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Abstract

The protein islet amyloid polypeptide (IAPP) is a glucose metabolism associated hormone cosecreted
with insulin by the b-cells of the pancreas. In humans with type 2 diabetes, IAPP deposits as amyloid
fibers. The assembly intermediates of this process are associated with b-cell death. Here, we examine
the rat IAPP sequence variant under physiological solution conditions. Rat IAPP is mechanistically
informative for fibrillogenesis, as it samples intermediate-like states but does not progress to form
amyloid. A central challenge was the development of a bacterial expression system to generate iso-
topically labeled IAPP without terminal tags, but which does include a eukaryotic post-translational
modification. While optical spectroscopy shows IAPP to be natively unfolded, NMR chemical shifts of
backbone and b-carbon resonances reveal the sampling of a-helical states across a continuous stretch
comprising ;40% of the protein. In addition, the manifestation of nonrandom coil chemical shifts is
confirmed by the relative insensitivity of the amide proton chemical shifts to alterations in temperature.
Intriguingly, the residues displaying helical propensity are conserved with the human sequence, sug-
gesting a functional role for this conformational bias. The inability of rat IAPP to self assemble can be
ascribed, in part, to several slowly exchanging conformations evident as multiple chemical shift assign-
ments in the immediate vicinity of three proline residues residing outside of this helical region.
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Islet amyloid polypeptide (IAPP) is a 37-residue peptide
hormone cosecreted with insulin by the endocrine b-cells
of the pancreas (Jaikaran and Clark 2001). This protein is
a member of the calcitonin gene-related peptide (CGRP)
family (Muff et al. 2004). These proteins are hormones,
display sequence homology, and are further character-
ized by C-terminal amidation and a tight disulfide bond
separated by five residues. The hormonal actions ascribed
to IAPP are diverse (Hay et al. 2004) and include, for
example, control of gastric emptying and paracrine/

autocrine signaling upon insulin release by the b-cell
(Cooper 1994).

In solution, IAPP is widely regarded as a natively
unstructured protein (Kayed et al. 1999; Dunker et al.
2001; Jaikaran and Clark 2001; Padrick and Miranker
2001). However, in humans with type 2 diabetes, IAPP
undergoes conformational changes to form b-sheets or-
ganized into amyloid fibers. The process of IAPP amyloid
formation is correlated with pancreatic b-cell dysfunction
(Hoppener et al. 2000; Hull et al. 2004) including an
increased rate of apoptosis and a reduction in b-cell mass.
At a minimum, amyloid cytotoxicity contributes to dia-
betes pathology by increasing the requirement for insulin
replacement therapy. A number of animal models support
these conclusions (Westermark et al. 2000; Wang et al. 2001;
Butler et al. 2004). For example, the HIP rat is transgenic
for human IAPP and spontaneously develops pathology
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typical of human diabetes (Butler et al. 2004) including
elements of b-cell dysfunction and systemic insulin re-
sistance. The latter result is particularly remarkable as it
enables the investigators to suggest that IAPP associated b-
cell impairment can be causal to systemic manifestations of
this disease (Matveyenko and Butler 2006).
Amyloid fibers themselves are highly ordered, allow-

ing for recent structural studies in a number of systems
including Ab from Alzheimer’s disease (Petkova et al.
2005) and Sup35 from yeast (Nelson et al. 2005). How-
ever, the kinetics of amyloid assembly are nucleation
dependent, resulting in poorly populated, transient, and
partially structured intermediates (Padrick and Miranker
2002; Uversky and Fink 2004; Chiti and Dobson 2006).
Structural studies of these intermediate states are there-
fore challenging. The principle approaches to this challenge
have used mutagenesis to evaluate the rate and capacity of
a protein to self assemble. For example, exhaustive muta-
genesis of a model peptide (Lopez de la Paz et al. 2005) has
enabled amyloid determinants to be characterized in a man-
ner suitable for proteome analysis. Mutagenesis can also be
used in a site-directed manner to stabilize an analog of an
intermediate state. For folded and globular amyloid precur-
sors, such as b-2 microglobulin, this has enabled mecha-
nistic insights at atomic resolution (Eakin et al. 2006).
In the case of IAPP, the rat sequence variant is a

