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Amyloid deposits of the human islet amyloid polypeptide (hIAPP) have been identified in 90% of patients
with type Il diabetes. Cellular membranes accelerate the hIAPP fibrillation, and the integrity of
membranes is also disrupted at the same time, leading to the apoptosis of B cells in pancreas. The
molecular mechanism of hlAPP-induced membrane disruption, especially during the initial membrane
disruption stage, has not been well understood yet. Herein, we carried out extensive all-atom molecular
dynamics simulations investigating the hIAPP dimerization process in the anionic POPG membrane, to
provide the detailed molecular mechanisms during the initial hIAPP aggregation stage in the membrane
environment. Compared to the hIAPP monomer on the membrane, we observed not only an increase of
a-helical structures, but also a substantial increase of B-sheet structures upon spontaneous dimerization.
Moreover, the random coiled and a-helical dimer structures insert deep into the membrane interior with
a few inter-chain contacts at the C-terminal region, while the B-sheet-rich structures reside on the
membrane surface accompanied by strong inter-chain hydrophobic interactions. The coexistence of o
and B structures constitutes a diverse structural ensemble of the membrane-bound hIAPP dimer. From
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a-helical to B-sheet structures, the degree of membrane disruption decreases gradually, and thus the
membrane damage induced by random coiled and a-helical structures precedes that induced by
B-sheet structures. We speculate that insertion of random coiled and a-helical structures contributes to
the initial stage of membrane damage, while B-sheet structures on the membrane surface are more
involved in the later stage of fibril-induced membrane disruption.
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Various hypotheses have been proposed to explain the
molecular mechanism of hIAPP-induced membrane damage,

1. Introduction

The human islet amyloid polypeptide (hIAPP), a 37-residue
glucose-regulating hormone co-secreted with insulin, is asso-
ciated with the development of type II diabetes (T2D), as it
deposits as amyloid fibrils in more than 90% of T2D patients."
Experiments have indicated that the hIAPP exerts cytotoxicity
by disrupting the cellular membrane during its amyloid
aggregation process.”™* Therefore, understanding the hIAPP-
membrane interactions is essential to reveal the hIAPP
pathogenic mechanisms, and thus provide guidance for the
therapeutic strategies of T2D.

“ Digital Medical Research Center, School of Basic Medical Sciences, Fudan
University, Shanghai 200032, China. E-mail: qinqiao@fudan.edu.cn

b Shanghai Key Laboratory of Medical Imaging Computing and Computer Assisted
Intervention, Shanghai 200032, China

¢ Department of Physics, State Key Laboratory of Surface Physics, Key Laboratory for
Computational Physical Science (Ministry of Education), Fudan University,
Shanghai 200438, China

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cp05887e

7090 | Phys. Chem. Chem. Phys., 2024, 26, 7090-7102

including: (1) the “pore formation” mechanism: the formation
of hIAPP non-selective ion channels across the membrane
breaking the cell osmosis;>™® (2) the “detergent-like” mecha-
nism: the extraction of lipids by the hIAPP N-terminal region
leading to the membrane leakage;’'" and (3) the “fibril elonga-
tion” mechanism: the elongation of hIAPP fibrils distorting the
cell by inducing the mechanical pressure on the membrane
surface.”>'® Several experimental studies indicated that the
hIAPP-induced membrane damage is bi-phasic, with the 1st
stage caused by prefibrillar oligomers, and the 2nd stage
caused by fibril elongation,'®'* and thus different disruption
mechanisms may be involved in different aggregation stages.
Meanwhile, the particular mechanism of hIAPP-induced
membrane damage also depends on experimental conditions,
such as lipid compositions, hIAPP-to-lipid ratios, pH condi-
tions, etc.'>" Therefore, understanding the detailed molecular
interactions during the hIAPP aggregation in a membrane
environment is important for unravelling the molecular mecha-
nism of hIAPP-induced membrane disruption.
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Understanding the conformational changes during hIAPP
aggregation in a membrane is essential for identifying its
cytotoxic species. However, due to the transient and hetero-
geneous nature of the hIAPP oligomerization process, it is still
difficult to experimentally characterize the structural distribu-
tion of hIAPP intermediates in a membrane environment. On
the one hand, although the presence of a membrane acceler-
ates the hIAPP fibrillation,**™*” previous experiments also indi-
cated the stabilization of non-amyloid a-helical structures as a
key intermediate in membranes containing both anionic and
zwitterionic lipids,”®° and showed the coil-to-o-to-p structural
transitions during the hIAPP fibrillation in the negatively
charged DPPG membrane.?” On the other hand, sum frequency
generation IR spectroscopy indicated a direct transition from
coil to B structures of the hIAPP in the DPPG membrane
without involving o-helical intermediates.>* Thus, the role of
o-helical intermediates still remains controversial.>*** Several
experiments have utilized nano-discs to capture the hIAPP
intermediates on membranes and obtained their residue-
based secondary structures, e.g., a NMR spectroscopy experi-
ment revealed a three-stranded B-sheet structure of the hIAPP
on the membrane of mixed zwitterionic DMPC and anionic
DMPG lipids.*® Recently, an isotope-labelled 2D-IR experiment
indicated that the hIAPP oligomer contains a-helices in frag-
ment L;;A;3 and B-sheets in fragment G,4A;s on neutrally
charged membranes.’® However, the relations between the
hIAPP oligomer structural properties and the corresponding
membrane disruption effects still remain unstudied.

