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© Human islet amyloid polypeptide (hIAPP) is believed to be responsible for the death of insulin-producing
. B-cells. However, the mechanism of membrane damage at the molecular level has not been fully
. elucidated. In this article, we employ coarse- grained dissipative particle dynamics simulations to study
© theinteractions between a lipid bilayer membrane composed of 70% zwitterionic lipids and 30% anionic
. lipids and hIAPPs with au-helical structures. We demonstrated that the key factor controlling pore
. formation is the combination of peptide charge-induced electroporation and peptide hydrophobicity-
. induced lipid disordering and membrane thinning. According to these mechanisms, we suggest that a
: water-miscible tetraphenylethene BSPOTPE is a potent inhibitor to rescue hIAPP-induced cytotoxicity.
: Our simulations predict that BSPOTPE molecules can bind directly to the helical regions of hIAPP

and form oligomers with separated hydrophobic cores and hydrophilic shells. The micelle-like hIAPP-
© BSPOTPE clusters tend to be retained in the water/membrane interface and aggregate therein rather
. than penetrate into the membrane. Electrostatic attraction between BSPOTPE and hIAPP also reduces
. the extent of hIAPP binding to the anionic lipid bilayer. These two modes work together and efficiently
. prevent membrane poration.

Plaques of human islet amyloid polypeptides (hIAPP) have been observed in pancreatic -cells in more than
© 90% of type II diabetes patients"* This 37-amino acid peptide is co-secreted in response to the same stimuli
© that lead to insulin release®. This peptide is believed to be responsible for the damage to the insulin-producing

B-cell and eventually type II diabetes. Several mechanisms of IAPP-induced cytotoxicity have been proposed; for

example, in one mechanism, membrane pores are initially induced by intermediate-sized peptide aggregates®~;

in another mechanism membrane damage occurs during the growth of IAPP fibrils®-1. Therefore, quite abundant
inhibitors, including organic molecules'!~'?, fragments of hIAPP'*-'6, and variant native proteins and their frag-
ments!’~?? have been tested by characterizing their activities and the mechanism of inhibition of fibril formation
or cytotoxicity.
: To search for therapeutic agents that can rescue hJAPP-induced cytotoxicity, it is necessary to uncover the
. mechanism of amyloidal self-assembly and monitor the kinetic conformation change induced by inhibitors.

Experimental studies on the interactions between model membrane and IAPP provide important implications
. for native physiological functions of IAPP. For example, sequence and spectroscopic comparisons of nonamy-
. loidogenic rodent IAPP (rIAPP) and amyloidogenic hIAPP proposed a general mechanism for the formation of
: membrane-bound a-helical aggregates®. The a-helical aggregated states induced membrane disruption in the
. early stage and correlate with the fiber formation by hIAPP in the later stage. The same group also observed
. that IAPP induced all-or-none liposome leakage®, which suggested that there were two oligomeric classes: the
. leakage-incompetent and the leakage-competent states. Conversion of leakage incompetence to competence was
© suggested as a consequence of conformation change. The conversion rate was dependent on the peptide concen-
* tration. Such IAPP-induced membrane leakage and cell death were identified through a common mechanism

as antimicrobial peptides?. To determine which residues are essential for the cytotoxicity and amyloidogenesis

of the peptide, fragments of IAPP have also been studied?*?*. The hIAPP,_,, fragment was found not forming
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amyloid fibers when incubated with membrane®*. However, hIAPP,_,, induced membrane disruption to a near
identical extent as the full-length peptide at low peptide concentration; while at higher peptide concentration, this
fragment induced a greater extent of membrane disruption than the full-length peptide. In contrast, hIAPP,; 5,
was sufficient to form amyloid fibers®. Both rIAPP,,_,, and hIAPP,_,, caused considerable membrane disorder.
However, the disorder was not linked to the substantial membrane disruption. Cao, et al, further used series
of mutations of hIAPP and rIAPP to test the roles of specific residues in membrane interactions’. They found
that aromatic residues were not required for membrane damage, but the membrane damage was sensitive to the
protonation state of histidine in the helical region. Based on the hypothesis that the membrane-bound a-helical
IAPP oligomers represented the toxic species and are on pathway to amyloid formation, various amyloid inhibi-
tors have been screened to identify their ability of inhibition'?-?2, especially the ability to bind with the a-helical
states of hIJAPP!.

Although much attention has been paid to the equilibrium structural analyses of the amyloid structure itself,
as well as the hIAPP-inhibitor complexes using various experimental methods, such as solid-state NMR, X-ray
crystallography, and optical techniques®, few techniques are able to track the structural details of the interme-
diates with both high structural and temporal resolutions. The features that control pore formation and fibril
growth are not yet fully understood. Molecular simulation is a powerful alternative tool for providing structure
and dynamics details that cannot be easily probed experimentally. All-atomic (AA) and coarse-grained (CG)
molecular dynamic (MD) simulations have been applied to study the hIAPP folding in solution or the conforma-
tions of IAPP in a membrane?-*!. Most AAMD studies of peptide-membrane interaction focused on the confor-
mational equilibrium of IAPP with the initially given monomeric or oligomeric states, where the population of
the oligomers and the variation of the membrane structure cannot be determined®*. The self-assembly of IAPP
oligomers in a lipid bilayer was recently simulated using the CG method?®. However, in that work, the peptides
were initially inserted into the membrane. The mechanisms driving the peptide to bind and trigger damage to
the membrane are still not clear. For the hIAPP-inhibitor complexes, only very limited molecular modeling has
been reported??, where only one inhibitor molecule binding to a single hIAPP peptide was simulated. To address
the mechamisms of hIAPP-induced membrane damage and the function of a potent inhibitor at the molecular
level, in this work, we employ coarse-grained dissipative particle dynamics (DPD) simulations to study the inter-
actions between hIAPP, a small organic fluorogen molecule named sodium 1,2-bis[4-(3-sulfonatopropxyl)phe-
nyl]-1,2-diphenylethene (BSPOTPE)**-*, and a anionic lipid bilayer with peptides initially randomly distributed
outside the membrane.