relevant and useful tool for molecular insight. Rat IAPP
differs from human at six residues (Fig. 1) and does not
form amyloid fibers (Westermark et al. 1990). The
principle, but not exclusive, origin of this difference is
three proline residues at positions 25, 28, and 29; for
example, human IAPP mutated to contain the three pro-
line residues aggregates, but to a greatly reduced extent
(Green et al. 2003). Our own investigations show that rat
IAPP adopts structures similar to prefibrillar states of
human IAPP (Padrick and Miranker 2001). Notably, both
rat and human IAPP in physiological buffer demonstrate
fluorescence resonance energy transfer between residue
Phe15 and Tyr37, indicative of long-range structure. In
human IAPP, this interaction becomes more robust upon
transition to the fiber state. Recently, we have shown that
both rat and human IAPP adopt comparable structures
upon binding phopholipid bilayers (Knight et al. 2006),
namely, they both cooperatively assemble into oligomeric
a-helical states. However, as with IAPP in solution, only
the human variant further transforms to the fibrous state.
The structures sampled by rat IAPP are therefore impor-
tant both to an understanding of its normal function as
well as serving as a stabilized analog of prefibrillar con-
formational states.
NMR spectroscopy is an ideal method to gain structural

information of natively disordered states at atomic reso-
lution (Dyson and Wright 2001; McNulty et al. 2006). In
this work we produce 13C- and 15N-labeled wild-type

IAPP for study by NMR spectroscopy. To date, a number
of groups (Mazor et al. 2002; Lopes et al. 2004) have
produced recombinant IAPP; however, one construct
retains large tags (44 kDa maltose-binding protein) and
neither includes the post-translational modification of
amidation at residue 37. We note that Tyr37 participates
both in prefibrillar structures (Padrick and Miranker 2001),
and that inclusion of the amidation is necessary for protein
function (Muff et al. 2004). We therefore sought to include
this amidation in the expressed product. Preliminary struc-
ture assessments were then made based on chemical shifts
derived from assignment of 1HN,

1Ha,
13Ca,

13Cb,
13CO,

and 15N resonances determined using established triple-
resonance experiments.

Results

Expression and purification

Wild-type IAPP can be expressed and purified from
Escherichia coli. Wild-type IAPP has a disulfide bridge
between cysteines 2 and 7 and is amidated at the C
terminus (Fig. 1). The expression construct was designed
to enhance IAPP solubility, to provide a purification tag,
and to generate the C-terminal amidation. Our expression
method produces rat IAPP initially as a fusion protein in
the form leader-IAPP-intein-CBD (Fig. 2). The N-terminal
leader sequence [MKIEEG(NANP)3E] contains codons that
are highly expressed in E. coli (MKIEEG) and a bulky,
hydrophobic group (NANP repeat) that was used to in-
crease solubility and expression of the Ab peptide (Dobeli

Figure 1. Amino acid sequences of human and rat IAPP (Swiss-Prot

P10997 and P12969, respectively). The variants differ at six positions,

indicated in bold.

Figure 2. Scheme for expression and purification of IAPP. (A) The IAPP

construct was expressed from E. coli cells and loaded onto a chitin column.

(B) C-terminally amidated IAPP with attached N-terminal leader sequence

was washed from the column after intein cleavage. (C) Wild-type IAPP

was generated after disulfide oxidation and V8 protease cleavage.

Intrinsic structure of IAPP
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et al. 1995). V8 protease cleaves immediately after acidic
residues, allowing the N-terminal leader sequence to be
removed at the glutamate, leaving only native IAPP.

The Mxe intein and chitin-binding domain (CBD) serve
as an affinity tag and means to generate C-terminal
amidation. Cottingham et al. (2001) demonstrated that am-
monium bicarbonate in the intein cleavage buffer results
in amide substitution at the cleavage point. After intein
cleavage, leader-IAPP-NH2 was dialyzed to remove excess
salt and DTT, to oxidize the disulfide bond, and to reduce
the urea concentration for subsequent V8 protease digestion.
After digestion, the peptide was purified by reverse-phase
HPLC to yield wild-type IAPP. Amidation and oxidation
result in a 3 Da mass shift compared with the reduced and
free-acid form of the peptide. This was confirmed by mass
spectrometry using an internal standard (data not shown).