Computational studies have shed light on the structural
properties of the membrane-bound hIAPP in different aggrega-
tion stages.*'*”*® As for monomers, in agreement with the EPR
experiment of the hIAPP on anionic POPS vesicles,*®
computational studies reported that the hIAPP monomer forms
an amphiphilic a-helix parallel to the membrane surface at its
N-terminal region, while its amyloid core and C-terminal
regions remain flexible.**** During the aggregation stage, a
previous simulation study utilized a highly mobile membrane
mimetic model to accelerate the hIAPP inter-chain diffusion,
and captured the hIAPP o-helix to B-sheet transitions on the
membrane surface.** However, as the lipid mimetic model
simplifies the lipid tail groups, this study may not be able to
reflect the real hIAPP membrane insertion process.*” The
stability of membrane-bound a-helical and B-sheet structures
has also been investigated via simulations. On the one hand,
starting from the o-helical hIAPP structures on SDS micelles
resolved by NMR,** a previous simulation study investigated
the inter-chain interactions of the hIAPP dimer with the
N-terminal region pre-inserted into the membrane,” and
coarse-grained simulations revealed that the o-helical hIAPP
monomers aggregate and form ion channels, starting from
either pre-inserted or surface-bound conformations.*®*” On
the other hand, several computational studies focused on
revealing the different insertion orientations of B-sheet-rich
protofibrils with the change of pH and membrane
compositions,*®*>" and the structural model of a B barrel for
hIAPP ion channels has also been proposed.? A recent
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computational study created various structural models for
hIAPP ion channels, and concluded that both helical-bundle
and B-barrel ion channels are meta-stable after examining their
structural stability via all-atom simulations.>® In spite of the
continuous efforts, there still lacks an understanding of mole-
cular mechanisms during the hIAPP initial spontaneous aggre-
gation process in the membrane environment.

In this study, we performed extensive (30-us long) all-atom
molecular dynamics simulations to investigate the hIAPP
dimerization process in the anionic POPG membrane. Dimer,
as the smallest oligomer, provides the first and best opportu-
nity to study the monomer-monomer interface that drives the
initial aggregation process and experiments have indicated
that the hIAPP dimer is the most probable oligomer at low
concentration.”»®®  Starting from the membrane-bound
a-helical hTAPP monomer structures identified in our previous
simulations,** we observed a substantial increase of B struc-
tures and an increase of helical structures of the hIAPP upon its
spontaneous dimerization in the POPG membrane, although
the random coiled structures are still dominant. The coexis-
tence of o and P structures constitutes a diverse structural
ensemble of the membrane-bound hIAPP dimer. Meanwhile,
the random coiled and o-helical dimer structures insert deep
into the membrane interior, while the B-sheet-rich dimer
structures reside on the membrane surface with strong inter-
chain hydrophobic interactions. Moreover, from B-sheet to o-
helical dimer structures, the degree of hIAPP-induced
membrane disruption also increases gradually. In detail, the
membrane deformation induced by B-sheet-rich structures on
the membrane surface is almost negligible, while the deep
insertion of random coiled and o-helical dimers induces global
membrane disruption including membrane thinning and
stretching. We speculate that the insertion of random coiled
and o-helical structures contributes to the initial stage of
membrane damage during hIAPP oligomerization, while (-
sheet structures on the surface may be more involved in the
later membrane disruption stage during hIAPP fibrillation.
This study reveals the complexity of the membrane-bound
hIAPP dimer structural ensemble, and sheds light on the
molecular mechanisms of hIAPP-induced membrane disrup-
tion from a structural perspective.

2. Methods

2.1. Simulation details

We constructed a dimerization system from the a-helical struc-
tures identified in our previous simulations*' of hIAPP mono-
mers in the POPG membrane. To shorten the free diffusion
between monomers, we elevated the hIAPP concentration dur-
ing the system construction, and then performed extensive
simulations (accumulated to 30-ps long) on its dimerization
process in the membrane. The details of simulations are as
follows.

2.1.1. Force-fields and the hIAPP sequence. Consistent
with our previous study, we adopted the Amber99sb-ILDN force
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Fig. 1 (a) hIAPP amino-acid sequence, which is divided into the N-terminal region (K;—Ny4), the middle region (Fi5—S,g), and the C-terminal region

(S29—Y37). (b) Representative snapshot of the simulation system. (c) Secondary structural comparison between the membrane-bounded hlIAPP monomer
and dimer. The average number of residues adopting each category of secondary structures is plotted. Random coiled category includes coil, bend, and
turn structures. B category includes B-sheet and B-bridge structures. Helix category includes a-helix, 5-helix, and 3-helix structures. The gray dashed bars
are the monomer and red solid bars are the dimer, with the error bars indicating the standard deviations. (d) Probability of each residue to adopt each type

of secondary structures of the hIAPP dimer in the membrane.

field*® for the hIAPP, the Amber Slipid force field*”*® for the
POPG bilayer, and the TIP3P model® for water. The N-terminus
of the hIAPP was protonated and residue His;g was de-
protonated, as under the neutral pH condition. Consistent with
its in vivo form, the cysteine residues C, and C; of the hIAPP are
linked with a disulfide bond, and its C-terminus is amidated.
The sequence of the hIAPP is shown in Fig. 1(a).

2.1.2. Construction and simulations of the dimer system.
We selected the last frames of the a-helical-rich trajectories of
the hIAPP monomer in the POPG bilayer as the initial con-
formations of dimerization. For each conformation, we first
decreased the simulation box-size in the xy-plane, by discarding
the POPG lipids whose maximal value distances, ie., the
Chebyshev distance,?® to the hIAPP center of mass (COM) were
larger than 2.4 nm in the xy-plane. To ensure the POPG bilayer
is symmetric, we then kept 30 lipids closest to the COM of the
hIAPP in each membrane leaflet, and the simulation box-size
became around 4.7 x 4.7 x 14.5 nm’. We solvated the simula-
tion box, deleted the water molecules inside the membrane
bilayer via the ‘water_deletor.pl’ (mdtutorials.com/gmx/mem-
brane_protein/Files/water_deletor.pl) script, and added counter
ions to keep the system charge neutral. We also added addi-
tional ~100 mM NaCl to mimic physiological conditions.
The resulting reduced simulation box contains 1 hIAPP protein,
60 POPG lipids (30 lipids in each leaflet), 7138 water molecules,
72 Na*, and 15 Cl ™.