HIAPP is an unstructured polypeptide in a solution; however, upon binding to the membrane, this pep-
tide folds to an a-helical conformation under certain conditions®”’. The membrane-bound helical hIAPPs can
further associate and convert to 3-sheet-rich amyloid fibrils®-'°. Though fiber state represents the product of
amyloidogenesis, the a-helix containing intermediate seems to represent a toxic species that has the capacity
to render model membrane permeability®. In this work, we perform simulations of full-length hIAPP as well
as its fragments with «-helical structures to study the assembly process and its subsequent effect on the mem-
brane. We find that hIAPPs associate with dimeric, trimeric, and even oligomeric structures when they bind to
the membrane via an electrostatic attraction. Sufficient hJAPP molecules binding to the membrane can induce
multiple toroidal-like pores in the membrane and cause growing membrane leakage. We demonstrated that the
key factor controlling pore formation is the combination of peptide charge-induced electroporation and peptide
hydrophobicity-induced lipid disordoring and membrane thinning. According to these mechanisms, to protect
the membrane from hIAPP-induced damage, a potent inhibitor should have the capability to neutralize the cat-
ionic charges and shield the hydrophobic portions of the peptides. We suggest that a water-miscible tetraphe-
nylethene BSPOTPE is an appropriate agent. This small organic fluorogen molecule was first synthesized as a
bioprobe to monitor amyloidosis kinetics®>*. It was later discovered that this fluorogen molecule can also inhibit
the nucleation of insulin and impede protofibril formation®. In this work, we investigate its potential inhibition
effects on hIAPP-induced cytotoxicity. Our simulations show that a single BSPOTPE molecule can adsorb multi-
ple hITAPP molecules to form oligomers. The oligomers further aggregate and elongate to prefibril-like structures.
The hJAPP-BSPOTPE clusters have micelle-like structures that have separated hydrophobic cores and hydrophilic
shells. Such kernelled amphiphilic configurations promote retainment of the hIAPP-BSPOTPE clusters in the
water/membrane interface rather than their penetration into the membrane. The electrostatic attraction between
BSPOTPE and hIAPP also reduces the extent of hJAPP binding to the anionic lipid bilayer. Additionally, the
anionically charged nature of BSPOTPE decreases the electric potential across the bilayer induced by hIJAPP and
eventually prevent electroporation.

Results

ac-helical hIAPP oligormers induce permeable pores in lipid membranes.  We first simulated the
assembly of 16 to 121 hIAPP molecules and a bilayer membrane composed of 1600 lipid molecules. The CG mod-
els of the molecules simulated here are given in Figs 1 and S1-S3 in the Supporting Information (SI). To simulate
typical experimental conditions that can ensure peptide binding, the bilayer consists of 70% zwitterionic lipids
[resembling dimyristoyl phosphatidylcholine (DMPC) lipids] and 30% anionic lipids [resembling dimyristoyl
phosphatidylglycerol (DMPG) lipids]. HIAPP molecules are initially uniformly placed on square grids approxi-
mately 2 nm above the upper leaflet of a pre-relaxed bilayer membrane, as shown in Fig. S4.

Figure 2 provides the snapshots of typical configurations of hJAPP-membrane complexes at various peptide/
lipid (P/L) molar ratios. At a concentration P/L < 5/100, the peptides are fully adsorbed onto the surface of the
membrane, mainly via electrostatic attractions between the cationic residues (Lys-1 and Arg-11) and anionic
DMPG head groups. At a low peptide concentration [Fig. 2(a,b)], hIAPP monomers and dimers are commonly
observed. Like antimicrobial peptides (AMPs)**’, the amphipathic nature of hIAPP drives its hydrophobic face
to penetrate into the membrane interior, while the hydrophilic face extends into the water solvent. In this way, the
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Figure 1. Atomic and coarse-grained structures of (a) DMPC, (b) hIAPP, and (c) BSPOTPE molecules. In
the CG lipid model, the red beads represent the hydrophilic head groups and the gray bonds represent the
hydrophobic tails. The CG back-bone of hIAPP is represented by magenta (residues 1-19) and blue (residues
20-37) bonds. The side-chain hydrophilic beads of hIAPP are yellow, and the hydrophobic beads are gray. The
hydrophobic beads of BSPOTPE are blue, and the charged hydrophilic beads are gold.

axes of the helical monomeric hIAPP are almost parallel to the membrane surface. However, unlike many AMPs,
which are usually highly charged and have large hydrophobic portions (for example, Magainin 2 has 6 positive
charges and 60% hydrophobic residues*®), one hIAPP contains only 3 positive charges, mainly located near the
N-terminal region, and 40% hydrophobic residues. These features make the parallel binding state of monomeric
hIAPP not as stable as AMPs. As shown in Fig. 2(c), when the peptide concentration increases, hIAPP favors
associating as dimers or trimers that have the N-termini attached to the lipid heads; however, the C-termini do
not interact with the membrane. The binding affinity of hJAPP to the membrane and their orientations can be
identified quantitatively by measuring the normal distance d* of the back-bone beads from the membrane center
(see the Method section). Accordant with the snapshots in Fig. 2, both of the time-dependent d*? (t) and
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Figure 2. Snapshots of (a) 16, (b) 36, (c) 64, (d) 81, (e) 100, and (f) 121 a-helical hIJAPP molecules interacting
with a bilayer membrane composed of 1600 lipids at a simulation time of 1.144 ps. Both top and intersectional

views of the complexes are given at low peptide concentrations in (a), (b), and (c) to illustrate the binding states
of hIAPP.

time-averaged d? in Fig. 3 show that the distance between the N-termini and the membrane center is almost half
of the membrane thickness, while the C-termini are the most distal residues to the membrane. Due to the aggre-
gation, the overall distance between hIAPP and the membrane slightly increases with the peptide concentration.
The two helices (residues 6-18 and residues 20-29) tilt with respect to the membrane. If we assume that the heli-
ces are rigid, the tilt angles are approximately 30 degrees for the helix in the N-terminal region and 25 degrees for
the helix in the C-terminal region. The distance between hIAPP and the membrane also shows that at low peptide
concentration where the monomeric state of hIJAPP dominates, the C-termini of hIAPP are very flexible; while, at
high peptide concentration, the aggregation suppresses the flexibility. The monomeric assemblies at low peptide
concentration and oligomeric assemblies at relatively high peptide concentration are consistent with the experi-
mental observations*®.

