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Abstract
Islet amyloid polypeptide (IAPP or amylin) is a 37-residue peptide secreted with insulin by beta-
cells in the islets of Langerhans. The aggregation of the peptide into either amyloid fibers or small
soluble oligomers has been implicated in the death of beta-cells during type 2 diabetes through
disruption of the cellular membrane. The actual form of the peptide responsible for beta-cell death
has been a subject of controversy. Previous research has indicated that the N-terminal region of the
peptide (residues 1-19) is primarily responsible for the membrane disrupting effect of the hIAPP
peptide and induces membrane disruption to a similar extent as the full-length peptide without
forming amyloid fibers when bound to the membrane. The rat version of the peptide, which is both
non-cytotoxic and non-amyloidogenic, differs from the human peptide by only one amino acid
residue: Arg18 in the rat version while His18 in the human version. To elucidate the effect of this
difference, we have measured in this study the effects of the rat and human versions of IAPP1-19 on
islet cells and model membranes. Fluorescence microscopy shows a rapid increase in intracellular
calcium levels of islet cells after the addition of hIAPP1-19 indicating disruption of the cellular
membrane, while the rat version of the IAPP1-19 peptide is significantly less effective. Circular
dichroism experiments and dye leakage assays on model liposomes show rIAPP1-19 is deficient in
binding to and disrupting lipid membranes at low but not at high peptide to lipid ratios, indicating
that the ability of rIAPP1-19 to form small aggregates necessary for membrane binding and disruption
is significantly less than hIAPP1-19. At pH 6.0, where H18 is likely to be protonated, hIAPP1-19
resembles rIAPP1-19 in its ability to cause membrane disruption. Differential scanning calorimetry
suggests a different mode of binding to the membrane for rIAPP1-19 compared to hIAPP1-19. Human
IAPP1-19 has a minimal effect on the phase transition of lipid vesicles, suggesting a membrane
orientation of the peptide in which the mobility of the acyl chains of the membrane is relatively
unaffected. Rat IAPP1-19, however, has a strong effect on the phase transition of lipid vesicles at low
concentrations suggesting the peptide does not easily insert into the membrane after binding to the
surface. Our results indicate the modulation of the peptide orientation in the membrane by His18
plays a key role in the toxicity of non-amyloidogenic forms of hIAPP.

It has been known for many years that insoluble, highly aggregated amyloid deposits of human
Islet Amyloid Polypeptide Protein (hIAPP, also known as amylin) are found post-mortem in
the islets of Langerhans of pancreatic beta-cells in the majority (>90 %) of type 2 diabetic
patients but not in non-diabetic patients of the same age cohort.(1) The high tissue visibility
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of the amyloid deposits and their prevalence in diabetic patients has led to the hypothesis that
the formation of amyloid fibers plays a causative role in the development of the disease.(2,3)

The hypothesis that extracellular amyloid fibers directly cause beta-cell apoptosis has been
challenged by both in vitro and in vivo studies. Transgenic mice models have been particularly
useful in this respect as rats do not spontaneously develop type 2 diabetes and have an IAPP
variant that is both non-cytotoxic and non-amyloidogenic Fig. 1).(4) Transgenic mice
expressing the human version of IAPP develop complications with metabolic characteristics
similar to human type 2 diabetes.(5-8) However, there is poor spatial and temporal overlap
between amyloid formation and beta-cell apoptosis in transgenic mice. Extracellular amyloid
in homozygous transgenic mice is only detected after the phase of rapid beta-cell death has
passed and the beta-cells undergoing apoptosis are not adjacent to amyloid fibers.(9-11)
Furthermore, some transgenic mice models expressing hIAPP form extensive amyloid fiber
deposits but do not develop type 2 diabetes.(12) The lack of correlation between islet amyloid
formation and the pathology of type 2 diabetes in transgenic mice mirrors findings in humans,
in that islet amyloid is found in people without diabetes as well as not found in all people with
diabetes.(13,14) Studies directly measuring the effect of IAPP upon beta-cells have confirmed
the relatively low toxicity of mature amyloid fibers of IAPP.(15-19)

