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Abstract

Islet amyloid polypeptide (IAPP or amylin) is a 37-residue peptide hormone associated with
glucose metabolism that is cosecreted with insulin by f-cells in the pancreas. Since human 1APP is
a highly amyloidogenic peptide, it has been suggested that the formation of IAPP amyloid fibers is
responsible for the death of f-cells during the early stages of type 1l diabetes. It has been
hypothesized that transient membrane-bound a-helical structures of human IAPP are precursors to
the formation of these amyloid deposits. On the other hand, rat IAPP forms transient a-helical
structures but does not progress further to form amyloid fibrils. To understand the nature of this
intermediate state and the difference in toxicity between the rat and human versions of IAPP, we
have solved the high-resolution structure of rat IAPP in the membrane-mimicking detergent
micelles composed of dodecylphosphocholine. The structure is characterized by a helical region
spanning the residues A5 to S23 and a disordered C-terminus. A distortion in the helix is seen at
R18 and S19 that may be involved in receptor binding. Paramagnetic quenching NMR
experiments indicate that rat IAPP is bound on the surface of the micelle, in agreement with other
nontoxic forms of IAPP. A comparison to the detergent-bound structures of other IAPP variants
indicates that the N-terminal region may play a crucial role in the self-association and toxicity of
IAPP by controlling access to the putative dimerization interface on the hydrophobic face of the
ampbhipathic helix.

Introduction

Islet amyloid polypeptide (IAPP; also known as amylin) is the major component of amyloid
deposits found in the pancreas of type Il diabetic patients. Since amyloid deposits are
observed in approximately 95% of diabetic patients but are rarely found in nondiabetic
individuals, it has been hypothesized that |APP fibrillization is involved in the pathogenic
development of the disease.4—6 More specifically, aggregates of IAPP have been implicated
in the loss of #-cell mass and a reduction in insulin production.1 Disruption of the f-cell
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membrane is central to this process.2,3 IAPP oligomers, but not the mature amyloid fibers,
have been shown to induce apoptosis by the disruption of calcium homeostasis and the
creation of oxidative stress. The mechanism of membrane disruption by IAPP and other
amyloid proteins is still a subject of considerable debate.4,5,3

A cross-species comparison of IAPP sequences has shown an interesting correlation
between the occurrence of a type Il-like form of diabetes and the propensity of the
corresponding IAPP sequence to form amyloid fibers. Humans, nonhuman primates, and
cats all have amyloidogenic forms of IAPP. Revealingly, a type Il diabetic-like syndrome
has been observed in all these mammals. Out of the nonamyloidogenic forms of IAPP, the
rat variant (rlAPP, sequence shown in Figure 1) has been the most intensively studied. In
contrast to the human form of IAPP (hl1APP), rlIAPP is almost completely nontoxic to f-cells
even at high concentrations. Significantly, rats do not develop diabetes-like symptoms even
when rlAPP is overexpressed.6

The nontoxicity of rlAPP has usually been attributed to its inability to form the f-sheet
amyloid fibers characteristic of hIAPP. However, mature amyloid fibers are relatively inert
compared to the high toxicity exhibited by prefibrillar oligomeric species. Protofibrillar
intermediates have been implicated in disturbing cellular homeostasis by disrupting the
cellular membrane, either through the formation of ion channels or by a nonspecific general
disruption of the lipid bilayer. The structure of the earlier intermediate species is unknown.
The sequence of rlAPP differs from hIAPP primarily by the substitution of prolines for
critical residues in the amyloidogenic region of hlAPP.7,8 Since prolines act as /-sheet
breakers, the absence of rIAPP cytotoxicity has been interpreted as evidence for the theory
that the highly toxic prefibrillar intermediates of IAPP possess a similar f-sheet-enriched
structure as the mature hlAPP fiber. However, membrane disruption by hIAPP is a complex
process with contributions from multiple conformations and multiple oligomeric states.3 In
particular, an initial increase in the permeability of the membrane occurs immediately upon
the addition of the peptide to the membrane.9 This is followed by a larger increase in
permeability, corresponding to a complete disruption of the membrane that is correlated with
the formation of amyloid fibers.4,10-13 The biphasic nature of membrane disruption is
mirrored by biphasic changes in the conformation of the peptide. Both rIAPP and hlAPP are
predominantly a-helical when initially bound to the membrane, as shown for rlIAPP in this
study and by circular dichroism (CD) and electron paramagnetic resonance (EPR) data for
hIAPP bound to phospholipid vesicles.9,14-16 From this a-helical intermediate state, both
rlIAPP and hlAPP then aggregate to form f-sheet fibers. The initial increase in membrane
permeability after IAPP binding may be linked to the formation of pores caused by the self-
association of several a-helical IAPP monomers on the membrane.9

The importance of these helical intermediate states of IAPP has been shown by fragments of
IAPP (IAPP1—19) which form the helical intermediate state when bound to the membrane
but do not progress from this state to form amyloid fibers.17-19 The toxicity of these
fragments mirrors the relative toxicity of the full-length versions of IAPP.17,19 Rat
IAPP1—g is significantly less toxic than hlAPP1—19, despite differing from hlIAPP—19 by
only one residue (a substitution of arginine for histidine at residue 18). Although rlAPP1—19
is less toxic to fcells than hlIAPP—g, it is still considerably more toxic than rlIAPP1—37,
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which does not disrupt membranes of less than 50% anionic lipid content (the typical range
for a fcell is 10-20%).20 The amyloidogenic propensity of hIAPP may be seen in this
sense as sufficient, but not necessary, for membrane disruption.

