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Abstract

Amyloid formation of the human islet amyloid polypeptide (hIAPP) correlates with a loss of insulin-producing beta cells
in patients with type II diabetes mellitus. In this study, we investigated the binding of hIAPP to bilayers consisting of gan-
glioside lipids and dioleoylphosphatidylcholine (DOPC), which is a physiologically relevant lipid species for pancreatic beta
cell-associated aggregation. The membrane interactions are studied computationally using a combination of coarse-grained,
umbrella sampling, and atomistic molecular dynamics simulations. Herein, we demonstrate how the hIAPP peptides accu-
mulate in the areas with a high content of ganglioside lipids. We have characterized two distinct binding modes of hIAPP on
ganglioside-rich membranes, with both binding modes formed due to electrostatic interaction between the cationic peptides
and the anionic ganglioside headgroup. We observed that binding in the ganglioside headgroup region induced conformational
changes of the peptide towards an aggregation prone conformation, rich in p-strands. In contrast, the binding of hIAPP near
the ganglioside-enriched areas mobilizes the peptide, preventing it from conformational changes and potentially shields it
from interactions with other peptides. This suggests a dual role of ganglioside lipids, affecting the aggregation of hIAPP by
either accelerating or inhibiting amyloid formation depending on the membrane binding and the ganglioside concentration.
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Introduction
Electronic supplementary material The online version of this
article (https://dm.org/lO.10.07/§0023.2—019—00074—5? contains Amyloid deposits play a role in a wide range of diseases,
supplementary material, which is available to authorized users. . . . 1 . s 1
including Parkinson’s disease, Alzheimer’s disease, and type
54 Birgit Schigtt II diabetes mellitus (T2DM). In T2DM, the major constitu-
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also commonly known as amylin) (Maloy et al. 1981; West-
ermark 1995). In response to elevated blood sugar, the
pancreatic beta cells secrete hIAPP and insulin, as a physi-
ological signal to decrease the glucose level in the blood
(Lukinius et al. 1989). The signaling pathway of hIAPP
is unclear; however, it signals the inhibition of glucagon
secretion, gastric emptying, and food intake (Lutz 2012).
Insulin signals for the liver, muscle, and adipose tissue to
take up and process glucose from the blood (Wilcox 2005).
A decreased response to insulin is a hallmark of T2DM,
and the initial cause of hyperglycemia (Wilcox 2005). The
amyloid formation of hIAPP correlates with a loss of beta
cells (Hoppener et al. 2000; Jurgens et al. 2011), leading
to a decreased production of insulin and hIAPP to regu-
late glucose metabolism (Stumvoll et al. 2007; Westermark
et al. 2011; Zhao et al. 2003). The loss of beta cells attrib-
utes is attributed to the cytotoxicity of hIAPP aggregates;
however, the mechanism of cytotoxicity is unclear. Cryo-
TEM imaging (Engel et al. 2008) and confocal fluorescence
microscopy (Sparr et al. 2004) have revealed that pre-formed
fibrils leave vesicles intact, while the presence of hIAPP
fibril seeds leads to a distortion of vesicles, this indicates
that the growth process of amyloid fibrils is the reason for
the cytotoxicity. Based on observations from AFM (Quist
et al. 2005), electrochemical measurements (Mirzabekov
et al. 1996), as well as leakage of content from lipid vesicle
(Anguiano et al. 2002; Engel et al. 2008; Last et al. 2011;
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Fig. 1 The primary structure of hIAPP. The molecular formula of the
terminals is indicated at the ends of the sequence. The N-terminal,
Lysl, and Argl1 are shown in blue, since they are expected to be pos-
itively charged at physiological pH and will be treated as such in this
study (Color figure online)
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Fig.2 Sketches of hIAPP structures inspired by experimental results.
a An a-helical conformation from the NMR ensemble (pdb-id 2L.86)
(Nanga et al. 2011). b Hairpin structure of hIAPP, a proposed pre-
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Scalisi et al. 2010), studies have indicated that oligomer
structures of hIAPP can penetrate lipid membranes and form
non-selective ion channels and thereby induce cell death.

hIAPP consists of 37 residues, with the sequence shown
in Fig. 1. At physiological pH it carries a 4+3e charge; from
the N-terminal, Lys1 and Argl1. The C-terminus is physi-
ologically amidated and is therefore neutral. Furthermore,
His18 can be protonated to become cationic depending on
the environment. A disulfide bridge connects Cys2 and
CysT.