Unlike mature fibers, small hIAPP oligomers have been demonstrated to be cytotoxic to beta-
cells.(5,15-18,20,21) Soluble oligomers of IAPP, in common with other amyloidogenic
proteins, have been implicated in the disruption of cellular homeostasis by either the formation
of relatively non-selective ion channels or by direct fragmentation of the cellular membrane.
(22,23) The kinetics of oligomer formation is complex and is likely to involve multiple
pathways.(24-26) Inhibition studies have suggested that the toxic oligomers are a distinct
species of amyloid proteins and not simply direct intermediates of mature fibers. Inhibitors
have been found that suppress the formation of toxic oligomers but not the formation of amyloid
fibers.(27) Conversely, other inhibitors have been shown to have the opposite effect,
suppressing the formation of amyloid fibers but not the formation of toxic oligomers.(18,27)
The ability of some inhibitors to suppress the formation of small oligomers independently of
their effect on the formation of amyloid fibers suggests the toxic oligomers are at least partly
off the kinetic pathway for the formation of amyloid fibers.

Although amyloidogenic proteins can disrupt membranes through the formation of toxic
oligomers, new evidence suggests the formation of toxic oligomers may not be unique to
amyloidogenic proteins. An antibody specific for the soluble oligomeric form of
amyloidogenic proteins also recognizes several non-amyloidogenic pore-forming proteins.
(28) More directly, the N-terminal fragment of human IAPP (residues 1-19) has been found to
disrupt synthetic vesicles to nearly the same extent as full-length IAPP but does not form
amyloid fibers while bound to the membrane.(25) Significantly, the sequences of human IAPP
and rat IAPP are identical in this region of the protein except for residue 18, which is His in
the human version and Arg in the rat version of the peptide (Fig. 1). In a companion paper of
this issue, high-resolution structures of hIAPP1-19 and rIAPP1-19 in DPC micelles were solved
by solution NMR. Although the structures are largely similar, rIAPP1-19 is more disordered at
the N-terminus than the hIAPP1-19 peptide. More significantly, hIAPP1-19 is shielded from the
paramagnetic quencher Mn+2 while rIAPP1-19 is exposed. The difference in the accessibility
of Mn+2 to the two peptides when bound to DPC micelles suggests rIAPP1-19 adopts a different
orientation in the membrane than hIAPP1-19. This effect is likely due to the difference in charge
at residue 18, as hIAPP1-19 becomes significantly more solvent exposed at pH 6.0 where the
histidine residue is likely to be ionized. To see the impact of this difference on the toxicity of
the two peptides, we have performed in vivo and in vitro assays of the ability of the two peptides
to permeabilize the membranes of both beta-cell islets and model membranes. We report here
that the rIAPP1-19 peptide is significantly impaired in its ability to disrupt phospholipid
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membranes compared to the corresponding hIAPP1-19 peptide, highlighting the role of this key
residue in controlling the toxicity of the peptide.

Materials and Methods
Materials

POPG (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phospho-rac-(1-glycerol)), DMPG (1,2-
Dimyristoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)]), and DMPC (1,2-Dimyristoyl-sn-
Glycero-3-Phosphocholine) phospholipids were obtained from Avanti (Alabaster, AL);
DMSO (Dimethyl Sulfoxide), carboxyfluorescein and HFIP (1,1,1,3,3,3-Hexafluoro-2-
Propanol) were obtained from Sigma-Aldrich; hIAPP1-19 and rIAPP1-19 with amidated C-
termini (>95 % purity) were purchased from Genscript. Before use, lyophilized rIAPP1-19 and
hIAPP1-19 were 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 flash-
frozen in liquid nitrogen and then lyophilized again for more than 16 hours at less than 1 mTorr
vacuum to completely remove HFIP. All experiments were conducted at room temperature
(approximately 23°C). POPG vesicles for the circular dichroism and dye leakage experiments
were prepared as previously described.(25)

Islet Isolation Protocol
Pancreatic islets were obtained from 20- to 30-g male CD-1 mice as previously described.
(29) Briefly, mice were sacrificed by cervical dislocation and collagenase type XI was injected
into the pancreas through the main pancreatic duct. The pancreas was removed and incubated
in 5 mL of a collagenase solution at 37 °C. Islets that were used for experiments were 100-200
μm in diameter, had an intact islet membrane, and were oblong to spherical in shape. Islets
were placed in tissue culture dishes and incubated in RPMI 1640 containing 10 % fetal bovine
serum, 100 U/mL of penicillin, and 100 μg/mL of streptomycin at 37 °C, 5% CO2, pH 7.4.
Islets were used 1-6 days following isolation.

