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Abstract
Oligomerization of human Islet Amyloid Polypeptide (IAPP) has been increasingly considered a
primary pathogenic process in Type II Diabetes. Here structural features of the IAPP monomer have
been probed using a combination of Ion Mobility Mass Spectrometry (IMS-MS) and all-atom Replica
Exchange Molecular Dynamics (REMD) simulations. Three distinct conformational families of
human IAPP monomer are observed in IMS experiments and two of them are identified as dehydrated
solution structures based on our simulation results: one is an extended β-hairpin structural family
and the second is a compact helix-coil structural family. The extended β-hairpin family is
topologically similar to the peptide conformation in the solid state NMR fibril structure published
by Tycko and coworkers. It is absent in both experiments and simulations performed on the non-
amyloidogenic rat IAPP suggesting it may play an important role in the fibrillation pathway of human
IAPP. In addition, pH dependence studies show the relative abundance of the β-hairpin structural
family is significantly enhanced at pH 8.0. This observation is consistent with the increased rate of
fibrillation at high pH in vitro and offers a possible explanation of the pH dependent fibrillation in
vivo. This paper, to the best of our knowledge, presents the first experimental evidence of a significant
population of β-hairpin conformers for the IAPP peptide. It is consistent with a previous suggestion
in the literature that β-sheet rich oligomers are assembled from ordered β-hairpins, rather than from
coiled structures.
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Introduction
Aggregation of Islet Amyloid Polypeptide (IAPP) has been increasingly identified as the
primary pathogenic process in Type II Diabetes,1–3 a disease afflicting more than 150 million
people world wide.4 Like a number of other amyloid peptides5 human IAPP forms highly
ordered β-sheet rich fibrils. In contrast rat IAPP does not form fibrils6–14 even though it differs
from the human form by only 6 amino acids in the “core mutation region” (residues 18–29),
indicating the disease related aggregation process is highly sequence dependent. While
atomistic characterization of the fibril form of this amyloid peptide has been emerging,15, 16
the structures of the early aggregation species, including monomer and small oligomers, remain
poorly understood. These early oligomeric species have been strongly implicated as the
proximate toxic agent in Type II Diabetes.17–21 Clearly, to better our understanding of the
oligomerization process more detailed structural descriptions of the human and rat IAPP
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monomers would be very useful, as differences in monomer structure may well lead to the
differences observed in oligomerization, amyloid fibrillation and β-cell toxicity.22

The most detailed structural information available for human IAPP is from the fibril form due
to its homogeneity. Luca et al.15 published a single fibril structure derived from solid state
NMR data. They report a structure in which a cross-β subunit consists of stacked β-sheets
formed from the parallel in-registry assembly of a U-shaped β-strand-loop-β-strand motif. The
loop is located at residues 18–27, straddled by two β-strands comprising residues 8–17 and
28–37 respectively. Recently Wiltzius et al. 16 published a fibril model of the full length human
IAPP extrapolated from x-ray diffraction data of cross-β spine structures of two segments of
human IAPP. The topology of this latest model is similar to that reported by Luca et al.

Circular dichroism (CD) studies found the IAPP monomer adopts a primarily random coil
structure.23, 24 NMR studies on human IAPP by Yonemoto et al.25 concluded that IAPP
populates conformers with some N-terminal helix content and did not find any significant
contribution of β-sheet conformers. However, recent two-dimensional IR results suggest early
oligomers may assemble with a β-hairpin motif and β-sheet coupling between the hairpins.
22 A study by Kayed et al.26 suggested a more complex view of the IAPP monomer. They
followed the thermal denaturing pathway of IAPP with CD and proposed that the IAPP
monomer adopts two distinct conformers: one non-amyloidogenic and another amyloidogenic,
with the latter having higher contributions of both β-sheet and α-helix. The study suggested
that at room temperature the IAPP monomer would populate both conformers at equilibrium.
This view of the IAPP monomer parallels the studies on Amyloid-β peptide fragments where
both experimental27–29 and theoretical30, 31 work find that the peptides adopt a number of
conformers at equilibrium including β-strands and random coils.

One challenge of solution phase experiments is that the measurements provide information
about the “average” structure in solution. In the case of IAPP the monomers may exist in several
structural families that are in equilibrium both with themselves and with the soluble early
oligomer distribution.21, 32 The monomers may very well develop a somewhat different
structure in the oligomers than they have on their own. The fact that conventional solution
techniques currently can not resolve different peptide oligomeric states and consequently
cannot resolve the structural characteristics of isolated monomers and monomer units in
oligomers remains a major experimental challenge.