Resonance assignments

The chemical shift assignments of 1HN,
1Ha,

13Ca,
13Cb,

13CO, and 15N nuclei were determined for IAPP in 100
mM potassium chloride and 50 mM potassium phosphate
(pH 5.5) at 5°C using established triple-resonance NMR
experiments (Supplemental Table 1). The chemical shift
dispersion was typical of a disordered peptide, yet there
was sufficient resolution to identify all resonances. The
shifts were deposited in the BMRB (Seavey et al. 1991)
under accession number 7311.

Rat IAPP samples multiple conformations in solution.
In the15N HSQC spectrum, for example, multiple peaks
are each assigned to residues Gly24, Val26, and Leu27
(Fig. 3). The presence of multiple peaks indicates that
these amides are in slow exchange relative to the chem-
ical shift differences. The multiple shifts of Gly24, Val26,
and Leu27 likely result from cis/trans proline isomeri-
zation by Pro25, Pro28, and Pro29. The cis/trans in-
terconversion rate is affected by the preceding residue
(MacArthur and Thornton 1991) and is generally very
slow, with a halftime of ;20 min at 0°C (Creighton
1993). As prolines preferentially adopt the trans confor-
mation with a relative ratio of about 4:1, trans:cis
(Creighton 1993), the peaks with lower intensities (Fig.
3B) are likely the result of cis backbone conformations.
In a predominantly unstructured protein, prolines will
have a greater effect on the chemical environment of prox-
imal residues. In rat IAPP, the three prolines could adopt
up to eight different combinations of cis/trans states,
leading to a multitude of peaks. Interestingly, multiple
peaks are not observed for Thr30, which is C-terminal to
Pro28 and Pro29, but are observed for Val26, which is
C-terminal to Pro25. As the second proline of a diproline
has a much stronger preference for the trans conforma-
tion (MacArthur and Thornton 1991), we surmise Pro29
to be predominantly trans. The proline residues of rat

IAPP drastically inhibit, but do not completely abolish
aggregation (Green et al. 2003; Abedini and Raleigh
2006). Our chemical shift data indicate that rat IAPP
has several stable conformations induced by proline isom-
erization. Not only are prolines disruptive to secondary
structure, these multiple conformations of the peptide back-
bone would strongly inhibit symmetric self-association of
the peptide.

Secondary chemical shifts

Secondary chemical shifts of rat IAPP indicate helical
propensity from Ala5 to Ser19. The chemical shifts of
backbone nuclei are sensitive to the backbone dihedral
angles f and c (Wishart et al. 1991; Dyson and Wright
2001). In short peptide models of random coil states
(Merutka et al. 1995; Wishart et al. 1995; Schwarzinger
et al. 2000), these angles have intrinsic bias dependent on
residue identity and nearest neighbor effects (Schwarzinger
et al. 2001). Deviations from random coil models are in-
dicative of secondary structure propensities, even in dena-
tured proteins. For example, a downfield 1Ha shift indicates
b-sheet, whereas an upfield shift indicates a-helix (Dyson
and Wright 2001). Secondary shift analysis has been used
to determine residual structure in unfolded and denatured

Figure 3. (A) 15N-HSQC spectrum of rat IAPP. Multiple resonances

observed for Gly24, Val26, and Leu27 are indicated with bold lines. (B)

Relative peak heights for Gly24, Val26, and Leu27 indicated in A

normalized to the most intense peak.
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states of SH3 domains (Zhang and Forman-Kay 1997)
and apomyoglobin (Yao et al. 2001). The secondary
chemical shifts for IAPP were calculated by subtracting
corrected random coil values from the measured chemical
shifts for each nucleus. IAPP has consistent secondary
shifts for all nuclei in the N-terminal half of the peptide.
These shifts are seen as upfield for 1Ha in residues 5–17,
downfield for 13CO in residues 3–19, downfield for 13Ca in
residues 5–19, upfield for 1HN in residues 6–22, and upfield
for 13Cb shifts in residues 5–18 (Fig. 4). The consistency of
these shifts across consecutive residues is indicative of
secondary structure. Importantly, all shifts occur in a field
direction associated with a-helix formation (Wishart and
Sykes 1994). As 1Ha,

