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Abstract
The death of insulin-producing β-cells is a key step in the pathogenesis of type 2 diabetes. The
amyloidogenic peptide Islet Amyloid Polypeptide (IAPP, also known as amylin) has been shown to
disrupt β-cell membranes leading to β-cell death. Despite the strong evidence linking IAPP to the
destruction of β-cell membrane integrity and cell death, the mechanism of IAPP toxicity is poorly
understood. In particular, the effect of IAPP on the bilayer structure has largely been uncharacterized.
In this study, we have determined the effect of the amyloidogenic and toxic hIAPP1-37 peptide and
the non-toxic and non-amyloidogenic rIAPP1-37 peptide on membranes by a combination of DSC
and solid-state NMR spectroscopy. We also characterized the toxic but largely non-amyloidogenic
rIAPP1-19 and hIAPP1-19 fragments. DSC shows that both amyloidogenic (hIAPP1-37) and largely
non-amyloidogenic (hIAPP1-19 and rIAPP1-19) toxic versions of the peptide strongly favor the
formation of negative curvature in lipid bilayers, while the non-toxic full-length rat IAPP1-37 peptide
does not. This result was confirmed by solid-state NMR spectroscopy which shows that in bicelles
composed of regions of high curvature and low curvature, non-toxic rIAPP1-37 binds to the regions
of low curvature while toxic rIAPP1-19 binds to regions of high curvature. Similarly, solid-state NMR
spectroscopy shows that the toxic rIAPP1-19 peptide significantly disrupts the lipid bilayer structure,
whereas the non-toxic rIAPP1-37 does not have a significant effect. These results indicate IAPP may
induce the formation of pores by the induction of excess membrane curvature and can be used to
guide the design of compounds that can prevent the cell-toxicity of IAPP. This mechanism may be
important to understand the toxicity of other amyloidogenic proteins. Our solid-state NMR results
also demonstrate the possibility of using bicelles to measure the affinity of biomolecules for
negatively or positively curved regions of the membrane, which we believe will be useful in a variety
of biochemical and biophysical investigations related to the cell membrane.

INTRODUCTION
Amyloid proteins have been implicated in the etiology of numerous diseases such as type 2
diabetes,1 Alzheimer’s disease,2-4 Parkinson’s disease,5, 6 Huntington’s disease,7 and
Creutzfeldt-Jakob disease.8 Investigating the mechanisms that trigger the amyloid misfolding
process is critical for the development of compounds to treat these diseases. Several studies
have shown that the interactions of these amyloid proteins/peptides with cell membranes
catalyze the conversion from their non-toxic to toxic forms.9-17 Therefore, the affinity of
amyloidogenic peptides towards the cell membrane is particularly important in the formation
of toxic oligomeric intermediates that leads to the disruption of lipid bilayer structure. In this
study we report an investigation of IAPP-membrane interactions that are correlated with type
2 diabetes.
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Type 2 diabetes is the result of both increased resistance to insulin and decreased insulin
production by β-cells.18 The relative contribution of each factor to the pathology of the disease
is still uncertain, however recent research suggests that most genes predisposing individuals
to type 2 diabetes are associated with the maintenance of β-cell mass and not insulin resistance,
19 illustrating the key role the loss of β-cell mass plays in the early stages of the disease.20,
21 The pathological aggregation of human Islet Amyloid Polypeptide (hIAPP) has been shown
to be central to this process. IAPP is a 37 residue peptide hormone that acts synergistically
with insulin in glycemic control. Dense masses of IAPP composed of long cross beta-sheet
amyloid fibers are found in the pancreatic islets of 90% of diabetic patients.22 Aggregates of
hIAPP disrupt the integrity of the β-cell membrane, allowing entry of Ca+2 ions into the cell
either through the formation of small pores or complete disruption of the membrane.23-26
Elevated intracellular calcium levels then impose oxidative stress on the β-cell as the
mitochondria attempt to maintain ion balance in the cell. The ultimate result is apoptosis and
β-cell death.26-29

Several characteristics of hIAPP may explain its membrane disrupting activity, but one of the
most notable features of hIAPP is its tendency to distort membranes.30-32 These
morphological changes in membrane structure appear to be related to the aggregation of the
peptide. The linear growth of a rigid amyloid fiber attached to a flexible membrane causes a
curvature strain in the membrane, which is relieved by a distortion of the membrane shape. An
excessive amount of curvature strain can result in membrane fragmentation by the forcible
detachment of membrane patches from the surface. 30, 33, 34 Moreover, it is likely that a
distorted membrane will be more permeable to the passage of small solutes.32 Other highly
curved membrane structures have also been observed after the addition of hIAPP. Highly
curved striations in the membrane surface have been reported in liposomal suspensions and
islet cells in the regions where the amyloid fiber contacts the membrane surface.14, 24
Curvature of the membrane causes a mechanical stress within the membrane and may be
responsible for the opening of mechanosensitive calcium channels by IAPP leading to an ER
stress response and β-cell death.35