Intracellular Ca2+ Measurements
Calcium flux measurements were performed on islets after a 40-min incubation with 2 μM of
the fluorescent calcium-sensitive dye, fura-2. Afterward, individual islets were loaded into an
open cell chamber on a microfluidic chip. Islet media and stimulants were perfused over the
islet at a rate of 0.6 μL/min. The chip was placed atop the stage of a Nikon Diaphot 300
microscope. The fura-2 was alternately excited using a filter wheel with 340 and 380 nm-light
from a Xenon-arc lamp. The fluorescence emission from both excitation wavelengths was
collected through a 510 ± 10 nm-bandpass filter. Images of the islet were collected at 1 Hz,
and the intensity over islet area was integrated using Metamorph software. Intracellular calcium
concentration was calculated by determining the ratio of the emission at 340 and 380 nm
excitation after calibration of the system.

Circular Dichroism Spectroscopy
Lyophilized peptide was dissolved in sodium phosphate buffer (10 mM, pH 7.3), briefly
vortexed and sonicated (approximately 15 seconds), and transferred to a 0.1 cm cuvette. After
the initial spectrum of the peptide in solution was taken, POPG vesicles from a 40 mg/ml stock
solution were titrated into the cuvette. Spectra were measured at 1 nm intervals from 185-260
nm at a scanning speed of 50 nm/min and a bandwidth of 5 nm. Each spectrum reported is the
average of four scans after subtraction of the baseline spectrum of buffer and vesicles without
peptide.
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Dye leakage Assay
For the dye leakage experiments, carboxyfluorescein containing POPG vesicles were prepared
by rehydrating the dried lipid film in 50 mM sodium phosphate buffer (pH 7.5) containing 40
mM carboxyfluorescein, adjusted to pH 7.5 by the addition of sodium hydroxide.
Nonencapsulated carboxyfluorescein was removed from the vesicles through size exclusion
chromatography using a PD-10 column (Amersham Pharmacia Biotech, Uppsala, Sweden).
Vesicle solutions were used immediately; and a fresh vesicle solution was used for each
experiment. Fluorescence readings were taken at an excitation wavelength of 493 nm and an
emission wavelength of 518 nm. A baseline reading was taken on the solutions prior to the
addition of the peptide. After injection, the fluorescence intensity was recorded after 100
seconds of interaction. The fluorescence signal given by the addition of peptide was then
normalized by the addition of Triton X detergent, causing all vesicles present to release any
remaining dye to obtain the total possible fluorescent signal.

Differential Scanning Calorimetry
Multilamellar vesicles of DMPC and DMPG (70% DMPC; 30% DMPG) were prepared as
described for the dye leakage experiments. Sodium phosphate buffer (10 mM) with 150 mM
NaCl at pH 7.3 was used to hydrate the samples. The total molar concentration of lipid was
kept constant (5.9 mM) for each sample while the molar peptide concentration was varied as
indicated. Scans were run on a Calorimetry Sciences N-DSC II over a temperature range of 5
to 45°C with a total of four heating and four cooling scans. The heating scans were run at 0.25°
C/min while the cooling scans were run at 1.0°C/min, in between each of which there was a
10 minutes equilibration period. The buffer solution without the sample was used as the
reference cell. The data was converted to molar heat capacity using the average molecular
weight of the lipids, the lipid concentration, and a partial specific volume of 0.988 ml/g. Excess
heat capacity was calculated by subtracting a baseline with buffer in both the reference and
sample cells at the same scanning rate.