In this paper we present a combination of ion mobility mass spectrometry (IMS/MS)
experiments33 and replica exchange molecular dynamics (REMD)34–37 simulations to
investigate monomeric structural differences between human and rat IAPP. In recent years,
with the development of electrospray ionization (ESI) it has become possible to introduce
biological molecules into the gas phase while minimizing the impact on their native solution
structures. By combining this soft ionization source with ion mobility mass spectrometry33,
38 and state-of-the-art computational methods, multiple conformers of the same molecular ion
can be resolved. In addition, oligomers with the same mass to charge ratio can be resolved for
oligomer specific experiments. This development has led to significant progress in examining
the solution structure of biological molecules,39 including in our group, the structures of
oligonucleotides and their complexes with drug candidates,40–47 hormone-metal ion
interactions,48 and amyloid forming systems including Aβ32, 49–53 and α-synuclein.54, 55 In
this paper we describe IMS/MS studies combined with all-atom ab initio REMD simulations
to investigate the structural details of monomeric IAPP.
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Materials and Methods
Peptide Sample Preparation

All samples of human IAPP and rat IAPP were purchased from Bachem Inc. (Torrance, CA)
and used without further purification. Stock solutions of the peptides were prepared at 1mM
in 100% hexafluoroisopropanol (HFIP) purchased from Sigma (St. Louis). Aliquots of the
stock were dried and the peptides were re-suspended in 50mM ammonium acetate buffer at
pH 6.4 for final peptide concentrations of 20 µM. For pH dependent studies glacial acetic acid
or ammonium hydroxide were added to the ammonium acetate buffers until the desired pH
was achieved and then the peptide stock solution was added. To verify that the buffer and
concentration conditions were appropriate for amyloid fibril formation, the presence of IAPP
fibrils was confirmed using atomic force microscopy (AFM) to obtain fibril images from the
aged human IAPP solution (Appendix 2 in the supporting material).

DC Ion Mobility Experiments
The instrument and operational parameters of the IMS/MS experiments have been described
in detail elsewhere.38 Briefly, ion mobility experiments were conducted on a home built
instrument comprised of a nano-electrospray ionization (nano-ESI) source, an ion funnel, a
temperature controlled drift cell, a quadrupole mass analyzer and an electron multiplier
detector. Samples were loaded into gold coated borosilicate capillaries that had been pulled to
a fine point on an in-house tip puller (Sutter Instrument Co., Novato, CA). A positive voltage
was applied to the tip and ions were extracted and entered the instrument through a small
(0.010” id) orifice. The ions were collected, desolvated and focused in the ion funnel where
they were stored immediately preceding the drift cell. A 10 µs pulse of ions was injected into
the drift cell filled with ~5 torr of He gas where they gently drift through under the influence
of a weak electric field (5–20 V/cm). The injection energy was usually kept as low as possible
to minimize thermal heating of the ions during the injection process. Following the drift cell
the ions were mass analyzed with a quadrupole mass filter and detected with a traditional
conversion dynode/electron multiplier arrangement. Total analysis time of this instrument is
between 0.5 and 2 ms.

Ions that are injected into the drift cell experience a constant force from the electric field, E,
which is balanced by a retarding frictional force due to collisions with the buffer gas. Under
these conditions the velocity, υd, at which the ions move through the buffer gas is proportional
to the magnitude of the electric field where the mobility, K is the proportionality constant:

(1)

The absolute mobility of the ion packet is dependent on the temperature and the pressure of
the buffer gas so it is customary to use the reduced mobility K0.

(2)

After the ions exit the drift cell they are mass analyzed and detected as a function of the arrival
time, tA. The reduced mobility can be determined from instrumental parameters by converting
equation (1) to equation (3) and plotting tA versus p/V.
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(3)

In equation 3, l is the length of the drift cell, V is the voltage across the cell, and t0 is the time
the ions spend outside the drift cell before hitting the detector.

Collision theory56 relates K0 to σ, the collision cross section of the ion of interest:

(4)

In this relationship, N is the buffer gas number density, μ is the reduced mass of the collision
system (ion + He) and kb is Boltzmann’s constant. The collision cross sections are reported as
the average of multiple measurements, typically more than three, and all measurements are
reproducible within 1%. The measured reduced mobility (K0) and subsequently the collision
cross section (σ) contain information about the three dimensional configuration of the ion. In
the case of peptide ions, secondary and tertiary structural characteristics can be identified by
comparison with computational models.

The flux of ions exiting the drift tube can be calculated56 and is used to fit the experimental
arrival time distributions. It is assumed that the ion packet takes the form of a periodic delta
function and the flux is given by equation 5.

(5)

Here z is the ion charge, r0 is the radius of the initial ion packet, a is the area of the exit aperture,
DL and DT are the longitudinal and transverse diffusion coefficients, s is the initial ion density
and α is the loss of ions due to reactions in the drift tube.

Molecular Dynamics Simulation
The AMBER 857 simulation suite was used in replica exchange molecular dynamics (REMD)
34 simulations. All three peptides were modeled using the AMBER all-atom point-charge
protein force field, ff96.58 Recent studies59, 60 have shown that AMBER ff96 combined with
a recent generalized-born model (IGB=5)61 plus the surface term (gbsa=1) predicts reasonable
structures for small α, β and α/β proteins, and thus AMBER ff96 is fairly well-balanced between
α-helix and β-sheet secondary structures.