When the P/L molar ratio increases to 5/100 or more, helical hIAPP induces the formation of permeable
pores, as shown in Fig. 2(d-f). Figure 4 shows the time evolution of a pore simulated at P/L = 5/100. (The time
evolution of the whole peptide-membrane complex corresponding to this figure is given in Fig. S4 in SI.) We find
that the pore starts with one hIAPP and a few lipid head groups inserted into the hydrophobic core of the mem-
brane. Later on, more peptides and lipid head groups are able to enter into the pore and enlarge the pore to an
intermediate-sized stable pore composed of 3-6 peptides. Water, lipids, and even hIAPP itself can transport
across the pore. At an even higher peptide concentration, more pores are able to form. Some of these pores can
even fuse and lyse the membrane into micelle-like structures as shown in Fig. 2(e,f). The micelles are composed
of both lipids and peptides. The disruption by helical hIAPP on the membrane is similar to the pores induced by
the antimicrobial peptide Magainin 2 and resembles the carpet model®. Figure 5(a) presents the kinetic profiles
of membrane leakage induced by 81 hIAPPs (see the Methods Section). The profile demonstrates that an a-helical
hIAPP-induced water leakage increases monotonically and quickly, which resembles the first phase of the kinetic
leakage profile measured in experiments”®. This agreement implies that early in the process, the helical hIAPP
oligomers are the effective species in porating the membrane. If we assume that a water pore is cylindrical, then

the average inner diameter of a pore D can be estimated by (171-D2 I ) PN pore = NP, wherel,,,, ~ 3.6 nm

pore 4 " Fpore*mem
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Figure 3. Time-dependent distances d°” (t) between typical hIAPP back-bone beads and the membrane center
obtained from systems containing (a) 16 and (b) 64 hIAPP molecules. (c) Time-averaged distances dZBB for all of
the back-bone beads obtained from systems containing variou number of hIAPP molecules.

is the membrane thickness, p = 3 is the water density, N is the number of pores formed in the membrane
patch, and N{i”"® is the counted membrane leakage given in Fig. 5(a). Figure 5(b) presents the pore diameter
obtained at various simulation time corresponding to the snapshots in Fig. 4. On average, the pore has inner
diameter of 2-4 nm, which is comparable to the pore size detected by atomic force microscopy (AFM) image® that
has diameter of 1-2 nm. Because the pore has irregular rather than regular cylindrical shape, the estimation of the
pore size here is relatively rough. Overall, the hIAPP-induced membrane pore formation is similar to that
observed in experiments*®: (i) The leakage is dependent on the peptide concentration; (ii) The leakage-competent
state is an c-helical oligomeric aggregate; (iii) The leakage-competent state is capable of incorporating additional
protein precursor and form stable pore.

Like AMPs, helical hIAPPs have well separated amphiphilic portions; upon binding to the membrane,
the hydrophobic portions penetrate into the hydrophobic core of the bilayer and induce compression on the
peptide-rich leaflet of the membrane?*3¢%”. To relax the compression, the area of the membrane will increase,
which eventually causes tension on the peptide-free leaflets. Such effects can be observed in Fig. 6(a), where
we plot the membrane strain, i.e., the percentage change in the membrane area induced by hIAPP binding as
a function of the P/L molar ratio (see the Methods Section). We noticed that the area of the membrane is more
stretched at a low hIAPP concentration rather than high concentration. This is because helical hIJAPPs have better
separated amphiphilic portions and less ability to associate at low concentrations. Therefore, their hydrophobic
portions favor penetrating into the membrane and compress the surrounding lipids. As the peptide concentration
near the membrane increases, hIAPPs associate as dimers or trimers such that parts of hydrophobic residues are
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Figure 4. Evolution of a pore induced by 81 a-helical hIAPP molecules in a bilayer membrane. Lipid tails are
invisible for clarity. Water beads in green are shown explicitly. The side-chain beads of hIJAPP are presented
early in the snapshots to illustrate the effects of amphipathicity, but these beads are invisible later to improve the
clarity of the pore.

buried inside the multimers; thus, they have lower efficiency in perturbing the membrane. Such effect was already
demonstrated by the distance between hIAPP and membrane in Fig. 3. We find that the membrane strain induced
by hIAPP is less than 5% at any peptide concentration. Such change is less than the critical value at which mem-
brane poration can be induced. (See the elastic properties discussed in the Supporting Information).

Despite the fact that hIAPP-induced membrane disorder and tension might not be sufficient to trigger the
membrane permeabilization independently, we find that the cationic character of hIAPP can increase the electric
potential across an anionic membrane and cause poration of the membrane”%. To verify this effect, we calculate
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Figure 5. (a) Kinetic profile of membrane leakage induced by 81 a-helical hIAPP molecules. (b) Inner diameter
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the normal component of the average electric field as a function of the distance Z from the middle of the mem-
brane as given in Fig. 6(b). Data are obtained by averaging the electric field in the 20 ns before pore formation.
The calculations show that when more than 81 hIAPP molecules (P/L > 5/100) bind to the surface of the mem-
brane, the induced electric field exceeds the critical value of 0.4 V/nm at which pore formation by an external
electric field can be induced®. These results suggest that peptide-induced electric and mechanical tension work
together to propel lipid head groups and hIAPPs themselves to insert into the membrane and form permeable
pores to release this tension. The critical peptide concentration that can trigger pore formation depends on the
charge density of the membrane. For example, for pure DOPG membrane, hIAPP at concentration P/L~ 1/100
is sufficient to induce membrane leakage in experiments?. While our simulations are performed at anionic lipid
concentration of 30% (within the typical physiological range), therefore, relatively higher critical peptide concen-
tration (P/L~5/100 ) is observed.