Results and Discussion
Membrane disruption induced by hIAPP1-19 and rIAPP1-19 in POPG vesicles

To test for differences in the extent of membrane disruption induced by hIAPP1-19 and
rIAPP1-19 peptides, leakage of the dye carboxyfluorescein from large unilamellar POPG
vesicles (Fig. 2) was measured as a function of the concentration of POPG at three different
concentrations of the peptide. Carboxyfluorescein in intact vesicles is at a high concentration
(40 mM) and self-quenched. Disruption of the membrane of the vesicle by the peptide allows
carboxyfluorescein to escape, eliminating the self-quenching effect and therefore increasing
fluorescence of carboxyfluorescein. For each graph in Fig. 2, the peptide-to-lipid-ratio was
varied by the addition of empty POPG vesicles (that is vesicles not containing
carboxyfluorescein) while the concentrations of peptide and carboxyfluorescein-containing
vesicles were kept constant. Decreasing the peptide-lipid ratio in this manner has two effects.
First, peptide binding and membrane disruption for empty vesicles not containing
carboxyfluorescein is not detected. Binding of peptide to empty vesicles reduces the amount
of peptide available to bind to carboxyfluorescein-containing vesicles. The membrane
disruption induced by the peptide should accordingly decrease in a near-linear fashion as the
amount of empty vesicles is increased (values to the right on the x-axis in Fig. 2). Second, the
amount of peptide bound to each vesicle is decreased as the total lipid concentration is
increased. If the process of membrane disruption is non-linearly dependent on the concentration
of the peptide bound to the membrane, the amount of membrane disruption can also be expected
to be non-linearly dependent on the peptide to lipid ratio. This can occur if either the peptide
oligomerizes to form peptide channels in the membrane or if membrane disruption occurs by
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a weakening of the membrane via a carpet type mechanism as reported for antimicrobial
peptides.(30-32)

Human IAPP1-19 strongly induced membrane disruption at all concentrations tested (Fig. 2).
Membrane disruption decreased as the peptide-to-lipid ratio is decreased, but the plots are
relatively linear for peptide concentrations of 1 μM and 5 μM (Fig. 2B and 2C). Only at the
lowest peptide concentration of 250 nM is a non-linear dependence of membrane disruption
on the concentration of POPG apparent. At a 5 μM peptide concentration, rIAPP1-19 is slightly
more effective than hIAPP1-19 at disrupting the membrane (Fig. 2C). This effect is most likely
due to the greater charge on the rIAPP1-19 peptide at pH 7.3 (+4 vs. +3 for the hIAPP1-19
assuming H18 is uncharged at pH 7.5) which facilitates partitioning into membranes containing
anionic lipids. At a lower peptide concentration (1 μM, Fig. 2B), rIAPP1-19 shows a striking
non-linear dependence on the peptide-to-lipid ratio. At high peptide to lipid molar ratios, the
rIAPP1-19 peptide is nearly as effective as the hIAPP1-19 peptide. However, as the peptide to
lipid ratio is decreased, the membrane disrupting activity of rIAPP1-19 is abruptly lost, dropping
off suddenly as a critical peptide-to-lipid ratio is surpassed (approximately 1:100). At the lowest
peptide concentration tested in this study, rIAPP1-19 induces significant membrane disruption
only at the highest peptide-to-lipid ratio (1:6) measured (Fig. 2C).

The physiologically relevant peptide-to-lipid ratio is difficult to establish exactly, as IAPP is
stored at high concentrations (0.8 -4 mM) in secretory granules before being released into the
bloodstream.(33) After release from the secretory granule, the peptide is diluted in the
bloodstream to quite low concentrations.(34) While the equilibrium concentration of IAPP in
the bloodstream is quite low, islet cells are briefly exposed to high concentrations of IAPP
immediately upon the release of IAPP from the secretory granule. The amount of IAPP bound
to the islet membrane and the consequent peptide-to-lipid ratio therefore depends on a variety
of factors that are poorly understood at present, including the dynamics of the release of IAPP
from the secretory granule, the reversibility of the membrane binding process, and the affinity
for IAPP for the cellular membrane. It is also important to note that cell membranes, unlike
model membranes, are highly heterogeneous and it is probable that IAPP is concentrated in
certain regions of the cell membrane, an effect seen previously for the related Aβ1-40 peptide.
(35,36) In light of the uncertainty about the kinetics of the process of IAPP release from the
secretory granule and also the binding of IAPP to the beta-cell membrane, it is difficult to
establish a narrow range of peptide-to-lipid ratios as being physiologically relevant.
Nevertheless, low peptide-to-lipid ratios are more likely to be physiologically relevant than
high peptide-to-lipid ratios as the equilibrium concentration of IAPP is low.