13Ca, and
13CO shifts are the stron-

gest indicators of secondary structure propensity, we assert
that residues 5–19 sample a-helical states. The 1HN and
13Cb shifts, while less robust, are consistent with helicity
across this region. The secondary shifts, however, are not
indicative of long-lived structure. For example, a Ca

nucleus in a fully formed a-helix would have secondary
shifts >2.6 dppm (Wishart and Sykes 1994). Finally, the
terminal residues (1–4) have no overall secondary structural
trend, but have large deviations from random coil. The tight
disulfide between cysteines 2 and 7 likely creates a region
of local structure.

Temperature coefficients

Temperature coefficient analysis reveals a stretch of
structured residues in the N-terminal half of rat IAPP.
The temperature coefficient (ppb/K) is an indicator of the
chemical exchange between an intramolecular hydrogen
bond and a hydrogen bond with bulk solvent. The
chemical shift of an amide proton that participates in an
intramolecular hydrogen bond or is buried in a defined
structure is less sensitive to temperature than one that is
wholly exposed (Cierpicki and Otlewski 2001; Dyson and
Wright 2001). As with secondary shifts (above), a consis-
tent stretch of residues with reduced temperature coef-
ficients is indicative of local structure. The temperature
coefficients for IAPP were calculated from change in 15N-
HSQC chemical shifts for each residue across 5–30°C
(Supplemental Table 2). Random coil temperature coefficients
from host-guest model peptides (Merutka et al. 1995) were
subtracted from measured IAPP coefficients (Dppb/K) (Fig.
4F). This correction has been used to highlight regions of
nonrandom structure in, for example, apomyoglobin and
SH3 domain (Yao et al. 2001; Zhang et al. 2005). The
standard deviation reported in the random coil values
ranged from 60.09 to 60.56 ppb/K. To establish a conser-
vative threshold of significant deviation from random coil,
we arbitrarily assert the following: difference coefficients
larger than twice the maximum standard deviation (i.e.,
2 3 0.56 ppb/K) are indicative of structure. This can be

Figure 4. Secondary chemical shifts for Ha (A), CO (B), Ca (C), HN (D),

and Cb (E) of IAPP in solution. Random coil chemical shifts were taken

from GGXAGG peptides measured in 1 M urea (Wishart et al. 1995) and

corrected for sequence (Schwarzinger et al. 2001) and temperature

(Merutka et al. 1995) where applicable. Secondary shifts for the amide

nitrogen were also calculated, but produced no trends toward either helix

or sheet (data not shown). (F) Deviation of temperature coefficients for rat

IAPP from random coil values. The gray box across 61.1 D ppb/K

indicates the threshold for increased structure calculated from random coil

models. For all chemical shift analyses, the greatest intensity peak was

chosen to represent a given residue in the cases of multiple assignments.

(P) Positions of proline residues.

Intrinsic structure of IAPP
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seen in a stretch of residues, 10–18 (and also 7–8 and 20–
22), indicating an ordered region in IAPP.

Discussion

We have produced recombinant, wild-type, 15N-, 13C-
labeled rat IAPP and assigned all backbone and Cb nuclei
using triple-resonance NMR experiments. The resonance
assignments provided a means for structural assessment
of IAPP in solution. In particular, the secondary chemical
shifts indicate a-helical propensity from residues 5–19.
Furthermore, the temperature coefficients indicate that
this same region has residual structure.