To understand how structural differences in the initial helical state may affect the formation
of later aggregates and the process of membrane disruption by IAPP, we have solved the
high-resolution structure of rlAPP in dodecylphosphocholine (DPC) micelles from two-
dimensional (2D) NMR experiments. Previous studies have shown interesting differences
between the transient helical conformational states in rlAPP and hlAPP; however, the
transient nature of these states has prevented the collection of sufficient distant constraints to
create a high-resolution structure.21,22 The high-resolution structure reported here also
gives insight into the interaction of IAPP with its membrane-bound G-coupled protein
receptor.

Materials and Methods

NMR Sample Preparation

Rat IAPP amidated at the C-terminus was synthesized and purified by GenScript. The purity
of the peptide was checked by analytical HPLC. The homogeneity and purity of the peptide
sample was also proved by NMR experiments. The formation of the intramolecular disulfide
bond from residues 2—7 was verified by electrospray mass spectroscopy. The lyophilized
peptide was dissolved in hexafluoroisopropyl alcohol at a concentration of 10 mg/mL and
then lyophilized overnight under vacuum to completely remove the solvent. Samples were
prepared for NMR measurements by dissolving 3 mg of lyophilized peptide in 20 mM
phosphate buffer at pH ~7.3 containing 10% D,0, 120 mM NacCl, and 200 mM
perdeuterated DPC (Cambridge Isotopes Laboratory) to a final concentration of 2.5 mM.
IAPP-DPC samples were tested for stability before and after NMR experiments using CD
experiments at different temperatures.

NMR Data Collection and Processing

All NMR spectra of IAPP embedded in DPC micelles were recorded at 30 °C using a Bruker
spectrometer operating at a 'H resonance frequency of 900 MHz equipped with a triple-
resonance z-gradient cryogenic probe optimized for 1H detection. The 2D TOCSY (total
correlation spectroscopy) spectrum of the sample was obtained for a 70 ms mixing time
using 512 experiments in the indirect dimension, each with 32 scans and a recycle delay of 2
s. 2D 1H-IH NOESY (nuclear Overhauser enhancement spectroscopy) spectra of the same
sample were obtained for 100 and 300 ms mixing times using 512 experiments in the
indirect dimension, each with 64 scans and a recycle delay of 2 s. Complex data points were
acquired for quadrature detection in both the frequency dimensions of these 2D experiments.
All spectra were zero-filled in both dimensions to yield matrices of 2048 x 2048 points.
Both TOCSY and NOESY spectra were used in the complete assignment of backbone and
side-chain resonances. Proton chemical shifts were referenced to the water proton signal at
4.7 ppm (at 30 °C). All 2D spectra were processed using NMRPIPE and TopSpin software
from Bruker and analyzed using SPARKY.23,24 Resonance assignment was carried out
using a standard approach reported elsewhere.25
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Structure Calculations

Structure calculations were performed using the X-PLOR-NIH program. An extended
structure of rlAPP was used as a starting point for the hybrid molecular dynamics simulated
annealing (SA) protocol at a temperature of 4000 K for the generation of an initial 100
structures.26,27 Subsequently, these structures were refined using a further SA step and
energy minimization. The final refinement was carried out using the refine_gentle.inp
protocol, which gradually introduces the van der Waals radii. A total of 485 NOEs from the
rat IAPP were classified into three distance categories according to their peak intensities
obtained from SPARKY analysis—strong (1.8-2.9 A), medium (1.8-4.5 A), and weak (1.8-
6.0 A)—and used in the structure calculations of which 262 were intraresidue and 223 inter-
residue NOEs (Table 1). The torsion angle restraints were obtained from the TALOS
module (http://spin.niddk.nih.gov/bax/software/TALOS) in NMRPIPE using the H®
chemical shift values.28 The few ambiguous angles found in the loop region were assigned
an additional 60° of conformational freedom compared to their predicted values. Of the 100
structures generated, the 10 lowest energy structures were selected for further analysis.
Those structures selected had no violations of (a) NOE constraints higher than 0.5 A, (b)
bond angles higher than 5°, and (c) bond lengths higher than 0.05 A. The covalent geometry
of the conformers generated was determined using PROCHECK_NMR.29

Paramagnetic Quenching

One-dimensional H chemical shift spectra of rat LAPP in DPC micelles at concentrations of
0.4, 0.8, and 1.2 mM MnCl, and at a pH of 7.3 were obtained. All other experimental
conditions were the same as mentioned above.