We also perform simulations of hIAPP,_,4 and hIAPP,,_,, fragments interacting with bilayer membranes.
The fragments are assumed to have the same «a-helical conformations as they are in the full-length hIAPP. The
snapshots in Fig. S5 show that hIAPP,_,, fragments aggregate in a less extent than full-length hIAPP, but disrupt
the membrane in a similar manner as the full-length hIAPP. The binding of hIAPP,_, fragments to the mem-
brane induces relatively less strain than the full-length hTAPP, as shown in Fig. 6(a). As a result, pore formation is
observed when the P/L molar ratio exceeds 7/100. More like AMPs, these fragments tend to translocate through
the water pores as shown in Fig. 6. In this way, hIAPP,_;, may induce a greater extent of membrane disruption
than the full-length peptide at high peptide concentration. In contrast, hIAPP,,_,, fragments do not bind tightly
to the membrane, Fig. S7. These fragments aggregate in the solvent without causing any membrane permeabi-
lization. The movement of some aggregates to another side of the membrane is due to the periodic boundary
condition. Because hIAPP,,_,, fragments are amphiphilic, they can also induce considerable disorder in the mem-
brane, as shown by the induced membrane strain in Fig. 6(a). However, such disorder is not sufficient to porate
the membrane due to the native feature of hIAPP,,_,, lacking of cationic charge. Our results are in agreement with
experimental observations?#?°, and can well explain the roles of hIJAPP fragments in the membrane disruption:
(i) Both of the amphililic fragments in the N-terminal and C-terminal regions have contributions to induce
membrane disorder. (ii) The hIAPP,_, fragments carrying cationic charges promote permeable membrane pore
formation. (iii) The hIAPP,,_,, fragments are responsible for amyloid formation. The agreements between our
simulations and experiments also indicate the validation of the computational method presented here.

BSPOTPE molecule inhibits hIAPP-induced membrane damage. A BSPOTPE molecule contains
quaternary hydrophobic phenylethene groups and two anionic charges®*-** (Figs 1(c) and S3). These charac-
teristics enable it to specifically bind with cationic and amphiphilic a-helical hIAPP. Here we simulated 9 to 81
BSPOTPE molecules interacting with 81 hIAPP molecules at the lipid membrane surface.

Figure 7 presents the snapshots of BSPOTPE-hIAPP-membrane complexes containing various numbers of
BSPOTPE molecules. At low BSPOTPE/peptide (B/P) molar ratios, for example, B/P < 1/5, one BSPOTPE mole-
cule can bind a couple of hIAPP molecules and form clusters. Non-clustered hJAPP molecules are found binding
to the membrane as in the absence of BSPOTPE. When 16 or more BSPOTPE molecules (B/P > 1/5) are added to
the system, they can associate with all of the 81 hIAPPs as clusters. Small clusters containing one BSPOTPE mole-
cule and larger clusters containing two or more BSPOTPE molecules are observed. The clusters have micelle-like
structure where the phenylethene groups of BSPOTPE and the hydrophobic portions of hIAPP form the hydro-
phobic cores, while the hydrophilic portions of hIAPP form the water-like shells. At even higher BSPOTPE con-
centrations [Figs 7(d) and S8], these clusters can further aggregate and lead to prefibril-like structures.

To identify the binding sites, radian distribution functions (RDFs) g (r) between the center CG bead of
BSPOTPE and the back-bone beads of hTAPP are calculated. Several typical RDFs obtained from a system con-
taining 9 BSPOTPE molecules [Fig. 8(a)] show that the hydrophobic residues in the two helical regions of hIAPP
locate more closely to BSPOTPE and have high density, while the hydrophilic residues near the two termini only
loosely bind to BSPOTPE. The maximum densities abstracted from the RDFs for all of the residues are plotted in
Fig. 8(b), which further indicates that the two helices of hIAPP bind tightly to the BSPOTPE molecule. Leu-16
and Phe-23 are the two most confined residues.

In addition to RDFs, we also calculate the number distribution functions of hIAPP residues at a distance r
around the center bead of BSPOTPE, S (r). Figure 9(a) presents the S (r) for residue Leu-16 obtained from systems
containing various numbers of BSPOTPE . At B/P molar ratios less than 1/5, the narrow distribution of S (r) in the
first shell (fromr = Otor = r,,;,; atr = r,;., S(r) has the first minimum value) indicates that BSPOTPE-hIAPP
clusters are well separated. With the addition of BSPOTPE, the association of clusters results in broad and less
intense S (r) distribution. The sum of § (r) inside the first shell gives rise to the effective average number of hIAPP
binding to a BSPOTPE molecule. Figure 9(b) shows the results as a function of the B/P ratio. Three distinct
regions are observed: at B/P < 1/5, each BSPOTPE molecule can bind approximately 5 hIAPPs. In this region, the
BSPOTPE-hIAPP cluster has a small size and contains only one BSPOTPE molecule. At 1/5 < B/P < 3/5, each
BSPOTPE molecule can bind approximately 7 hIAPPs. In this region, some BSPOTPE-hIAPP clusters have a
larger size and can contain two BSPOTPE molecules. These combined BSPOTPE molecules share the bound
hIAPPs, thus increasing the effective number of bound hIAPPs per BSPOTPE. The number of hIAPPs binding to
a BSPOTPE molecule further increases when additional BSPOTPE molecules are present. In this region, the
BSPOTPE-hIAPP clusters associate as prefibril-like structures, which promotes even more BSPOTPE molecules
to share the bound hIAPPs.