The hIAPP is an intrinsically disordered peptide, mean-
ing that monomeric hIAPP does not take a unique-folded
structure in solution, but is unfolded, i.e., alternates between
different structures as reported by nuclear magnetic reso-
nance (NMR) spectroscopy (Williamson et al. 2009; Wil-
liamson and Miranker 2007), circular dichroism (CD)
spectroscopy (Williamson et al. 2009), and conformational
ensembles from MD simulations (Hoffmann et al. 2015).
Attached to lipid membranes and in membrane-mimicking
environments (such as SDS micelles), hIAPP forms stable
a-helical conformations prior to converting into amyloid
fibrils. This process has been followed using CD spectros-
copy and vibrational sum frequency generation (Caillon
et al. 2013; Fu et al. 2015; Knight et al. 2006, 2008). Struc-
tural ensembles of hIAPP in complex with sodium dodecyl
sulfate (SDS) micelles have been determined using con-
straints from solution-state NMR spectroscopy: The struc-
tural ensembles solved at pH 7.4 with all the physiological
chemical modifications show a-helical conformations with
a kink around residue Ser20 (Fig. 2a) (Nanga et al. 2011).
A B-hairpin conformation of monomeric hIAPP is observed
on the pathway to amyloid formation from MD simulations
(Reddy et al. 2010; Singh et al. 2013), NMR spectroscopy
of p-wrap protein binder (Mirecka et al. 2016), and ion-
mobility spectrometry-mass spectrometry (Dupuis et al.
2011). The p-hairpin conformation has a turn and f-strand
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nuclear structure (Dupuis et al. 2011; Reddy et al. 2010; Singh et al.
2013). ¢ Fraction of hIAPP fibril structure (Luca et al. 2007). d
Extended structure of a hIAPP amyloid fibril (Luca et al. 2007)
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in the same segments as the currently available structures of
mature hIAPP fibrils (Fig. 2b) (Dupuis et al. 2011; Reddy
et al. 2010; Singh et al. 2013). Structures of mature amy-
loid fibrils of hIAPP have been determined using solid-state
NMR. The fibril structure consists of stacked p-hairpin with
a turn in the segment of residue His18 to Phe23 (Fig. 2c)
(Luca et al. 2007). The B-strands connect adjacent peptides
resulting in long-twisted fibrils with two parallel p-sheets
(Luca et al. 2007). Figure 2d shows a schematic of an amy-
loid fibril.

It is known that lipid membranes affect the aggregation
rate of hIAPP (Jayasinghe and Langen 2007). Often the
membrane-associated aggregation process is studied in vitro
in phospholipid vesicles with zwitterionic phosphatidylcho-
line (PC) lipids and anionic phospholipids such as phos-
phatidylserine (PS) and phosphatidylglycerol (PG). Anionic
PS and PG lipids drastically increase the rate of aggregation
and membrane perforation of hIAPP; this has been observed
from kinetic measurements using CD spectroscopy (Jayasin-
ghe and Langen 2005; Lee et al. 2012), Thioflavin-T (ThT)
binding assays (Jayasinghe and Langen 2005; Zhang et al.
2017), and dye-leakage experiments (Lee et al. 2012; Zhang
et al. 2017).

However, anionic PS and PG lipids are not present in the
outer leaflet of B-cell membranes. A more physiologically
relevant type of anionic lipid is ganglioside lipids (G-lipids)
(Dotta et al. 1989). G-lipids are glycolipids characterized by
a sphingosine tail and a number of sugar residues attached to
it. A negatively charged N-acetylneuraminic acid (NANA)
group is a common element of gangliosides. G-lipids spon-
taneously form clusters in the membrane (Fujita et al. 2007),
regardless of any repulsion between the negatively charged
NANA fragments, and thus G-lipids form an anionic envi-
ronment just above the membrane. In microdomain-forming
membranes, G-lipids localize in the liquid-ordered phase
(Koldsg et al. 2014). A simple ganglioside lipid is GM3,
which consists of a sphingosine base with glucose, galac-
tose, and NANA attached (Fig. 3). More complex G-lipids,
such as GM1, are branched with additional sugar residues.

GM3 is a major component of the pancreas (Dotta et al.
1989), and its pancreatic concentration increases with diabe-
tes in rats (Saito et al. 1999). Furthermore, G-lipids together
with cholesterol increase the cytotoxicity of hIJAPP towards
PC12 cells (Wakabayashi and Matsuzaki 2009). Interest-
ingly, single-particle tracking experiments have shown that
hIAPP co-localizes with the G-lipids in vitro (Calamai and
Pavone 2013).

The interaction between amyloid peptides and G-lipids
has previously been investigated for the case of Amyloid-f
(AP). As GMI is one of the most abundant G-lipids in the
brain, many studies have focused on this lipid species (Moc-
chetti 2005). Using MD simulations, Manna and Mukhopad-
hyay (2013) investigated the interactions between AP and
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Fig.3 Ganglioside structure. a Structure of GM3 consisting of a
sphingosine base with glucose (Glc), galactose (Gal), and N-Acetyl-
neuraminic acid (NANA) attached to it. b Atomistic representation of
GM3