Differential Scanning Calorimetry

Multilamellar vesicle samples for differential scanning calorimetry (DSC) experiments were
prepared by first mixing rlAPP in methanol with DMPC/DMPG (7:3) in chloroform.
Samples were then vortexed and dried under a stream of nitrogen gas to create a lipid—
peptide film. Residual solvent was removed from the film by placing the samples under high
vacuum overnight. After the drying process, sodium phosphate buffer (50 mM Na,PO,4 with
150 mM NaCl at pH 7.3) was added to the dry lipid film, followed by vortexing, several
freeze—thaw cycles, and brief sonication. The total molar concentration of lipid was kept
constant (5.9 mM) for each sample while the molar peptide concentration was varied as
indicated. A total of four heating and four cooling scans were run with a temperature range
of 5-45 °C. The heating scans were run at 0.25 °C/min, whereas the cooling scans were run
at 1.0 °C/min with a 10 min equilibration period between scans. 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 for the lipid mixture. Excess heat capacity was
calculated by subtracting a baseline with buffer in both the reference and sample cells at the
same scanning rate.
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Micelles containing the detergent DPC and the rat IAPP were prepared for NMR
measurements as mentioned in the previous section. As with all membrane-bound peptides,
sample preparation is a key step in obtaining the high-resolution spectra of rat IAPP. In our
analysis of different experimental conditions, we determined that rat IAPP behaves well
with DPC, giving rise to very well-resolved and unique resonances for each of the amide
sites in the 2D TOCSY spectrum. In an effort to optimize spectral resolution and sensitivity,
several 1D 1H spectra were acquired over a temperature range of 25-45 °C. Only marginal
chemical shift changes were observed for the N- and C-termini and the more solvent-
exposed residues (residues 24-37), whereas the majority of the residues did not exhibit any
chemical shift variation. This demonstrates that the structure is essentially the same at all the
temperatures analyzed. The best compromise between resolution and sensitivity was found
to be at 30 °C, and we have chosen this temperature to carry out our NMR experiments.
Since IAPP peptides are known to aggregate, the micelles were further tested for stability
using CD experiments at different temperatures (data not shown). The CD spectra suggested
that the rIAPP—DPC micelle was quite stable even after several months and the peptide had
significant helical structure in micelles, indicating that rlAPP remained bound to the DPC
micelle. Therefore, it was concluded that the sample was suitable for NMR measurements to
determine the high-resolution structure and topology of the membrane-associated peptide.

A combination of 2D H-'H TOCSY and 2D 1H-1H NOESY spectra was used for the
assignment of backbone and side-chain resonances. The 2D 1H-1H NOESY spectra of the
rat IAPP obtained in deuterated DPC micelles at pH 7.3 displays numerous, well-resolved
cross-peaks, with more than 1.00 ppm spectral dispersion in the amide region indicating that
the peptide is well-folded. This spectrum demonstrates numerous NOEs such as dyn(i, i + 1)
and dn(i, i + 3) that are diagnostic for a-helices as shown in Figure 2. The sequential
assignments were accomplished using the amide proton to a-proton region of the 2D 1H-1H
NOESY spectrum obtained at a 300 ms mixing time. Spectra obtained at mixing times of
100 and 300 ms were nearly identical, except that the longer mixing time produced
relatively stronger cross-peaks. The a-proton chemical shift index (CSI) plot for the rat
IAPP is given in Figure 3. Chemical shift values for a-protons were not observed for
residues K1, C2, and P28, most likely due to fast relaxation suppressing the signal intensity
for these residues. Due to high quality of the spectra, the assignment of resonances was
straightforward, with the exception of residues in the flexible C-terminal region of the
peptide. The fingerprint region of the assigned 2D NOESY spectrum of the peptide obtained
at a 300 ms mixing time is shown in Figure 4. We have identified and assigned a total of 485
(262 intraresidue and 223 inter-residue) NOEs from the analysis of the 2D IH-1H NOESY
spectrum. A summary of backbone NOEs for the secondary structure assignment with a
histogram indicating the number of NOESs per residue is given in Figure 5. From the density
of don(i, T+ 1), dyn(i, T+ 1), and dg(i, |+ 1) NOE correlations, it is possible to identify
three distinct regions: an N-terminal helix encompassing Ala5-Val17, a short helix from
Ser20-Leu23, and a third, long flexible loop region consisting of residues 24-37. Taken
together, the NOE and CSI data support the presence of a predominantly a-helical structure
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within the Ala5-Leu23 region, with the stretch of residues from Ala5-Vall7 and Ser20-
Leu23 acting as a more stable core. The remainder of the peptide on the C-terminal end from
Gly24-Tyr37 is predominantly disordered. The rmsd analysis supports the presence of
higher disorder at the C-terminus of the helical region. The rmsd between structures is 0.52
+ 0.19 for the C,, backbone atoms and 1.24 + 0.21 for all heavy atoms from residues 5-23.
For the C,, atoms of N-terminal well-ordered region (residues 5-17), the calculated rmsd
decreases to 0.22 £ 0.07 and 0.72 £ 0.15 for the backbone and heavy atoms, respectively.
This difference in backbone rmsd clearly shows that the 5-17 region of rat IAPP is relatively
stable and that the helical region from residues 18-23 is more disordered. The overlays of
the backbone and side-chain heavy atoms for the final selected conformers are shown in
Figure 6. The secondary structure representation of rIAPP is shown in Figure 6C.

