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ABSTRACT: Disruption of the cellular membrane by the amyloidogenic peptide IAPP (or amylin) has been
implicated in �-cell death during type 2 diabetes. While the structure of the mostly inert fibrillar form of
IAPP has been investigated, the structural details of the highly toxic prefibrillar membrane-bound states
of IAPP have been elusive. A recent study showed that a fragment of IAPP (residues 1-19) induces
membrane disruption to a similar extent as the full-length peptide. However, unlike the full-length IAPP
peptide, IAPP1-19 is conformationally stable in an R-helical conformation when bound to the membrane.
In ViVo and in Vitro measurements of membrane disruption indicate the rat version of IAPP1-19, despite
differing from hIAPP1-19 by the single substitution of Arg18 for His18, is significantly less toxic than
hIAPP1-19, in agreement with the low toxicity of the full-length rat IAPP peptide. To investigate the
origin of this difference at the atomic level, we have solved the structures of the human and rat IAPP1-19

peptides in DPC micelles. While both rat and human IAPP1-19 fold into similar mostly R-helical structures
in micelles, paramagnetic quenching NMR experiments indicate a significant difference in the membrane
orientation of hIAPP1-19 and rIAPP1-19. At pH 7.3, the more toxic hIAPP1-19 peptide is buried deeper
within the micelle, while the less toxic rIAPP1-19 peptide is located at the surface of the micelle.
Deprotonating H18 in hIAPP1-19 reorients the peptide to the surface of the micelle. This change in
orientation is in agreement with the significantly reduced ability of hIAPP1-19 to cause membrane disruption
at pH 6.0. This difference in peptide topology in the membrane may correspond to similar topology
differences for the full-length human and rat IAPP peptides, with the toxic human IAPP peptide adopting
a transmembrane orientation and the nontoxic rat IAPP peptide bound to the surface of the membrane.

Islet amyloid polypeptide (IAPP,1 also known as amylin)
is one of an increasing number of proteins in which the
propensity to form a misfolded state is correlated with
pathologies in tissue functioning. Physiologically, IAPP is
one of a family of peptides related to calcitonin that act in
the control of metabolic functions. Specifically, IAPP acts
in concert with insulin to control plasma glucose levels and
acts independently of insulin to slow gastric emptying and
therefore food intake (1-3). For reasons that are currently
poorly understood, IAPP aggregates in the pancreatic �-cells
of type II diabetics to form highly ordered and extremely
stable long protein fibers (amyloid deposits). Similarly, other
tissue-specific amyloid deposits have also been identified in
a growing list as possible pathological features in other
common and devastating diseases such as Parkinson’s,
Alzheimer’s, Creutzfeld-Jacob’s, and Huntington’s diseases.

All of these proteins, despite the differences in amino acid
sequences and in the structures of the monomeric protein,
adopt a common cross-�-sheet structure consisting of parallel
association of �-strands to form protofibril units and lateral
association of protofibril units to form amyloid fibers (4).
Amyloid deposition is generally correlated with the severity
of the disease, increasing over time as the disease progresses
and �-cell function decreases (5).