membranes containing 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), GM1, and cholesterol. They
found that AP would bind on the head groups of GM1 aided
by CH—r interactions and hydrogen bonding between the
peptides and the ganglioside head groups. They also hypoth-
esized that GM1 induces the transition of Ap to B-hairpin
structures considered to be on the pathway to fibril forma-
tion. Similar observations were made in other studies of
comparable systems with Ap and GM1 (Lemkul and Bevan
2011), also using MD simulations. Ap and IAPP have very
similar properties with regard to membrane interactions, and
both peptides adopt an a-helical conformation when inter-
acting with lipid membranes prior to amyloid formation
(Terzi et al. 1997; Wahlstrom et al. 2008). Recently, Amaro
et al. investigated the amyloid formation of A using Z-scan
fluorescence spectroscopy, cross-correlation spectroscopy,
fluorescence lifetime Forster resonance energy transfer, and
MD simulations (Amaro et al. 2016). They found that in
membranes containing DOPC, cholesterol, sphingomyelin,
and 4% GM1, AP oligomerization is inhibited, whereas
membranes with 20% GM1 accelerated oligomerization.
In this study, we have performed MD simulations to
investigate the binding and interactions between monomeric
hIAPP and GM3-enriched model membranes. Although
various G-lipid species are present in the pancreatic islets
(Dotta et al. 1989), for this study GM3, being a simple
G-lipid, will serve as model G-lipid. G-lipids are challeng-
ing to study using atomistic MD simulations since they are
bulky molecules with a slow dynamics. Therefore, we have
used a coarse-grained approach to study the initial binding
and organization of hTAPP on GM3-containing membranes,
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followed by atomistic simulations to refine the peptide con-
formations and the specific interactions between the peptides
and the membrane. The MARTINI coarse-grained model
has previously been applied to study ganglioside lipids
in the interactions with proteins, and despite the coarse-
grained resolution it has showed good agreement with
atomistic simulations (Gu et al. 2016; Koldsg et al. 2014;
Lopez et al. 2013). We further use coarse-grained simula-
tions in combination with umbrella sampling, to estimate
the binding energy of the binding modes. The formation
of microdomains could potentially change the interaction
between hIAPP and G-lipids. Microdomain-forming mem-
branes would typically include cholesterol, sphingomyelin,
glycolipids, and saturated lipids (Laude and Prior 2004).
With such complex membranes containing several lipid
components, it can be difficult to isolate the effect of the
individual lipid types, we have therefore chosen to focus on
gangliosides alone in this study.

Computational Methods

Here, we present atomistic and coarse-grained MD simula-
tions of hIAPP interacting with DOPC/GM3 membranes.
To investigate the binding of hIAPP to DOPC/GM3 mem-
branes, coarse-grained simulations were performed with pre-
equilibrated bilayers of approximately 30 x 30 nm with 20%
GM3 in each leaflet and 36 equally spaced peptides placed
above each leaflet with a random orientation in the plane of
the membrane, as illustrated in Fig. 4. A system of this size
will simultaneously allow investigation of lipid organization
and provide a large sampling of peptides interacting with
the membrane.

Additionally, single-peptide binding simulations were
performed in which only one peptide was placed 6 nm above
the center of a membrane of approximately size 8 X 8 nm,
as illustrated in Fig. 5. Selected structures from the single-
binding simulations were converted to atomistic description
using the Backwards script (Wassenaar et al. 2014). An over-
view of the simulations is provided in Table 1.

Coarse-Grained Simulations

All simulations were performed with GROMACS 5.1 (Abra-
ham et al. 2015). The hIAPP peptides and waters were mod-
eled with the polarizable MARTINI 2.2P model (de Jong
et al. 2013; Yesylevskyy et al. 2010), and the lipids and ions
were modeled using MARTINI 2.0 FF (Marrink et al. 2004,
2007). Ions were added for neutralization and to a concentra-
tion of 0.15 M. The bilayers were generated with the Insane
script, which places the lipids randomly within the leaflets
in a specified ratio (Wassenaar et al. 2015). The leap-frog
integrator (Hockney et al. 1974) was used with a timestep of
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Fig.4 Simulation setup of the large systems. The system contains a
membrane of approximately size 3030 nm and a composition of
80% DOPC (orange) and 20% GM3 (purple). The 36 peptides of the
upper leaflet are shown in green. Water and ions are not shown (Color
figure online)

Fig.5 Setup for single-peptide binding simulations. IAPP is shown
cyan, the DOPC lipid in orange, and the ganglioside lipids in purple
(Color figure online)

20 fs. The peptide structure was based on the lowest energy
structure found in the PDB-ID 21.86 (Nanga et al. 2011). It
contains a conformational ensemble of SDS micelle-bound
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Table 1 Simulation overview

GM3 conc.  Simulation time  Number of Membrane Number
peptides dimensions x—y  of repeats
(nm)
Large system (CG) 20% 10 ps 72 30%30 5
Single binding (CG) 20% 0.5 ps 1 8x8 100
4% 0.5 ps 1 8x8 100
Umbrella sampling (CG) 20% 30x0.5 ps 1 8x8 5
Atomistic setup 20% 2 us 1 8x8 6

IAPP from solution-state NMR. The coarse-grained topol-
ogy of the peptide was generated using the Martinize script.
The MARTINI force field has been shown to be to over-
aggregate or too “sticky,” especially with very hydrophilic
molecules such as proteins and saccharides (Javanainen et al.
2017; Schmalhorst et al. 2017). The current GM3 param-
eters were developed to overcome this artifact and better
reproduce the aggregation propensities observed in atomistic
simulations, and were therefore employed herein (Gu et al.
2016).

