy of hydrogen bonds and hydrophobic side-
chain contacts of the wild type (black) and S20G mutant (striped). MC
and SC denote main-chain and side-chain, respectively. F15(SC)-F23(SC)
is the only one hydrophobic contact. All of the other contacts are
hydrogen bonds. (B) Hydrogen bonding between the backbone of
Leu16 and the side chain of Ser20 in a wild type conformation. (C)
Interhelical contacts in a L-shaped structure of S20G mutant. The dotted
lines denote the hydrogen bonds.
doi:10.1371/journal.pone.0047150.g004

conformation from the wild-type 20-degree peak region (of
Figure 3B) as representative conformations. Figure 5 also shows
the superimposition of these two representative conformations
with the NMR structure. None of the representative conforma-
tions shows large root-mean-square deviation in the ordered
helical region. We speculate that the wild-type hIAPP samples the
helix-kink-helix conformation by chance when both the main-
chain-main-chain and main-chain-side-chain hydrogen bonds
between Leul6 and Ser20 are lost. Indeed, we observed that the
simultaneous loss of both hydrogen bonds coincides with the large
fluctuations in backbone dihedral angles near Hisl8 in one
trajectory (Figure S4). However, for wild type the search for the L-
shaped motif (in the lag phase) is likely to occur in a longer
timescale than hundreds of nanoseconds.

Implications of the L-shaped structure in fibril formation

Wild-type hIAPP has lag time of hundreds of seconds, while
S20G hIAPP has no observable lag phase [8]. The sequence effect
on the propensity of amyloid formation of IAPP variants and other
amyloidogenic peptides was attributed to the entropic barrier and
the differences in the free energy landscapes [57,58,59]. The L-
shaped structure observed in our simulation resembles the overall
shape of the peptide in the fibril state. The hinge region around
residue 18 corresponds to the beginning of the center loop in the
B-hairpin structure of IAPP fibrils [60], of which two B-strand
segments (residues 8—17 and residues 28-37) are parallel to each
other, and the loop region (residues 18-27) is almost perpendicular
to the two strands. Recent EPR data and computational
refinement show a slightly different model [61]. The conforma-
tional preorganization of the S20G mutant monomers into the
overall fibril topology would reduce the cost of conformational
search in aggregation. Indeed, the L-shaped structure coincides
with the faster rate of aggregation in experiments [62]. A high
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Figure 5. Superimposition of the representative conformations
of wild type hlIAPP,_,5 and the S20G mutant with the NMR
structure. The NMR structure of hlAPP,_s; (+3) (PDB ID: 286, model 1)
is in yellow [12]. The side chains of the NMR structure are shown using
the stick model. The representative structure of the wild type hIAPP;_,s
is in cyan. The representative structures of $20G mutant are in magenta
with the interhelical angle =40° and green with the interhelical angle
=90° (L-shaped motif), respectively.
doi:10.1371/journal.pone.0047150.9005

resolution NMR experiment detects that in the presence of
10 mM of Zn** ion hIAPP adopts a similar L-shaped conforma-
tion [62]. The lag time of amyloid formation under this Zn*"
concentration is reduced by half [62]. In the study of hIAPP
aggregation using two-dimensional IR spectroscopy and isotope
labeling [63], it was found that the residues that initially develop
in-register are in the ordered loop region of the fibrils. Our
simulation suggests that the L-shaped motif in the monomeric state
may be the fast route to this in-register form in the early-stage of
aggregation. It is possible for the wild-type to sample this L-shaped
conformation, too. Yet, its sampling is most likely to be hindered
by the backbone rigidity imposed by hydrogen bonding (Leul6
main chain to Ser20 side chain).