All the measured distances and predicted dihedral angles were subsequently modeled using
SA calculations with the XPLOR-NIH program. The Ramachandran plots generated using
PROCHECK_NMR of the 10 lowest energy structures show that residues V26, L27, T30,
and S34 fall in the disallowed region of the Ramachandran plot. This is most likely due to
the high mobility of the C-terminal region as well as the presence of the proline residues
(P25, P28, and P29) toward the C-terminal end of the peptide.

Positioning of rlIAPP in the Micelle

A first approximation of the membrane orientation of rlAPP was obtained using the
paramagnetic quencher Mn2* to identify those residues of the peptide that are exposed to
solvent. Paramagnetic manganese ions decrease the signal intensity of nuclei that are in
close proximity to the ion by increasing the relaxation rate. Because manganese ions cannot
penetrate into the hydrophobic interior of the micelle, changes in signal intensity reflect the
exposure of the amino acid residues of the peptide to the solvent. The 1D 1H chemical shift
spectra of DPC micelles containing rlAPP and varying concentrations of MnCl, (0.4, 0.8,
and 1.2 mM) are given in Figure 7. The considerable shift and broadening of peaks from
micelles containing rat IAPP at low concentrations of MnCl, suggest that the peptide is in
general well-exposed to the water phase and not deeply buried in the hydrophobic core of
the micelle. To identify the exposure of specific residues to solvent more precisely,

2D IH-IH TOCSY spectra were used to monitor the changes in the chemical shift and
signal intensity of individual a-proton peaks after the addition of 0.8 mm MnCl,. The
percentage decrease in the signal intensity of the a-proton chemical shift resonances
calculated from the TOCSY spectra is given in Figure 8. Exact intensity calculations could
not be made for some residues, either due to overlapping chemical shifts (A13 with G33 and
F15 with L23) or the absence of peaks in the TH-IH TOCSY spectrum even without
paramagnetic ions (K1, C2, R11, N22, G24, P25, P28, P29, and N35), and therefore the
quenching data for these residues is not included in the plot. It is interesting to note that the
decrease in the intensity of the a-proton chemical shift resonances upon the addition of the
quencher is less in the stable helix located toward the N-terminal region (A5-V17) than in
the flexible but structured helix (R18-L23) and the unstructured C-terminus (G24-Y37),
indicating that the C-terminal region is significantly more exposed to the solvent. Thus, the
site-specific paramagnetic quenching results clearly indicate that the N-terminal part of rat
IAPP is a stable helix that is bound to the surface of the membrane, whereas the C-terminal
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is mobile and is exposed to the solvent, as supported by the random coil structure as well as
the large decrease in signal intensity of a-proton chemical shift resonances upon exposure to
paramagnetic quencher MnCl,.

Differential Scanning Calorimetry of rIAPP in Vesicles

The interaction of rlAPP with phospholipid membranes was also characterized by alterations
of the main phase transition as detected by differential scanning calorimetry. The main

phase transition is associated with the melting of the acyl chains in the hydrophobic core of
the membrane from the rigid gel phase to the more fluid liquid-crystalline phase. This phase
transition is sensitive to the binding of peptides to the membrane, in particular to the depth at
which the peptide penetrates into the bilayer. The degree of perturbation of the phase
transition is correlated with the displacement of the acyl chains of the lipid and is strongest
if the peptide localizes in the bilayer at the glycerol region preceding the acyl chains and less
for peptides that bind only at the top of the bilayer or insert into the membrane in a
transmembrane orientation.30-32 Rat IAPP reduces the phase transition temperature
(melting temperature (Tm), enthalpy change (AH, equal to the area of the transition on the
thermogram), and cooperativity of the transition (related to the width of the transition)
(Figure 9). The transition is asymmetric at higher concentrations (>1.0% rlAPP), suggesting
rlAPP may be forming peptide-rich domains or forming clusters of DMPG-rich domains.19
The degree of reduction is significant, but less than that observed for peptides known to bind
near the glycerol region.33-35 Taken together with the paramagnetic quenching data, DSC
suggests rlAPP binds at the surface of the membrane with the disordered loop extending into
the solvent.