Amyloidogenic proteins commonly have a strong interac-
tion with negatively charged membranes, forming oligomeric
structures within the membrane that act as largely nonselec-
tive ion channels (6-9). Atomic force microscopy images
show pentameric structures with a small central cavity
suggestive of a well-defined ion channel when IAPP is bound
to supported lipid bilayers (6). The formation of these ion
channels has been proposed to disrupt calcium homeostasis
and lead to mitochondrial oxidative stress (7). However, other
studies have shown direct disruption of the membrane by
the uptake of lipid molecules during fibrillogenesis into
protofibril units (10, 11). In order to better understand the
membrane interaction and function of IAPP, it is important
to determine the high-resolution structure of IAPP in a
membrane environment. However, the rapid aggregation of
IAPP to form amyloid fibers has been a great challenge to
overcome in solving the atomistic-level resolution structures
of these peptides using NMR spectroscopy. In addition, the
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oligomeric species of IAPP that form during the aggregation
process can interact with the membrane in different ways,
further complicating structural studies of IAPP. To overcome
the difficulties associated with IAPP, we have recently shown
that the N-terminal 1-19 fragment of IAPP (the amino acid
sequence is given in Figure 1) is a useful model system for
the study of the IAPP-induced membrane disruption (12).
The full-length IAPP peptide can be divided into three
regions: an N-terminal region from residues 1 to 19 that
largely determines the membrane binding (13, 14), a primary
amyloidogenic region from residues 20 to 29, and a C-
terminal region from residues 30 to 37 that enhances amyloid
formation (13, 15, 16). Peptide array binding studies have
shown that the N-terminal region of IAPP is also strongly
involved in the self-association of the peptide. Using an array
of decamer peptides made from hIAPP, Mazor et al.
measured the binding of full-length IAPP to truncated
versions of the peptide immobilized on a cellulose membrane
matrix (17). The strongest peptide-peptide interactions in
this study were found to extend from C7 to N21, which
substantially overlaps with the 1-19 region. It is noteworthy
that the binding of full-length hIAPP to truncated peptides
containing the main amyloidogenic region (residues 20-29)
was significantly less. The preferential affinity of full-length
IAPP for truncated peptides made from the N-terminal region
over those made from the amyloidogenic region suggests
self-association in full-length IAPP may be initiated first by
interactions in the 1-19 region before interactions within
the 20-29 region can occur. This is significant because
IAPP-induced toxicity and membrane damage can occur
before amyloid formation as reported in the literature (7, 18).
The 1-19 fragment of IAPP may therefore be an excellent
structural model to investigate the early aggregation and
membrane disrupting activity of IAPP that is observed before
the formation of amyloid fibers.

In an effort to determine the amino acid residues respon-
sible for the toxicity of IAPP, we recently found that the
N-terminal 1-19 region of human IAPP both disrupts POPG
vesicles similarly to full-length human IAPP and also disrupts
�-cell homeostasis like full-length human IAPP (12, 19).
Significantly, hIAPP1-19 exhibits greatly reduced amy-
loidogenicity, forming fibers only at very high concentrations
in solution (20). While binding to membranes accelerates
amyloid formation for full-length hIAPP, human IAPP1-19

is conformationally stable when bound to POPG membranes,
maintaining the same R-helical conformation for at least 13
days (12). A similar effect has been noted for a longer
fragment of the hIAPP (hIAPP1-24) that also contains part
of the amyloidogenic region (21).

A comparison of amino acid sequences of IAPP of
different species yields some interesting information in this
context. Full-length rat IAPP is both nontoxic and nonamy-
loidogenic, and significantly, rats do not develop type II
diabetes. However, the human and rat versions differ in only
one amino acid residue within the 1-19 sequence (Figure
1) with the majority of the differences between human and

rat IAPP being in the amyloidogenic 20-29 region. Despite
the fact that it differs from human IAPP1-19 by only a single
residue, rat IAPP1-19 is significantly less toxic than hIAPP1-19

(19). Since the 1-19 fragments of human and rat IAPP are
quite stable in a membrane environment (12), it would be
useful to determine the high-resolution structures and folding
of these peptides using NMR spectroscopy. In this study,
we have solved the high-resolution structures of both human
and rat IAPP 1-19 peptides using solution NMR experi-
ments on well-behaved dodecylphosphocholine (DPC) de-
tergent micelles. In most respects, DPC micelles are a better
model to mimic the phospholipid membrane than organic
solvents, such as trifluoroethanol and hexafluoro-2-proponal,
which have been used in some previous studies of amyloid
peptides (22). Organic solvents lack the hydrophobic/
hydrophilic interface that is present in lipid membranes.
Furthermore, the difference in solvation structure and
hydrogen bonding between organic solvents and lipid
membranes tends to bias the structure toward non-native
helical structures (23-25). The headgroup of DPC is
identical to phosphatidylcholine, the most common lipid in
animal cell membranes, and is expected to be less denaturing
than sodium dodecyl sulfate (SDS) due to the zwitterionic
nature of the detergent. Previous studies have shown that
DPC preserves the native conformations of membrane-
associated peptides and enzyme activity of membrane
proteins in some cases (25-30).