Human IAPP differs from rIAPP1-19 only by the H18R substitution. At the slightly alkaline
pH of the extracellular matrix (∼7.3), H18 will be deprotonated while R18 will remain charged.
This ionization state of H18 has previously been shown to have an effect on the fibrillization
of full-length hIAPP, with hIAPP fibrillizing faster at acidic pH where H18 is charged.(37,
38) To test the effect of the ionization state of H18 on the membrane disruption, the vesicle
disruption assay was repeated at pH 6.0 using 1 μM of either hIAPP1-19 or rIAPP1-19 (Fig. 3).
The ionization state at residue 18 appears to be critical for membrane disruption, as
hIAPP1-19 causes significantly less disruption at lower peptide-to-lipid ratios at pH 6.0 than at
pH 7.3 (compare Fig. 2B and Fig. 3). The amount of disruption induced by hIAPP1-19 at pH
6.0 is very similar to rIAPP1-19, suggesting hIAPP1-19 disrupts liposomes by a similar
mechanism as rIAPP1-19 at pH 6.0 but not at pH 7.3 where histidine is deprotonated.

The pH dependence of membrane disruption for hIAPP1-19 is supported by the paramagnetic
quenching experiments detailed in the companion paper.(39) Human IAPP1-19 in DPC micelles
is strongly quenched by Mn +2 at pH 6.0 but not at pH 7.3. Rat IAPP1-19, by contrast, is strongly
quenched at pH 7.3. As the Mn+2 ion quenches the signals of residues near the membrane-
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solution interface, it is expected that a surface-associated peptide will be more strongly
quenched than a peptide more deeply inserted into the membrane. The enhancement of
paramagnetic quenching of hIAPP1-19 at pH 6.0 indicates hIAPP1-19 binds closer to the surface
of the micelle when H18 is protonated, adopting a surface-associated binding mode similar to
rIAPP1-19.

Membrane disruption induced by hIAPP1-19 and rIAPP1-19 in pancreatic islets
The results of the dye leakage assay indicate hIAPP1-19 strongly disrupts phospholipid
membranes; on the other hand, rIAPP1-19 also disrupts phospholipid membranes if the peptide-
lipid-ratio is high enough. These results are in agreement with our previous study which showed
that hIAPP1-19 fragment, which is non-amyloidogenic if bound to a membrane, disrupted
POPG vesicles to a similar extent as the strongly amyloidogenic full-length IAPP peptide.
(25) However, all of these assays were performed under conditions that maximized peptide
binding (low ionic strength, high content of anionic lipids) and differ from the conditions found
in the in vivo setting. A more accurate assessment of the damage induced by IAPP could be
done by the use of cells loaded with a calcium sensitive dye to monitor changes in intracellular
calcium levels due to the membrane permeabilization induced by IAPP.(15,40-43) Full-length
hIAPP is known to disrupt the calcium homeostasis of neuroblastoma (SH-SY5Y) cells in a
conformation-dependent manner. (15) Demuro et al have shown that the addition of monomeric
hIAPP and mature fibers of hIAPP had little effect on intercellular calcium levels but the
addition of a prefibrillar oligomeric form of hIAPP caused the influx of calcium into the cell.
The rise in intercellular calcium concentrations induced by prefibrillar oligomeric hIAPP was
dependent on the concentration of hIAPP used, with a maximal response at 12 μg/ml and an
EC50 of approximately 3.5 μg/mL.(15) The membrane disruption induced by hIAPP was large
enough to permit leakage of calcein dye from the cell, indicating that prefibrillar oligomeric
hIAPP does not simply disrupt calcium homeostasis by the activation of endogenous calcium
channels (15) as has been reported for the fibrillar form of hIAPP.(43)