Discussion

Early intermediates in the misfolding pathway have been implicated in pathogenesis of a
growing number of common and devastating diseases such as type Il diabetes, Alzheimer’s
disease, and Parkinson’s disease. Since damage to the cellular membrane has been identified
as a major source of the toxicity of amyloid proteins, it has been recognized that solving the
atomic-level resolution structures of amyloid peptides and proteins in a membrane
environment would provide insights into their toxic properties.36-41 Such atomic-level
resolution structural insights will enable the design of compounds to suppress the toxicity of
amyloids and will therefore aid the design of drugs to treat amyloid diseases. Unfortunately,
structural studies have been difficult as these systems are not amenable for X-ray diffraction
studies due to the difficulty in obtaining high-quality single crystals. In this study, we have
investigated the 3D structure of rlAPP in a detergent micelle using NMR spectroscopy in
order to understand the folding of intermediates of IAPP in membrane and the origin of
toxicity of the hIAPP peptide by looking at its nontoxic rIAPP counterpart which forms
similar folding intermediates and can disrupt membranes under certain conditions.9,11,15

The high-resolution structure of membrane-bound rlIAPP determined here resembles the
transient helical forms of both rlAPP and hIAPP in solution, with some differences as
outlined below.21,22 The structure of rlIAPP in DPC micelles is dominated by a N-terminal
helical region from residues A5 to S23 and a disordered C-terminus. In solution, the helical
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region of rIAPP is shorter than in the membrane-bound form, spanning residues 5-19,
whereas residues 20-23 are involved in hydrogen-bonding interactions with the helix but do
not adopt a helical conformation.22 Human IAPP, which lacks the conformational restraints
imposed by the three prolines in rIAPP, has a greater helical propensity in solution that
extends throughout the entire molecule except for the N-terminal ring which is
conformationally constrained by the disulfide bond between residues 2 and 7.21 The helical
propensity for hIAPP in solution is greatest, however, in the N-terminal section up to residue
20 which is similar to the results presented here.21

Some hypotheses about the driving force for membrane-catalyzed aggregation can be
directly supported by comparing the rlAPP with the very recently solved structure of
unamidated hIAPP in SDS micelles.42 The structure of hlAPP bound to SDS has an overall
fold similar to that of rlAPP in DPC micelles, consisting of an ordered N-terminal helix, a
flexible hinge region, and a less ordered helix that is followed by a disordered C-terminus.
The N-terminal helical region in the rlAPP structure (5-17) corresponds to a similar stretch
of helical residues in the hIAPP structure (5-17) as well as in a lower resolution EPR study
of spin-labeled hIAPP bound to small unilamellar vesicles (9-22), as can be expected by the
very high degree of sequence homology in this region.14 A flexible region that corresponds
to the center of the loop in the SFhairpin structure of the IAPP amyloid fiber is seen in both
structures.43-45 This hinge may also have implications for the binding of IAPP to its
receptor as discussed below. The major difference between the two structures is in the C-
terminal region, which is completely disordered in the rlAPP structure but consists of a
dynamic helix (S20-L27) followed by a disordered C-terminal tail in the hIAPP structure.
Membrane-catalyzed aggregation is believed to proceed first by the association of the helical
regions of the peptide, followed by the formation of #-sheet structure in the disordered
regions.9,46 The formation of secondary structure in unstructured regions of the peptide
upon self-association is believed to be a major contributor to the binding energy of hIAPP to
membranes and is also thought to be responsible for the cooperativity seen in the binding of
hIAPP to membranes.9 Our structure confirms that a large section of the rIAPP peptide
remains unstructured when bound to the membrane. The lesser degree of structure in the C-
terminus of rIAPP is likely to impact the early self-association of rIAPP in several ways.
First, it is probable that the additional helix present in the hIAPP structure provides an
additional ordered interaction surface to nucleate self-association. Second, if the C-terminus
of rlAPP cannot form ordered structures, as the DPC micelle bound peptide structure
indicates, a large contribution to energy of self-association is lost. It has been shown that
proline mutations outside the amyloidogenic region of IAPP (proline substitutions at
positions 17, 19, and 30) result in a large inhibition of amyloid formation and the loss of
amyloid fiber stability.47 In light of the differences between rlAPP and hIAPP structures in
the C-terminal region, it would be interesting to further investigate the effect of mutations
that stabilize or destabilize secondary structure specifically in this region.48,49

In solution, the prolines of rIAPP are predominantly, but not exclusively, in the trans
conformation. A small percentage of the P25 and P28 residues, but not P29, are in the cis
conformation as shown by the observation of a—a NOE connectivities for P25 and P28 that
are diagnostic for the cis conformation.22 The prolines in the membrane-bound form have a
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stronger preference for the trans conformation than those in rlAPP in solution as multiple
resonances are only seen for V26, and not for G24 and L27. This indicates P28 and P29 are
exclusively in the trans conformation when bound to the membrane, and only P25 is
undergoing slow cis/trans isomerization. The C-terminal residues of rlAPP from T30 are in
an extended, disordered conformation extending outward from the helix. The disordered C-
terminus does not interact with any other part of the rIAPP molecule, as shown by the
absence of long- or medium-range NOEs. Rat IAPP is a monomer in the micelle as shown
by the absence of long-range NOEs for the side-chain atoms.