The binding of BSPOTPE to hIAPP lowers the binding affinity of hIAPP to the membrane surface. Here we cal-
culate the particle-averaged distance d,, (t) between the center of mass of hJAPP and the membrane center (see the
Methods Section). The time-dependent d,, (¢) in Fig. 10(a) clearly shows that in the absence of BSPOTPE, hIAPP
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Figure 7. Snapshots of (a) 9, (b)16, (¢)25, and (d) 81 BSPOTPE molecules interacting with a hTAPP-membrane
complex composed of 81 hIAPP molecules and 1600 lipids at a simulation time of 1.144 us. Both top and
intersectional views of the complexes are given.

molecules bind to the lipid membrane with high affinity. The distance keeps decaying because some hIAPP mole-
cules are inserted into and even translocate across the membrane. In contrast, in the presence of BSPOTPE, d_, ()
approaches equilibrium after a short relaxation time. The time-averaged distance d, increases with the increasing
concentration of BSPOTPE, Fig. 10(b). This suggests that BSPOTPE is competing with the same charged lipids for
hIAPP binding, therefore inhibiting the effective binding affinity of hIAPP to the lipid membrane surface.
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Figure 8. (a) Radial distribution functions g (r) between the center bead of BSPOTPE and typical back-bone
beads of hIAPP. (b) The maximum value of g () for all of the hIAPP back-bone beads. Data are obtained from a
inhibitor-peptide-membrane complex having 9 BSPOTPE, 81 hIAPP , and 1600 lipid molecules.

The formation of BSPOTPE-hIAPP clusters efficiently prevent hIAPP-induced membrane damage. As shown
in Fig. 7, when 16 or more BSPOTPE molecules (B/P > 1/5) approach the hIAPP-membrane complex, which was
permeable in the absence of BSPOTPE, water pore disappears. As discussed above, in the presence of BSPOTPE,
the hIAPPs only bind weakly to the membrane surface. As a consequence, the bilayer can retain a flat planar
configuration. As shown in Fig. 11(a), the area of the membrane can only be stretched by less than 2% at any
BSPOTPE concentration simulated here. The presence of BSPOTPE also neutralizes part of the charges of hIAPP
and reduce the electric field across the membrane, Fig. 11(b). When 16 or more BSPOTPE are added to the sys-
tem, the electric field across the membrane is less than 0.4 V/nm, which is not enough to trigger electroporation.
These two properties demonstrate that BSPOTPE is able to inhibit hIAPP-induced membrane damage even at a
B/P ratio as low as 1/5.

To understand why BSPOTPE at a B/P ratio of 1/5 is enough to inhibit hIJAPP-induced membrane damage, we
also perform extensive atomistic MD simulations of the interaction between one BSPOTPE molecule and multi-
ple hTAPP molecules from a B/P molar ratio of 1/1 to 1/8. The snapshots in Fig. 12 show that when only 5 or less
peptides present, all of the hIAPP molecules bind tightly to the BSPOTPE. The peptides adopt extended helical
conformations. However, when more than 5 hIAPP peptides present, only 4 to 6 peptides are bound to the
BSPOTPE molecule, the excess peptides dissociate from the cluster. The RDFs between C , atom of the hydropho-
bic residue Leu-16 and a center C atom of BSPOTPE obtained at various B/P ratios in Fig. 13(a) show that when
B/P > 1/5, the RDF has single peak within distance of 1.8 nm; while, when B/P < 1/5, additional peaks at larger
distances are observed. RDFs for other residues are also similar to those obtained from DPD simulations.
Figure 13(b) represents the maximum values of RDFs for all of the residues simulated at B/P ratio of 1/8, which
also demonstrate that the hydrophobic residues in the helical region locate more closely to the inhibitor. Assume
that a hIAPP molecule is bound to a BSPOTPE molecule if the distance between Leu-16 and the center of
BSPOTPE is within 1.8 nm, then the number of bound hIAPP as a function of the number of hIAPP presenting
in the system is counted and given in Fig. 13(c). Consistent with DPD simulations, AAMD simulations prove that
a BSPOTPE has ability to adsorb approximately 5 hIAPP molecules. It is worth noting that in ref. 34, the same
inhibitor-to-protein ratio of 1/5 was found required to inhibit the insulin fibrillogenesis. It implies that insulin
and hIAPP may bind to BSPOTPE through a common mechanism. The consistence between CG simulations,
AAMD simulations, and experiments demonstrates the validation of the inhibition mode of BSPOTPE proposed
here.
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55 T T T T T
50 R
45t 1
E]
= 40 4
N—
~~
= 35¢f 1
= BSPOTPE
30}k — 00— 9—16—25 i
—36—49 64 —81
25 1 1 1 1 1
0 250 500 750 1000
Time (ns)
5.5 T T T T

d (nm)

sof () |

45} 1

Y40} .

35} 1
|O Ol

3 -0 Il Il Il Il
04 2 04 0.6 0.8 10
B/P

Figure 10. (a) Time-dependent distances d, () between the center of mass of hIAPP and the membrane center
without and with the presence of BSPOTPE. (b)Time-averaged distance d,, as a function of B/P ratio.

SCIENTIFICREPORTS | 6:21614 | DOI: 10.1038/srep21614 11



www.nature.com/scientificreports/

S sh |

S (a)

g4t 1

s

=

L i

=

2 Z_W‘\/?_

=

S

g 1t |

o)

E O 1 1 1 1 1 1 1
00 02 04 06 08 10 12

B/P
20 T T T T T T T T T

—

=

£ 15t (b) BSPOTPE 1

> —0

o 10 y

9 - —16

o) s

o5t —81 |

Q

=

=

0 00

= \/‘4

p—

84

-0.5
40 8 6 4 2 0 2 4 6 8 10
Z (nm)
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from the membrane center induced by the binding of 81 hJAPP molecules without and with the presence of
BSPOTPE.

