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Abstract
A major issue in studies of amyloid formation is the difficulty of preparing the polypeptide of interest
in an initially monomeric state under physiologically relevant conditions. This is particularly
problematic for polypeptides which are natively unfolded in their unaggregated state, and perhaps
the most challenging such system is islet amyloid polypeptide (Amylin), the causative agent of
amyloid formation in type-2 diabetes. Preparation of islet amyloid polypeptide with the Ser-19 Ser-20
amide bond replaced by an ester circumvents these problems. The modified peptide is unstructured
and monomeric at slightly acidic pH's as judged by analytical ultra centrifugation, gel-filtration,
dynamic light scattering, and CD. A rapid pH jump leads to deprotonation of the Ser-20 amide group,
and a subsequent rapid O to N acyl shifts regenerates normal human islet amyloid polypeptide. The
half time, t1/2, for the conversion to normal islet amyloid polypeptide is 70 seconds at pH 7.4. The
amyloid fibrils which are formed by the regenerated islet amyloid polypeptide are indistinguishable
from those formed by the wild type polypeptide. The approach allows studies of amyloid formation
by islet amyloid polypeptide to be carried out from a well defined, physiologically relevant starting
state in the absence of denaturants or organic co-solvents.

Amyloid formation plays a role in at least twenty different human diseases and a broad range
of proteins which do not form amyloid in vivo can be induced to do so in vitro.1 A major issue
in studies of amyloid formation is the difficulty of preparing highly aggregation prone
polypeptides in an initially monomeric state under physiological relevant conditions. This is
particularly problematic for polypeptides which are unfolded in their monomeric state and
perhaps the most challenging such system is islet amyloid polypeptide (IAPP or amylin). IAPP
is responsible for the pancreatic amyloid associated with type-2 diabetes.2 Its role in islet
amyloid deposition and its putative complicating role in islet cell transplantation have
motivated mechanistic studies of amyloid formation by IAPP and the search for inhibitors of
the process.2 Unfortunately, the extremely high propensity of the polypeptide to aggregate
means that it is not possible to prepare IAPP in an initially monomeric state under
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physiologically relevant conditions. This has led to considerable variation in experimental
measures of the kinetics of amyloid formation and has made it extraordinarily difficult to
quantitatively compare studies which use different solubilization protocols. Here we
demonstrate a simple, highly reproducible method for preparing monomeric IAPP which
allows amyloid formation to be reliably triggered under defined, physiologically relevant
conditions and avoids the use of organic co-solvents, denaturants, or dried films of peptide.

A wide range of methods have been used to prepare IAPP in an initial apparently unaggregated
state but, all suffer from drawbacks.3 A common approach is to prepare the polypeptide in
either neat DMSO or neat hexafluoroisopropanol (HFIP) and then to trigger amyloid formation
by diluting the stock solution into buffer. Unfortunately, even trace amounts of residual DMSO
or HFIP can have dramatic effects on the kinetics of amyloid formation by IAPP and the shape
of the kinetic progress curves can vary depending upon the cosolvent used.3d In addition, trace
amounts of organic cosolvents can complicate cell toxicity assays and even low levels of
DMSO can interfere with spectroscopic studies. IAPP has also been prepared by dissolving in
fluoroalcohols and preparing a dry film by removing the solvent. Amyloid formation is
triggered by adding buffer to the dried film. A major complication with this method is that the
initial state of the polypeptide is not well characterized and a range of aggregated species are
almost certainty present at the earliest times. Notably, use of this method can result in
significantly more rapid amyloid formation than observed with other protocols. The same
concerns arise if the initial step of dissolving in fluoroalcohols is omitted.

Our approach makes use of the recently described “switch peptide” concept in which an amide
linkage is replaced by an ester linkage to a serine or threonine side chain (Figure 1).4 The ester
to amide “switch peptide” approach was originally developed to aid in the synthesis of difficult
peptides. Human IAPP contains five serines (Figure 1), two of which, Ser-19 and Ser-20, are
located in a critical amyloidogenic region.5 IAPP was prepared via Fmoc chemistry and a Boc-
Ser(Fmoc-Ser(tBu))-OH dipeptide derivative was utilized to replace the Ser19-Ser20 amide
linkage with an ester linkage (Supporting Information). A pH jump leads to deprotonation of
the Ser-20 amino group and a subsequent rapid O to N acyl shift leads to regeneration of normal
IAPP.