We then equilibrated the reduced simulation system. To
avoid periodic crash, we first slightly increased both the x and y
box lengths to 5.0 nm, and then performed energy minimiza-
tion with the steepest method. The minimized system was then
further equilibrated with a 200-ps long position restraint fol-
lowed by a 200-ps long NPT equilibrium. In both the position
restraint and NPT equilibrium, we utilized the Berendsen
method® for the thermodynamic coupling. The temperature
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coupling at 310 K was applied separately on three groups, i.e.,
hIAPP, POPG, and the rest of water and ions, with the coupling
constant at 0.5 ps. The pressure coupling at 1 bar was semi-
isotropic, in which the pressures of the xy-plane and the
z-direction were coupled separately. The pressure coupling
constant was 10 ps and the compressibility coefficient was
4.5 x 107" bar™". The electrostatic interactions were calculated
via PME method,®® with real space cut-off at 1.6 nm. vDW
interactions were switched to zero from 1.4 nm to 1.5 nm.
hIAPP and POPG lipids were constrained with the LINCS
algorithm,”® and water molecules with the SETTLE
algorithm.®* After the equilibration, the size of the simulation
box became around 4.7 x 4.7 x 13.4 nm®,

We then duplicated the monomer conformations in either
the x or y direction to create the dimer simulation system, as
shown in Fig. S1 (ESIt). The dimer system contains 2 hIAPP,
120 POPG lipids (60 lipids in each leaflet), 14276 water mole-
cules, 144 Na", and 30 CI . In the 6 initial conformations, the
minimal distances between two monomers were larger than
1.8 nm. For each initial state, we performed one 5-us long NPT
production run, and observed the spontaneous dimerization
process as shown by the time evolution of minimal distances
between two hIAPP chains in Fig. S2 (ESIt). In the production
simulations, we utilized the Nose-Hoover temperature
coupling®® and the Parrinello-Rahman pressure coupling®®
for the thermodynamic couplings.

2.2. Analysis methods

2.2.1. Conformational ensemble of the dimerized hIAPP in
the POPG membrane. A hIAPP dimer complex is formed if there
are inter-chain contacts, and an inter-chain contact is defined
when the minimal distance between two chains is less than
0.45 nm. As shown in Fig. S2 (ESIf), the initially isolated
monomers spontaneously aggregate to form a dimer, with the
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increase of the number of inter-chain contacts. For the dimer-
ized hIAPP, we calculated its secondary structures using the
DSSP algorithm,®” and further grouped the 8 types of secondary
structures into 3 categories, i.e., random coiled, §, and helix. In
detail, the random coiled category includes coil, bend, and turn
structures, the f category includes B-sheet and B-bridge struc-
tures, and the helix category includes o-helix, 5-helix, and
3-helix structures. To examine the contribution of different
types of inter-chain interactions, we further calculated the
residue-based inter-chain hydrogen bonds (H-bonds) and
hydrophobic contacts. In detail, the H-bonds were calculated
via the MDTraj package®® with the ‘baker_hubbard’ criterion,*
and the hydrophobic contact number was calculated as the
number of contacts between the side-chains of hydrophobic
residues. Besides, we also calculated the number of contacts
between the hIAPP dimer and the POPG tail groups, to examine
the insertion depth of the hIAPP dimer.

2.2.2. Clustering of the dimer complex. To illustrate the
hIAPP conformational ensemble during the dimerization, we
performed a two-step clustering to dissect the influence of
single-chain conformations and inter-molecular interactions
separately. The first step clustering is based on single-chain
RMSD and the second step is based on protein-protein and
protein-membrane contact patterns, as shown in the flowchart
of Fig. S3 (ESIt). The detailed procedures of clustering are as
follows.

First, we conducted the conformational clustering based on
the single-chain RMSD via Daura’s method,”®”" with an RMSD
cut-off of 0.4 nm (step 1 in Fig. S3, ESIt), ie., the maximal
RMSD to the cluster centre is less than the cut-off 0.4 nm within
each cluster. Each frame is labelled by the cluster indices of its
two hIAPP chains, and forms a pair of single-chain clusters.
Depending on whether there are inter-chain contacts or not, the
conformations of single-chain clusters are further divided into
the dimerized part and the isolated part. The population
distribution of single-chain clustering is shown in Fig. S4
(ESIT). We selected the top 12 clusters of the dimerized part
with the population cut-off at 2.0%, as shown in the inset of
Fig. S4 (ESIf), and their accumulating population reaches
85.9%. In comparison with the monomeric hIAPP in the
membrane, we further calculated the single-chain structural
properties in the dimerized part, such as the radius of gyration
(Ry) and the number of contacts with POPG tail groups, to
investigate the changes in the chain dimension and insertion
depth upon the dimerization. Moreover, we also calculated the
inter-chain H-bonds and the inter-chain hydrophobic contacts,
to examine the contributions of different inter-chain interac-
tions to the corresponding structural changes.