Discussion

The search for inhibitors to protect J-cells from hIAPP-induced toxicity is an important challenge. Revealing
the process and mechanism of membrane damage by hIAPP at a molecular level is essential before design and
synthesis of potent inhibitors. Our coarse-grained DPD simulations reported here provide a clear picture of the
hIAPP-induced membrane poration: Early in the process, hIAPP molecules bind to the surface of the membrane
via electrostatic attractions. Then the amphipathic nature of hIAPP drives its hydrophobic face to penetrate into
the membrane interior. Above a critical peptide concentration, hIAPP induces multiple toroidal-like pores. The
configurations of the hIJAPP-membrane complexes from the simulations show that the hydrophobic portions of
hIAPP near the N-termini penetrate into the hydrophobic core of the bilayer and disturb the order and organiza-
tion of the surrounding lipids. Such disordering induces compression on the peptide-rich leaflet and tension on
the peptide-free leaflet. Studies on antimicrobial peptides with similar amphiphilicity to hIAPP have suggested
that if the local asymmetric tension on the membrane exceeds a critical value of rupture, such as at high peptide
concentrations, peptides may associate with lipids, insert into the membrane and form pores. However, we found
that hITAPP molecules tend to associate as oligomers and partly shield the hydrophobic portions at high concen-
trations, thus preventing these molecules from penetrating deeply into the hydrophobic core of the membrane.
As a result, these molecules do not cause significant membrane area increase. This finding implies that binding
of hIAPP and subsequent membrane disorder and tension are not sufficient to trigger the membrane permea-
bilization independently. Alternatively, an important feature of hIAPP is that it carries net positive charges. The
accumulation of hIAPP at the membrane surface may increase the electric field across the membrane. As a matter
of fact, we did observe that when the P/L molar ratio exceeds 5/100, the electric field is high enough to trigger
membrane poration. Therefore, the electric field-induced tension compensated the damping of mechanical ten-
sion caused by peptide oligomerization at high peptide concentrations. Overall, our simulation demonstrated
that peptide-induced membrane tension and electroporation combine together to disrupt the membrane with
maximum efficiency.

Different types of inhibitors have been reported, including short peptides derived from the hIAPP
sequence'*~16, native proteins and their fragments'’-?, and organic compounds!!~*. These inhibitors were mainly
tested for their effects in inhibiting hIAPP fibrillization, and few works have been conducted to determine their
effects in protecting membranes from lysing by hIAPP!1316 Based on the mechanisms revealed in this work, we
propose that a potent inhibitor that can prevent a membrane from being damaged by hIAPP should have capa-
bilities to either screen the hydrophobic portion of hIAPP, neutralize the charges of hIAPP, or both. The organic
fluorogen molecule BSPOTPE3*-3* possesses both of these properties. Our simulations show that this small
molecule specifically bind to hIAPP via electrostatic and hydrophobic attractions. The tetraphenylethene sheet
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(b)

Figure 12. Snapshots of (a) 2, (b) 4, (c) 5, (d) 6, and (e) 8 hJAPP molecules interacting with a BSPOTPE
molecule at a MD simulation time of 20 ns. Only the hydrophobic side-chains of hIAPP are explicitly shown to
indicate the binding affinity.

structure enable a single BSPOTPE molecule to associate with up to 5 hIAPP molecules as an oligomeric cluster.
The cluster has micelle-like structure with a well separated hydrophobic core and hydrophilic shell. Because the
hydrophobic portions of hIAPP are well shielded in the micelle-like cluster, the BSPOTPE-hIAPP oligomer has
lower ability in penetrating into the bilayer membrane than monomeric hIAPP. The competition between nega-
tively charged BSPOTPE and lipid molecules for hIAPP binding also lowers the binding affinity of hIAPP to the
membrane. These two mechanisms work together such that BSPOTPE can effectively inhibit hJAPP-induced
membrane damage at B/P molar ratios as low as 1/5.

Geometric structure of an IAPP inhibitor also plays important roles. The flat-sheet structure of BSPOTPE
stabilizes the extended a-helical conformation of hIAPP that was proposed to be more prone to aggregation*.
Even though a BSPOTPE molecule only carries two anionic charges, to be well shielded from water, its quater-
nary hydrophobic phenylethene groups enable it to associate with at least 4 hIAPP molecules via hydrophobic
attraction. As shown by both the snapshots and the RDFs obtained from AAMD simulations (Figs 12 and 13),
the phenyl rings of BSPOTPE are in contact with the hydrophobic residues of hIAPP, such as leucine, valine, phe-
nylalanine, and tyrosine. At sufficient high hIAPP concentration, the association tendency of hIAPP themselves
promotes additional one or two hIAPPs to bind to the cluster. Therefore, A BSPOTPE molecule can accommodate
up to 5 hIAPPS. A molecular tweezer, CLRO1, which also carries two negative charges, was recently reported as
an inhibitor to prevent hIAPP toxicity'>. However, efficient inhibition of IAPP toxicity requires excess CLRO1.
The lower accommodation ability of CLRO1 may be relevant to the semi-ring structure of CLRO1 that stabilized
the kinked conformation of IAPP. In one way, the kinked IAPP is less prone to aggregation'®. In another way, one
kinked IAPP might be sufficient to shield the hydrophobic portion of CLRO1. Therefore, CLRO1 forms a stoichi-
ometric complex with IAPP.

The formation of the BSPOTPE-hIAPP complex potently accelerate the fibrillization in solution. As shown
in Fig. 7, at relatively high B/P ratios (B/P > 1/5), two or more BSPOTPE-hIAPP oligomers tend to associate and
elongate to prefibril-like structure, which ensures that the hydrophobic part of BSPOTPE can be well screened
by touching water. The charge neutralization effect imposed by BSPOTPE also facilitates the hIAPP aggregation.
Such a prefibril-like structure enriched in a-helical hIAPPs may promote the formation of early intermediate
states that allow (3-sheet formation. This model implies that BSPOTPE is distinct from many other inhibitors
that play functions as 3-sheet breakers. Nevertheless, the prefibril-like aggregation clusters tend to leave off the
membrane surface, which actually rescue the membrane from damage.

Helical states of hIAPP have been proposed®, as also demonstrated in this work, to play important roles in
membrane perturbation and solution phase fiber formation. Thus, a potent inhibitor should interact with the hel-
ical region of hIAPP. An example is a synthetic a-helical protein mimetic scaffold, IS5, which has been observed
to bind directly to the helical region of hIAPP!!. That scaffold effectively accelerated hIAPP amyloid formation
in solution while also inhibiting bilayer catalysis of fibrillogenesis and rescuing hIJAPP-induced toxicity in cell
culture at an IS5 to peptide ratio of 2:1. Like IS5, as shown in Fig. 8, BSPOTPE also binds directly to the helical
regions of hIAPP. More importantly, our simulations indicate that at BSPOTPE to peptide ratios as low as 1:5,
BSPOTPE can significantly reduce the toxic effects of hIAPP on the membrane. Our data therefore suggests that
BSPOTPE is a good candidate for therapeutic agents that can rescue hIAPP-induced cytotoxicity.