During equilibration, the pressure was controlled using
the Berendsen weak coupling algorithm with a 7 of 12 ps
(Berendsen et al. 1984), while in the production runs the
Parrinello and Rahman (1981) pressure control with a 7p of
24 ps was applied. Both during equilibration and production,
a compressibility of 3x 107 bar™! was used, and the pres-
sure control was applied semi-isotropically. The temperature
was controlled with the velocity rescaling algorithm (Bussi
et al. 2007). The electrostatic interactions were described
with a reaction field (Tironi et al. 1995) with a cutoff of
1.1 nm. The relative dielectric constant €, was set to 2.5 and
for the reaction field it was set to infinity. The vdW interac-
tions were modified with a potential shift with a Verlet cutoff
scheme (Pall and Hess 2013). Periodic boundary conditions
were applied with the neighbor list updated using a Verlet

cutoff scheme with a tolerance of 5 ——.
mol ps

Atomistic Simulations

Selected structures from the CG single-peptide binding sim-
ulations were converted to atomistic resolution using the
MARTINI Backward script (Wassenaar et al. 2014). The
atomistic simulations were performed using GROMACS 5.1
(Abraham et al. 2015). The peptides were modeled with the
CHARMM?22* FF and the water, ions, and lipids with the
CHARMM36 FF. The CHARMMZ22* FF as proven superior
for simulation of intrinsically disordered peptide (Piana et al.
2011) and in simulation of solution-state hIAPP, it samples
ensembles of structures in agreement with experimental data
(Hoffmann et al. 2015). The leap-frog integrator (Hockney
et al. 1974) was used with a time step of 2 fs.

First a short 1-ns equilibration with constant temperature
and constant volume (NVT) was performed. For the NVT
equilibration, the Velocity rescaling algorithm (Bussi et al.
2007) was used to control the temperature. Following this, a
constant pressure, constant temperature equilibration (NPT)
of 5 ns was performed prior to production. For the NPT
equilibration and production runs, the temperature was held
at 310 K using the Nose—Hoover thermostat (Hoover 1985).
The pressure was controlled with the Parrinello-Rahman
pressure coupling (Parrinello and Rahman 1981) to maintain
a pressure of 1 bar. The pressure coupling was applied semi-
isotropically with a time constant zp of 5 and an isothermal
compressibility of 4.5x 10> bar~!. All bonds to hydrogens
were constrained with the LINCS algorithm (Hess et al.
1997). A cutoff was applied for the vdW interactions modi-
fied with a force-switch function (Steinbach and Brooks
1994) that switches off the interactions between 1.0 and
1.2 nm. For the electrostatic interactions, PME (Essmann
et al. 1995) was used with the Verlet cutoff scheme with a
1.2-nm cutoff for the short-range electrostatics.

Results and Discussion

Here, we present atomistic and coarse-grained MD simula-
tions of hIAPP interacting with DOPC/GM3 membranes. An
overview of the simulations is provided in Table 1.

To investigate the binding of hIAPP to DOPC/GM3
membranes, large systems were constructed with bilayers
of approximately 30 X 30 nm with 20% GM3 in each leaflet
and 36 equally spaced peptides placed away from each leaf-
let with a random orientation in the plane of the membrane,
as illustrated in Fig. 4. With such a large bilayer, it will be
possible to observe clustering of the lipids and with 36 pep-
tides it will also provide a platform for a large sampling of
membrane-bound peptide conformations. A concentration
of 20% GM3 is a high concentration of ganglioside; this
concentration was chosen as it compares well with the con-
centration of anionic lipids in many experimental studies of
similar systems (Khemtémourian et al. 2011; Zhang et al.
2017).
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Identifying Binding Modes

The distance between the peptides and the hydropho-
bic—hydrophilic interface of the membrane (defined by the
average position of the phospholipid phosphates) in the
large systems is shown in Fig. 6a. The distances revealed
two distinct binding modes defined by the position of the
N-terminal a-helix. One mode has the helix close to the
hydrophobic-hydrophilic interface, hence termed the inter-
facial binding mode (I-BM), and the other mode has the
helix located at the ganglioside head group region about
6 A above the interface, this binding mode is referred to
as the ganglioside-dependent binding (G-BM). In the fol-
lowing discussion, the binding modes are described using a
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Fig.6 Average distance from each residue (Ca atom) to the aver-
age position of phosphates in the upper leaflet. a The 5 repeats for
the large systems b The 100 single-peptide binding simulations. The
average distance of two binding modes (G-BM and I-BM) are shown
in blue and green lines, respectively, with the standard deviation indi-
cated by shaded colors. The interface is indicated with a green dashed
line, and the average position of the GM3 NANA is indicated with a
blue dashed line (Color figure online)
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definition based on the orientation of the N-terminal helix
(Fig. 6): In G-BM, Ala8, Leul2, and Leul6 are positioned
above Glul0 and Glul4 and vice versa for I-BM. The two
binding modes are sketched in Fig. 7.