Further validation of the simulations and the force field

Although the lipid parameters were originally developed for the
GROMOSS7 force field, we validate the combination of the lipid
force field with the 53A6 GROMOS protein parameters against
the experimental data as shown above, such as the immersion
depth and chemical shifts. To carry out further validations, we
performed 100-ns MD simulation of pure DOPS with embedded
hIAPP, o5 (+3) using the same protocol as that of DOPC/DOPS
and peptide system. We calculated the basic structural properties
of the lipids that describe the “global” equilibrium as listed in
Table 2. The lipid packing is measured by the area per lipid
molecule, the thickness of the bilayer, and the order parameter of
acyl chain (S.q). The thickness of the bilayer corresponds to the
average phosphorus-phosphorus distance from the top to the
bottom leaflets. S.q measures the alignment of the acyl carbons
relative to the bilayer normal. As shown in Table 2, the presence
of the peptide has small effect on the average “global” equilibrium
parameters. The difference between the pure lipids and the
protein/lipid system observed in our simulation is comparable to
those observed using other force fields [64,65]. For comparison,
the same properties and the hydration of lipids for DOPC/DOPS
bilayer without IAPP were also present in Table 2. The hydration
of DOPC and DOPS of the mixed lipids is slightly different from
that in the pure lipids.

In order to compare with more experimental data, we carried
out one 100-ns MD simulation of hIAPP, 95 (+4) in membrane
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Table 2. Structural properties of the lipids.

IAPP Monomers in the Membrane

Properties® Our work Previous simulation® Experiment®
DOPC/DOPS DOPS with hlAPP DOPC DOPS DOPC DOPS
AL (AZ) 67.43+0.17 64.57+0.24 70.55+0.12 63.31+0.08 725 64
D (&) 37.36+0.22 38.5+0.26 35.8+0.2 39.0+0.2 36.9 39
<Seq> 0.11+0.04 (DOPC) 0.13+0.04 0.14+0.04 0.10+0.04 0.14+0.05 0.14 0.15
(DOPS)
# of H,0 molecules 2.88 (DOPC) 347 2.62 3.80
3.71 (DOPS)

the last 10-ns trajectory.

®The previous simulation data are from Ref. [35].

“The experimental value is obtained from the X-ray diffraction data [72].
doi:10.1371/journal.pone.0047150.t002

with Hisl8 doubly protonated. Like hIAPP; o5(+3), Hisl8
(Figure 6A) shows lower helicity than the helical residues that
precede it and succeed it. We predicted the 3Jgvpg» coupling
(Figure 6B) to quantitatively compare the simulation results with
the experiment data of the hIAPP peptide bound to SDS micelle
under an acidic pH [13]. As shown in Figure 6B, in general we
reproduce the experimental 3Jyv g coupling constant well. For
example, residues 5-17 show the 3Jyvpg« values below 6 Hz,
indicating that the @ angles are roughly in the a-helical range. For
comparison, the 3Jyv g value for residues that adopt a long-lived
o-helical structure is 3.9 Hz [66]. And His18 and Asn22 are the
only two sites within residues 5-24 that exhibit high Jgw = values
in both experiment and simulation. However, there are some
inconsistencies between the experimental result and the predicted
data in the fine structures of the profile, e.g. there is a minimum of
3Jyn g« value at Vall7 in the experiment, while the minimum
moves to Serl9 in our prediction. To complement the 3Jyn
prediction, we also predicted H* chemical shifts and the secondary
shifts (Figure 6 C, D). The chemical shifts are in good agreement
with the experimental data except Alad, Argll, and Serl9
(Figure 6C). Seventy-six percent of our predicted secondary shifts
are within 0.2 ppm of the experimental values (Figure 6D).

The inconsistency between our simulated and the experimental
data may be attributed to the difference between the experimental
and simulation conditions. Experimentally, hIAPP is bound to
SDS micelles. Since micelles are small, their highly curved
membranes may introduce bias into the peptide conformation
[67]. In addition, the sampling, the force fields [68], and/or the
parameterization of the secondary shift prediction method may
also affect the simulated data. It is not uncommon in literature that
the simulated secondary shifts are consistent with the experimental
data in a qualitative fashion, even when enhanced sampling
methods are employed [69,70].