The inhibition mechanism of BSPOTPE against hJAPP-induce membrane damage discussed here is differ-
ent from most fibrillization inhibitors. Usually, potent fibrillization inhibitors, including charged small mole-
cules'?, insulin??, fragments of hIAPP'*!5, play fibril-breaking functions by stabilizing the native states of hIAPP,
or shifting the equilibrium away from an aggregation-prone conformation, and thereby prevent the conforma-
tion changes required for protein aggregation'?. Alternatively, membrane-damage inhibitors, both BSPOTPE and
IS5, prevent the adsorption of inhibitor-bound hIAPP oligomeric intermediates onto the lipid membrane, thus
decrease the cytotoxicity. This implies that simply inhibiting hIAPP fibrillization might not be able to rescue cells.
In contrast, having ability to promote solubilization of inhibitor-bound hIAPP clusters in aqueous phase is more
essential for a cell-lysing inhibitor.
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Figure 13. (a) Radial distribution functions g (r)”° between the center C atom of BSPOTPE and C, atom of

residue Leu-16 of hIAPP. Data are obtained from MD simulations. (b) The maximum value of g (r)™” for all of
the C, atoms of hIAPP. Data are obtained from an inhibitor-peptide complex containing 1 BSPOTPE and 8
molecules. (c) Number of hIAPP binding to a BSPOTPE molecule as a function of the number of hIAPP
presenting in the system.

In a summary, the results in the current study suggest a novel and highly potential inhibitor, a small organic
fluorogen, for inhibiting hIAPP-induced membrane damage. This negatively charged tetraphenylethene molecule
specially binds with multiple hIAPP molecules via hydrophobic and electrostatic interactions to form oligomers.
The inhibitor-hIAPP oligomers have well separated hydrophilic shells and hydrophobic cores. Such kernelled
amphiphilic configuration promote retainment of the inhibitor-bound hIAPP clusters in the water/membrane
interface rather than their penetration into the membrane, which finally result in the decrease in cytotoxicity.
This study could provide a new ideal for designing inhibitors to rescue hIAPP-induced toxicity in cell culture. We
believe that the inhibition effect of BSPOTPE deserves to be investigated experimentally.

Methods

DPD simulations. We perform coarse-grained Dissipative Particle Dynamics simulation to investigate the
interaction between hIAPP, BSPOTPE, and a model lipid bilayer membrane. In the CG DPD simulation, the ele-
mentary unit is a soft bead with each bead representing a fluid volume of several atoms**~*2. In this work, water is
explicitly modeled as a single bead (denoted by W). A lipid molecule is modeled as a polymer connected by har-
monic bonds, which consists of four hydrophilic head beads and two tails with six hydrophobic beads. An amino
acid residue is represented by one back-bone bead and one or more side-chain beads. A BSPOTPE molecule is
represented by a 17-bead polymer with 4 triangle hydrophobic rings and two charged hydrophilic arms. The
atomic representation of the DMPC, hIAPP, and BSPOTPE molecules and their corresponding CG models are
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given in Fig. 1. More detailed CG mapping of the molecules are given in Figs S1-S3 in the Supporting Information.
Based on the functional group, the DPD beads are sorted into charged (Q), polar (P), nonpolar (N), and apolar
(C) types®. Each type is further divided into sublevels based on their hydrogen donor capacities (d), hydrogen
acceptor capacities (a), and no hydrogen bond forming capacities (0). The type of the back-bone (B) bead of
amino acids depends on the secondary structure of the polypeptide**: in a coil or bend structure, B is a strongly
polar Ps type; in a helical or 3 structure, the polarity is reduced due to the hydrogen bonding between the back-
bones; therefore, the bead is a non-polar Ny-type for an a-helical structure and a N ;,-type for a 3-structure. These
beads interact through short-ranged repulsive conservative forces Fijc (ry) = a;(1 — r;/r,)*;, random forces
ER (ry) = lzfyi}.kBT(l — 1;/10) Ciji‘\ij’ and dissipative forces FiJD (ry) = — 71‘1‘(1 - rij/ro) (?ij . vij)i"ijF,-jD(rij) for
two beads with a separation r;; < r,*". Here, vector v;; = v; — v;is the velocity difference between particle i and
J- The parameters a; (in units of kpT/r,) represent the repulsion strengths. The friction coefficients are v;; (in

units of \ kT, /7). The ¢, are symmetrically and uniformly distributed random numbers. Optimized DPD
force parameters transferrable for both lipids and amino acids and were recently developed by us®” were applied
here to the hJAPP-membrane system. Detailed information of the CG modeling and force field parameterization
can be found in the Supporting Information and ref. 37.

The bond interactions of molecules are described by harmonic potential E, (r) = ZLK ,(r — Ly)* and angle
constraint E5(r) = K3[1 — cos(0 — 0,)**. Here the equilibrium length L, angles 6, and force constants K, and
K, were estimated by performing Boltzmann inversion® of the distribution of bond lengths and angles obtained
from AAMD simulations or the Protein Data Bank (PDB). Detailed bond parameters are given in the Supporting

Information. For hIAPP, dissociable Morse potential E,(r) = K ,,[1 — e *{"~") ]2 is employed to mimic the
hydrogen bonding that stabilizes the a-helical structure*®. Here r, is the equilibrium distance, K, is the the depth
of the potential well, and « is the width of potential well. For a helical structure, 1-3 Morse bonds between skele-
ton beads separated by two harmonic bonds and 1-5 bonds between skeleton beads separated by four harmonic
bonds are introduced. We set the Morse parameters to r,; = 0.6ry, 1,5 = 0.85ry, K3 = 6kzT, and
K s = 12kgT to obtain the “vertical step” of the a-helix. The potential width is set to v = 6.4r

Electrostatic interactions between charged beads are calculated by using the method introduced by
Groot?. In this method, the charges are distributed on the lattice and the electrostatic potential ¢ (r;)
is solved locally on the grid by using a real-space successive over-damped relaxations method
Y(r) =P (r;) + C[Tp,(r,) + V- (P(r)Vi(r;))]7* Here ¢ = 0.15 is the analog of a friction factor,
I' = ¢°/kgTer, = 13.87 is a coupling constant at room temperature, p_ is the averaged local charge density, and
P is the polarizability relative to pure water, which is 1 for polar and charged beads, 0.35 for non-polar beads, and
0.025 for apolar beads.