The peptide in the G-BM positions the hydrophilic side
of the helix pointing towards the membrane, interacting
with the ganglioside headgroups, whereas peptides in the
I-BM have the hydrophobic side extending towards the lipid
tails (see Figs. 6, 7). The C-terminal of the peptide is more
flexible and there is no significant difference between the
membrane distances of the C-terminal residues of the two
binding modes. The cationic N-terminus and Lys1 are on
average positioned at the level of the anionic NANA of the
ganglioside head groups in both binding modes. In the large
systems, 42% of the peptides where found in G-BM and
42% of peptides positioned as I-BM; the remaining 16%
of the peptides did not bind with a clear pattern, and they
will not be discussed further herein. The position of the
C-terminal residues 19-37 is less dependent on the binding
mode, although opposite orientation of the C-terminal helix
is indicated among the two binding modes from the slight
saw shape of residues 20 to 30 in Fig. 6a.

Based on the simulations of the large membrane sys-
tems, the two binding modes appeared to be occupied with
equal likelihood. The large size of these membranes allowed
clustering of the ganglioside lipids and thereby allowing the
formation of ganglioside-enriched and ganglioside-depleted

(a) G-BM
Ala8 Leu12

Leu16

Phe23  Leu27

+
w7 Arg11
N-term
Lys1

(b) I-BM

Lys1 *
N-term
Phe23 Leu27

Ala8

Leu12 Leu16

Fig.7 Binding mode sketch. The peptide in G-BM and I-BM are
shown in blue and green, respectively. The position of the ani-
onic bead of NANA is indicated with purple circles and the posi-
tion of the phospholipid phosphates is illustrated with orange beads.
Selected hydrophobic residues are marked, and the cationic residues
are depicted with blue (cationic) and pink (other) beads (Color figure
online)
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areas (Fig. 8). This partitioning might be the cause of the two
binding modes, as one binding mode is on top of the gan-
glioside lipids and the other at the level of the phospholipids.

To investigate the binding without the effect of a large
membrane and a large number of peptides, 100 simulations
were performed in which only one peptide was included.
These simulations were started with a single peptide at
6 nm above the center of a membrane of an approximate
size of 8 X 8 nm. Of these, 100 simulations in 34 and 43
the peptides bound to the membrane in G-BM and I-BM,
respectively. This supports the hypothesis of the presence
of two distinct binding modes, independent of the formation
of larger ganglioside-depleted areas and peptide association.
The occupancy of the two states remains similar, although
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Protein GM3 + Protein
30 3 e
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0 c‘» | X
i ¢
10 * t . £ &
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indicating a slight preference for I-BM. The residue—mem-
brane distance curves of the single-peptide binding simula-
tions display slightly less fluctuation (Fig. 6b), especially
in the N-terminal helix region. This decrease could be due
to the shorter timescale of the single-peptide simulations
compared to the large systems (0.5 ps vs. 10 ps), as well as
the absence of possibility of interactions with other peptides
could potentially perturb the binding modes slightly by com-
peting interactions between the peptides and the membrane.

At lower GM3 concentration, the likelihood of the pep-
tides binding on the ganglioside headgroups (G-BM) is
expected to decrease, and additionally the low concentra-
tions naturally inhibit the clustering of gangliosides. To test
this, we performed 100 single-peptide binding simulations

(b) Lower leaflet

GM3 Protein GM3 + Protein

30

20

10

10 20 30 10 20 30

X (nm)

10 20 30

Fig.8 Areas with the highest density of GM3 (blue) and protein backbone (red) in the last 0.5 ps of 5 repeats of the large system CG simulations

for a the upper leaflet and b the lower leaflet (Color figure online)
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with 4% GM3 in the membrane. [-BM was observed for
75% of the peptides and only 7% of the peptides bound in
G-BM, thus confirming that G-BM is dependent on a high-
ganglioside concentration.

Electrostatic Interactions

hIAPP has a +3e charge (+4e if His18 is found as a his-
tidinium residue) at the N-terminal part of the peptide at
physiological pH (N-terminal, Lys1, and Argl1). Salt-bridge
interactions between hIAPP and the anionic elements of
the membrane can thus be expected to serve as a driving
force towards membrane binding. Numerous studies have
shown that anionic lipids accelerate and increase the bind-
ing of hIAPP to the membrane (Engel et al. 2008; Sasahara
et al. 2010; 2012). HIAPP is thus expected to interact with
gangliosides since these are anionic lipids abundant in the
pancreatic islets cell membrane,(Dotta et al. 1989) by inter-
acting directly with the negative charge at the NANA. The
positively charged elements of hIAPP can alternatively inter-
act with the negative charge at the phosphate group of the
zwitterionic phospholipids or be stabilized in the solution
by negative ions.

The average fraction of peptides forming each of the pos-
sible salt bridges during the last 5 ps of the simulations of
the large systems is shown in Fig. 9a. A salt bridge is defined
as being present if two beads of opposite charge are within a
distance of 7 A of each other as recommended for the MAR-
TINI force field.(Periole 2013) In the G-BM, Lys1 and the
N-terminal both interact with PO4 around 50% of the time,
and with NANA approximately 70% and 80% of the time,
respectively. This indicates that the N-terminal is located
above or at the level of the ganglioside head groups. Argl1
displays a similar tendency, although less pronounced; it
interacts with PO4 approximately 20% of the time and with
NANA around 45% of the time. In the I-BM, the interaction
of Lys1 and the N-terminus with PO4 is present for about
40% of the peptides, whereas the interaction with NANA is
present in around 60% of the time.