MATERIALS AND METHODS

NMR Sample Preparation. Rat and human IAPP1-19 were
synthesized and purified by Genscript. The formation of an
intramolecular disulfide bond was determined by electrospray
mass spectroscopy. The absence of intermolecular disulfide
bonds was confirmed by nonreducing SDS-PAGE electro-
phoresis, which showed a single band corresponding to the
monomeric peptide (data not shown). Both peptides were
first dissolved in hexafluoro-2-propanol at a concentration
of 10 mg/mL and then lyophilized overnight at 1 mTorr
vacuum to completely remove the solvent. The NMR sample
was prepared by dissolving the lyophilized peptide to a final
concentration of 1.625 mM in 20 mM phosphate buffer at
pH ∼7.3 containing 10% 2H2O, 200 mM perdeuterated DPC,
and 120 mM NaCl.

NMR Experiments. All NMR experiments except the
paramagnetic quenching experiments were performed at 30
°C on a Bruker Avance 900 MHz spectrometer equipped
with a cryoprobe. Complete assignments of the side chain
and backbone resonances were obtained using 2D 1H-1H
TOCSY (with a 70 ms mixing time) and 2D 1H-1H NOESY
(with 100 and 300 ms mixing times) experiments with 2056
complex points in the direct dimension and 512 points in
the indirect dimension (31, 32). Proton chemical shifts were
referenced to the water proton signal at the carrier frequency.
All 2D spectra were processed using Bruker TopSpin
software and analyzed using SPARKY (33, 34). Resonance
assignment was carried out using a standard approach
reported elsewhere (35).

Structure Calculations. The rIAPP1-19 and hIAPP1-19

structural ensembles were calculated starting from an ex-
tended structure using the simulated annealing protocol
available in the NIH-XPLOR software package to generate

FIGURE 1: Amino acid sequences of rat and human IAPP. The 1-19
region is shown in blue, and differences between the sequences
are shown in red. There is a disulfide bond between residues 2 and
7. The C-termini of the peptides used in this study are amidated.
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100 conformers. An initial temperature of 3000 K was used
with 18000 high temperature steps, 9000 cooling steps, and
a step size of 2 fs (36, 37). A total of 180 and 208 NOEs
from rIAPP1-19 and hIAPP1-19, respectively, were classified
as strong (1.8-2.9 Å), medium (1.8-4.5 Å), or weak
(1.8-6.0 Å) and utilized as structural constraints. Dihedral
angle restraints were obtained from the empirical correlation
between R proton chemical shifts and dihedral angles using
the TALOS module in NMRPIPE (38). Final refinement of
the structure ensemble was calculated using simulated
annealing at an initial temperature of 500 K with 20000
cooling steps and a step size of 3 fs.

The analysis was carried out using the “accept.inp” routine
included in the NIH-XPLOR software package with the
requirements that NOE violations should not exceed 0.5 Å,
dihedral angle restraint violations should not exceed 5°, the
rms difference for bond deviations should not exceed 0.01
Å from ideality, and the rms difference for angle deviations
should not exceed 2° from ideality. The 20 lowest energy
conformers for each of the rat and human IAPP1-19 peptides
were selected for further analysis. The analysis of Ram-
achandran angles for the 20 lowest energy structures was
carried out using PROCHECK-NMR (39). Peptide structures
were analyzed using the program MOLMOL (40).

Paramagnetic Quenching. One-dimensional 1H chemical
shift spectra of IAPP1-19 in DPC micelles at a concentration
of 0.4, 0.8, and 1.2 mM MnCl2 at pH 7.3 and pH 6.0 were
obtained. 2D 1H-1H NOESY spectra of hIAPP1-19 in DPC
micelles at pH 6.0 with and without 1.2 mM MnCl2 were
also obtained on Bruker Avance 600 MHz spectrometer. All
other experimental conditions were the same as described
above.

RESULTS

A combination of 2D 1H-1H TOCSY and 1H-1H NOESY
spectra obtained at different mixing times was used for the
assignment of backbone and side chain resonances. The
sequential assignments were accomplished using the amide
proton to R proton region of the 2D 1H-1H NOESY spectra
obtained at a 300 ms mixing time. The R proton chemical
shift index plots for both peptides are given in Figure 2. Due
to chemical exchange, the chemical shift values for the R
protons of K1-T4 and T6 of both peptides could not be
observed. The fingerprint regions of NOESY spectra obtained
at a 300 ms mixing time are shown in Figure 3. From the
analysis of the 2D NOESY spectra, we have identified and
assigned a total of 180 (73 intraresidue and 107 interresidue)
NOEs for rIAPP1-19 and 208 (79 intraresidue and 129
interresidue) NOEs for hIAPP1-19. Figure 4 shows a sum-
mary of backbone NOEs for the secondary structure assign-
ment with a histogram indicating the number of NOEs per
residue.