Curvature plays an important role in the normal physiological functioning of biomembranes,
allowing them to assume shapes that are optimal for their function. Peptides can alter the
energetic cost of deforming the bilayer and, because membrane proteins are energetically
coupled to the bilayer, peptide binding can also lead to conformational changes in other
membrane proteins throughout the bilayer.36, 37 The creation of membrane curvature can also
have a direct effect on cellular processes. For example, certain antimicrobial peptides create
transient pores to kill bacteria by inducing excessive curvature in the membrane.38-41 It is
possible that membrane curvature plays a similar role in the pathology of IAPP as it plays in
the function of antimicrobial peptides. To investigate this possibility, we characterized IAPP
induced membrane curvature in lipid bilayers and study its effects on the physicochemical
properties of the bilayer. Furthermore, we have uncovered a correlation between the toxicity
of IAPP and its fragments and their ability to induce negative curvature strain in lipid bilayers.

To test the effect of curvature stress in membrane damage by IAPP and to isolate the effects
of non-amyloid dependent membrane damage, we have used four IAPP peptides (Figure 1)
that have different propensities for the formation of amyloid fibers and for disrupting
membranes. Full-length hIAPP1-37 forms amyloid fibers and displays a high toxicity to cells.
1, 25, 42-46 The rat version of IAPP (rIAPP1-37) differs from hIAPP by six residues, all but
one of these (the H18R substitution) are in the 20-29 region believed to be primarily responsible
for the aggregation into amyloid fibers.47 The prolines within the rIAPP1-37 sequence are
believed to prevent the aggregation of rIAPP1-37 into amyloid fibers. Despite possessing a
similar α-helical conformation in the membrane as hIAPP1-37, rIAPP1-37 does not disrupt
membranes to a significant extent and is non-toxic to cells.13, 15 The 1-19 fragment of hIAPP
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lacks the amyloidogenic region (residues 20-29) and does not form amyloid fibers while bound
to the membrane,48 although it has a weak propensity to form amyloid fibers in solution.49
Nevertheless, despite its lack of amyloidogenicity, hIAPP1-19 has a high potential to disrupt
both artificial membranes and islet cells.48, 50 Like hIAPP1-19, rIAPP1-19 is also toxic to islet
cells, albeit at a reduced rate.50

It has been a major challenge to measure the affinity of biomolecules such as peptides or
proteins for negatively or positively curved cell membrane regions. The main difficulties are
in identifying a suitable model membrane that possesses both senses of curvature and a
biophysical tool that can measure high-resolution structural details associated with membrane
binding. In this study, we demonstrate the use of bicelles as suitable model membranes to
accomplish this task. Solid-state NMR experiments on magnetically aligned 9:9:4 DMPC:
DMPG: DHPC bicelles were used to determine the atomic-level disruption of lipid bilayer
structures due to IAPP peptides. While 2D PDLF solid-state NMR experiments were used to
determine the peptide-induced changes in the order of 13C-1H bonds in the hydrophobic core
and the glycerol regions of the lipids, 31P chemical shift and 14N quadrupole coupling
parameters were used to evaluate changes in the head group region. DSC experiments were
used to determine the peptide-induced curvature strain on DiPoPE lipid bilayers. These results
are correlated with the cell-toxicity of IAPP peptides and used to determine the mechanism of
membrane disruption.

MATERIALS AND METHODS
All lipids were purchased from Avanti Polar Lipids (Alabaster, AL). Chloroform and methanol
were procured from Aldrich Chemical Inc. (Milwaukee, WI). All chemicals were used without
further purification. All peptides were synthesized and purified with C-terminal amidation and
a disulfide bond between residues 2 and 7 by Genscript, except hIAPP1-37 which was
synthesized by SynBioSci. All peptides were >95% pure as verified by HPLC and electrospray
mass spectroscopy.