In order to improve conformational sampling, REMD protocols were used to generate both
solution and solvent free structure ensembles. Solvent free simulations were carried out in
vacuum and solution phase structures were generated using the recent implicit solvent model
(IGB=5)61 plus the surface term (GBSA=1, 0.005 kcal/Å2/mol) to represent water solvent
effects with an effective salt concentration of 0.2 M. For each peptide simulation an initial
energy minimization was performed on an extended conformation and the minimized structure
was used as the input for REMD. 16 replicas were set up with initial temperatures exponentially
spaced from 270 to 465 K for solution phase calculations (i.e 270.0 278.9 289.3 300.0 311.2
322.7 334.7 347.2 360.1 373.4 387.3 401.7 416.6 432.1 448.2 465.0, see reference53 for the
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algorithm used to optimize them), and 300–2200 K for gas phase calculations (i.e 300.0 342.6
391.3 446.9 510.4 582.8 665.6 760.2 868.2 991.5 1132.4 1293.2 1476.9 1686.7 1926.4 2200.0
K, see reference53 for the algorithm used to optimize them). Extreme high temperature (i.e.
up to 2200 K) was used to overcome slow structural relaxation in vacuum. We confirmed that
the high temperatures applied to our simulations did not lead to any notable structural artifacts
such as trans to cis isomerizations of the peptide bonds within the duration of the simulations
(40.0 ns). Initial velocities for each replica system were generated according to the Maxwell-
Boltzmann distribution according to that replica’s initial temperature. The first 1.0 ns of
molecular dynamics simulation for each replica was performed without replica exchanges to
equilibrate the system at its target temperature. After the equilibrium phase, exchanges between
neighboring replicas were attempted every 2000 MD steps (2.0 ps) and the exchange rate
among replicas was ~20% in the production phase. SHAKE62 was applied to constrain all
bonds linking hydrogen atoms and a shorter time step of 1.0 fs rather than the typical 2.0 fs
was used to circumvent the SHAKE failure probably caused by large atomic displacements at
the high temperatures used in our simulations (up to 2200 K leading to a higher kinetic velocity).
In order to cut computation time, non-bonded forces were calculated using a two-stage RESPA
(reference system propagator algorithm approach)63 where the fast varying forces within a 12
Å radius were frequently updated (e.g. every step) and those beyond 12 Å were updated every
two steps. Temperature was regulated using Berendsen’s algorithm64 with a coupling constant
of 1.0 ps. The center of mass translation and rotation were removed every 500 MD steps (0.5
ps). Each solution phase replica was run for 200.0 ns giving a cumulative simulation time of
3.2 µs for each peptide system and each gas phase replica was run for 40.0 ns, resulting in
640.0 ns of cumulative simulation time for each peptide system. The snapshots in the replica
trajectories were saved at 2.0 ps intervals for further analysis.

Secondary structure assignment and Tertiary structure clustering
The STRIDE program of Frishman and Argos65 was used to analyze secondary structure
propensities. For tertiary structure analysis, the snapshots of the last 20.0 and 100.0 ns at 300
K respectively for solvent free and solution simulations were classified into structural families
by the GROMACS clustering protocol66, in which the structure similarity metric is based on
pair wise RMSD over Cα atoms of the peptide. A larger Cα rmsd (root mean square deviation)
cutoff (3.0 Å), rather than the 2.0 Å typically used for ordered peptides, was used to capture
major structural features. The centroid structure that has the largest number of neighboring
structures within the cutoff, was selected as the representative structure of the structure family,
and the total number of member snapshots within the family over the total ensemble indicates
the stability of the structure.

The 10/5 (water solvent / solvent-free) most populated structural families of each peptide
system (human IAPP(+3), human IAPP(+4) and rat IAPP(+4)) were obtained by applying the
clustering method to the last 100ns/20ns (water solvent / solvent-free) trajectory at 300K. The
structural families were further merged into a few super structural families to capture major
features. The abundance of a supper family was just the sum of the abundance of its member
families; the mean and the standard error of the cross section for a supper family were the
weighted average from those of the representative structures of its member families.

Collision Cross Section Calculation
The representative structure of the structure family was used to calculate the cross section by
a trajectory method67, 68 for solvent free-simulations. In order to better correlate with the
solvent free experiments, solution phase structures were converted to ‘dehydrated’ structures
via an energy minimization (500000 steps) in vacuum prior to cross section calculations. This
“dehydration” reduces the overall size of the structures, while maintaining their solution
structural features and in this paper these structures are referred to as “dehydrated solution
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structures”. For comparison with experimental collision cross sections structures are typically
considered in good agreement if the calculated collision cross section falls within 2–3% of the
experimental value.