IAPP contains a disulfide bond and this presents some potential complications since most
protocols for disulfide bond formation involve incubation at neutral or slightly basic pH and
the switch peptide is not stable under these conditions, owing to deprotonation of the Ser-20
amino group. Consequently the DMSO based method of disulfide formation was utilized which
is effective even at acidic pH values.6

The ester linkage introduces a kink into the polypeptide chain within the critical amyloidogenic
region, disrupts backbone hydrogen bonding, and introduces an additional charge due to the
protonation of the amino group on Ser-20 (Figure 1). These factors significantly improve the
solubility of IAPP. The ester linkage is stable provided the amino group of the serine is
protonated which is readily achieved by keeping the peptide under mildly acidic conditions.
An added benefit is that the single His residue in human IAPP is protonated under these
conditions which is known to slow aggregation.3d, 7

Figure 2 displays the results of kinetic measurements of IAPP amyloid formation. The curve
is a fluorescence monitored thioflavin-T binding experiment. Thioflavin-T binds to IAPP
amyloid fibrils, but not to pre-fibril intermediates or monomelic IAPP. A 16 μM sample of the
switch peptide was incubated at pH 4.2 in buffer with no organic cosolvent. The CD spectrum
collected of the freshly dissolved switch peptide indicates that it is unstructured (Figure 2b).
Dynamic light scattering (DLS); gel filtration chromatography; analytical ultracentrifugation
(AUC) and ultra filtration studies demonstrate that the switch peptide is monomeric
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(Supporting Information). The average diameter determined by DLS is consisted with a 37
residue monomeric peptide. The single species molecular weight deduced by AUC is within
±3% of the actual monomer molecular weight. The switch peptide has the same elution time
from a superdex 75 column as rat IAPP, which is known to be monomeric. Transmission
electron microscope (TEM) images of the switch peptide collected before the pH jump confirm
that no fibrils were formed (Figure 2c). A pH jump (black arrow) to pH 7.4 results in rapid
conversion of the switch peptide into normal IAPP. The regenerated IAPP exhibits the normal
sigmoidial time course for fibril formation and TEM images reveal that dense mats of amyloid
fibrils are formed at the end of the reaction (Figure 2). The CD spectrum recorded at this time
point is typical of those measured for IAPP amyloid fibrils and is rich in β-structure (Figure
2d). As a control, a dried sample of normal wild type IAPP was dissolved in buffer at pH 7.4
at the same final peptide concentration. The sample aggregates rapidly. Thioflavin-T binding
is observed, the CD spectrum indicates β-sheet structure and fibrils are detected by TEM after
less than 1 minute (Supporting Information).

pH 4.2 samples of the switch peptide will eventually form amyloid-like aggregates if incubated
for 7 days. However this is of no practical concern since there is no need to perform a lengthy
incubation of the switch peptide before initiating the pH jump.

The switch peptide approach would be of little utility if the rate of conversion from the ester
to the amide was comparable to the time for normal IAPP to form amyloid since the observed
kinetic profiles would then be a convolution of the time course of amyloid formation with the
time course of the O to N acyl shift. Fortunately, the acyl shift is considerably faster. We used
an HPLC based assay to directly measure the rate for the conversion of the ester to the amide
of the full length switch peptide (Supporting Information). The t1/2 for the reaction is 70 seconds
at pH 7.4, 25°C, 20 mM Tris-HCl.

The methodology demonstrated here provides a convenient approach for preparing monomeric
IAPP and for initiating amyloid formation in the absence of complications caused by standard
solubilization protocols. The method can be used in cell culture based assays of cytotoxicity
with the advantage that the potential toxic cosolvents are avoided, but the initial state of the
peptide is well defined. The approach should be readily accessible, given that the necessary
protected derivates required for the synthesis of the switch peptide are commercially available
and are compatible with Fmoc based chemistry.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Sequence of human IAPP with Ser-20 highlighted. The natural peptide has an amidated C-
terminus and a Cys-2 Cys-7 disulfide bond. (b) The basis of the switch peptide approach.
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Figure 2.
The Ser-20-IAPP switch peptide does not aggregate but forms amyloid after a pH jump. (a)
Thioflavin-T fluorescence vs time. The pH jump occurred at the point indicated by the arrow.
(b) CD spectrum recorded at the time point indicated by the ✩ before the pH jump. (c) TEM
image recorded before the pH jump (✩). (d) CD spectrum recorded at the time point indicated
by the ★ after the pH jump and after amyloid formation is completed. (e) TEM image recorded
after amyloid formation is completed (★). Scale bars in the TEM images represent 100
nanometers.
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