To test the toxic effect of hIAPP1-19 and rIAPP1-19 peptides on pancreatic islets, we performed
an analogous experiment by measuring the influx of calcium into single islets upon the addition
of hIAPP1-19 and rIAPP1-19. Figure 4 shows the effect of hIAPP1-19, rIAPP1-19, and the full-
length rIAPP1-37 peptide on the intracellular calcium levels of pancreatic islets. Both
hIAPP1-19 and rIAPP1-19 are toxic at relatively low concentrations, as measured by their ability
to disrupt the cellular membrane and allow the influx of calcium into the cell. However,
hIAPP1-19 is significantly more effective than rIAPP1-19 at disrupting the islet membrane as
shown in Fig. 4. The rise in intracellular calcium levels occurred immediately, without the
presence of a lag phase that has been detected for the full-length peptide.(15) Full-length rat
IAPP prepared in the same manner does not induce the influx of intracellular calcium into the
cell, in agreement with the low cytotoxicity of full-length rIAPP reported in previous studies.
(9,15,16)

Comparison of the binding affinity of hIAPP1-19 and rIAPP1-19 for POPG vesicles
The differences in the membrane disruption induced by hIAPP1-19 and rIAPP1-19 suggest a
difference may exist in the degree of cooperativity in binding to the membrane. Figure 5 shows
the binding of rIAPP1-19 and hIAPP1-19 to POPG vesicles as approximated by the measurement
of the conformational changes occurring upon binding to lipid membranes. This method is well
established for the qualitative measurement of peptide membrane binding,(44) although
conformational changes occurring after membrane binding can complicate quantitative
analysis. Like the full-length peptide, both hIAPP1-19 and rIAPP1-19 exist in a random coil
conformation in solution and adopt an alpha-helical conformation upon binding to the
membrane.(33,45) However, noticeable differences can be seen in the binding curves of
hIAPP1-19 and rIAPP1-19 titrated with increasing concentrations of POPG vesicles (Fig. 5).
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As shown in Figure 5, rIAPP1-19 is nearly as effective in binding as hIAPP1-19 at saturating
concentrations of POPG but is somewhat less effective at lower concentrations. The binding
of full-length human and rat IAPP is known to be a cooperative process with membrane binding
proceeding much more efficiently after the formation of small aggregates of IAPP on the
membrane.(33) Full-length rat IAPP differs from full-length human IAPP in that the nucleation
of small aggregates by rat IAPP is noticeably impaired as compared to that of human IAPP.
(33) The lower affinity of rIAPP1-19 for the membrane at lower concentrations of POPG
suggests the rat 1-19 fragment, like full-length rIAPP, is impaired in forming the small
aggregates that enhance membrane binding.

Interaction of hIAPP1-19 and rIAPP1-19 with membrane determined by differential scanning
calorimetry

In the accompanying paper detailing the structures of hIAPP1-19 and rIAPP1-19 in
dodecylphosphocholine (DPC) micelles, we show a significant difference in the accessibility
of hIAPP1-19 and rIAPP1-19 to manganese ions.(39) This indicates hIAPP1-19 is located
significantly deeper within the hydrophobic core of the micelle than rIAPP1-19 and suggests a
different mode for the binding to phospholipid bilayers. To test this model, the interaction of
hIAPP1-19 and rIAPP1-19 peptides with membrane was characterized by differential scanning
calorimetry (DSC). In general, the phase behavior of lipid membrane systems is highly affected
by the presence of guest molecules such as peptides.(46,47) In particular, the effect on the
thermally-induced gel to liquid crystalline phase transition and the related thermodynamic
variables (melting temperature (Tm), enthalpy change (ΔH), and entropy change (ΔS)) depends
on the nature of the interactions between the peptide and the membrane and on the topology
of the peptide relative to the lipid bilayer.(48,49) A peptide randomly distributed on the surface
of the bilayer disorders the surrounding lipids when the membrane is in the gel phase, lowering
the ΔH and Tm associated with the gel to liquid crystalline phase transition. The disruption of
the lipid-lipid interactions within the membrane also decreases the stability and rigidity of the
membrane and therefore decreases the cooperativity of the phase transition. This results in a
decreased sharpness of the peak relative to the pure lipid system. The pretransition, reflective
of a change in the orientation of the headgroup of phospholipids, is affected as well. A peptide
inserted in a transmembrane orientation has less effect on the physical properties of the
membrane because the lipid-lipid interactions are disrupted to a much lower degree than with
a surface associated peptide.(49) The aggregation of the peptide decreases the perturbation on
the membrane by decreasing the surface area of the membrane in contact with the peptide.
(50,51)