Convergence of the REMD Simulations
Convergence was rigorously verified by a block analysis: the total sampling at 300 K was
equally divided into four blocks, and for each block the secondary structure and tertiary
structure clustering analysis detailed above was performed to see when convergence was
reached. For all 6 sets of REMD simulations good convergence was found during the last half
of the trajectory (see, for example, the data for human IAPP(+4) in Figure S2 of the supporting
material). Thus, the structural results presented in this paper were calculated from the last half
trajectory (the last 100.0 ns in implicit water solvent and the last 20.0 ns in solvent free at 300
K).

Results
Ion Mobility Mass Spectrometry

The mass spectrum for both human IAPP and rat IAPP are shown in Figure 2. Rat IAPP shows
dominant +3 and +4 charge states. The +3 charge state likely corresponds to protonation of the
Lys1, Arg11 and Arg18 residues and the +4 charge state arises from the subsequent protonation
of the N-terminus.

The human IAPP mass spectrum shows a charge state distribution nearly identical to the rat
form. The +3 charge state of human IAPP comes from protonation of the N-terminus, Lys1
and Arg11. The +4 charge state then arises from the protonation of the His18. Both of the
human and rat IAPP mass spectra show a small component of dimer in the +5 charge state.
The intensity of oligomer states increases dramatically either at long times (hours/days) or at
higher concentrations. For the purposes of this manuscript we will limit our discussion to the
structures of the monomer states, saving the discussion of the early oligomer state distributions,
structures and formation mechanisms for future publications.

To gain insight into the peptide conformation we turn to the ion mobility experiment. Arrival
time distributions (ATDs) are shown as insets in Figure 2 for the +3 and +4 charge states. The
experimental cross sections for each peptide and charge state are listed in Table 1. The ATDs
for the +3 charge state of both human and rat IAPP are quite similar. Both appear to have one
dominant conformer. However, according to collision theory56, the ATDs are wider than a
single conformer and require at least two features to fit the data. The best fit +3 rat IAPP features
have cross sections of 604 Å2 and 631 Å2 and the +3 human IAPP features have cross sections
of 598 Å2 and 630 Å2.

Likewise the rat IAPP +4 ATD looks like a single feature; however, it again is too wide to
contain a single conformer. Two features with cross sections of 619 Å2 and 644 Å2 provide an
optimal fit. These larger cross sections, compared to the +3 charge state, are consistent with
increased charge repulsion in the +4 charge state which is a common trend observed in multiply
charged ions in the gas phase54. The +4 ATD for human IAPP is different than any of the other
ATDs recorded, having three distinct features. There are two conformers in the more intense,
shorter time peak, with measured cross sections of 616 Å2 and 653 Å2 (they are more apparent
under ion funnel conditions that favor annealing to solvent free conformers (see Figure S1 in
the supporting material)), and a peak composed of only one feature at much longer time with
a cross section of 770 Å2. To verify that that the ATD of the +4 charge state corresponds to
dominantly monomer species, mass spectra were obtained for the individual ATD features.
Both the compact and extended features show 0.25 amu 13C spacing indicating that they are
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both monomers (Figure S2). The features with cross sections of 616 Å2 and 653 Å2 likely
correlate to the compact structural families in the human IAPP +3 charge state (604 Å2 and
631 Å2) where the slightly larger cross sections again are due to differences in the charge
repulsion as observed between the +3 and +4 charge states in rat IAPP.

Interestingly, the extended conformer with a cross section of 770 Å2 in the human +4 ATD is
~18% larger in cross section than the compact solution conformer. For the experiments shown
in Figure 2 the source ion funnel conditions were kept as soft as possible to minimize the energy
input into the ions. This procedure maximizes the preservation of solution structures,
suggesting the long time feature in the human +4 charge state ATD correlates to an IAPP
structural family found in solution.

Injection Energy Study of +4 Human IAPP
To examine the relative stability of the structural families (the extended vs. the compact) in
the +4 ATD of human IAPP, the energy with which ions were injected into the drift cell was
increased systematically. ATDs at varying injection energies are shown in Figure 3. Increasing
the injection energy is analogous to an annealing experiment where energy is input into the ion
(via buffer gas collisions), allowing it to overcome energy barriers and refold into the lowest
energy solvent free conformation. A detailed description is given elsewhere52. At injection
energy 40 V the compact conformers are present with about twice the abundance as the
extended conformer. With increased injection energy (60 V) the intensity of the extended
conformer decreases until at the highest injection energy (80 V) it is nearly gone. Figure S1
shows the same human IAPP +4 ATD at elevated ion funnel DC and RF voltages which favor
conversion of solution conformers to solvent free conformers. In this ATD the most compact
structural family with a cross section of 616 Å2 is significantly enhanced while the extended
family at 770 Å2 is reduced. These results indicate that the extended conformer is metastable
in the gas phase and is likely due to a solution phase structural family that is preserved during
the ESI process. The extended solution structure is stable in the absence of solvent on the time
scale of our experiment (10−3 seconds) as long as ion energies are minimized. These results
are also consistent with the shortest time feature (616 Å2 for human IAPP +4 charge state)
being associated with the solvent free structure of the peptide.