Summary

In this study we investigate the effect of S20G mutation on the
helical structure of hIAPP in the membrane environment using
MD simulations. All peptides are initially built into an o-helical
structure from residue 5 to residue 25. This conformation is not
the global minimum of free energy for all peptides, but it is a good
initial structure that is in line with available experimental data
[26]. Our simulations are validated against experimental data and
simulation results in the literature. The wild type and the mutant
are similar in their overall secondary structure: 1) an ordered

PLOS ONE | www.plosone.org

*The properties are area per lipid (A), thickness (D), the average value of the order parameter of acyl chain (<S.4>), which is averaged over the last 50-ns snapshots and
the carbon atoms in the chain, and the number of water molecules per lipid phosphate group. The properties for DOPC/DOPS bilayer without IAPP were calculated from

helical structure runs from residue 5 to residue 17; 2) a helical
distortion site is located at His18; 3) a less ordered helical structure
ranges from residue 19 to residue 23. However, the fatal mutation
of S20G results in a distinct L-shaped structure with a hinge at
His18. This L-shaped structure which is stabilized by several side-
chain contacts resembles the overall topology of the fibril state.
The conformational preorganization of the mutant into the fibril-
like topology would reduce the cost of conformational search in
the process of aggregation, providing a possible explanation of the
fast aggregation rate of the mutant.
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Figure 6. Simulation of hIAPP,_»s5(+4). (A) Helicity. (B) 3Ty s
coupling of residues 2-24. No experimental data are available for
residue 16 and 21. (C) H* chemical shifts. (D) H* secondary shifts. In (B)-
(D), the black lines are for the simulation and the grey lines are for the
experimental results [13]. The standard deviation of the average was
estimated from the five 10-ns windows in the last 50-ns trajectory.
doi:10.1371/journal.pone.0047150.g006
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Supporting Information

Figure S1 Contacts between the lipid head groups and
the protein. The average number of lipid head groups within
4.5 A of hIAPP, 5 (+3) (left column) and S20G hIAPP, 5 (right
column) as a function of simulation time. If the distance between
any heavy atoms of the lipid head group and the protein is less
than 4.5 A, the lipid head group is considered in contact with the
protein. The 100-ns simulation trajectory is divided into 100 bins.
The average contact number in each bin is plotted. For most of the
trajectories, the contact number reaches a plateau region after
50 ns.

(TTF)

Figure $2 The average immersion depth (<D;,,>) of
GInl0, Leul2, Asnl4 and Leul6 as a function of
simulation time. The division of bins is the same as Fig. 1S.
(A) The initial orientation of peptide was set to be opposite to the
experimental results [26]. It can be found that GIn10 and Asnl4
move to the solvent-exposing side, while Leul2 and Leul6
immerse deeper into the membrane. (B) The initial orientation
and position of the peptide were consistent with the experimental
results [26]. These residues basically stay in the initial orientation
with respect to the membrane.

(TTF)

Figure S3 PDBeFold [56] result of the L-shaped struc-
ture in the protein data bank. The coordinates of (PDB ID)
2186 model 1 was used as query. The structure of dimerization
domain (1-33) of HNF-lalpha (PDB ID: 1JB6) shows that the
intramolecular hydrophobic interaction stabilizes its L-shaped
structure.

(TTF)
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chain-main-chain and the main-chain-side-chain hydrogen bonds
are lost.

(TIF)

Figure S5 Three-dimensional radial distribution func-
tion (RDF) of phosphate groups of DOPC and DOPS of
the DOPC/DOPS mixed bilayer without IAPP relative to
oxygen atoms of water. The last 10-ns trajectory was used for
the analysis.

(TIF)

Acknowledgments

We acknowledge the Scientific Computing and Visualization group at
Boston University and the National Center for Supercomputing Applica-
tions for providing part of the computational resources. We thank Dr.
Alexandrescu for providing their NMR data and Dr. Lazo for helpful
discussion. Special thanks to the two anonymous reviewers for their careful
reading of the manuscript and constructive comments.

Author Contributions

Conceived and designed the experiments: MD JF SH. Performed the
experiments: MD. Analyzed the data: MD. Wrote the paper: MD JF SH.

14. Brender JR, Salamekh S, Ramamoorthy A (2011) Membrane Disruption and
Early Events in the Aggregation of the Diabetes Related Peptide IAPP from a
Molecular Perspective. Acc Chem Res.