Rat IAPP Binds to the Surface of the Micelle in an Orientation That Has Been Associated
with Low Cytotoxicity in Other Amyloid Peptides

Most of the residues in rIAPP are highly quenched by the water-soluble Mn2* ion. Since the
Mn2* ion cannot penetrate into the hydrophobic core of the micelle, this result indicates
most of the residues in rlIAPP are located at solvent-accessible sites in the micelle. A peptide
bound to the surface of the micelle will have a periodic quenching efficiency reflective of
the asymmetric solvent exposure of the two faces of the helix. On the other hand, a helix that
is deeply inserted into the micelle will be largely insensitive to the presence of Mn2* ions,
except for residues at the ends of the helix that extend into the solvent or into the interfacial
region of the micelle. In the rIAPP sample, the quenching efficiency oscillates periodically
in the main helical region from T6 to approximately R18, with maximal quenching
occurring approximately every i + 4 residues as is expected for a surface-bound a-helix
(Figure 8). The existence of highly quenched residues also indicates rlIAPP is relatively
tightly bound to the micelle and not dissociating from the surface despite the neutral overall
charge on DPC. The unstructured C-terminus (G24-Y37) of the peptide is almost
completely quenched by Mn2*, indicating this region extends out of the micelle into the
solvent (Figure 10). Although the orientation of the N-terminal region cannot be directly
determined from the quenching data due to the lack of signal in this area, it can be inferred
that this region curves toward the micelle based on the hydrophobicity of these residues.

The importance of membrane binding topology in controlling the toxicity of IAPP has been
illustrated by experiments on the rat and human versions of the IAPP1— g fragment. Human
IAPP and hlAPP1—19 have similar toxicity to f-cells.17 The analogous rIAPP1—1g peptide is
significantly less toxic despite differing from hlAPP;—19 only by the single substitution of
Arg for His at residue 18 and can only disrupt membranes at high peptide-to-lipid ratios
which are likely to facilitate peptide oligomerization and membrane insertion.19 This
difference in toxicity of the two peptides is associated with a corresponding difference in
membrane binding topologies. At neutral pH, hlAPP1—1g is buried within the micelle,
whereas rIAPP1— g adopts a surface-associated binding mode. Protonation of H18 in
hlAPP1—19 moves the peptide to the surface of the micelle and is accompanied by a
corresponding decrease in toxicity.18,19 Neutron diffraction, fluorescence anisotropy
measurements, and analysis of packing density all suggest a similar, deeply inserted binding
mode for the full-length human IAPP peptide.9,16,50 Although EPR quenching experiments
have shown a surface-associated topology for hIAPP at low peptide-to-lipid ratios,14 it is
likely that this topology is associated with peptide in a monomeric form that is associated
with low toxicity.9,19
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The differences in the location of the peptides within the membrane observed are
insufficient to explain the relative toxicity of IAPP variants. Although both rlAPP1—9 and
full-length rlIAPP adopt a surface-associated orientation, there are still significant differences
in toxicity between the two peptides.19 Although the full-length rIAPP peptide is almost
entirely nontoxic, rlIAPP1—1g is moderately toxic to f-cells. Significantly, rlIAPP1—g can
disrupt membranes at high peptide-to-lipid ratios, suggesting that although membrane-
mediated oligomerization is impaired in rIAPP1—1g it is not almost entirely absent as it is in
rlAPP. Membrane insertion cannot easily occur for IAPP without oligomerization, as the
charged arginine (R11) in the middle of the amphipathic helix cannot be buried in the
membrane without the formation of a water-filled channel or major distortions of the
bilayer. As oligomerization is essential for cooperative membrane binding and membrane
disruption, structural differences in rlAPP which affect self-association may explain the lack
of toxicity of this peptide. Aggregation of the IAPP peptide is believed to be mediated by
favorable coiled-coil interactions among the leucine residues located on the hydrophobic
face of the amphipathic helix.9 Blockage of this site can therefore be expected to be
associated with a decrease in self-association and toxicity. Intriguingly, both properties
correlate with the position and flexibility of the N-terminal loop (residues 2-7). In all the
membrane-bound IAPP structures solved thus far, this region adopts a loosely coiled
conformation due to the structural constraints imposed by the C2—C7 disulfide bridge. In the
structure of the highly toxic hIAPP and hlIAPP1—19 peptides, the N-terminal loop is bent
away from the hydrophobic interface.18 In this position the hydrophobic side of the helix is
exposed and can mediate hydrophobic interactions that favor the formation of a helical
bundle (Figure 11, parts A and B, respectively). Conversely, in the structure of nontoxic
rlAPP this loop is bent toward the hydrophobic face of the helix in a manner that would
block binding of IAPP to the hydrophobic face of the helix (see Figure 11C). The N-
terminus of moderately toxic rlAPP1—1gq is also tilted toward the hydrophobic face of the
helical region (Figure 11D).18 However, the N-terminal loop of rIAPP1—1g is considerably
more flexible than that of rIAPP. The extra flexibility in the N-terminus of rlIAPP1—1g is
likely to facilitate a movement of this region away from the hydrophobic face of the helix
upon dimerization. The greater rigidity of the rIAPP N-terminal loop can be seen by a
comparison of the NOEs in this region. The N-terminal loops of both 1-19 fragments are
only constrained in by HA-NH connectivity in the residues adjoining the disulfide bridge
and not by any constraints within the N-terminal loop itself, indicating a significant degree
of flexibility within the N-terminal loop. The full-length rlAPP structure, on the other hand,
has several NOEs within the disulfide bridge, indicating a considerably more rigid N-
terminus.