Second, we examined the pairs of single-chain clusters, and
divided the dimerized pairs of single-chain clusters by perform-
ing additional k-means clustering based on the protein-protein
and protein-membrane contact maps (step 2 in Fig. S3, ESIT).
We selected the top 13 dimerized pairs with population cut-off
at 2.0% for the clustering in the step 2. As shown in Fig. S5
(ESIT), the accumulated population of the top 13 dimerized
pairs reaches 80.2%. The details of step 2 clustering are as
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follows. For each frame, we first concatenated the residue-
based inter-chain contact maps (37 x 37 elements) and
residue-based contact maps with membrane tail groups
(37 x 2 elements), and then performed the k-means clustering
based on the concatenated vectors (37 x (37 + 2) elements)
describing the inter-molecular contact patterns of the dimer-
ized complex. The optimal number of clusters k* was deter-
mined via the elbow method, i.e., the k value at which the 2nd
derivative of sum of squared distances (SSD) reaches the
maximum. In the case that the SSDs were smaller than 10*
and the 2nd derivatives of SSDs were smaller than 10, we chose
k* = 1 as the optimal number of clusters, as shown in Fig. S6
(ESTt). This step 2 clustering of dimer pairs results in 22 dimer
clusters, and the population distribution of these 22 clusters is
shown in Fig. S7 (ESIt). In this way, each resulting dimer
cluster corresponds to one specific type of single-chain con-
formations with one particular inter-molecular contact pattern.
For each dimer cluster, we also calculated its structural proper-
ties, such as the average number of inter-chain contacts, the
average number of tail contacts, the residue-based inter-chain
H-bonds, the residue-based inter-chain hydrophobic contacts,
and the residue-based tail contacts. To elucidate the hIAPP
conformational changes upon dimerization, we tracked the
time evolution of the 22 dimer clusters in each trajectory. The
transitions among these clusters are shown in Fig. S8 (ESIf).
We also labelled the inter-chain contacts of the initially col-
lapsed dimer clusters in each trajectory, and plotted the initi-
ally collapsed contact map in Fig. S9 (ESIt).

2.2.3. Density distribution along the z-axis of the simula-
tion box. We calculated the density distribution of the hIAPP,
POPG head groups, POPG tail groups, and the water solvent
along the z-axis of the simulation box, to illustrate the positions
of the hIAPP dimer relative to the POPG membrane. Due to the
size fluctuation of the simulation box under pressure coupling,
we first shifted the z-coordinate of COM of the POPG bilayer to
the centre of the simulation box before the density calculations.

2.2.4. Membrane deformation. We further calculated the
membrane thickness, area per lipid, membrane curvature, tail
order parameters Scps, and sizes of hydrophobic defects to
characterize the membrane deformation induced by the hIAPP
dimer. The thickness of the membrane was calculated accord-
ing to ref. 72. In short, we discretized the xy-plane with the
spacing of grids at around 1 nm. The z-coordinates of upper
and lower surfaces were estimated from the z-coordinates of
phosphorus atoms in the corresponding leaflet. Instead of
using the nearest phosphorus atom,”” we estimated the z-
coordinate of a grid point by averaging the phosphorus atoms
whose Euclidean distances to the grid point are within 1.5 nm
in the xy-plane, and thus smoothed the surface representation.
The thickness of the bilayer was then estimated as the vertical
distance between the grids of upper and lower surfaces. We
estimated the thickness of each leaflet in the same way, where
we used the phosphorus atoms and the last carbon atoms in
the unsaturated acyl chains sn-2 to construct the z-coordinates
of surfaces in each leaflet. The mean curvature of the
membrane surface was also estimated via the derivatives of
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the z-coordinates of grid points. The area per lipid was calcu-
lated by dividing the area of the xy-plane of the simulation box
by the number of lipids in each leaflet. The order parameters
Scps of the POPG tail groups were calculated according to
ref. 73 for both the saturated acyl chain sn-1 and the unsatu-
rated acyl chain sn-2. We calculated the packing defects of
POPG, where the aliphatic carbons in tail groups are exposed,
via the PackMem program,” and the xy-plane was discretized
at 0.1 x 0.1 nm” resolution. A defect is defined if there is no
atom of the head group within the threshold 0.1 nm of the
surface formed by the carbonyl C2 atoms (sp® carbon with one
hydrogen) vertically. A defect is further divided into the deep
part and the shallow part. The deep part corresponds to the
area where there are neither head nor tail atoms within
the threshold 0.1 nm, while the shallow part corresponds to
the area where there are only tail atoms within the threshold
0.1 nm. When its size exceeds 99% of the defects in the pure
POPG system, we define the defect as a large-size one. The
large-size cutoff is 0.29 nm? for the deep defects, 0.32 nm? for
the shallow defects, and 0.45 nm? for the overall (deep part plus
shallow part) defects.

3. Results and discussion

3.1. Spontaneous hIAPP dimerization in the POPG membrane

We observed the spontaneous dimerization of the hIAPP in the
POPG membrane bilayer in our simulations. As shown in
Fig. S2 (ESIY), in all the six 5-us long trajectories, the minimal
distances between two hIAPP chains decrease with the increase
of inter-chain contacts, and later remain at ~0.2 nm. Fig. 1(b)
shows the representative conformation of the last frame in the
1st trajectory.