15. Westermark P, Andersson A, Westermark GT' (2011) Islet amyloid polypeptide,
islet amyloid, and diabetes mellitus. Physiol Rev 91: 795-826.

16. Anguiano M, Nowak R]J, Lansbury PT, Jr. (2002) Protofibrillar islet amyloid
polypeptide permeabilizes synthetic vesicles by a pore-like mechanism that may
be relevant to type II diabetes. Biochemistry 41: 11338-11343.

17. Kawahara M, Kuroda Y, Arispe N, Rojas E (2000) Alzheimer’s beta-amyloid,
human islet amylin, and prion protein fragment evoke intracellular free calcium
elevations by a common mechanism in a hypothalamic GnRH neuronal cell
line. J Biol Chem 275: 14077-14083.

18. Mirzabekov TA, Lin MC, Kagan BL (1996) Pore formation by the cytotoxic islet
amyloid peptide amylin. J Biol Chem 271: 1988-1992.

19. Quist A, Doudevski I, Lin H, Azimova R, Ng D, et al. (2005) Amyloid ion
channels: a common structural link for protein-misfolding disease. Proc Natl
Acad Sci U S A 102: 10427-10432.

20. Engel MF, Khemtemourian L, Kleijer CC, Meeldijk HJ, Jacobs ], et al. (2008)
Membrane damage by human islet amyloid polypeptide through fibril growth at
the membrane. Proc Natl Acad Sci U S A 105: 6033-6038.

21. Lee CC, Sun Y, Huang HW (2012) How type II diabetes-related islet amyloid
polypeptide damages lipid bilayers. Biophys J 102: 1059-1068.

22. Hebda JA, Miranker AD (2009) The interplay of catalysis and toxicity by
amyloid intermediates on lipid bilayers: insights from type II diabetes. Annu Rev
Biophys 38: 125-152.

23. Jayasinghe SA, Langen R (2007) Membrane interaction of islet amyloid
polypeptide. Biochim Biophys Acta 1768: 2002-2009.

24. Last NB, Rhoades E, Miranker AD (2011) Islet amyloid polypeptide
demonstrates a persistent capacity to disrupt membrane integrity. Proc Natl
Acad Sci U S A 108: 9460-9465.

25. Zhang Y, Luo Y, Deng Y, Mu Y, Wei G (2012) Lipid interaction and membrane
perturbation of human islet amyloid polypeptide monomer and dimer by
molecular dynamics simulations. PLoS One 7: ¢38191.

26. Apostolidou M, Jayasinghe SA, Langen R (2008) Structure of alpha-helical
membrane-bound human islet amyloid polypeptide and its implications for
membrane-mediated misfolding. J Biol Chem 283: 17205-17210.

27. Nanga RP, Brender JR, Xu J, Hartman K, Subramanian V, et al. (2009) Three-
dimensional structure and orientation of rat islet amyloid polypeptide protein in

November 2012 | Volume 7 | Issue 11 | e47150



28.

29.

30.

31.

32.

33.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

a membrane environment by solution NMR spectroscopy. ] Am Chem Soc 131:
8252-8261.

Ling YL, Strasfeld DB, Shim SH, Raleigh DP, Zanni MT (2009) Two-
dimensional infrared spectroscopy provides evidence of an intermediate in the
membrane-catalyzed assembly of diabetic amyloid. J Phys Chem B 113: 2498
2505.

Knight JD, Miranker AD (2004) Phospholipid catalysis of diabetic amyloid
assembly. ] Mol Biol 341: 1175-1187.

Williamson JA, Loria JP, Miranker AD (2009) Helix stabilization precedes
aqueous and bilayer-catalyzed fiber formation in islet amyloid polypeptide. J Mol
Biol 393: 383-396.

Fu L, Liu J, Yan EC (2011) Chiral sum frequency generation spectroscopy for
characterizing protein secondary structures at interfaces. J] Am Chem Soc 133:
8094-8097.

Jayasinghe SA, Langen R (2005) Lipid membranes modulate the structure of
islet amyloid polypeptide. Biochemistry 44: 12113-12119.