pH Study on +4 Human IAPP
Figure 4 shows the ATDs of the +4 charge state of human IAPP at solution pH’s 4.0, 6.5 and
8.5. Although the pKa of the histidine side chain at position 18 may vary with protein
conformation, a pKa of 6.0 of the isolated histidine should be a reasonable estimate for most
conformers of human IAPP. At pH 4.0 (<His pKa) all the peptide in solution is in the +4 charge
state, resulting directly in the +4 ions observed in the experiment following electrospray. At
this pH the shorter time ATD peak, containing the compact pair of conformers, comprises the
largest ATD feature. At pH 6.5 (~His pKa) the compact and extended features have nearly
equal intensities and at pH 8.5 the extended conformer is the most dominant feature. At pH
8.5 (>His pKa) all the peptide in solution is in the +3 charge state with the histidine
deprotonated. Hence, at this pH the +4 ions observed in the experiment result from +3 ions in
solution being protonated during the ESI process. We know from the injection energy studies
the extended conformer is the energetically least favored conformer in the absence of solvent.
Consequently, protonation during the ESI process appears to stabilize the extended +3 solution
conformer so it can be detected in the IMS experiment. The extended conformer is not observed
in the +3 ATD, suggesting rapid rearrangement to a more compact structure for this charge
state in the absence of solvent. This point will be addressed again later in the paper.
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REMD Simulations
Detailed molecular structural features were explored with a goal of identifying conformers
observed in the experiment and understanding structural motifs critical for initiation of
oligomerization leading to fibrillation of human IAPP. REMD simulations started from an
extended peptide chain were done on both the +3 and +4 charge states of human IAPP as well
as the +4 charge state of the non-amyloidogenic rat IAPP. The +3 charge state of rat IAPP was
not simulated as it is an unlikely state in solution. REMD simulations for each peptide system
were performed with an implicit solvent model as well as under solvent free conditions.

From our clustering analysis with a Cα root mean square deviation (RMSD) cutoff of 3.0 Ǻ,
a large number of diversified structural families were identified and are presented in Figure S4
and S5 in the supplementary material. The most populated structural families were further
merged into super structural families based on similarity in the molecular topology.
Representative structure, abundance, calculated collisional cross section and possible
assignment to experimental cross section for each super structural family are presented in
Figure 5. Key features are stated below.

The rat IAPP(+4) system has two dehydrated solution super structural families: a compact
globular family A with mostly turn and coil secondary structure and a helix-coil family B
containing a short turn-coil (residues 1–7), a short helix (residues 8–17) and a long turn-coil
(residues 18–37). The two structural families have computed cross sections of 653 Å2 and 660
Å2 respectively, which are in reasonably good agreement with the experimental value of 644
Å2. The solvent free family I, with a computed cross section of 609 Å2 is significantly smaller
and is a good match with the more compact feature in the rat +4 ATD with an experimental
cross section of 619 Å2. Neither of the two super structural families has any significant β-sheet
content and the “core mutation region” of rat IAPP(+4) adopts a turn-coil motif which is
expected due to the presence of the turn-prone proline residues.

The human IAPP(+3) has three dehydrated solution super structural families: (C) a long β-
hairpin (β-strand 9–17, loop 18–23, and another β-strand 24–33), (D) a β-sheet rich compact
structure and (E) a helix-loop-hairpin structure (helix 4–16, loop 17–23, and hairpin 24–36)
with computed cross sections of 700 Å2, 635 Å2 and 678 Å2 respectively. There are no features
in the experimental ATD with cross section near 700 Å2 indicating the β-hairpin family is not
detected in this experiment. Family E, with significant β-hairpin like structure is also not
observed, possibly due to the instability of the β-hairpin motif for the z/n = +3 system in the
solvent free environment (more will be discussed later). The compact β-sheet rich structure D,
with a computed cross section of 635 Å2 matches well with the experimental value of 630
Å2, while the solvent free structure J, with a computed cross section of 604 Å2, matches well
with the small experimental shoulder feature at 598 Å2. The “core mutation region” of human
IAPP(+3) tends to be part of the turn in the β-hairpin region in the first (C) and third (E) super
families representing a high abundance of 46% of the total conformational ensemble in
solution.

The human IAPP(+4) also has three dehydrated solution super structural families: (F) a long
β-hairpin, similar to family C found in human IAPP(+3), (G) a three-stranded β-sheet and
(H) a helix-coil family similar to the second rat IAPP(+4) family (B). The experimentally
detected extended structure, with a cross section of 770 Å2, agrees very well with the extended
β-hairpin family F, having a computed cross section 750 Å2. The compact feature in the ATD,
with an experimental cross section of 653 Å2, is assigned as the helix-coil family H, having a
computed cross section of 663 Å2. The solvent free family K, with a computed cross section
of 615 Å2 matches well with the compact shoulder feature in the ATD at 616 Å2. (Again, this
feature is more apparent under ion funnel conditions that favor annealing to solvent free
conformers (Figure S1)). The “core mutation region” of human IAPP(+4) tends to be part of
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the β-hairpin turn region with a high abundance of 41% of the total conformational ensemble
in solution.