Preparation of Peptide Samples
Lyophilized hIAPP1-37, hIAPP1-19, or rIAPP1-19 was dissolved in HFIP at a concentration of
10 mg/ml for one hour to break up any pre-formed aggregates present in the solution. Aliquots
of the peptide stock solution were then flash-frozen in liquid nitrogen and lyophilized again
for more than 16 hours at less than 1 millitorr vacuum to completely remove HFIP.51 The
lyophilized pellet was then dissolved in methanol at 4 mg/ml and then the appropriate amount
was added to lipids dissolved in choloroform to prepare samples for NMR or DSC experiments
as given in detail below. Rat IAPP1-37, which does not aggregate, was dissolved directly in
methanol at 4 mg/ml.

Preparation of Bicelle Samples
Bicelles were prepared by mixing 60 mg total of DMPC, DMPG, and DHPC (9:9:4 mole ratio,
q ratio = 4.5) dissolved in chloroform with the appropriate amount of the peptide (1%
rIAPP1-37, 0.5% rIAPP1-19) dissolved in methanol. The bulk solvent was removed by slowly
evaporating the lipid mixture under a stream of nitrogen. Residual solvent was removed placing
the sample under high vacuum overnight. The dried sample was then rehydrated by the addition
of 200 μL of 10 mM pH 7.4 HEPES buffer containing 150 mM NaCl buffer to give a hydration
level of 66%. The samples were then subjected to repeated heating and cooling cycles above
and below the bicelle formation temperature until clear transparent solutions were formed. The
sample was not subjected to freezing during the heating and cooling cycles, as previously frozen
samples yielded poorly aligned bicelles.
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Solid-state NMR Spectroscopy
All of the experiments were performed on a Chemagnetics/Varian Infinity 400 MHz solid-state
NMR spectrometer. Each sample was equilibrated at 30° C for at least 30 minutes before
starting the experiment. 31P NMR spectra were obtained using a spin-echo sequence (90°-
τ-180°-τ-acquisition; τ = 125 μs) with a 90° pulse length of 5 μs under 30 kHz proton
decoupling. Chemical shifts were referenced by setting the isotropic chemical shift peak of
phosphoric acid to 0 ppm. 14N quadrupolar spectra were recorded using a quadrupolar echo
sequence (90°-τ-90°-τ-acquisition; τ = 80 μs) without proton decoupling. Proton detected local
field (PDLF) spectra were recorded as described elsewhere.52, 53 Briefly, a ramped-cross-
polarization (ramp-CP) sequence with a contact time of 3 ms was used to record the 1D 13C
chemical shift spectra under FLOPSY-8 proton decoupling. 2D PDLF spectra were obtained
using 70 t1 increments, a 5 s recycling delay, and a 25 kHz 1H decoupling. The observed dipolar
couplings were converted into order parameters using the relation:

where Dobs is the observed dipolar coupling, D0 is the dipolar coupling in the absence of
motional averaging (∼21.5 kHz), θ is the angle between the membrane and the magnetic field
(90°), and k is a scaling factor dependent on the homonuclear decoupling sequence employed
during the t1 period (0.84 for the BLEW-8 sequence). All measurements were performed at
30°C.

Differential Scanning Calorimetry
The peptide stock solution and DiPoPE in choloroform were co-dissolved and the solution was
dried under a stream of nitrogen. The peptide/lipid film was then further dried under high
vacuum for several hours to remove residual solvent. Buffer (10 mM Tris/HCl, 100 mM NaCl,
1 mM EDTA, 0.002 % w/v NaN3, pH 7.4) was added to each sample to produce a 10 mg/ml
lipid solution, which was briefly vortexed and then degassed without freeze thawing. The liquid
crystalline (Lα) to inverted hexagonal phase (HII) transition temperature was measured with a
CSC 6100 Nano II differential scanning calorimeter (Calorimetry Sciences Corp., Provo, UT).
The change in Cp was recorded from 10- 60°C with a heating rate of 1°C/min.

RESULTS
DSC shows that toxic IAPP peptide fragments induce greater negative curvature strain in
lipid bilayers than non-toxic rIAPP1-37

The ability of a peptide to induce curvature in a membrane can be measured by shifts in liquid
crystalline (Lα) to the inverted hexagonal phase transition (HII) of DiPoPE lipids.54-58
Membranes in the inverted hexagonal phase resemble inverted (with the polar headgroup facing
the center) lipid cylinders with a highly curved surface. Peptides that promote negative
curvature in the membrane tend to promote this phase and accordingly decrease the phase
transition temperature expected for the transition.59

Adding toxic IAPP peptides or peptide fragments to suspensions of DiPoPE reduces the
lamellar liquid crystalline (Lα) to inverted hexagonal (HII) phase transition of DiPoPE (see
Table 1). This reduction of the Lα to HII transition temperature indicates that these peptides
induce negative curvature strain in phospholipid membranes. Human IAPP1-37 stabilized the
negative curvature of the HII phase to the greatest extent, while the non-amyloidogenic
rIAPP1-19 and hIAPP1-19 fragments did so to a lesser extent. Non-toxic rIAPP1-37 only
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negligibly stabilized the negative curvature strain of HII phase. The cooperativity of the Lα to
HII transition is also greatly reduced when either rIAPP1-19 or hIAPP1-37 is added to the DiPoPE
vesicle suspension (see Figure 2).