The NMR spectra of rIAPP1-19 and hIAPP1-19 embedded
in detergent micelles are sufficiently resolved to assign most
of the resonances but not to measure the J coupling constants.
All assigned NOEs were then converted into distances and
modeled using the classical simulated annealing protocol
built in XPLOR-NIH (6). Out of the 100 refined structures,
41 of the rat IAPP1-19 and 60 of the human IAPP1-19 did
not have NOE violations >0.5 Å, dihedral angle restraint
violations >5°, rms difference for bond deviations from

ideality >0.01 Å, and rms difference for angle deviations
from ideality >2°. Of the structures that passed the ac-
ceptance criteria, 20 structures were further selected for the
final analysis. The superposition of backbone atoms from
residues 1 to 19 gives an rmsd of 0.58 ( 0.12 and 0.57 (
0.13 Å for rIAPP1-19 and hIAPP1-19 respectively, while the
superposition of all heavy atoms gives an rmsd of 1.69 (
0.28 and 1.51 ( 0.27 Å. The overlays of the backbone and
side chain heavy atoms for the final selected conformers are
shown in Figure 5. Analysis of the Ramachandran plot for
the final conformers shows that 93.8% and 81.8% of the
residues fall in the most favored region while the rest of the
residues fall in the additionally allowed regions for rIAPP1-19

and hIAPP1-19, respectively (more details are given in Table
1).The secondary structure representations of rIAPP1-19 and
hIAPP1-19 are shown in Figure 6.

Since rIAPP1-19 and hIAPP1-19 differ significantly in their
functions but have similar structures, it is important to
determine the orientation of both peptides with respect to
the membrane. As a first approximation of the membrane

FIGURE 2: R proton chemical shift index for rat (top) and human
(bottom) IAPP1-19.

FIGURE 3: Fingerprint region of 2D 1H-1H NOESY spectra of rat
(top) and human (bottom) IAPP1-19 in DPC micelles at pH 7.3
showing NOE R proton connectivities.
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orientation, we have obtained the 1D 1H chemical shift
spectra of both peptides in DPC micelles with varying
concentrations of the paramagnetic quencher MnCl2. It is
known that manganese ions affect the relaxation rate of nuclei
that are in close proximity and therefore decrease the
observed signal intensity. Because manganese ions cannot
penetrate into the interior of the micelle, the observed
changes in the signal intensities reflect the exposure of the
amino acid residues of the peptide to solvent. The 1D 1H
chemical shift spectra of DPC micelles containing hIAPP1-19

and rIAPP1-19 at pH 7.3 are given in Figure 7. The
considerable decrease in the signal intensities and broadening
of spectral lines observed for micelles containing rIAPP1-19

even at the relatively low concentration of 0.4 mM MnCl2

suggest that the peptide is well-exposed to the water phase
and not in the hydrophobic core of the micelle. On the other
hand, a significant reduction in signal intensities and an
increase in line broadening is observed only at a high
concentration of MnCl2 (1.2 mM) for micelles containing
hIAPP1-19 at pH 7.3, which suggests that the peptide is
inserted into the hydrophobic core of the micelle.

Overall, these results suggest that hIAPP1-19 is inserted
into the micelle at pH 7.3 while rIAPP1-19 binds closer to
the surface. The only difference between hIAPP1-19 and
rIAPP1-19 is the H18R mutation. Histidine is likely to be
neutral at pH 7.3; therefore, if the origin of this effect is the
difference in charge at residue 18, hIAPP1-19 should adopt
a surface-associated binding mode at a lower pH where H18
is protonated. Accordingly, we have measured both the 1D
1H chemical shift (Figure 8) and 2D 1H-1H NOESY (Figure
9) spectra of hIAPP1-19 in DPC micelles at pH 6.0 in the
presence of MnCl2. In contrast to the modest decrease in
signal observed at pH 7.3 when MnCl2 is added (Figure 7),
there is a significant decrease in signal intensity at pH 6.0
with the addition of MnCl2 (Figures 8 and 9). The strong
effect of MnCl2 on the proton spectrum of hIAPP1-19 in DPC
micelles at pH 6.0, but not at pH 7.3, indicates hIAPP1-19 is
significantly closer to the surface of the micelle when H18
is protonated.