3.2. Structural properties of the membrane-bound hIAPP
dimer

3.2.1. hIAPP becomes more structured upon dimerization.
As shown in Fig. 1(c), the random coiled structures in the
dimerized hIAPP decrease compared to those in the monomer,
although they are still dominant, occupying 27.9 out of the 37
residues. Meanwhile, we observed a substantial increase of 3
structures and a slight increase of helical structures. From the
residue-based secondary structure distribution shown in
Fig. 1(d), the B structures are located at the middle and the
C-terminal regions, while the helical structures are at the N-
terminal region. In detail, the fragments F;5Lq6, S0—S2s, and
T30-N35 have considerable probability to form B-sheets, and the
N-terminal fragment T,—Q,, forms a-helices. The emergence of
B-sheet structures is consistent with previous experiments that
studied the hIAPP oligomerization process in the membrane
environment, e.g., previous NMR experiment of the hIAPP on
nano-discs of mixed zwitterionic DMPC and anionic DMPG
lipids reveals the three-stranded B-sheets at fragments Ag-L;,,
F15-Hys, and I,6-S,0,>> and a recent 2D IR experiment indicates
that G,4A,5 forms B-sheets during oligomerization on zwitter-
ionic DOPC vesicles.*®
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3.2.2. Diverse structural ensemble of the dimerized hIAPP.
To illustrate its structural ensemble, we further projected the
free energy landscape of the dimerized hIAPP on the number of
inter-chain contacts (x-axis) and the number of contacts with
tail groups (y-axis), as shown in Fig. 2(a). In addition, the
distribution of dimer clusters (black circles in Fig. 2(a)) covers
the free-energy minima, and the structural ensemble of the
membrane-bound hIAPP dimer is heterogeneous. We further
divided the 22 dimer clusters into 4 groups, based on the inter-
molecular contact patterns. The 4 groups range from group 1
(G1, shaded in purple) of deep insertion and relatively few inter-
chain contacts to group 4 (G4, shaded in orange) located on the
membrane surface with a relatively high number of inter-chain
contacts, while the G2 (shaded in blue) and G3 (shaded in
green) lie in between. From the negative correlation between
the number of inter-chain contacts and insertion depth, we
believe that hIAPP-hIAPP interactions and hIAPP-membrane
interactions are competing with each other. This observation is
consistent with the previous experiments indicating that direct
inter-chain interactions are not necessary for hIAPP
poration.'®?%7> We further calculated the residue-based inter-
chain H-bonds and inter-chain non-polar, i.e., hydrophobic,
contacts in each dimer group as shown in Fig. 2(b), and also the
residue-based hIAPP contact number with POPG tail groups in
each dimer group (Fig. 2(c)), to investigate the interactions
between the hIAPP dimer and the POPG membrane. The
secondary structure distribution and the centre conformations
in each dimer group are also shown in Fig. 2(d-g). By examin-
ing the inter-molecular interactions and secondary structure
distribution of each group, we outline the feature of each group
in detail as follows.

G1: deep insertion with a-helical structures at T,~To and
F;5-V;> fragments. Among the 4 groups, G1 contains the
fewest inter-chain contacts and inserts deepest. As shown in
the purple circles of Fig. 2(b), some inter-chain contacts are
formed in the C-terminal region of the hIAPP in G1, i.e., the H-
bond between S, and S,y and the hydrophobic contacts
between V3, and V;,. Meanwhile, we observed the insertion of
the hIAPP throughout the whole sequence in G1. As shown in
Fig. 2(c), not only the N-terminal amphiphilic fragment T,-T,
and the hydrophobic fragment LV, but also the residue I,4
at the amyloid core region and Y;, at the C-terminus, form a
large number of contacts with POPG tail groups. As for the
secondary structures (Fig. 2(d)), G1 contains the most abundant
a-helical contents and the least B-sheet contents among the 4
groups. In detail, both T,-Ty and F,5-V;; fragments have
substantial o-helical contents, as shown in Fig. 2(d).

G2: o-helical fragment Ts—R;; insertion and f-hairpin structures
on the membrane surface. As for G2, its contact patterns with
membrane tail groups are similar to those of G1, as its N-
terminal a-helical-rich amphiphilic segment Ts-Ry; also inserts
into membrane tail groups. However, the hydrophobic frag-
ment L,V;7 is on the membrane surface, as shown in Fig. 2(c).
In contrast to G1, G2 contains substantial B-sheet structures,

This journal is © the Owner Societies 2024
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of a-helices and yellow squares are that of -sheets. Residue numbers adopting a-helices or B-sheets are shown by side as red or yellow bars.

and the B-sheet structures are located at N-terminal (C,N3),
middle (S,oNyi, I6-S»g), and C-terminal (V3,—-Ss4) regions, as
shown in Fig. 2(e). In addition, these B-sheet fragments in G2
are on the surface of the membrane. Both H-bonds and hydro-
phobic contacts contribute to the inter-chain interactions in
G2, as shown in the blue hexagons of Fig. 2(b). Moreover, these
inter-chain contacts are adjacent to the B-sheet-rich regions,
e.g., the H-bond between K, and Y;; is close to the B-fragments
C,N; in one chain and V3,-S3, in the other chain, while the
hydrophobic contacts between F,; and I,¢ are close to the -
fragments S,oN,; in one chain and I,5-S,5 in the other chain.

G3: hydrophobic fragment F;s-V;, insertion and [-hairpin
structures on the membrane surface. In G3, the hydrophobic
fragment F,5-V;, inserts deep with random coiled and o-
helical structures. Different from G2, although it contains
notable o-helical structures, the N-terminal fragment C,-Tj,
is located on the membrane surface without deep insertion.

This journal is © the Owner Societies 2024

Instead, the N-terminal residues (K, T4, and As) form inter-
chain interactions with the residues (S,o, Ass, and I,e) in the
middle region, e.g., there are H-bonds formed by K,/T, with
S»0/Azs, and also hydrophobic contacts between As and L.
Moreover, both chains form intra-chain B-hairpin structures,
and these B-hairpins are connecting fragments L;,—-N;, with
T30-V32, Sz0-Ns, With N3;-Gj3, and A,s-L,; with T3¢-V;,. Con-
sistent with G2, these B-sheet-rich structures in G3 are on the
membrane surface, and also participate in the inter-chain
interactions.