NMR experiments show that IAPP peptide fragments binds to regions of high curvature in
bicelles

The DSC experiments indicate toxic forms of IAPP have an affinity for curved membrane
surfaces. To create membranes with flat lamellar surfaces and regions of high positive and
negative curvature, we used a mixture of short (DHPC) and long (DMPC and DMPG) chain
phospholipids in the form of bicelles.60-62 At the ratio of short to long chain lipids used here,
bicelles form perforated lamellar bilayers that align spontaneously in the presence of an
external magnetic field (see Figure 3).63, 64 The perforations are lined with DHPC molecules
and are toroidally shaped with two types of curvature: negative (concave) curvature in the plane
of the bilayer and positive (convex) perpendicular to the membrane surface. The sheet-like
structure of the bicelles and the anisotropy of the lipids’ magnetic susceptibility tensor causes
them to spontaneously align in a magnetic field. The spontaneous alignment results in sharply
resolved peaks in the NMR spectrum of bicelles, facilitating high resolution studies by NMR.

Bicelles containing hIAPP1-19 formed a relatively opaque phase which did not align in the
magnetic field (see Figure S1). Although the lack of alignment in hIAPP1-19 bicelles did not
allow us to carry out high resolution solid-state NMR experiments, it did indicate that
hIAPP1-19 has a large effect on the phase structure of the bicelle. We were also unable to prepare
stable bicelles of hIAPP1-37 since hIAPP1-37 fibrillizes rapidly in a membrane environment on
the time-scale of the NMR experiment. Therefore, we used bicelles mixed with rIAPP1-19 or
rIAPP1-37 as model systems of toxic and non-toxic IAPP variants, respectively.50

31P NMR of bicelles shows that the rIAPP1-19 peptide fragment has a greater affinity for the
highly curved perforations of bicelles, than rIAPP1-37 peptide (see Figure 3). This is evident
from the -0.7 ppm shift in the 31P peak of DHPC of bicelles containing rIAPP1-19 relative to
the control sample. On the other hand, the DHPC peak is unshifted for bicelles containing
rIAPP1-37, indicating rIAPP1-37 has little preference for the curved perforations of the bicelles
but a greater affinity than rIAPP1-19 for the long-chain phospholipids in the flat lamellae of the
bicelle. The 31P peaks of DMPG and DMPC in the rIAPP1-37 bicelle both show a shift relative
to the control sample (-0.5 ppm for DMPC and -0.2 ppm for DMPG), while there is no
detectable shift for the corresponding bicelle sample containing rIAPP1-19. Another important
observation is the absence of an isotropic peak in the 31P chemical shift spectra of bicelles,
indicating that rIAPP1-37 and rIAPP1-19 did not fragment the lipid bilayer.

NMR of full-length rIAPP1-37 shows a strong interaction between the peptide and the surface
of the bilayer but not between the peptide and the bilayer hydrophobic core

The 1D 13C chemical shift spectrum was used to monitor the effects of rIAPP1-37 and
rIAPP1-19 on the 13C nuclei of the DMPC and DMPG lipids. The 13C nuclei of DHPC are not
detectable in these spectra because the mobility of DHPC in bicelle mixtures prevents
magnetization transfer from 1H nuclei to 13C nuclei during the cross-polarization period of the
pulse sequence. Our previous study has shown that 13C chemical shift peaks of DHPC can be
obtained by using an NOE type sensitivity enhancement or a single 90°-pulse direct excitation
of 13C.62 DMPG has two glycerol moieties which produce peaks that are indistinguishable in
1D 13C NMR spectra. Changes in the 13C chemical shifts of carbons g3, g2 and β (Fig. 4C)
indicate that full-length rIAPP1-37 binds near the glycerol and headgroup regions of the long-
chain lipids (DMPG and DMPC). By contrast, the one-dimensional 13C spectrum of
rIAPP1-19 does not show a change in the chemical shifts of the glycerol or headgroup peaks
originating from long-chain lipids. This can be expected in the context of the other NMR data
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presented above, which indicated that rIAPP1-19 does not bind bicelles at their planar surfaces
(that is the long-chain lipid region), but rather at their highly curved perforations (see Figure
3b).