Over all there is good agreement between experiment and the REMD simulations (Figure 5).
For example, there is a quantitative match between the β-hairpin structure of human IAPP(+4)
and the extended feature in the experiment (Figure 2). This indicates the solution structure for
the hairpin is maintained in the solvent-free environment during IMS/MS analysis (i.e. for 0.5
and 2 ms). In contrast, some structures populated in the solution simulation (i.e. C and E of
human IAPP(+3) and G of human IAPP (+4)), are not observed in experiment. There are two
possible reasons for this. One, even though great care is taken to treat the ions as gently as
possible (using electrospray ionization and low instrumental voltages) the IAPP ions are still
perturbed to some degree. As a result, only structural families that are stable under our
experimental conditions and in the absence of solvent will be detected. Solution conformers
that do not survive these conditions refold to more stable solvent free conformations and will
be detected as such (Figures 5I–K). Two, while there have been significant recent
improvements in the force field we are using, the relative populations of some structures in the
simulation may be overestimated and may not be readily observable in the experiment.

Secondary Structural Analysis
A detailed analysis of the secondary structure characteristics for each of the three peptides in
solution is shown in Figure 6A. Rat IAPP(+4) has β-sheet and α-helical propensities of ~7%
and ~36% respectively. Conversely human IAPP(+3) has β-sheet and α-helical propensities
that are nearly the reverse at ~27% and ~6% respectively. Human IAPP(+4) is nearly identical
to human IAPP(+3) but has a β-sheet content slightly enhanced at ~36%. These results follow
the general trend that low propensities for α-helix formation and higher propensities for β-sheet
formation favor amyloid fibril formation.

The position dependent secondary structure analysis is shown in Figure 6B and 6C. A
comparison between the +3 charge state of human IAPP and the +4 form of rat IAPP, which
are the major forms at neutral pH for each peptide (Figure 6B), shows the residues 1–7 in both
systems do not have any β-sheet propensity, likely due to the conformational restriction
imposed by the 2–7 disulfide bridge. The α-helical propensity is localized in the N-terminal
half of the peptide (residues 1–25) and is more pronounced in rat IAPP than human IAPP.
Conversely human IAPP has a greater β-sheet propensity across residues 8–37; notably it is
not limited to the “core mutation region” (residues 18– 29). Lastly the “core mutation region”
in rat IAPP has greater components of turn and random coil than human IAPP, most likely
contributed by the turn prone prolines at positions 25, 28 and 29. This analysis indicates that
the sequence variations between the two forms of the peptide have a global effect on the peptide
conformation and the β-sheet propensity of human IAPP(+3) is greatly enhanced in the “core
mutation region”.

The same analysis was used to compare the +3 and +4 charge states of human IAPP (Figure
6C). The +4 charge state of human IAPP has an enhancement of turn and coil propensities
localized in the “core mutation region” (residues 18–29). +4 human IAPP also has a greater
β-sheet propensity in the two flanking regions: residues 9–18 and residues 29–37. These
features are consistent with the tendency of +4 human IAPP to adopt the well defined β-hairpin
structure shown in Figure 5F.

Solvent Free Stability Simulation
The relative stability of the extended β-hairpin conformers of human IAPP were compared for
different charge states in the absence of solvent at 300 K. Injection energy experiments show
that the extended solution like structures of the molecular ion collapse into the most compact
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experimentally observed conformer with significant input of energy. This process will also
occur at 300 K if the ion is held in the gas phase for an extended period of time. Figure 6D
shows two conventional molecular dynamics simulations for +3 and +4 human IAPP. The +4
β-hairpin conformer survives without solvent nearly six times longer than the +3 β-hairpin
conformer. This is likely due to the increased charge repulsion interactions in the +4 species
(Figures 5 C and F). In particular, the protonated His18 at the loop of the +4 β-hairpin appears
to stabilize the fold in the solvent-free environment via electrostatic repulsion with the other
three positive charges (at the N-terminus, Lys1 and Arg11). In contrast, this stabilizing effect
does not exist for human IAPP(+3), as His18 is not protonated. Note the absolute time scale
is undetermined due to the simple thermostat used in the simulations.