G4: f-sheet-rich structures on the membrane surface with strong
inter-chain hydrophobic interactions. Opposite to G1, G4 contains
the most abundant inter-chain contacts and has the shallowest
insertion depth among the 4 groups. In G4, there are multiple
inter-chain hydrophobic contacts among several fragments, as
shown in the orange squares in Fig. 2(b). In detail, the hydro-
phobic contacts are between L,,A;3 and Fi5-Vy7, L16Vi7; and
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L16V17, L1» and Aygl,5, Fo3 and F5-V,5, Fy5 and L6, and Fy5 and
V3., covering all the hydrophobic residues of the hIAPP, except
As and Ag at the amphiphilic N-terminal region. In addition,
there are also H-bonds between A;3/S3;4 and L;4/T36. As shown
in Fig. 2(c), there are only a small number of tail contacts
throughout the hIAPP sequence, indicating that hIAPP dimer
structures in G4 are mainly located on the membrane surface.
Moreover, G4 contains the highest B-sheet contents among the
4 groups, and its B-sheet structures are located at FisLig,
N,1-Lrs, and N3;-N35 fragments, as shown in Fig. 2(g). These
B-sheet-rich regions coincide with the inter-chain contacts,
indicating that the B-sheet structures in the dimerized hIAPP
correlate well with the formation of inter-chain interactions.
Besides, the N-terminal T,-C, segment contains notable o-helix
contents with a few tail contacts.

Moreover, the [-sheet-rich structures on the membrane
surface are more stable than the random coiled and ao-helical
structures deeply inserted into membrane interior. To compare
their structural stability, we estimated the population of the 4
groups. For each group, we summed up the population of its
dimer clusters, with the initially collapsed clusters excluded. As
shown in Fig. 2(d-g), among the 4 groups, the deeply inserted
G1 is the least populated (13.0%) while B-sheet-rich G4 on the
membrane surface is the most populated (22.2%), with the G2
(16.3%) and G3 (14.5%) in between. The higher metastability of
G4 is probably due to two factors: one is the strong inter-chain
hydrophobic interactions in G4, and the other is the less severe
membrane deformation it induces due to its shallow insertion.
In comparison, the deep insertion of G1 leads to fewer inter-
chain contacts and also more severe membrane deformation.
The membrane deformation induced by different groups will
be discussed in detail in the Section 3.3.

To elucidate the conformational rearrangements upon
dimerization, we plotted the time evolution of the dimer
clusters along each trajectory as shown in Fig. S8 (ESIf). In
short, we observed the deepening of membrane insertion in G1
and also the elongation of B-hairpin structures on the
membrane surface in G4. Besides, the initial inter-chain con-
tacts contain both the hydrophobic and polar interactions,
mostly involving the hydrophobic residues F,;, Vj,, and the
positively charged residues Ky, Ry, as shown in Fig. S9 (ESIf).

3.2.3. Emergence of single-chain structures distinct from
the monomer ensemble. To demonstrate the structural
changes induced by the hIAPP dimerization, we further exam-
ined the dimension and the insertion depth of the single chains
in the dimerized hIAPP structural ensemble, by projecting its
free energy landscape onto the radius of gyration (R,) and the
number of contacts with membrane tail groups, as shown in
Fig. 3(a), in comparison with the properties of monomeric
hIAPP in the membrane in our previous study.*'

Dimerization induces more expanded single-chain conforma-
tions. As shown in the bottom right subplot of Fig. 3(a),
compared to the hIAPP monomer (gray dotted line), the
single-chain R, distribution of the dimerized hIAPP shifts
to larger values (red solid line). In detail, the major peak at
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Ry
dimerized hIAPP, while both the monomer and dimer contain
the peaks at R, ~ 0.93 nm. In particular, the Rgs of single-chain
clusters C4 and C8 are significantly larger than the rest clusters,
ie., the R, of C4 in the B-sheet-rich G4 is ~1.15 nm, and the R,
of C8 in the deeply inserted G1 is ~1.30 nm. The dimension
expansions of C4 and C8 are caused by different factors. In
detail, the dimension expansion of C4 is due to the strong
hydrophobic inter-chain interactions as shown in Fig. 3(b),
while the dimension expansion of C8 is due to its deep
insertion as reflected by its large number of tail contacts

(Fig. 3(a)).

~ 1.01 nm in the monomer shifts to R; ~ 1.07 nm in the

Dimerization induces wider distribution of the single-chain
insertion depth. For the insertion depth, the dimerized hIAPP
adopts a wider distribution of the number of tail contacts, as
shown in the upper left subplot of Fig. 3(a). In contrast to the
single high peak at ~0.62 x 10° in the monomer ensemble,
there are several peaks in the dimerized hIAPP, i.e., one peak at
~0.05 x 10* corresponding to the hIAPP on the membrane
surface (single-chain cluster C4 in G4), and two flat peaks at
~0.54 x 10® and ~0.90 x 10°, containing the majority of the
single-chain clusters in the dimer. Moreover, the single-chain
cluster C8 in G1 contains an exceptionally large number of tail
contacts (~1.43 x 10%), deeply inserted into the membrane
interior.

Last but not least, the interactions between single-chain
clusters also reflect the feature of each group of dimer clusters.
In detail, the single-chain clusters in G1 (C1, C5, and CS8,
shaded in purple) contain the fewest inter-chain contacts
among the 4 groups, while the single-chain clusters of G4
(C2, C4, and C9, shaded in orange) contain a considerable
large number of hydrophobic contacts. Besides, the single-
chain clusters in both G2 and G3 contain a mixture of inter-
chain H-bonds and hydrophobic interactions.