Knight JD, Hebda JA, Miranker AD (2006) Conserved and cooperative
assembly of membrane-bound alpha-helical states of islet amyloid polypeptide.
Biochemistry 45: 9496-9508.

. Rustenbeck I, Matthies A, Lenzen S (1994) Lipid composition of glucose-

stimulated pancreatic islets and insulin-secreting tumor cells. Lipids 29: 685-692.

. Polyansky AA, Volynsky PE, Nolde DE, Arseniev AS, Efremov RG (2005) Role

of lipid charge in organization of water/lipid bilayer interface: insights via
computer simulations. J Phys Chem B 109: 15052-15059. The lipid coordinate
and topology files are downloaded from http://model.nmr.ru/files.

Hess B, Kutzner C, Spoel DV, Lindahl E (2008) GROMACS 4: algorithms for
highly efficient, load-balanced, and scalable molecular simulation. J Chem
Theory Comput 4: 435-447.

Parrinello M, Rahman A (1981) Polymorphic transitions in single crystals: A new
molecular dynamics method. J Appl Phys 52: 7182-7190.

Berendsen HJC, Postma JPM, van Gunsteren WF, DiNola A, Haak JR (1984)
Molecular dynamics with coupling to an external bath. J] Chem Phys 81: 3684
3690.

Hoover WG (1985) Canonical dynamics: Equilibrium phase-space distributions.
Phys Rev A 31: 1695-1697.

Nose S (1984) A molecular dynamics method for simulations in the canonical
ensemble. Mol Phys 52: 255-268.

Hess B, Bekker H, Berendsen HJ, Fraaije JG (1997) LINCS: A linear constraint
solver for molecular simulations. J] Comp Chem 18: 1463-1472.

Darden T, York D, Pedersen L (1993) Particle mesh Ewald: An N-log(N) method
for Ewald sums in large systems. J Chem Phys 98: 10089-10092.

Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, et al. (1995) A smooth
particle mesh Ewald method. J Chem Phys 103: 8577-8593.

Liu G, Prabhakar A, Aucoin D, Simon M, Sparks S, et al. (2010) Mechanistic
studies of peptide self-assembly: transient alpha-helices to stable beta-sheets. ] Am
Chem Soc 132: 18223-18232.

. Wolf MG, Hoefling M, Aponte-Santamaria C, Grubmuller H, Groenhof G

(2010) g_membed: Efficient insertion of a membrane protein into an
equilibrated lipid bilayer with minimal perturbation. J Comput Chem 31:
2169-2174.

Oosterwijk C, Villa A, Mark AE, Gunsteren WF (2004) A biomolecular force
field based on the free enthalpy of hydration and solvation: The GROMOS
force-field parameter sets 53A5 and 53A6. ] Comp Chem 25: 1656-1676.
Karplus M (1959) Contact Electron-Spin Coupling of Nuclear Magnetic
Moments J] Chem Phys 30: 11-15.

Vuister GW, Bax A (1993) Quantitative J Correlation: A New Approach for
Measuring Homonuclear Three-Bond J(HNHa) Coupling Constants in 15N-
Enriched Proteins. J] Am Chem Soc 115: 7772-7771.

Neal S, Nip AM, Zhang H, Wishart DS (2003) Rapid and accurate calculation
of protein 1H, 13C and 15N chemical shifts. ] Biomol NMR 26: 215-240.
Wishart DS, Bigam CG, Holm A, Hodges RS, Sykes BD (1995) 1H, 13C and
random coil NMR chemical shifts of the common amino acids.I. Investigations
of nearest-neighbor effects. J Biomol NMR 5: 67-81.

PLOS ONE | www.plosone.org

51.

52.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

IAPP Monomers in the Membrane

Allen WJ, Lemkul JA, Bevan DR (2009) GridMAT-MD: a grid-based
membrane analysis tool for use with molecular dynamics. J Comput Chem
30: 1952-1958.

Cort JR, Liu Z, Lee GM, Huggins KN, Janes S, et al. (2009) Solution state
structures of human pancreatic amylin and pramlintide. Protein Eng Des Sel 22:
497-513.