Figure 6 shows the effect of hIAPP1-19 on mixed DMPC/DMPG vesicles (7/3 ratio). The DSC
of pure DMPC/DMPG vesicles shows a single main transition at 24.5°C indicative of the gel
to liquid crystalline phase transition and a smaller pretransition at 5.4°C indicative of the rippled
gel-to-gel phase transition. The addition of hIAPP1-19 up to 2 mole percent had a very little
effect on the thermodynamics of the gel to liquid crystalline phase transition. This indicates
the lipid-lipid interactions stabilizing the membrane are largely intact and could suggest that
the peptide binds in a transmembrane orientation in an aggregated state, as previously inferred
for the full-length human peptide.(33,52,53) Self-association of the peptide reduces the number
of lipid molecules in contact with the peptide and is therefore expected to decrease the influence
of the peptide on the physical properties of the membrane.

Rat IAPP1-19 has a much different effect on the membrane (Figure 7). At low concentrations
of peptide (0.5-0.75 mole %) the peptide only slightly reduces the ΔH of the main phase
transition, but the peptide has a large effect on the pretransition peak reflective of the rippled
gel-to-gel phase transition, shifting it to higher temperatures and dramatically increasing the
height of the peak for membranes containing 0.5 mole % rIAPP1-19. An increase in the
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pretransition peak height is unusual as most substances tend to reduce the enthalpy change
associated with the rippled gel-to-gel phase transition. The rippled gel phase is similar to the
gel phase except for the existence of point defects in the bilayer caused by a small percentage
of molecules in the fluid phase.(54) The existence of these defects in turn leads to periodic
ripples in the membrane surface. Most peptides disorder the gel phase therefore reducing the
enthalpy change associated with the rippled gel-to-gel phase transition as defects are present
in both phases. An increase in ΔH for the pretransition can be associated with a decrease in the
ripple periodicity, which in turn is related to curvature changes in the membrane induced by
the mismatch in size between the headgroup region and hydrophobic core of the bilayer induced
by the peptide binding to the surface of the membrane.(54,55) The formation of ripples in a
lipid bilayer has been detected with a surfactant that induces positive curvature in the
membrane.(56) Unlike hIAPP1-19, the gel to liquid crystalline phase transition of membranes
containing rIAPP1-19 is significantly different at higher concentrations of peptide. At higher
concentrations the gel to liquid crystalline transition is greatly reduced in height and splits into
two peaks, one peak with a phase transition at a lower temperature than the pure lipid peak and
one peak at a higher temperature than the pure lipid peak. The splitting of a phase transition
peak is usually indicative of lipid domain formation, with one peak corresponding to peptide-
enriched domains of lipids and the other to peptide-poor domains of lipid.(57,58) The greater
perturbation of the lipid bilayer by rIAPP1-19 indicated by the DSC results suggests that, unlike
hIAPP1-19, rIAPP1-19 may be bound to the surface of the bilayers and not in the active
conformation necessary to form pores. This is consistent with the membrane orientation of
IAPP peptides determined from our NMR studies.(39)