Secondary shift and temperature coefficient data sup-
port canonical a-helical properties, such as specific
hydrogen bonding patterns and helix capping (Pauling
et al. 1951; Aurora and Rose 1998). The secondary shifts
of IAPP indicate helical propensity from residues 5–19,
whereas the temperature coefficients indicate structure
from residues 7–22. This disparity is readily explained
given that an a-helical amide proton would be affected if
hydrogen bonded to a structured i � 4 backbone carbonyl
group. The N-terminal end of an a-helix has unsatisfied
hydrogen bond donors, which is consistent with the un-
structured temperature coefficients of residues 5 and 6.
Capping of the N-terminal helix end may be mediated by
the side chains of residues in the constricted disulfide
region. Similarly, the apparent structure at residues 21
and 22 suggests that these residues might play a role in
capping the C-terminal end of the helix at residue 19.
Such interactions would likely complement those of ser-
ines 19 and 20. Serines have an intrinsically low helical
propensity; therefore, the observation that these residues
are unstructured in IAPP is consistent with helix termi-
nation by C-terminal capping (Aurora and Rose 1998).

Our data are consistent with transient and cooperative
sampling of helical structure. CD measurements have
indicated IAPP has ;10% helical content under aqueous
solution conditions (Knight et al. 2006). This can arise
from two possibilities. First, the peptide is in equilibrium
between an a-helical and random coil state. Second,
residues 5–19 adopt conformations independent of one
another, each of which have 10% a-helical bias. Consis-
tent secondary shift data across a sequential set of
residues are generally taken to indicate the former. In
addition, temperature coefficients suggest a cooperative
conversion as i, i + 4 intra-molecular hydrogen bonding is
likely the dominant factor diminishing temperature sen-
sitivity. For a few residues, 10–13, we observe coefficients
comparable to that of a folded protein. In a comprehensive
study of proteins of known structure, hydrogen bonded
protons had temperature coefficients ranging from –5 to
0 ppb/K (Cierpicki and Otlewski 2001). Residues 10–13
have high coefficients ranging from �3.9 to �3.1 ppb/K

(Supplemental Table 2). As these residues’ chemical shifts
are consistent with partial structure, it is likely that these
protons experience additional interactions. One possible
source of this is proximal aromatic side chains, which can
result in increased temperature coefficients, even in disor-
dered residues (Cierpicki and Otlewski 2001). Residues
10–13 may be perturbed by the neighboring Phe15 and also
Tyr37, which has been shown to transiently interact with
Phe15 by fluorescence resonance energy transfer measure-
ments (Padrick and Miranker 2001).

Helical sampling by IAPP is consistent with its bi-
ological function. A sample of IAPP sequence variants,
including human, rat, chicken, salmon, and cat, was an-
alyzed using the AGADIR helical prediction algorithm
(Fig. 5). Remarkably, all variants have a strong helical
propensity across our experimentally observed region
(residues 5–19). Experimentally comparable results have
been observed in 25% 1,1,1,3,3,3-hexafluoro-2-propanol,
where rat IAPP forms a stable helical domain spanning
residues 5–20 (Cort et al. 1994). Similarly, IAPP shares
;40% identity with calcitonin gene-related peptide
(CGRP), a member of the same peptide hormone family
(Cooper 1994; Muff et al. 2004). In 50% trifluoroacetic
acid, CGRP is reported to form a helical segment span-
ning residues 6–18 (Breeze et al. 1991). While fluori-
nated alcohols are not physiological, they can
nevertheless serve to illuminate subregions of the peptide
with helical propensity. Removal of the helical region
decreases CGRP receptor affinity by 50–100 fold (Howitt
et al. 2003). As IAPP can also bind to CGRP receptors
(Hay et al. 2004), and we observe helical properties of
IAPP under physiological conditions, we suggest the
conserved helical region is important for IAPP hormonal
activity. The helical sampling we observe in aqueous
solution may therefore be a reflection of the biologically
active state.