DISCUSSION

Since the toxicity of amyloid peptides to cells is correlated
with the role of amyloid peptides in aging-related diseases
(9, 41, 42), there is considerable current interest in solving
high-resolution structures of amyloid peptides in a membrane
environment. Several studies have reported global changes
in the secondary structures of amyloid peptides upon binding
to membrane and their significance in the conversion of
nontoxic to toxic amyloids (18, 43-45). While the impor-
tance of IAPP/lipid interactions is well documented, the only
available high-resolution structure of membrane IAPP is for
the 20-29 fragment in sodium dodecyl sulfate (SDS)
micelles (46). However, the toxicity of the 20-29 fragment
is significantly lower than that of the full-length IAPP peptide
(47). In this study, we report the first atomic-level resolution
structures of a membrane-bound IAPP peptide that exhibits
significant toxicity (12, 19). A previous NMR study has
reported the low-resolution structure of nontoxic rat IAPP
in water (48). While this study was in progress, a recent study
reported the structure of IAPP using distance constraints
measured from EPR experiments on liposomes containing
selectively spin-labeled IAPP peptides (21).

The structures of hIAPP1-19 and rIAPP1-19 in DPC
micelles are similar, consisting of a single helix extending
from C7 to V17 and a distorted helical turn from C7 to the
N-terminus (Figure 10). The N-terminal region is prevented
from adopting a canonical R-helix conformation by the
disulfide bridge from C2 to C7. Residues 2-5 are likely to
be dynamic and poorly structured in both peptides, as shown
by the lack of NOE restraints in this region (Figure 4). This
region may be more structured in hIAPP1-19, as HA-NH
connectivity was seen from C7 to Q10 and A8 to Q10 for
hIAPP1-19 but not in rIAPP1-19. As these residues border
the disulfide bridge from residues 2 to 7, a change in the
dynamics at one end of the disulfide bridge is likely to be
transmitted throughout the ring from residues 2 to 7.

This finding is supported by recent NMR data on full-
length rat and human IAPP in solution (48, 49). While both
rat and human IAPP are predominantly unstructured in
solution, both peptides transiently sample R-helical states in
solution (48, 49). In agreement with the additional restraints
found here for hIAPP1-19, full-length hIAPP in solution has

FIGURE 4: Histogram of NOEs versus residues for rat (top) and
human (bottom) IAPP1-19.

FIGURE 5: An ensemble of conformers for rat (A and C) and human
(B and D) IAPP1-19 showing the convergence of the conformers
for backbone atoms (A and B) and side chain atoms (C and D).
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a greater R-helical propensity at the N-terminus than rIAPP
(49). Yonemoto et al. reported the presence of strong (i, i +
1) amide-amide NOEs and negative HR chemical shift
deviations across the entire sequence of hIAPP, indicating
all residues of hIAPP sample R-helical dihedral angles (49).
Analysis of temperature coefficients and chemical shift
deviations show that the corresponding stretch of rat IAPP
with a propensity to form R-helical states is shorter, stretching
only from A5 to S19 (48). Notably, the chemical shift
deviations in the R-helical forming region are larger for full-
length hIAPP than rIAPP in solution (48, 49).

Although high-resolution structures of membrane-bound
full-length IAPP are not available, both lower resolution
studies on full-length IAPP in liposomes and in solution
suggest the conformation determined here may represent the
structured part of the full-length protein. The majority of
the remaining residues on the C-terminal end of the full-
length protein are likely to be unstructured both in solution
and when bound to the membrane. A recent EPR study using
spin-labeled full-length hIAPP has indicated that residues
9-22 form a helix when bound to anionic liposomes, while
the surrounding N-terminal and C-terminal regions are less
ordered without a defined secondary structure (21). In
accordance with these data, circular dichroism has shown
that approximately 40% of full-length human IAPP and 35%
of full-length rIAPP are in a helical conformation when
bound to the membrane (18, 43). The NMR studies men-
tioned above on full-length IAPP in solution also support
the model of a C-terminal region with weaker helix
propensity than the N-terminal region (48, 49).