The flexibility of lipid acyl chain tails are more drastically affected by rIAPP1-19 than by full-
length rIAPP1-37

The flexibility of lipid acyl chain tails are more drastically affected by rIAPP1-19 than by full-
length rIAPP1-37: although rIAPP1-19 does not bind directly to the long chains lipids in the flat
lamellae, 1H-13C PDLF spectra show that rIAPP1-19 does have an effect on their flexibility.
Most of the observed C-H dipolar couplings are similar to the control sample, however the
very end of the acyl chain (carbons 13 and 14 of DMPC/DMPG) has two vicinal dipolar
couplings associated with each carbon (Figures 5E and 6). The first vicinal dipolar coupling
is very close to the dipolar coupling associated with the control sample, while the second vicinal
dipolar coupling is much larger indicating a much stronger degree of order due to peptide-lipid
interactions.

Rat IAPP1-37 has only a small effect on the flexibility of the acyl chains (Figures 5 and 6). For
most of the 1H-13C bonds investigated, the effect of rIAPP1-37 on |SCH|, a measure of the rigidity
of 1H-13C bonds, is not significant. Nevertheless, rIAPP1-37 does exert an effect on the
flexibility of the long-chain lipid glycerol and headgroup 1H-13C bonds, as would be expected
from the change in 13C chemical shifts observed in this region. Overall, the effect observed is
a slight decrease in |SCH| for the 1H-13C bonds of the lipid headgroup, except for
those 1H-13C bonds directly associated with the phosphate or trimethyl ammonium moieties.
For this sample, the decreased flexibility in this region may be interpreted as the disruption of
the inter-lipid charge-charge associations between the negatively charged phosphate group and
the positively charged choline group due to interaction of rIAPP1-37 with the lipids. 14N NMR
confirms this hypothesis by showing a reduced quadrupole splitting, νQ, suggesting a change
in the orientation of the DMPC headgroup as a result of full-length rIAPP1-37 changing the
electrostatic environment surrounding PC lipid headgroups (see Figure 7). 65-69

DISCUSSION
Misfolding of amyloid-fibril forming peptides is implicated in devastating aging-related
diseases. Recent studies have shown that the ability of an amyloid peptide to bind to the cell
membrane and induce disruption of lipid bilayer structure is correlated with the cytotoxicity
of amyloid peptides.12, 70 Studies on model membranes have shown that the toxicity of
amyloid peptides is highly dependent on the lipid composition of the membrane.14, 15,
71-73 Therefore, an understanding of amyloid peptide -lipid interactions can lead to a greater
understanding of the mechanism of amyloid cytotoxicity. In this study, we have investigated
the mechanism by which amylin peptides disrupt lipid bilayers using solid-state NMR and
DSC experiments. We believe that the results reported in this study can be used to develop
compounds to suppress the cell-toxicity of amylin, and also could be extended towards the
understanding of the role of lipids on the misfolding pathway of amyloid peptides in general.

We have made the following key observations regarding the interaction of IAPP peptides with
lipid membranes: (i) Both amyloidogenic (hIAPP1-37) and largely non-amyloidogenic
(hIAPP1-19 and rIAPP1-19) toxic versions of the peptide strongly favor the formation of
negative curvature strain on lipid bilayers. The non-toxic and non-amyloidogenic rIAPP1-37
induced only a very small amount of negative curvature. (ii) In a bicelle environment which
has regions of short chain lipids with high curvature and long chain lipids with low curvature,
toxic rIAPP1-19 binds to the short-chain lipids present in regions of high curvature while non-
toxic rIAPP1-37 binds to the long-chain lipids present in regions of low curvature. (iii) Rat
IAPP1-37 affects the chemical environment of the glycerol and phosphorus regions in the
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headgroup region of long-chain lipids, but does not detectably affect the chemical environment
of the aliphatic carbons. (iv) In addition to binding to short chain lipids, rIAPP1-19 also
significantly perturbs the motions of the aliphatic carbons of long-chain lipid’s fatty acid tails.