Figure 5. Helical propensities for human, rat, chicken, salmon, and cat

IAPP sequence variants predicted with AGADIR at pH 5.5 and 5°C. The
arrow from residues 5–19 indicates our experimentally determined helical

region. Helical propensities at extracellular pH 7.4 and 37°C were

similarly predicted across the same residues (data not shown).
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Transient a-helix formation by IAPP may also reflect
a possible intermediate of amyloid formation. Indeed, res-
idues 8–14 of IAPP have been predicted to be a-helical and
residues 8–20 can be induced to form fibers in isolation
(Jaikaran et al. 2001). Intriguingly, IAPP binds lipid bilayers,
whereupon it forms oligomers of a-helical states in equilib-
rium with monomer. For human IAPP, the population of
these oligomeric species is correlated both with fiber
formation and membrane leakage (Knight et al. 2006).
Conditions found in the diabetic islet cell may therefore
promote the formation of oligomeric a-helical states. For
IAPP on lipid bilayers, it is suggested that the a-helical
oligomers preorganize the peptide into parallel assemblies.
We speculate that the transient a-helical sampling of IAPP in
solution is a structural reflection of similar states stabilized
by lipid bilayers. Further assembly into amyloid by IAPP is
likely mediated by additional interactions unique to the
human IAPP sequence and the type 2 diabetic state.
Additionally, helix formation is seen in other natively
unstructured amyloid proteins. Ab peptide from Alzheimer’s
disease is a-helical on micelle surfaces (Shao et al. 1999)
and has been shown to sample a-helical states in aqueous
solution prior to transition to amyloid fiber (Kirkitadze et al.
2001). Also, the N terminus of a-synuclein from Parkinson’s
disease forms helices whose stability affects amyloid forma-
tion and toxicity (Kessler et al. 2003). Preassembly of a-
helices may therefore be a common factor affecting amyloid
formation by natively unstructured peptides.

Materials and methods

Reagents

All oligonucleotides and synthetic peptides were synthesized in-
house at the W.M. Keck Foundation Biotechnology Resource
Laboratory. Molecular biology reagents were obtained from
New England Biolabs (NEB). Buffers, salts, and solvents were
obtained from Macalaster Bicknel, American Bioanalytical, J.T.
Baker, or Sigma. Isotopic salts and solvent were obtained from
Cambridge Isotope Laboratories.

Cloning

The coding sequences of the peptide inserts were designed with
optimal bacterial codon usage for expression. Six oligonucleo-
tides, comprising the complimentary forward and reverse sequen-
ces, were annealed to create the double-stranded coding sequence
for IAPP with SapI and NdeI compatible overhands. The sequence
was ligated into the pTXB1 vector (NEB), which had been
linearized with SapI and NdeI. The pTXB1:IAPP plasmid was
cloned in LE392 E. coli cells (Murray et al. 1977) and purified with
a QIAGEN spin miniprep kit and sequenced for verification.

Expression and purification

The construct was transformed into E. coli BL21(DE3) expres-
sion cells (Studier and Moffatt 1986) and grown in LB medium

with 100 mg/mL ampicillin at 37°C until OD600 reached 0.5–0.6.
To express 13C- and/or 15N-labeled protein, cells were switched
into Neidhardt minimal medium (Neidhardt et al. 1974; Gehman
2003) containing 2 g/L 13C-glucose and/or 9.5 mM 15N-
ammonium chloride. After induction with 1 mM IPTG, protein
was expressed overnight (15–17 h) at 15°C. All subsequent steps
were carried out at 4°C, except where noted. Cells were
collected and resuspended in equilibration buffer (EB) contain-
ing 20 mM HEPES, 0.1 mM EDTA, 50 mM NaCl, and 2 M urea
(pH 8). Cells were lysed by sonication using a Branson Sonifer
at level 5 constant ouput for 5 min on ice with 30-sec pauses
every 30 sec. Insoluble cell matter was pelleted by centrifuga-
tion at 5000 relative centrifugal force. The soluble cell lysate
was run at 0.5 mL/min over a 20-mL chitin (NEB) column pre-
equilibrated with EB. The column was washed with 15 column
volumes of EB at 1 mL/min followed by three column volumes
of cleavage buffer (CB). CB contains EB plus 100 mM DTT and
2 M ammonium bicarbonate. Incubation in CB overnight in-
duced the intein-mediated cleavage and C-terminally amidated
IAPP (Cottingham et al. 2001). Soluble leader-IAPP-NH2 was
eluted in one column volume and dialyzed in 1000 MWCO
Specta/Por 7 tubing at 4°C. The peptide was dialyzed against
2 L of 20 mM HEPES, 0.1 mM EDTA, and 2 M urea (pH 8);
then 2 L of 20 mM HEPES, 0.1 mM EDTA, 2 M urea, 6.3 mM
cysteamine, and 3.7 mM cystamine (pH 8); and finally, 4 L of
20 mM HEPES, 0.1 mM EDTA, and 0.5 M urea (pH 8). The
N-terminal leader sequence was removed by digestion with
50 mg of V8 protease (Sigma) for 2 h at room temperature.
Native IAPP was purified by reverse-phase HPLC on a Vydac
Protein and Peptide C18 column with a gradient of 5% HPLC-
grade acetonitrile (ACN) and 0.5% trifluoroacetic acid (TFA) to
90% ACN and 0.05% TFA. One liter of saturated E. coil culture
yielded ;2 mg of purified protein. Purified peptide was stored
lyophilized at –20°C until use.