To prepare the initial configuration of the peptide-membrane system, first, a bilayer composed of 1600 lipid
molecules is placed in the center of a36.67, x 36.6r, X 32r-sized box with the head groups on the outside and
the alkyl chains inside the membrane. Here r, is corresponds to 0.65 nm*2. These settings ensure that the free
bilayer has zero surface tension (see the discussion in the Supporting Information). To simulate typical experi-
mental conditions that can ensure peptide binding, the bilayer consists of 70% DMPC lipids and 30% anionic
DMPG lipids. Water beads and counterions are distributed randomly in the space unoccupied by the membrane.
The overall bead density p is set to 3/r;. This membrane was relaxed for 50,000 time steps to achieve equilibrium
configuration. Then, 16 to 121 hIAPP molecules are uniformly placed on square grids approximately 2 nm above
the upper leaflet of the pre-relaxed bilayer membrane. Water and counterions are reloaded by keeping the overall
bead density of 3/r;. The initial structure of hTAPP is obtained from the PDB (ID: 21.86). To maintain the helical
structure, residues 8-18 and 21-29 are constrained by the Morse potential®”*¢. To prepare
BSPOTPE-hIAPP-membrane complexes, an additional 9 to 81 BSPOTPE molecules are placed uniformly on
square grids approximately 1.5 nm above the hIAPP layers. The initial structure of BSPOTPE is obtained from
geometry optimization by using the Density Functional Theory with Gaussian 09 package®.

DPD simulations are performed in a constant volume and constant temperature (NVT) ensemble and peri-
odic boundary conditions by using the velocity-Verlet algorithm*'. The NVT ensemble is chosen to mimic the
physical condition of a vesicle-peptide system which has volume confinement. Here the reduced temperature is
set to 1, which corresponds to 298 K. The time step is set to 0.02¢,, which corresponds to 2.86 ps*. Pre-simulations
with the positions of the lipids, peptide, and inhibitor fixed are first run for 50,000 time steps to relax the solvent
and counterions. Then full simulation for each sample is run for 400,000 time steps (approximately 1.144 uis). At
least five independent samples in each condition are simulated to collect data. All of the DPD simulations are
performed by using a home-made code package.

AAMD simulations. The AAMD simulations are performed using GROMACS simulation package®® with
Gromos 53A6 force field®'. The systems simulated contain 1, 2, 3, 4, 5, 6, 7 or 8 hIAPP molecules,1 BSPOTPE
molecule, 9368, 9170, 8991, 8789, 8605, 8400, 8220 or 8035 water molecules, and 1, 4, 7, 10, 13, 16, 19 or 22
chloride counterions to neutralize the system. The BSPOTPE molecule with hIAPP molecules surrounding it
is placed in the center of the rectangular box of dimensions 5.0 nm X 5.0 nm x 10.0 nm. All of the simulations
are performed under the NVT ensemble (300 K) with coupling constant 0.1 ps for temperature of Nosé Hoover
thermostat®. The cutoff method is used for van der Waals interaction with a radius of 1.2 nm. Particle Mesh
Ewald method is used to calculate the long-range electrostatic potential®***, where the radius for the short range
is set at 1.2 nm. Neighbor lists are updated every 5 steps. LINCS is used to constrain all bonds*. A 50000-step
energy minimization is first performed using the steepest descent method. The solvent is then relaxed by applying
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arestrain potential on heavy atoms of hIAPP and BSPOTPE for 100 ps. Under the native condition, a 20 ns simu-
lation is run for production. A RDF is obtained from 100 samples in the final 2 ns.

Calculation of membrane leakage. The membrane leakage is estimated by counting the number of water
beads in the membrane pore. To do the counting, we first divide the simulation box into cells, with each cell hav-
ingsize AL, x AL, x L,.Hereweset AL, = AL ~ 2.3 nm. This setting is to ensure that the membrane patch
in each cell is small enough to ignore its local curvature and large enough to involve a few lipids. Then we calcu-
late the position of the center of mass of lipids rgﬁd in each cell. If the distance between a water bead and rgﬁd in
the Z direction is less than half of the membrane thickness ,,,,, (=57, & 3.6 nm), this water is considered to be
inside the membrane pore. If no lipid is found in a cell, there must be a pore formed therein. The amount of water

trapped in the pore in that cell is estimated to be 3AL, x AL, x I,

Calculation of membrane strain.  The percentage change in the membrane area induced by hIAPP bind-
ing is calculated by (ay,,,, — a,)/a,- Here a, is the area of a membrane with zero surface tension and in the
absence of bound peptides. The area of a peptide-bound membrane, a,;, .., is estimated from the average taken for
20 ns after the peptides fully bind on the surface of the membrane but before pore formation. To measure ay,;, ..,

we also divide the simulation box into cells and calculate the center of mass of lipids rgﬁd in each cell as in the
calculation of membrane leakage. Then all of the ré’f,}d are connected by triangle network. The area of the mem-

brane is approximately equal to the sum of the area of all of the triangles.

Calculation of binding affinity of hIAPP to lipid membrane. The binding affinity of hIAPP to the lipid
membrane can be measured by calculating the particle-averaged normal distance between the center of mass of
hIAPP (or the position of individual back-bone bead) and the membrane center. Similar to the method of count-
ing membrane leakage, here, we also divide the simulation box into cells. The distance in the Z-direction between
hIAPP and lipids in all of the cells is then calculated and averaged.
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