All of the IAPP peptides and peptide fragments studied lowered the transition temperature for
the formation of the inverted hexagonal (HII) phase of DiPoPE. The inverted hexagonal phase
has a high negative curvature; therefore peptides that induce negative curvature strain stabilize
the HII phase and lower the transition temperature for its formation. While all the IAPP variants
favored the formation of the highly curved HII phase, the negative curvature induced by non-
toxic rIAPP1-37 was small in comparison to the other toxic IAPP peptides and decreased at
higher concentrations. The significantly higher degree of curvature induced by toxic variants
of IAPP compared to the non-toxic rIAPP1-37 suggests a correlation between the peptide’s
ability to induce curvature strain and its toxicity. The ability to induce negative curvature strain
is apparently not related to the presence of amyloid fibers, the fiber formation process, or a
propensity for a β-sheet conformation, as the 1-19 fragments of IAPP remains stable in α-
helical conformation when bound to lipid bilayers.48

The induction of negative curvature strain by toxic versions of IAPP may explain the
fragmention of bilayers by hIAPP. 30-33 When hIAPP is added to planar bilayers, lipids are
initially extruded out of the plain of the bilayer to form long tubular structures lined by closed
bilayers with an aqueous core.30 The lipid tubules disappeared from the surface of the
membrane over time as they were either sheared off the surface by mechanical stress or
incorporated into amyloid fibers on the membrane surface causing severe disruption of the
integrity of the membrane. The tendency of the peptide to cause curvature in the membrane
may be linked to this process. The formation of lipid tubules can occur by a heterogeneous
distribution of peptide with high concentrations of peptide at the tubule base, where negative
curvature is highest, and low concentrations of peptide at the tubule tip.74 DSC experiments
confirm that rIAPP1-19 is inhomogenously distributed throughout the membrane.50 Similar
inhomogenous distributions have also been seen for hIAPP1-37, but not rIAPP1-37, in the
presence of calcium.75 Notably, this process does not depend on the attachment of the
membrane to a rigid amyloid fiber.

The degree and type of membrane curvature induced by a peptide is dependent on how it affects
the geometry of the lipid-peptide complex, in particular the relative cross-sectional area of the
lipid headgroup region near the membrane-water interface and the acyl chain region in the
interior of the bilayer. In order for the membrane to remain in a flat lamellar phase, the overall
shape of the peptide-lipid complex must be cylindrical with the size of the two regions
matching. A cone-shaped peptide-lipid complex with a mismatch between the sizes of these
two regions will induce curvature strain in the bilayer, positive curvature strain if the effective
size of the head group is larger than the acyl-chain region and negative curvature strain if it is
smaller. It can be seen from these considerations that binding of an amphipathic helix like IAPP
at the interface between the hydrophilic headgoup region and the hydrophobic acyl chain region
will induce positive curvature strain. Conversely, inserting the peptide deeply into the
hydrophobic core will induce negative curvature strain.

The degree of insertion of IAPP into the membrane can be inferred by the relative perturbation
of the NMR signal at each site. Rat IAPP1-37 has little effect on the order of the acyl chains
and the lipid headgroup, as determined by the site-specific order parameter plot generated by
the 2D PDLF experiment. This is a strong indication that the peptide binds superficially to the
very top of the lipid bilayer by an electrostatic interaction with the lipid headgroup. Peptides
that bind atmospherically to the membrane in this manner without penetration into the bilayer
typically do not induce either positive or negative curvature strain, as demonstrated by
mutations of the ENTH domain of epsin.76, 77 It could also be the case that the majority of
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the peptide is not bound to the membrane, however this possibility is contradicted by the 14N
and 31P spectra. The 14N spectra shows a small but detectable decrease in the 14N quadrupolar
splitting; which is indicative of an electrostatic interaction of rIAPP1-37 with the phosphate
groups of the bilayer.

Unlike rIAPP1-37, rIAPP1-19 has a strong preference for the DHPC molecules lining the
perforations of the bicelle lamellae rather than their planar regions, as shown by the strong
perturbation of the 31P peak corresponding to DHPC (Figure 3D) and the negligible
perturbations of the chemical shifts in the DMPC/DMPG headgroup region (Figure 4C). This
preference for the perforations of the bilayer is similarly reflected in the 14N spectra which
show rIAPP1-19 induces only a slight increase in the quadrupolar coupling of the long chain
lipids but a relatively large increase in the quadrupolar coupling of DHPC (Figure 7B).