While the structures of rIAPP1-19 and hIAPP1-19 are quite
similar, the H18R substitution has a strong effect on the
orientation of the peptide with respect to the membrane.
The difference in the location of hIAPP1-19 and rIAPP1-19

Table 1: Statistical Information for the Structural Ensembles of rIAPP1-19 and hIAPP1-19

rIAPP1-19 hIAPP1-19

distance constraints total 180 208
intraresidual 73 79
interresidual 107 129
sequential (i - j ) 1) 56 71
medium (i - j ) 2, 3, 4) 51 58

structural statistics NOE violations (Å) 0.059 ( 0.0007 0.056 ( 0.0014
dihedral angle restraint violations (deg) 1.034 ( 0.104 1.589 ( 0.138
rmsd for bond deviations (Å) 0.005 ( 0.0001 0.005 ( 0.0002
rmsd for angle deviations (deg) 0.755 ( 0.009 0.643 ( 0.021
rmsd of all backbone atoms (Å) 0.58 ( 0.12 0.57 ( 0.13
rmsd of all heavy atoms (Å) 1.69 ( 0.28 1.51 ( 0.27

Ramachandran plot residues in most favored region (%) 93.8 81.8
residues in additionally allowed region (%) 6.2 18.2

FIGURE 6: Secondary structure representations of an overlaid
ensemble of conformers for rat (left) and human (right) IAPP1-19.

FIGURE 7: The amide proton chemical shift region of 1H NMR
spectra of rat (left) and human (right) IAPP1-19 in DPC micelles at
pH 7.3 with and without MnCl2.

FIGURE 8: The amide proton chemical shift region of 1H NMR
spectra of hIAPP1-19 in DPC micelles at pH 6.0 with and without
MnCl2. A comparison of these 1H spectra with those given in Figure
7 for hIAPP1-19 in DPC micelles at pH 7.3 suggests that the peptide
is more exposed to the water phase at pH 6.0 and therefore peaks
are considerably broadened even at 0.8 mM MnCl2.
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in the membrane can be seen in Figure 7. The signal for
rIAPP1-19 is diminished substantially upon the addition of
the paramagnetic quencher MnCl2 even at low concentra-
tions, while the signal for hIAPP1-19 is hardly affected. Since
the Mn2+ ion cannot penetrate into the hydrophobic core of
the micelle, the absence of quenching by Mn2+ for hIAPP1-19

indicates rIAPP1-19 is located closer to the surface of the
membrane than hIAPP1-19 (50). The structural basis for this
difference is most likely due to the anchoring of R18 in
rIAPP1-19 to the phosphate group of the DPC molecule by
a charge-charge interaction. The anchoring of rIAPP1-19 to
the surface of the membrane at two points by the charges
on K1 and R18 would likely fix the position of the peptide
within the micelle (51). The effect of anchoring of rIAPP1-19

to the surface of the micelle can be seen in the structure of
rIAPP1-19. The helix in the rIAPP1-19 structure has a
noticeable curve with the hydrophobic residues of the
amphipathic helix on the concave side and the polar and
charged residues on the opposite side that is absent in the
corresponding helix of the hIAPP1-19 structure (Figure 10C).
Distorted helices usually occur when the peptide binds near
the surface of the micelle, with the structure adopting some
of the curvature of the micelle surface. Because hIAPP1-19

at pH 7.3 lacks the C-terminal charge of R18 in rIAPP1-19,

it possesses a greater degree of orientational flexibility.
Without the requirement that residue 18 must be anchored
to the surface, hIAPP1-19 can adopt an orientation that buries
it deeper within the micelle. The importance of charge in
determining the binding topology of hIAPP1-19 can be clearly
seen by comparing the effect of MnCl2 on the proton
spectrum of hIAPP1-19 at pH 7.3 and at pH 6.0. In contrast
to the modest quenching observed at pH 7.3 (Figure 7),
MnCl2 strongly quenches the signal at pH 6.0 (Figures 8
and 9). This is a strong indication that hIAPP1-19 adopts a
surface-associated binding mode similar to rIAPP1-19 when
H18 is protonated.