Mass spectrometry

Purified rat IAPP was sprayed on a Micromass LCT electrospray
time of flight spectrometer to verify mass. To verify amidation
and oxidation, synthetic human IAPP was used as an internal
standard by doping it in equal amounts into rat IAPP or rat IAPP
preincubated with 90 mM DTT. Peptides were sprayed from
50% acetonitrile with 0.2% formic acid and masses were
calibrated externally using 20 mM CsI.

NMR

Lyophilized peptide was dissolved in water to half the final
volume and vortexed; 23 buffer was added to make ;1.5 mM
IAPP in 50 mM potassium phosphate, 100 mM potassium
chloride, 10% D2O (pH 5.5), adjusted by HCl, not compensating
for deuterium. All spectra were recorded in house on a 500-MHz
Varian Unity Inova with a room temperature or cryogenic probe.
The proton chemical shifts were referenced to the water peak
and the 15N and 13C shifts were referenced indirectly. The tem-
perature was set to 5°C (unless noted) and calibrated with neat
methanol. Triple-resonance backbone assignments were made
using double- and triple-resonance experiments as described in
Supplemental Table 1 (Ikura et al. 1990; Grzesiek and Bax
1992a,b; Kay et al. 1992; Zhang et al. 1994). Mixing times for
the NOESY-15N-HSQC and TOCSY-15N-HSQC were 175 and
75 msec, respectively. NMR data were processed in NMRDraw
(Delaglio et al. 1995) using standard window functions, zero-filling,
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and linear prediction. NMR processing and analysis was done in
Sparky (T.D. Goddard and D.G. Kneller, University of California,
San Francisco).
We chose the random coil values determined by Wishart et al.

(1995) measured by GGXGAGG peptides (pH 5) in 1 M urea, as
this was closest to our experimental conditions. The random coil
shifts (except for 13Cb) were corrected for sequence using the
parameters determined by Schwarzinger et al. (2001). The
amide proton shifts were corrected for temperature using ran-
dom coil temperature coefficients (Merutka et al. 1995). Ran-
dom coil values were subtracted from the experimental shifts.
A series of 15N-HSQCSs of rat IAPP were measured from 5°C

to 30°C. Temperature was calibrated with neat methanol. The
chemical shifts of each residue were plotted against temperature
and fit by linear regression to extract the temperature coeffi-
cients. Random coil temperature coefficients (Merutka et al.
1995) were subtracted from measured coefficients to generate
D ppb/K values.

AGADIR analysis

AGADIR was implemented at http://www.embl-heidelberg.de/
Services/serrano/agadir/agadir-start.html (Munoz and Serrano
1997). Aligned sequences from human, rat, salmon, cat, and
chicken IAPP were obtained from Knight et al. (2006). Helicity
was predicted under our NMR conditions (pH 5.5 and 278 K)
and physiological conditions (pH 7.4 and 310 K) and with the
C terminus amidated.

Electronic supplemental material

Supplemental material includes two tables. The first table
describes the NMR experiments and parameters used to de-
termine the resonance assignments of the peptide. The second
table lists the raw temperature coefficient data for the peptide.
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