Rat IAPP1-19 has an unusual and significant effect on the aliphatic carbons of both DMPC and
DMPG’s acyl chains in the NMR experiments. At the very end of the acyl chain (carbons 13
and 14) two vicinal dipolar couplings can be detected for each carbon. The first vicinal dipolar
coupling has an order very similar to the control bicelle without peptide. The second vicinal
dipolar coupling is significantly larger, indicating a region of the membrane where the terminus
of the acyl chain is substantially more ordered in the presence of rIAPP1-19. This set of dipolar
couplings most likely corresponds to the annulus of DMPC/DMPG lipids surrounding the
bicelle perforation. An increase in order may be due to either bulky residues interfering
sterically with the lipid tails of nearby long-chain lipids or interdigitation of the acyl chain
termini into the adjoining leaflet due to the compression of the bilayer around the region of the
perforation.78

The perforations in the bicelle possess regions of both positive curvature (parallel to the
membrane normal) and negative curvature (perpendicular to the membrane normal). As such,
they serve as models for the toroidal pores produced by certain antimicrobial peptides,39, 54,
55 which recent studies have noted distinct similarities to amyloidogenic proteins.30, 79-84
The toroidal pore is formed by a transient high local concentration of peptide that induces
enough curvature in the membrane to form a metastable pore lined by the headgroups of
phospholipids, rather than by protein as in most pore models. Although most antimicrobial
peptides form toroidal pores by stabilizing positive curvature, some antimicrobials form
toroidal pores by stabilizing negative curvature instead.85-87 The creation of toroidal pores as
a result of the induction of negative curvature may be a novel mechanism for amyloid-induced
peptide disruption. Toroidal pores have not been directly detected for IAPP, but annular
structures consistent with the expected size of a toroidal pore have been observed.88, 89

Although the results presented here are for IAPP peptides, the induction of negative curvature
strain may be a general mechanism of membrane disruption by amyloidogenic peptides. Solid-
state NMR has shown a preferential interaction with the headgroups of PE for Aβ29-42 in POPC/
POPE membranes, even at a low (10%) percentage of POPE.90 PE lipids have a high propensity
for negative spontaneous curvature due to the small size of the headgroup relative to the
hydrophobic core. The preferential binding of Aβ29-42 to PE lipids may reflect the similar
preference of IAPP to bind to regions of high curvature shown in this study. Furthermore,
Aβ1-40 has been shown to dehydrate membranes, which reduces the effective headgroup size
and will likely lead to negative curvature.91 Alpha-synuclein, another neurotoxic peptide
implicated in Parkinson’s disease, also has a strong preference for PE lipids over the identically
charged PC lipids, suggesting lipid intrinsic curvature is an important determinant of lipid
binding specificity for amyloidogenic proteins.11, 92 The preference of amyloidogenic
peptides for lipids with a high negative curvature is expected to enhance membrane fusion, as
membrane fusion proceeds through a high energy intermediate similar in structure to the
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inverted hexagonal phase.59, 93 Indeed, the amyloidogenic peptides α-synuclein, Aβ, and
some prion fragments have been shown to be fusogenic.90, 94-99