The sequences of all the IAPP variants discussed above are identical up to residue 18, and it
may seem paradoxical that the N-terminal regions are different in the absence of any tertiary
structure in the peptides. The likely source of this difference is alterations in the peptide—
membrane interactions, which also aids in explaining the differing propensities of the
peptides to aggregate. In solution, rlIAPP is prevented from aggregating largely by the
conformational restraints imposed by the three proline residues.7,8 However, it is important
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to note that hIAPP with triple proline substitutions displays greatly reduced, but still
detectable, aggregation.47 This suggests that the charge on R18 and alterations in the N-
terminus play some role in the relative aggregation propensity. Aggregation rates are greatly
enhanced once the peptide is bound to the membrane due to the concentrating effect of
restricting diffusion to a two-dimensional surface and the restriction of angular motion.
16,51,52 Several features of the membrane-bound rlAPP act in concert to retard aggregation
and the formation of toxic oligomers. First, the charge on R18 inhibits the deep insertion of
the peptide into the membrane as seen for the rlAPP1—1g peptide.18,19 Furthermore, the
disordered C-terminus in rIAPP that is absent in rlAPP1—19 compounds the difficulty of
membrane insertion as hydrogen bonding of the peptide to solvent cannot be accommodated
in the hydrophobic interior of an intact membrane. This difference in the C-terminal end of
the peptide likely has the effect of altering the interaction of rIAPP with the membrane
compared to rlAPP1—19. The likely result of this difference in the interactions of rlIAPP,
rIAPP1—19, hIAPP1—19, and most likely hIAPP with the membrane are alterations of the
structure and dynamics at the N-terminus, which could impact the self-association of IAPP
as discussed above.

Significance of the Structure for the Normal Biological Activity of IAPP

IAPP belongs to the CGRP family of peptides that includes calcitonin-gene-related peptide
(CGRP), calcitonin, adrenomodulin, and IAPP.53 Although the sequences of these peptides
are somewhat dissimilar, all the peptides in this family bind to common G-coupled protein
receptors and produce similar effects in many tissues.54,55 Many of the peptides in this
family such as human CGRP and calcitonin are also amyloidogenic and aggregate to form
membrane-disruptive oligomeric structures.56-59 NMR studies on these peptides in
detergent micelles have shown that these properties are apparently linked to common
structural elements held among the family. All of the peptides in this family possess an
amidated C-terminus, an amphipathic helix near the N-terminus, a largely disordered C-
terminus, and an N-terminal ring connected by a disulfide bond.60-63 Two binding sites
have been proposed for the binding of peptides of this family to the membrane-bound
receptor: one near the membrane surface that would be consistent with the orientation found
in this study for rlAPP and another requiring a more deeply inserted membrane orientation
as found for hlAPP1—9 and hypothesized for hlAPP.60,64,65 Relatively little is known
about structure—activity relationships for IAPP’s normal biological action in comparison to
its pathological aggregation. Experiments on truncated versions of calcitonin and CGRP (the
closest homologue of IAPP) have shown that the formation of the amphipathic helix is
sufficient for receptor binding but activation of the receptor requires the N-terminal ring.66
Removal of the N-terminal ring or reduction of the disulfide bridge results in CGRP binding
to its receptor in an inactive conformation. A similar N-truncated rlAPP construct
(rlAPPg—37) has been shown to act as an antagonist for rIAPP’s effects on insulin secretion
and carbohydrate and lipid metabolism.67-69 Given the importance of the N-terminal ring
for the biological activity of IAPP, it would be interesting to further study the biological
activity of IAPP in light of the structural differences in the N-terminal ring shown here for
rlIAPP and IAPP1—19 and is hypothesized for hlAPP.70

J Am Chem Soc. Author manuscript; available in PMC 2014 September 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Nanga et al.

Page 12

Several structural features that have been shown to be important for other members of this
family are absent in the rlAPP structure. A fturn centered on P34 has been shown to be
important for the activity of the related calcitonin60,71,72 and CGRP peptides.62,73,74
Similar fturns have been shown to be a common feature for the activation of other peptide-
activated G-coupled protein receptors.75 This turn is absent in both the rIAPP and hlAPP
structures, although the 20-29 fragment of hlAPP adopts a similar distorted type | f-turn
that has been implicated in the binding of IAPP to glycolipids.42,76,77 However, since
considerable flexibility exists at this site it is possible that IAPP adopts the fturn
conformation in this region seen in its homologues upon binding to the IAPP receptor. A
significant degree of mobility has also been detected by EPR at residues 21 and 22 for
hIAPP bound to small unilamellar vesicles.14 An interaction of the disordered C-terminus
with the N-terminus has been invoked as contributing to the higher potency of salmon
calcitonin over human calcitonin.60,61 This interaction is also absent in rlAPP. The C-
terminus of rlAPP is folded away from the helix as in the human calcitonin structure, as
indicated by the absence of medium- or long-range NOEs in this region.60