Interestingly, neutron diffraction experiments have sug-
gested a similar difference in topologies for the full-length
rat and human IAPP peptides (52). A surface-associated
peptide is expected to strongly disorder the packing of the

FIGURE 9: Fingerprint region of 2D 1H-1H NOESY spectra of
hIAPP1-19 in DPC micelles at pH 6.0 in the absence (A) and
presence (B) of 1.2 mM MnCl2. FIGURE 10: (A) Overlay of the average structures of rIAPP1-19 (blue)

and hIAPP1-19 (red). The average of the 20 structures of each
peptide was aligned using the STAMP algorithm present in the
Multiseq utility in VMD (54, 55). (B) View of rIAPP1-19 and
hIAPP1-19 viewed end-on from the N-terminus. (C) View of
rIAPP1-19 showing the curve in the helical region. (D) View of
hIAPP1-19 showing the absence of a curve in the helical region.
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bilayer by creating a void beneath the peptide that must be
filled by the acyl chains of nearby phospholipids; such effects
have been reported for membrane-disrupting antimicrobial
peptides based on solid-state NMR studies in lipid bilayers
(56, 57). A transmembrane peptide, on the other hand, does
not create a void volume in the membrane and can be
expected to have little effect on the packing of the bilayer if
it does not alter the thickness of the membrane. The density
profile of the bilayer measured by neutron diffraction in the
presence of full-length hIAPP is remarkably similar to that
of the bilayer in the absence of the peptide (52). The density
profile of bilayers containing full-length rIAPP, on the other
hand, showed a significant reduction in density in the
hydrophobic core of the bilayer, consistent with the splaying
of acyl chains to occupy the void volume created with a
surface-associated peptide (52). Critically, water was detected
in the interior of the bilayer in this experiment when human
but not rat IAPP was added, indicating that a transmembrane
orientation is related to the membrane disruption induced
by human IAPP but not rat IAPP (52). The importance of
peptide binding topology for membrane disruption is in
agreement with our results reported in the companion paper,
which show that the membrane disruption by hIAPP1-19 is
reduced at pH 6.0 and is approximately equal to that of
rIAPP1-19 at pH 6.0 (19).

An alternative topology for full-length hIAPP has been
proposed by Apostolidou et al. in studies using spin-labeled
IAPP bound to anionic liposomes in the presence of
quenchers with different lipid penetration profiles (21). They
found that full-length human IAPP was oriented parallel to
the membrane surface in these conditions with the center of
the helix located 6-9 Å below the phosphate group. In this
EPR study, a very low (1:1000) peptide-to-lipid ratio was
used, and it is therefore likely the peptide was in the
monomeric state. It can clearly be seen from Figure 5 that a
monomeric IAPP peptide in a transmembrane orientation
would have unfavorable electrostatic interactions due to the
presence of the charged R11 residue in the hydrophobic core
of the membrane. The small size of the spherical micelle
used in this study allows the charged side chain of R11 to
easily extend outside/near the surface of the micelle regard-
less of the overall orientation of the peptide. In larger
liposomes, a correct orientation of the peptide is necessary
to stabilize this charge. In the surface-associated orientation,
the charge on a monomeric peptide can be stabilized by
interactions with either the headgroups or phosphates of the
interfacial region (21). In order to avoid this unfavorable
interaction in a transmembrane orientation, oligomerization
of the peptide is necessary. The binding of hIAPP to the
membrane and the membrane disruption induced by hIAPP
are both strongly cooperative, and saturation of IAPP binding
occurs at a higher density than is possible with a surface-
associated orientation (18). This suggests a model in which
IAPP first binds to the membrane in a monomeric form,
recruits other IAPP monomers to the surface, and then inserts
into the membrane as an oligomer with a water-filled channel
that stabilizes the unfavorable charge (18). It should be noted
that a transmembrane orientation would imply a hydrophobic
mismatch for both hIAPP1-19 and full-length hIAPP if the
remaining residues in full-length hIAPP are unfolded as
suggested by EPR, CD, and NMR studies on homologous
peptides (18, 21, 43, 53).

In conclusion, we have solved the high-resolution
structures and found the membrane orientations of human
and rat IAPP1-19 using NMR experiments on dode-
cylphosphocholine micelles in an effort to understand the
functional differences between these two peptides. The
1-19 fragment was chosen because evidence suggests this
region is responsible for most of the membrane damage
induced by hIAPP (12-14, 19). The structure determined
here may hold insights into both the normal physiological
action of IAPP and the damage to �-cell membranes
caused by the pathological aggregation of IAPP. Future
studies are needed to determine the structure of the
oligomeric forms of IAPP at high resolution and to
understand the role of membrane composition in the
structural folding of oligomeric IAPP.
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