CONCLUSIONS
We have reported the effects of IAPP peptides and peptide fragments on highly curved and
lamellar anionic lipid systems and found that IAPP peptide fragments induce a high degree of
negative curvature strain in lipid bilayers. It is therefore likely that one of the mechanisms by
which IAPP peptides permeabilize lipid bilayers involves either the formation of toroidal pores
or non-specific membrane disruption due to excessive negative curvature strain. The induction
of a similar degree of negative curvature by 1-19 fragments of IAPP, which do not form amyloid
fibers when embedded in the membrane, indicates amyloid formation is not essential for this
process. Importantly, we found that non-toxic rIAPP1-37 does not induce a great degree of
negative curvature strain, suggesting that toxicity may be linked to the induction of negative
curvature. Since membrane curvature can be modified by ligand binding, we believe that results
from this study will be useful to design compounds that can be used to prevent the interaction
of IAPP with the cell membrane and therefore the cell-toxicity of IAPP. This study
demonstrates that bicelles are useful for studying the affinity of membrane ligands for curved
regions of the cell membrane and for investigating the role of toroidal pores in the function of
membrane disruptive peptides like antimicrobial peptides, toxin peptides, and fusion peptides.
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Figure 1. Amino acid sequences of rat and human IAPP sequences used in this study
The differences between the rat and human sequences are shown in red. There are disulfide
bonds between residues 2 and 8 and the C-termini of the peptides are amidated like the
physiologically expressed peptide.
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Figure 2. Differential scanning calorimetry curves of the liquid crystalline (Lα) to inverted
hexagonal (HII) phase transition of DiPOPE multilamellar vesicles containing IAPP
The third DSC heating scan of IAPP peptides and peptide fragments in DiPoPE is shown at
the listed molar percentage of peptide. While the Lα to HII transition temperatures were
reproducible, the amount of DiPoPE lipid in the DSC spectrometer cells was sensitive to sample
preparation and therefore the intensities of the peaks were not completely reproducible. (A)
rIAPP1-37 in DiPoPE; (B) rIAPP1-19 in DiPoPE; (C) hIAPP1-37 in DiPOPE; (D) hIAPP1-19 in
DiPoPE.
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Figure 3. Schematic of bicelle structure and 31P chemical shift spectra of DMPC:DMPG:DHPC
bicelles containing IAPP
(A) A cartoon depiction of magnetically-aligned bicelles in the lamellar phase showing the
parallel bicelle lamellae composed of DMPC and DMPG and the perforations composed of
DHPC. The large, static magnetic field of the NMR spectrometer is indicated. (B) Zoomed in
cartoon depiction of the bicelles, showing the regions of positive and negative curvature. (C)
The 31P NMR spectrum of the pure bicelle sample. (D) The 31P NMR spectrum of the
rIAPP1-19 bicelle sample. (E) The 31P NMR spectrum of the rIAPP1-37 bicelle sample.
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Figure 4. The 13C chemical shift spectra of the headgroup and glycerol regions of
DMPC:DMPG:DHPC bicelles containing IAPP
(A) Structures of the long-chain phospholipids (DMPG and DMPC) indicating the labeling
convention. (B) 13C spectrum of the headgroup region of the pure bicelle sample, (C)
rIAPP1-19 bicelle sample and (D) rIAPP1-37 bicelle sample. The glycerol peaks which are
shifted relative to the pure bicelle peaks are circled in red.
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Figure 5. 2D PDLF spectra of rIAPP and rIAPP1-19 in DMPC:DMPG:DHPC bicelles
(A) The structures of the long-chain phospholipids of the bicelle samples (DMPG and DMPC)
indicating the labeling convention used. Also shown is the 1D 13C chemical shift spectrum,
indicating the frequency of 13C peaks in the horizontal dimension of the PDLF spectra. (B)
The 2D 1H-13C PDLF spectrum of bicelles containing rIAPP1-37 (blue) superimposed upon
the pure bicelle spectrum (black). (C) The 2D 1H-13C PDLF spectrum of bicelles containing
rIAPP1-19 (red) superimposed upon the pure bicelle spectrum (black). (D) The 13C-1H dipolar
coupling slices corresponding to carbons 12, 13, and 14 of the aliphatic fatty acid chains of
DMPG and DMPC. Slices corresponding to the pure bicelle sample are shown in black; bicelles
containing rIAPP1-37, blue; and bicelles containing rIAPP1-19, red. (E) A zoomed in area of
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the PDLF spectrum showing the significant change in the dipolar couplings associated with
carbons 13 and 14 of DMPG and DMPC induced by rIAPP1-19.
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Figure 6. The order parameter plots associated with DMPC:DMPG:DHPC bicelles containing (A)
rIAPP1-37 and (B) rIAPP1-19
The order parameter plots are derived from their associated PDLF spectra as described in the
methods section. The order parameter plot of pure bicelles is given in blue. Note that one |
SCH| value for carbons 12, 13, and 14 of bicelles containing rIAPP1-19 is nearly identical to
the corresponding value for the pure bicelle sample, indicating some lipids in the sample are
unaffected by rIAPP1-19.
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Figure 7. 14N NMR spectra of DMPC:DMPG:DHPC bicelles containing IAPP
(A) The 14N quadrupolar NMR spectrum of the pure bicelle sample. The quadrupolar coupling
constant (νQ) associated with DMPC is 10.2 kHz, and the νQ associated with DHPC is 4.2 kHz.
DMPG does not have a 14N nucleus, and therefore there are peaks corresponding to DMPG
are absent in the 14N spectrum. (B) The 14N spectrum of the rIAPP1-37 bicelle sample. The
νQ associated with DMPC is 9.8 kHz and νQ associated with DHPC is 3.6 kHz. (C) The 14N
NMR spectrum of the rIAPP1-19 bicelle sample. The νQ associated with DMPC is 10.8 kHz
and νQ associated with DHPC is 6.4 kHz.
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Table 1
The effect of IAPP peptides and peptide fragments on the Lα to HII transition a temperature of DiPoPE
The Lα to HII transition temperatures of DiPoPE were determined from the a third DSC thermogram of the sample (for
pure DiPoPE, this temperature was determined to be 45.5°C).

0.1 mol % peptide 0.5 mol % peptide

DiPoPE containing rIAPP1-37 43.6°C 44.3°C

DiPoPE containing rIAPP1-19 42.3°C 38.7°C

DiPoPE containing hIAPP1-37 39.1°C ∼40°C

DiPoPE containing hIAPP1-19 43.3°C 40.9°C
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