Discussion
Human IAPP readily forms highly ordered amyloid fibrils15, 16 via cytotoxic oligomeric
intermediates,17, 18, 20, 21 while the rat form does not form fibrils and elicits no pathological
response from β-cells in the pancreas. This stark difference in biological behavior is remarkable
in the fact that the two peptides differ in primary sequence by only six amino acid residues
(R18H, L23F, P25A, V26I, P28S and P29S). While the IAPP monomer structure has been
studied with a number of experimental techniques,23–26 the detailed structural characteristics
of human and rat IAPP that result in such different chemical morphologies and physiological
interactions remain elusive. In this study we have observed two dehydrated solution structural
families of human IAPP(+4) in ion mobility experiments and identified them as a β-hairpin
structural super family (F) and a helix-coil structural super family (H) with our REMD
simulations. In contrast, we observed only one dehydrated solution structural family in rat
IAPP(+4) and identified it as a helix-coil structure family (B). Thus, the human IAPP β-hairpin
family may be responsible for the observed differences in oligomerization and β-cell toxicity
compared with rat IAPP.

Two CD studies on human IAPP23, 24 report that IAPP is primarily random coil. NMR studies
on rat IAPP69 and human IAPP25 report some N-terminal helix content. Our clustering results
show all three peptide simulations have super structural families (B, E and H in Figure 5) with
significant N-terminal helices followed by random coil, the calculated cross sections of super
families B and H match well with our experimental values. More important, we also identify
super structural families with significant β-hairpin content (C–E, F–G in Figure 5), the
calculated cross section of super family F agrees well with our experimental data. Put together,
our combined data suggest IAPP adopts multiple stable partially ordered families rather than
purely random-coils, or random-coils with some N-terminal helix.

Kayed et al.26 propose that IAPP populates two distinct conformers, one of which is more
amyloidogenic than the other. This idea is also applicable to Amyloid-β peptide where both
simulations30, 31 and experiments27–29 suggest the peptide significantly populates β-strand
in addition to random coil conformation. In our experiments we observe two highly populated
solution structural families of IAPP and by direct comparison with REMD simulations identify
them as β-hairpin (F) and helix-coil (H). While these two structures appear to be in equilibrium
in solution, the interconversion rate in the absence of solvent is sufficiently slow we can
independently detect them on the millisecond time scale.

The absence of the β-hairpin structural family in the +3 charge state of human IAPP is
surprising. However, the solvent free stability simulation (Figure 6D) shows that the +4 β-
hairpin is stable 6 times longer than the +3 β-hairpin. This additional stability likely occurs
due to charge repulsion between the positively charged His18 and the three positive charges
in the N-terminal region. The His18 is located at the opposite end of the extended β-strand
from the Arg11 and repulsion between these charged centers likely provides additional
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stabilization to the extended β-hairpin conformer for the +4 charge state in the absence of
solvent. While the +3 β-hairpin is less stable than the +4 charge state in the absence of solvent,
our pH study shows that at high pH, with His18 deprotonated, there is a large enhancement of
the β-hairpin feature in the +4 ATD. In this case the peptides in solution are triply charged and
the fourth charge is added in the electrospray process. Hence, the +3 β-hairpin is stable in
solution and adding the fourth charge in the ESI process preserves it as solvent evaporates.

The discussion of charge state brings us back to the unresolved question of pH and its impact
on fibrillation rate. The β-cell extracellular space has a pH of 7.4, where as the inside of the
insulin secretory vesicles have low pH of 5.5. This pH difference is correlated with the
observation that IAPP amyloid deposits are primarily found in the extracellular space and no
amyloid deposits are found within the secretory vesicles. The observation is consistent with
the finding that IAPP fibrillation is increased at high pH70, 71 and with our description of the
IAPP monomer where the β-hairpin conformer is enhanced at high pH in the experiment. Yet
the picture of fibrillation is more complex as Lin et al.18 report evidence that toxic oligomers
form within the secretory vesicles. Our data may provide a structural explanation for this
observation. In both experiments and simulations we found that the β-hairpin conformer is
amply abundant (33%) under acidic conditions (see Figure 4). If β-sheet oligomers form inside
the vesicles they have the opportunity to interfere with β-cell activities before they are released
extracellularly; after release from the cell, early β-sheet rich oligomers could possibly act as
seeds to accelerate fibril formation in the extracellular medium where neutral pH further
promotes β-sheet propensity.