Conclusion

We have solved the first structure of rat IAPP in a membrane environment. By comparing
the rlAPP structure with other toxic and nontoxic variants of IAPP, we have identified two
structural features that correlate with the toxicity of the peptide. Rat IAPP is bound to the
surface in a manner similar to the nontoxic rlAPP1—1g and low-pH hlAPP;—9 peptides and
does not penetrate deeply into the micelle like the toxic neutral pH hlIAPP1—1g peptide. The
position of the N-terminal disulfide bridge has been identified as another factor that may
modulate aggregation and toxicity. The nontoxic rlAPP structure has a relatively rigid N-
terminus that is bent toward the hydrophobic face of the amphipathic helix, whereas more
toxic forms of IAPP have a more flexible N-terminus that is positioned away from the
amphipathic helix. A comparison of the rlIAPP structure to other homologous peptides that
share the same receptors, hIAPP, and also fragments from hlAPP shows rlAPP does not
possess the fturn seen in these peptides that is required to activate the receptor, but this
region is flexible and may form a fturn upon binding to the receptor. Further structural
studies on IAPP, in particular with respect to its normal biological activity, will be
particularly useful in understanding the effects of this peptide.
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Rat KCNTATCATQRLANFLVRSS NNLGPVLPPT NVGSNTY
Human KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY

Figure 1.
Amino acid sequences of rat and human IAPP with nonconserved residues shown in red

color in the rat IAPP sequence. The peptide is amidated at the C-terminus and has a disulfide
bridge from C2 to C7 like the physiologically expressed peptide.
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Figure 2.
Summary of the sequential and medium-range NOE connectivities for rlAPP in DPC

micelles at 30 °C, pH 7.3. The intensities of the observed NOEs are represented by the
thickness of lines and are classified as strong, medium, and weak, corresponding to upper
bound constraints of 2.9, 4.5, and 6 A, respectively.
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Figure 3.
a-Proton chemical shift index (CSI) for rat IAPP showing the propensity of IAPP to form an

a-helix at the N-terminal region of the peptide. The CSI was calculated by subtracting the
values measured for the peptide from the random coil shifts reported in the literature (ref
25).
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Page 19

Fingerprint region of the 2D 1H-'H NOESY spectra of rat IAPP showing the NOE a-proton
connectivities. A single resonance was detected for each residue except for Val 26, which

has two resonance peaks.
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Figureb5.
Histogram of NOEs vs the residue number for rat IAPP, showing the number of intraresidue,

sequential (i — j = 1), and medium-range (i — j = 2, 3, 4) NOEs. Long-range (i — j > 4) NOEs
were not observed.
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Figure®6.
Ensembles of conformers for rat IAPP showing the convergence of conformers for backbone

atoms (A) and side-chain atoms (B). (C) Secondary structure representation of an overlaid
ensemble of conformers for rat IAPP. Two helices, an ordered helix (A5-V17) and a more
disordered helix (S20-L23), can be seen in the structure.
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Figure?7.
Amide proton chemical shift region of 1H NMR spectra of rat IAPP in DPC micelles at pH

7.3 with and without MnCls. The spectral intensities were normalized.
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Percentage decrease in the signal intensity of a-proton chemical shift resonances of rat IAPP
embedded in DPC micelles at pH 7.3 after addition of 0.8 mM MnCl,.
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Figure9.
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 rlAPP to
lipid. Peptide and lipids were codissolved in a chloroform/ethanol solution, dried, and
resuspended in sodium phosphate buffer, pH 7.3 with 150 mM NaCl.
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Figure 10.
Cartoon representation of rlAPP binding to the surface of the micelle. The micelle structure

is from a molecular dynamics simulation of 54 DPC molecules in explicit water (ref 78).
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(A) hIAPP, ;s (B) hIAPP

Figure11.
Structures of hlAPP1_19 (A), hIAPP (B), rlIAPP (C), and rlAPP1_19 (D) showing the degree

of occlusion of the putative self-association site by the N-terminal loop in each structure.
The hydrophobic residues that have been implicated in coiled-coil interactions stabilize the
IAPP oligomer are colored in blue.
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Statistical Information for the Structural Ensemble of Rat |APP

Distance Constraints

total 485
intraresidual 262
inter-residual 223
sequential (i—j=1) 138
medium (i—-j=2,3,4) 85
Structural Statistics

NOE violations (A) 0.0554 + 0.0008
dihedral angle restraint violations (deg) 1.3053 + 0.0609
rmsd for bond deviations (A) 0.0051 + 0.0010
rmsd for angle deviations (deg) 0.8158 + 0.0180
rmsd of all backbone atoms (A)

Ala5-Val 17 0.22 +0.07

Ala5-Leu 23 0.52+0.19
rmsd of all heavy atoms (A)

Ala5-Val 17 0.72+0.15
Ala5-Leu 23 1.24+£0.21
Ramachandran Plot
residues in most favored region (%) 75.9
residues in additionally allowed region (%) 20.3
residues in generously allowed region (%) 1.4
residues in disallowed region (%) 24
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