Conclusions
The 1-19 peptide fragment of human IAPP (or amylin) is of particular interest in amyloidogenic
protein research as it disrupts model anionic membranes to a near-identical extent as the full-
length IAPP peptide but is conformationally stable; once bound to the membrane in an active
alpha-helical form, it does not proceed to form amyloid fibers.(25) This feature is important
for the study of the IAPP peptide, whose rapid and complex aggregation process leads to
considerable difficulties in biophysical studies. One of the key arguments for the importance
of IAPP amyloid fibers, rather than other oligomeric states of the peptide, in the death of beta-
cells during type II diabetes is the lack of toxicity of the non-amyloidogenic rat version of the
peptide. In light of the nearly identical sequences of the rat and human versions of IAPP
sequence in the 1-19 region of the peptide, the membrane disrupting effect of hIAPP1-19 is
surprising. In this study, we confirmed the membrane disrupting activity previously reported
for highly charged model membranes also exists for islet cells under physiological conditions.
Our results suggest an important role for His18 in the early stages of aggregation and membrane
binding. Histidine-18 has previously been implicated in the rate of assembly of amyloid fibers,
with amyloid fiber formation proceeding much more slowly when His18 is protonated at a low
pH.(38) In fact, the R18H substitution in the rIAPP1-37 is sufficient to turn the peptide from
being non-amyloidogenic to slightly amyloidogenic, which is most likely due to the disruption
of the stacking of the beta sheets forming the amyloid fiber by the protonated arginine residue.
(59) However, mature amyloid fibers show relatively little toxicity to beta-cells and a different
mechanism is likely to operate during the earlier stages of aggregation where the toxicity of
the peptide is highest and large aggregates are absent. Our results show, for the relatively non-
amyloidogenic but toxic 1-19 fragments of the peptide, that the His18 residue also plays a key
role in controlling the toxicity of the peptide by modulating the interactions of IAPP with the
phospholipid membrane.
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Figure 1.
The amino acid sequences of rat and human IAPP. The 1-19 fragment that is used in this study
is shown in blue, and the differences between the two sequences are shown in red. A disulfide
bond exists between residues 2-8. The N-termini are amidated like the naturally occurring
peptide.
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Figure 2.
Liposome leakage induced by hIAPP1-19 (blue diamonds) and the rIAPP1-19 fragment (green
diamonds) at pH 7.5. The peptide-to-lipid ratio was varied by adding 250 nM (A), 1 μM (B),
and 5 μM (C) solutions of either rIAPP1-19 or hIAPP1-19 to POPG liposomes containing
carboxyfluorescein (1.5 μM) and enough empty POPG liposomes (not containing
carboxyfluorescein) to create the indicated molar ratio of peptide to lipid. The fluorescence
signal was recorded at 100 seconds after peptide injection and normalized to the total possible
signal upon addition of detergent.
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Figure 3.
Liposome leakage induced by hIAPP1-19 (blue diamonds) and the rIAPP1-19 fragment (green
diamonds) at pH 6.0. Except for the pH, the liposome leakage assay was performed as indicated
for the pH 7.3 sample using 1 μM solutions of either rIAPP1-19 or hIAPP1-19.
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Figure 4.
Membrane permeabilization in pancreatic islets induced by IAPP. Whole mouse pancreatic
islets were loaded 45 minutes prior to the experiment with 2 μM of the calcium-sensitive dye
fura-2 AM. At 140 seconds (indicated by a vertical line at the top) 12 μg/ml hIAPP1-19,
rIAPP1-19 or rIAPP1-37 was perfused over the cells. The values given are the average of 5 islet
samples; error bars indicate standard error of the mean.
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Figure 5.
CD Spectra of 50 μM hIAPP1-19 (A), 100 μM hIAPP1-19(B), 50 μM rIAPP1-19 (C), and 100
μM rIAPP1-19 (D) at the indicated concentrations of POPG. Plots of the molar CD per residue
at 222 nm for 50 μM hIAPP1-19 and rIAPP1-19 (E) and 100 μM hIAPP1-19 and rIAPP1-19 (F)
with the indicated concentrations of POPG. All spectra were obtained in 10 mM sodium
phosphate buffer, pH 7.3.
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Figure 6.
Differential scanning calorimetry of the pretransition and the main gel to liquid-crystalline
phase transition of DMPC : DMPG (7:3) vesicles at the indicated molar ratio of hIAPP1-19 to
lipid. Peptide and lipids were co-dissolved in a chloroform/ethanol solution, dried and
resuspended in sodium phosphate buffer, pH 7.3 with 150 mM NaCl.
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Figure 7.
Differential scanning calorimetry of the pretransition and the main gel to liquid-crystalline
phase transition of DMPC : DMPG (7:3) vesicles at the indicated molar ratio of rIAPP1-19 to
lipid. Peptide and lipids were co-dissolved in a chloroform/ethanol solution, dried and
resuspended in 10 mM sodium phosphate buffer, pH 7.3 with 150 mM NaCl.
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