Lastly it is suggested that oligomers in most amyloid peptide systems go through a large scale
conformational transition from a native disordered peptide oligomer to a highly ordered β-sheet
oligomer during the late stages of amyloid fibril formation (not before nucleation).72 This idea
is supported by the lack of monomer with β-sheet conformation in solution23, 24 based on
experimental techniques that measure average structures. Yet, there are some theoretical
studies on Amyloid-β peptide fragments (residues 12–28 and 10–35) that find large populations
of random coil combined with significant contributions of β-hairpin like structural families.
30, 31 Based on these structures, the authors propose a possible mechanism by which
nucleation may occur from structured states and the conformation transition to β-structure may
actually occur before nucleation (hereafter referred as the “early conformation transition”
mechanism). The “early conformation transition” mechanism is further supported by
theoretical evidence and recent 2-D IR experiments22 that these β-hairpins form multi-stranded
β-sheets by side-to-side association.73, 74 Although this mechanism is theoretically sound, as
it does not require a drastic, entropically unfavorable structural transition, there has been little
supporting experimental evidence to date.22 Here, the data from our combined study suggest
that the “early conformation transition” mechanism may be involved in IAPP fibrillation. Our
simulation results show that the β-hairpin comprises a significant portion (~24–33%) of the
conformation ensemble and our experiments confirm that the extended β-hairpin structural
family does exist and in significant quantities. We argue that the monomer β-hairpin structure
could be more aggregation prone than other conformers leading to β-sheet-type oligomers.
Hence, the rate of IAPP fibrillation may well depend on the amount of time that IAPP spends
in the β-hairpin conformation. It should be noted, however that conversion of disordered
aggregates to fibrillar structures through a phase transition is not necessarily excluded by the
data and analysis presented here. Consequently both options are pictured in Figure 7. A
question mark (?) is associated with the latter mechanism since we currently have no data to
support its presence.
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Conclusion
We observe two distinct solution structural families of human IAPP in IMS/MS experiments
and identify them as β-hairpin and helix-coil structural super families via REMD simulations.
Previously observed increased rates of fibrillation at high pH70, 71 combined with our observed
β-hairpin enhancement at high pH lead us to suggest that the β-hairpin structure may be an
amyloidogenic precursor of human IAPP. This suggestion is supported by the absence of the
β-hairpin conformer in both experiments and simulations of rat IAPP under identical conditions
and with the topologic similarities of the β-hairpin to the solid state NMR structure.15 Similar
suggestions of β-sheet assembly into ordered oligomers in simulations30, 31 and
experiments27–29 have been made for fragments of the Amyloid-β peptide. As a consequence,
we suggest one pathway to fibril formation in IAPP may be through direct assembly of β-
hairpin like monomers.
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Figure 1.
Primary sequences of human and rat IAPP. Positively charged residues are shown in blue and
hydrophobic residues are shown in red. The mutations in rat IAPP are underlined (with respect
to human IAPP).
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Figure 2.
Positive ion ESI mass spectra showing +3, +4 and +5/2 charge states of human IAPP (top) and
rat IAPP (bottom). Arrival time distributions for the +3 and +4 charge states are given in the
insets. The +5/2 charge state is due to a minor amount of oligomer formation (see text).
Individual fitted features in the ATDs are shown in color. Cross sections for the major features
are noted.
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Figure 3.
Arrival time distributions of the +4 charge state of human IAPP monomer at varying injection
energies.
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Figure 4.
Arrival time distributions of the +4 charge state of human IAPP monomer at varying solution
pHs. The charge states of IAPP in solution are listed in parenthesis next to the pH.
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Figure 5.
Representative structures of super structural families for each peptide at a temperature of 300
K from REMD simulations. The abundance and the calculated cross sections with standard
error for each super family are given in parenthesis (See Figures S4 and S5 for all structural
families in each super family), the corresponding experimental cross section assignment is
shown in italic font. The side chains of the protonated histidine at position 18 of human IAPP
(+4) and the “mutated” residues (R18H, L23F, P25A, V28S, and P29S) of rat IAPP(+4) with
respect to human IAPP are in blue. Positively charged residues Lys1, Arg11 and His18 are
highlighted by blue bold lines in structures C–H; and neutral residue His18 in structures C–E
by a bold black line. The backbone is shown in cartoon and the secondary structure is coded
by color: coil in silver, β-sheet in yellow, isolated β-bridge in tan and turn in cyan. The N-
terminus is indicated by a red ball.
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Figure 6.
Structural properties of IAPP monomer. A) Secondary structure propensity of human IAPP
(+4), human IAPP(+3) and rat IAPP(+4) at 300 K. Standard error is less than 1% from the
block analysis. B) Comparison of position-dependent secondary structure propensities for
human IAPP(+3) and rat IAPP(+4). C) Comparison of position-dependent secondary structure
propensities for human IAPP(+3) and human IAPP(+4). D) Gas phase stability simulations of
β-hairpin structures of human IAPP at +3 and +4 charge states at 300 K. The locations of the
positive charges in the two peptides are shown by blue plus signs (+).
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Figure 7.
Schematic representation of a possible oligomerization mechanism consistent with the results
presented in this paper. Among two interconverting structural families of human IAPP, β-
hairpins are proposed to self-assemble into early ordered human IAPP oligomers by side-to-
side association. The (?) symbol notes that we have no data pro or con for the occurrence of
this mechanism and hence we include it for completeness.
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Table 1

Experimental collision cross sections at room temperature.

IAPP Cross Sections (Å2)1

Charge State Human IAPP Rat IAPP

+3 630, 598 631, 604

+4 770, 653, 616 644, 619

1.
Experimental error ± 1% for all cross sections.
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