. Wiltzius JJ, Sievers SA, Sawaya MR, Eisenberg D (2009) Atomic structures of

TAPP (amylin) fusions suggest a mechanism for fibrillation and the role of insulin
in the process. Protein Sci 18: 1521-1530.

Wishart DS, Sykes BD, Richards FM (1992) The chemical shift index: a fast and
simple method for the assignment of protein secondary structure through NMR
spectroscopy. Biochemistry 31: 1647-1651.

Gray TM, Matthews BW (1984) Intrahelical hydrogen bonding of serine,
threonine and cysteine residues within alpha-helices and its relevance to
membrane-bound proteins. ] Mol Biol 175: 75-81.

Kirissinel E, Henrick K (2004) Secondary-structure matching (SSM), a new tool
for fast protein structure alignment in three dimensions. Acta Crystallogr D Biol
Crystallogr 60: 2256-2268.

Lei H, Wu C, Wang Z, Duan Y (2006) Molecular dynamics simulations and free
energy analyses on the dimer formation of an amyloidogenic heptapeptide from
human beta2-microglobulin: implication for the protofibril structure. J Mol Biol
356: 1049-1063.

Rivera E, Straub J, Thirumalai D (2009) Sequence and crowding effects in the
aggregation of a 10-residue fragment derived from islet amyloid polypeptide.
Biophys J 96: 4552-4560.

Xu W, Jiang P, Mu Y (2009) Conformation preorganization: effects of S20G
mutation on the structure of human islet amyloid polypeptide segment. J Phys
Chem B 113: 7308-7314.

Luca S, Yau WM, Leapman R, Tycko R (2007) Peptide conformation and
supramolecular organization in amylin fibrils: constraints from solid-state NMR.
Biochemistry 46: 13505-13522.

Bedrood S, Li Y, Isas JM, Hegde BG, Baxa U, et al. (2012) Fibril structure of
human islet amyloid polypeptide. J Biol Chem 287: 5235-5241.

Brender JR, Hartman K, Nanga RP, Popovych N, de la Salud Bea R, et al.
(2010) Role of zinc in human islet amyloid polypeptide aggregation. J Am Chem
Soc 132: 8973-8983.

Shim SH, Gupta R, Ling YL, Strasfeld DB, Raleigh DP, et al. (2009) Two-
dimensional IR spectroscopy and isotope labeling defines the pathway of
amyloid formation with residue-specific resolution. Proc Natl Acad Sci U S A
106: 6614-6619.

Sapay N, Tieleman DP (2011) Combination of the CHARMMZ27 force field
with united-atom lipid force fields. J Comput Chem 32: 1400-1410.

. Volynsky PE, Polyansky AA, Simakov NA, Arseniev AS, Efremov RG (2005)

Effect of lipid composition on the “membrane response” induced by a fusion
peptide. Biochemistry 44: 14626-14637.

Wiithrich K (1986) NMR of Proteins and Nucleic Acids. New York: John Wiley
& Sons.

Butterfield SM, Lashuel HA (2010) Amyloidogenic protein-membrane interac-
tions: mechanistic insight from model systems. Angew Chem Int Ed Engl 49:
5628-5654.

Li D-W, Bruschweiler R (2010) Certification of Molecular Dynamics
Trajectories with NMR Chemical Shifts. J] Phys Chem Lett 1: 246-248.

Liu H, Huo S (2012) Effects of two solvent conditions on the free energy
landscape of the BBL peripheral subunit binding domain. J Phys Chem B 116:
646-652.

Reddy AS, Wang L, Lin YS, Ling Y, Chopra M, et al. (2010) Solution structures
of rat amylin peptide: simulation, theory, and experiment. Biophys J 98: 443~
451.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, et al.
(2004) UCSF Chimera—a visualization system for exploratory research and
analysis. ] Comput Chem 25: 1605-1612.

. Petrache HI, Tristram-Nagle S, Gawrisch K, Harries D, Parsegian VA, et al.

(2004) Structure and fluctuations of charged phosphatidylserine bilayers in the
absence of salt. Biophys J 86: 1574-1586.

November 2012 | Volume 7 | Issue 11 | e47150