The most pronounced difference when comparing to
G-BM is found for the interaction of Argl1, which interacts
with PO4 approximately 70% of the time in the I-BM, but
only interacts with NANA in around 20% of the time in this
binding mode. In I-BM, the peptides are thereby strongly
interacting with the phospholipids through interactions with
Argll.

Again, to account for the effect of ganglioside-depleted
and -enriched domains; the results are compared with the
results from the single-peptide binding simulations (Fig. 9b).
The results are very similar, though with smaller standard
deviations for the single-binding simulations. The only
major difference is seen in the interaction pattern of Argl1
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Fig.9 Average fraction of peptides involved in salt-bridge interac-
tions with the lipid bilayer. a Salt-bridge occurrence in the large CG
systems b salt-bridge content in CG single-peptide binding simu-
lations. A salt bridge is defined as two opposite charged beads with
within 0.7 nm. The peptides found in G-BM and [-BM are shown in
blue and green bars, respectively. The error bars indicate the error
across simulation repeats (Color figure online)

in G-BM, which for the single-binding simulations are
equally distributed between PO4 and NANA.

Interactions with NANA are dominating in both bind-
ing modes, and notably interactions between Lys1 and the
N-terminal with NANA are the most frequent salt bridges
formed in both binding modes, although Argl1-PO4 is also
highly populated in I-BM (Fig. 9). Argl1 is predominantly
interacting with NANA in the large systems and when found
in G-BM. In contrast, Argl1 in I-BM mostly interacts with
PO4. Anionic lipids are a major driving force in the mem-
brane association of hIAPP, as shown previously with PS
and PG lipids, presumably due to cationic residues of hIAPP
(Jayasinghe and Langen 2005; Knight and Miranker 2004).
It is therefore expected that GM3 is the primary interac-
tion point of PC/GM3 membranes, at least in the initial
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recognition. Figure 10a,b shows the evolution of the fraction
of peptides forming salt-bridge interactions to NANA and
PO4, respectively, during the simulations. The rapid increase
in the number of peptides with salt bridging of Lys1 and the
N-terminal, rather than Argl1, to NANA (the G-lipids) indi-
cates that this part of the peptide is indeed what primarily
drives the binding of hIAPP to the membrane in the presence
of GM3 lipids.

Co-Localization of hIAPP AND GM3

HIAPP has many salt-bridge interactions with GM3 and
since GM3 has a tendency to form domains in lipid mem-
branes (Fujita et al. 2007), hIAPP can be hypothesized to be
positioned on or in the vicinity of these clusters. Hence, the
co-localization of hIAPP and GM3 was investigated based
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Fig. 10 Fraction of the peptides that form salt-bridge interactions
with the anionic lipids over time for G-BM and I-BM. Separated in
Lysl1 (green), Argll (red), and the N-terminal (blue) with salt bridge
interactions to a NANA and b the phospholipid phosphates (PO4).
Interactions found in I-BM are displayed in lighter shades than for
G-BM (Color figure online)

on a 2D-density analysis. The density maps are generated
with the gmx densmap tool of the individual leaflets from
last 0.5 ps of the simulations of the large CG system. The
map is created by dividing each leaflet into an equally spaced
grid with fields of 1x 1 nm and counting the number of
beads of each molecule type in every cell of the grid. Based
on the 2D-number density maps of GM3 and protein, the
areas with the highest concentration are shown in Fig. 8 for
the 5 repeats of large system CG simulations, for one leaflet
of each repeat. From the plots, it is clear that areas enriched
with clusters of GM3 (shown in blue) also have the high-
est concentration of peptides (shown in red). Figure 8 also
shows the tendency of forming ganglioside-enriched and
ganglioside-depleted areas.

Umbrella Sampling

To further investigate the binding of hIAPP to a DOPC/
GM3 membrane, a series of umbrella sampling simulations
were conducted. The data and results are available in the
Supplementary Information. The energy profiles indicated
an energy minimum at lipid head groups, and both binding
modes are found to be close to energy minima. The limited
accuracy of the umbrella sampling for a system of this com-
plexity especially in a coarse-grained representation makes
the depth and width of the binding minima uncertain, and
thus makes the two binding modes indistinguishable.

Conformational Changes

The above analyses of the binding modes of hIJAPP on GM3
containing lipid bilayers were conducted with CG MD simu-
lations. A characteristic of the Martini CG FF is that the
secondary structure of proteins and peptides is constrained
(Monticelli et al. 2008), which means that the secondary
structure of the two helical segments of the peptide cannot
change. In addition, the Martini CG FF also has a tendency
to over-stabilize electrostatic interactions and thereby also
potentially the peptide binding modes (Javanainen et al.
2017; Schmalhorst et al. 2017). To further investigate the
conformational stability of the identified membrane-bound
conformations, five structures from each of the two identi-
fied binding modes, G-BM and I-BM, were extracted ran-
domly and converted to an atomistic resolution. Each of the
resulting atomistic systems was simulated five times for
2 ps using the CHARMM?22* force field for the peptides
and CHARMM36 for the lipids.