From the analyses above, we conclude that the inter-chain
hydrophobic interactions in dimerized hIAPP facilitate the -
sheet formation on the membrane surface, while coiled and
a-helical structures of hIAPP are responsible for the membrane
deep insertion. Moreover, the inter-chain interactions are
mainly formed at the middle and C-terminal regions, while
the insertion of a-helical and coiled structures is located at the
N-terminal and middle regions. Previous NMR experiment
observed that the hIAPP,_;4 fragment alone causes membrane
disruption to the identical extent as the full-length hIAPP,
but does not form amyloid fibrils, and concluded that
hIAPP membrane disruption and fibrillation are two separate
processes.”® Meanwhile, the rat IAPP (rIAPP), which differs
from the hIAPP by 6 residues at middle and C-terminal regions,
is able to bind to the membrane, but is non-cytotoxic and does
not form fibrils.”””’® As the 3 out of the 6 rIAPP residues
different from hIAPP are the secondary structure breaker pro-
line (A,5P, S,5P, and S,,P), the non-fibrillation of rIAPP implies
the importance of hIAPP middle and C-terminal regions in
forming inter-chain interactions in the membrane environ-
ment. Besides, the non-toxic IAPP analogues from cattle and

This journal is © the Owner Societies 2024
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and residues forming inter-chain H-bonds are shown in stick. Sidechains of residues deeply inserted into membrane are shown in gray dot.

bears also contain at least one or two mutations to proline in
the middle and the C-terminal regions and do not form
amyloid fibrils either.”®®° Taken together, consistent with our
simulation results, these experimental observations not only
indicate the N-terminal to middle regions is responsible for
hIAPP membrane binding and insertion, but also highlight the
important role of middle and C-terminal regions during the
hIAPP fibrillation in the membrane environment. Moreover,
the correlation between cytotoxicity and amyloidogenicity
among different IAPP isoforms supports the membrane dis-
ruption mechanism of the “fibril elongation” hypothesis, and
suggests that hIAPP-induced membrane disruption may be a
multi-step process.

The coexistence of a-helical and B-sheet structures in the
membrane-bound hIAPP dimer indicates the complexity of
hIAPP aggregation pathways in the membrane. Previous experi-
ments have also indicated the structural diversity during the
hIAPP oligomerization process, with some species toxic and

This journal is © the Owner Societies 2024

some species non-toxic.””® To explore the membrane deforma-
tion induced by various hIAPP dimer structures, we further
calculated the changes of membrane properties, such as the
membrane thickness, area per lipid, membrane curvature, tail
ordering parameter, and hydrophobic packing defects, induced
by each structural group of the hIAPP dimer in the following
sections.

3.3. Different degrees of membrane deformation induced by
different hIAPP dimer structures

3.3.1. Strongest membrane deformation in G1 vs. weakest
membrane deformation in G4. We further examined the
membrane disruption induced by different groups. As shown
in Fig. 4(a), the dimer insertion depth ranges from the deepest
in G1 to the shallowest in G4. Even in the deepest insertion of
G1, the hIAPP dimer inserts into only one leaflet without
permeabilizing into the other leaflet, and there is no water
channel across the membrane. The asymmetric hIAPP insertion
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shaded areas indicating its distributions.

also induces unique membrane deformation. As shown in
Fig. 4(b), correlated with the dimer insertion depth, the overall
degrees of membrane deformation range from the most severe
in G1 to the least significant in G4, with the corresponding
details discussed in the following sections.

3.3.2. Membrane thinning and stretching in G1 vs.
membrane bending in G2. Among the 4 groups, G1 induces
the most severe membrane thinning and stretching, while G2
induces the strongest membrane bending in the hIAPP-bound
leaflet. As shown in Fig. 4(b), among all the 4 groups, the
distributions of membrane thickness shift to the smaller
values, indicating the dimer-induced membrane thinning,
while the distributions of area per lipid shift to the larger
values, indicating the dimer-induced membrane stretching.
From G1 to G4, the extent of membrane thinning and stretch-
ing decreases gradually. As for the membrane surface bending,
we do not observe the overall bending induced by the hIAPP,
and the average values of the mean curvature are nearly zero
(~107> nm™"). Nonetheless, the mean curvature distribution
in the hIAPP-bound leaflet is broader than that of the pure
POPG bilayer (right panel in Fig. 4(b)), while the mean curva-
ture distribution in the hIAPP-free leaflet is identical to that of
the pure POPG bilayer (Fig. S10, ESIT). Among the 4 groups, the
curvature distribution in G2 exhibits the widest variance,
indicating that G2 induces the most significant local distur-
bance of the hIAPP-bound membrane leaflet.

3.3.3. Global membrane disruption in G1 vs.
membrane disruption in G2. Although it only inserts into one
of the membrane leaflets, the hIAPP dimer still causes notable
disturbing effects on the other hIAPP-free leaflet, especially in
G1, as reflected by the tail ordering and the thickness of each

local

7098 | Phys. Chem. Chem. Phys., 2024, 26, 7090-7102

membrane leaflet. As shown in Fig. 5(a), the tail ordering
parameters Scps decrease in not only the hIAPP-bound (hollow
markers) leaflet but also the hIAPP-free (solid markers) leaflet.
In the hIAPP-free leaflet, G1 reduces the tail ordering and
thickness most significantly, indicating that the deep insertion
in G1 causes more global membrane disturbance. In compar-
ison, in the hIAPP-bound leaflet, G2 reduces the tail ordering
most significantly, consistent with its strong local membrane
disturbance effects as reflected by its mean curvature in the
hIAPP-bound leaflet. Meanwhile, the tail disordering correlates
well with the thickness thinning in the corresponding leaflet,
i.e., the greater the disturbance of tail ordering in the leaflet,
the smaller the corresponding thickness, as shown in Fig. 5(b).