The root mean square deviation (RMSD) was calculated
for each repeat to assess the deformation of the peptide
conformations (Fig. 11). The structures initially found in
G-BM shows RMSD values on the order of 6 to 12 ix, in
contrast to the structures starting from I-BM, which had
lower RMSD values in the range of 3 to 8 A. This suggests
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Fig. 11 Root mean square deviation plot of the atomistic simulations.
The RMSD is calculated for the backbone atoms. The RMSD for the
structures starting in G-BM and I-BM are shown in shades of blue
and green, respectively, with each replica (1-5) in a different level of
brightness. a Shows the RMSD development in time with a running
mean using 10 ns windows, b shows the average value and standard
deviation of the RMSD for the peptides in the last 1 us of the simula-
tions (Color figure online)

that the structures in G-BM are not stable but I-BM may be
more stable.

The secondary structure distributions of the peptides,
during the last half of each of the atomistic simulations are
shown in Fig. 12, as calculated with the DSSP algorithm
(Kabsch and Sander 1983). It is seen that in the simula-
tions for the peptides starting from I-BM (right column), the
N-terminal a-helix with residues Ala8 to Leul6 is conserved
throughout the simulations. In contrast, for the simulations
starting from G-BM (left column), the N-terminal o-helix
unfolds. The a-helical structure is known to be stabilized in
other membrane environments, e.g., membranes containing
PS lipids and in SDS micelles and to be destabilized prior
to amyloid formation. The formation and stabilization of an
amphiphilic helix is common for small peptides interacting
with the hydrophobic/hydrophilic interface of lipid mem-
branes (Segrest et al. 1974), as it is seen here for -BM.

The G-BM locates the peptides at the interface between
the hydrophilic head groups of the ganglioside lipids and
the solution. Both of these partitions are hydrophilic, thus
leaving the hydrophobic side of the helices exposed, which
is a likely cause for the structural instability. Substantial
B-strand content is observed in three of the repeats starting
in G-BM (repeat 1, 2, and 4 in the left column). The p-sheets
formed are hairpins with a turn at residues His18 to Ser20.
This B-turn has been observed in several previous studies,
(Dupuis et al. 2011; Reddy et al. 2010; Singh et al. 2013) and
it is hypothesized to be an on-pathway intermediate in the
formation of fibrils, because it has a turn similar to the cur-
rently available fibril structures, as illustrated in Fig. 2b-d.
The hairpin is most likely stabilized in the solvent-exposed
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Fig. 12 Fraction of the average secondary structure content for the
peptides in the last 1 ps of each repeat of the atomistic simulations.
The degree of B-strand, turn, and o-helix is shown in blue, orange,
and green, respectively (Color figure online)

region by the backbone interactions and preferential inter-
actions between the sidechains, in contrast, the amphiphilic
helix was destabilized by the high concentration of exposed
hydrophobic residues. To illustrate the conformational
differences, examples of end structures from simulations
starting from G-BM and I-BM, respectively, are shown in
Fig. 13, where it is clear that B-hairpins are present for simu-
lations starting from the G-BM (Fig. 13c, d), whereas the
N-terminal is deeply buried in the I-BM (Fig. 13a-b).

The salt-bridge count between peptides and lipids in
the atomistic simulations looks similar to that of the CG
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Fig. 13 End frame structures from atomistic simulations of peptides.
The phospholipid phosphates are shown in orange, GM3 is shown
in purple, and the peptides are shown in green a I-BM sideview b
I-BM topview ¢ G-BM sideview d G-BM topview. In I-BM (a, b) the
N-terminal helix is clearly visible, while for G-BM (¢, d) a p-hairpin
is found (Color figure online)

simulations (Fig. 14), however, the peptides are more flex-
ible and no longer bound in two well-defined states. In the
analysis of the atomistic simulations, a salt bridge is defined
as two opposite charges within 5 A (Ahmed et al. 2018). The
peptides starting in [-BM are the least flexible and retain the
helical structure in the N-terminal. All the peptides in [-BM
display a salt bridge between the Lys1 sidechain and the PO4
atoms of phospholipid as an important anchor for the helix
to the membrane. A major difference between the formation
of salt bridges in the two binding modes is the presence of
a salt bridge between the N-terminal of the peptides and
NANA which is present at a large fraction of the time in
the simulations initiated from G-BM, and almost absent in
simulations initiated in [-BM.

Dual Role Of Ganglioside Lipids

From the identification of two binding modes of hIAPP at
a GM3/DOPC membrane, and their properties, we propose
a dual role of the gangliosides on hIAPP aggregation. We
suggest that the effect of ganglioside lipids on the hIAPP
aggregation rate depends on the dominating binding mode
of hIAPP on the membrane, as illustrated in Fig. 15. In this
study, we have used a high concentration of GM3, where the
gangliosides spontaneously cluster in the membrane, to form
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0.6 |7 5
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N-term Lysl Argll N-term Lysl Argll
PO, PO, PO, NANA NANA NANA
Salt-bridge

Fig. 14 Normalized salt-bridge count for the atomistic simulations of
hIAPP on GM3-containing membranes. The count for the peptides
starting in G-BM are shown in shades of blue and the peptides start-
ing in I-BM are shown in shades of green. The average for each bind-
ing mode is shown with horizontal lines (Color figure online)

an anionic, hydrophilic plateau raised above the phospholip-
ids. hIAPPs are attracted to these and bind predominantly
to the ganglioside domains (G-BM), which induce a confor-
mational change towards an aggregation prone conformation
(Dupuis et al. 2011; Reddy et al. 2010; Singh et al. 2013), as
evidenced from the atomistic simulations.

Since the peptides are attracted to the ganglioside
domains, the local peptide concentration will be high, which
will most likely accelerate the aggregation process. In con-
trast, the peptides bound at the hydrophobic/hydrophilic

Ganglioside dependent binding mode

o doac i
mmmﬂ%o

Interfacial binding mode

= Ganglioside GM3

=DOPC

Fig. 15 Sketch of the proposed mechanism of hIAPP binding modes
and conformational change of DOPC/GM3 lipid bilayers. The DOPC
lipids are shown with orange head groups and GM3 is shown with
purple head groups. The peptides in the two binding modes, G-BM
and I-BM, are shown in blue and green, respectively (Color figure
online)
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interface (I-BM) in the vicinity of the gangliosides are sta-
bilized in an a-helical conformation and since the hydro-
philic side of the peptides are engaged in interactions with
the ganglioside headgroups, and thus shielded from the solu-
tion, they are protected from both conformational changes
and interaction with other peptides, hence slowing down
oligomer formation. At low concentration, the clusters of
gangliosides are small, thus yielding a large domain bound-
ary and a small domain area. The peptides are therefore
more likely to bind to interface rather than the ganglioside
head groups, as in the case with a high concentration and
high domain area. This mechanism is similar to what was
previously proposed by Amaro et al. in the case of amyloid
B (Amaro et al. 2016). Amaro et al. found that a 4% concen-
tration of GM1 inhibited amyloid formation, whereas a 20%
GM1 concentration accelerated amyloid formation (Amaro
et al. 2016).

Conclusions

The strong attraction between the N-terminal and anionic
lipids is well described for simple anionic phospholipids
such as PS and PG lipids, which accelerate both amyloid
formation and membrane damage at vesicles in vitro (Zhang
et al. 2017). Ganglioside lipids are physiologically relevant
anionic lipids, and they induce hIAPP membrane damage
and amyloid formation (Wakabayashi and Matsuzaki 2009).
Here, we have described in detail how hIAPP binds to gan-
glioside-containing membranes. Large system CG simula-
tions of several hIAPP peptides revealed two binding modes:
one at the hydrophobic/hydrophilic interface, and another
on top of the ganglioside lipid head groups, as sketched in
Fig. 7. Both binding modes are equally occupied with 42%
of the peptides in each. The presence of two binding modes
is independent of larger GM3-depleted areas and interactions
between peptides as seen from 100 single-peptide binding
simulations. At low GM3 concentration (4%), the binding
of the peptides on the ganglioside headgroups was reduced
to 10%. Electrostatic interactions between the N-terminal
of hIAPP and the NANA of GM3 s are dominating both
binding modes, which indicates that this carries the major
responsibility for the affinity of hIAPP towards ganglioside
lipids (Figs. 9, 10). In the large systems, hIAPP and GM3
show a tendency to co-localize on the membrane (Fig. 8).
Atomistic simulations of peptides starting from the two
binding modes indicated that the hydrophobic/hydrophilic
interface stabilized the a-helical conformations, whereas the
ganglioside head groups induced transition to conformations
of random coil and f-hairpins. The observed mechanism
is sketched in Fig. 15. A similar mechanism was observed
for AP interacting with ganglioside-containing membranes
(Manna and Mukhopadhyay 2013). Whether the transition
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to a B-hairpin is merely on-pathway to fibril structures,
cytotoxic oligomers, or both, is however still unknown, but
B-hairpins are often observed on the pathway to oligomeri-
zation in simulations, and B-hairpins can also be observed
experimentally by trapping soluble hIAPP in -wrap proteins
(Mirecka et al. 2016). We propose that the concentration-
dependent dual role of ganglioside lipids on AP aggregation
observed by Amaro et al. (2016) is also valid for hIAPP due
to the presence of two binding modes and with the high
concentration of ganglioside lipids inducing conformation
changes. This hypothesis however needs further experimen-
tal validation in vitro, for example, by using ThT fluores-
cence to study the effect of ganglioside concentration on the
kinetics of hTAPP amyloid formation.

Further studies are on the way in our group that focus on
the role of microdomains and cholesterol on the membrane
interactions of hIAPP, which will lead to more detailed
insight into the aggregation process in a physiologically
relevant setting.
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