The local membrane disturbance in G2 is also reflected by
its large-size shallow defects in the hIAPP-bound leaflet. As
shown in Fig. 5(c), in the hIAPP-bound leaflet, G2 contains
significantly more large-size shallow defects (>0.32 nm?) than
the other 3 groups. Meanwhile, G1 contains the most large-size
deep defects (>0.29 nm?) among the 4 groups (Fig. 5(d)), which
is consistent with its deepest insertion. Besides, as for the size
distribution of overall defects (shallow defects plus deep
defects) shown in Fig. S11(a) (ESIT), although G1 contains the
most large-size overall defects (>0.45 nm?), there is a substan-
tial increase of overall defects larger than 1 nm” in G2. This
increase is mainly due to the large-size shallow defects in G2.
Meanwhile, as for the hIAPP-free leaflet, we observed a slight
increase of large-size overall defects, and the degrees of size
enlargement decrease gradually from G1 to G4, which is con-
sistent with the degree of membrane stretching in each struc-
tural group, as shown in Fig. S11(b) (ESIt). In short, both the
tail disordering and the size distribution of hydrophobic

This journal is © the Owner Societies 2024
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packing defects indicate that the hIAPP deep insertion in G1
causes more global membrane disruption in the hIAPP-free
leaflet, while the shallow insertion in G2 causes more local
membrane disruption in the hIAPP-bound leaflet.

From the analyses above, we observe that different hIAPP
dimer structures cause different degrees of membrane disrup-
tion, and we believe that the structural diversity of the
membrane-bound hIAPP dimer may also imply the diversity
of hIAPP toxic species. Previous experiments have indicated the
structural diversity in the oligomerization stage, although the
detailed structures of membrane-bound hIAPP oligomers have
still been elusive.””® With computational modelling, both
helical-bundle and f-barrel structures of oligomeric hIAPP
ion channels have been proposed.*®*>*® Here, based on the
structural and corresponding membrane disruption properties
of the hIAPP dimer ensemble, we speculate that the random

This journal is © the Owner Societies 2024

coiled and o-helical structures in G1 may be the precursor of
helical-bundle ion channels, while the mixed a-and-f G2 may
be the precursor for the B-barrel ion channels.

To sum up, the degrees of membrane disruption decrease
gradually from the random coiled and a-helical structures in
G1 to the B-sheet-rich structures in G4, well correlated with
the hIAPP insertion depth in each structural group, as shown
in Fig. 6. In particular, the deep insertion of G1 causes the
global membrane disruption, inducing the most significant
membrane thinning and stretching, and also creating the
large-size deep defects. In comparison, the shallow insertion
of G2 with a mixture of a-helical and B-sheet structures causes
the local membrane disruption and creates large-size shallow
defects, resulting in the most severe membrane bending in the
hIAPP-bound leaflet. Experiments have indicated that the
hIAPP-induced membrane disruption process is bi-phasic,
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Stronger inter-chain interactions and increase of B-sheets

Fig. 6 Representative centre conformation of each group with the nearby POPG lipids, whose contact probabilities with the hIAPP dimer are higher than
95%. hIAPP dimers are shown in cartoon representation, with the a-helix in red and B-sheets in yellow. In each conformation, one chain is in cyan and the
other chain is in light green. N-termini (the Ca atoms of Kj) are shown in a solid sphere. Sidechains forming inter-chain hydrophobic contacts are shown
in a sphere, and residues forming inter-chain H-bonds are shown in a stick. Sidechains of deep inserting residues are shown in gray dots. POPG lipids
nearby are shown in a stick, with head groups in orange and tail groups in gray.

including the 1st phase leakage caused by the prefibrillar
oligomer, and the 2nd phase leakage caused by fibril
elongation,'®'* and thus both the oligomers in the early
nucleation stage and fibrils in the later elongation stage con-
tribute to the hIAPP-induced membrane disruption. Besides,
even during the initial oligomer poration stage, previous
experiments have observed that the growth of oligomers in
the membrane is in a step-wise manner, and there exist two
types of oligomers, only one of which is toxic.””® Though the
detailed structures have still been elusive experimentally, both
helical bundles and f barrels of hIAPP ion-channels have been
proposed in the computational modelling.*****® In line with
these experimental and computational results, we observed a
diverse structural ensemble of the membrane-bound hIAPP
dimer in our simulations, and different dimer structures
induce the membrane disruption to different extents. Based
on our simulations, we speculate that the random coiled and a-
helical structures of G1 initialize the membrane disruption and
are responsible for the membrane poration, while the B-sheet-
rich structures in G4 may be the seed for hIAPP fibrillation in
the membrane environment and more involved in the later
stage of hIAPP-induced membrane disruption.

4. Conclusions

In this study, we performed extensive all-atom molecular
dynamics simulations to investigate the hIAPP dimerization
process in the anionic POPG membrane environment. From
our simulations, we observed a diverse conformational ensem-
ble of the hIAPP dimer in the POPG membrane environment,
and different structural groups induce different degrees of
membrane deformation. From G4 to G1, the hIAPP dimer shifts
from the B-sheet-rich structures on the membrane surface to
the random coiled and o-helical structures inserted into the
membrane interior. Strong inter-chain hydrophobic interac-
tions facilitate the B-sheet formation in G4, while only a few
inter-chain interactions at the C-terminal region are involved in
the random coiled and o-helical structures deeply inserted into
the membrane in G1. The extent of hIAPP-induced membrane

7100 | Phys. Chem. Chem. Phys., 2024, 26, 7090-7102

disruption also increases from G4 to G1 gradually. In detail, the
deep insertion of random coiled and a-helical structures in
G1 induces the strongest membrane deformation among the
4 groups, including membrane thinning, membrane stretch-
ing, and global tail disordering. Meanwhile, the mixture of
a-helical and B-sheet structures in G2 mainly causes membrane
bending and local tail disordering. In contrast, the B-sheet-rich
structures on the membrane surface in G4 induce negligible
membrane deformation. We believe that the deeply inserted
random coiled and o-helical dimer structures identified here
contribute to the initial stage of membrane disruption, while
the B-sheet-rich dimer structures on the membrane surface may
be involved in the later stage during the hIAPP fibril elongation.
This study reveals the complexity of the membrane-bound
hIAPP dimer structural ensemble, providing a detailed struc-
tural explanation on the seemingly conflicting mechanisms of
hIAPP-induced membrane disruption.
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