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ABSTRACT: Aromatic−aromatic and aromatic−hydrophobic
interactions have been proposed to play a role in amyloid
formation by a range of polypeptides, including islet amyloid
polypeptide (IAPP or amylin). IAPP is responsible for amyloid
formation in patients with type 2 diabetes. The polypeptide is
37 residues long and contains three aromatic residues, Phe-15,
Phe-23, and Tyr-37. The ability of all single aromatic to leucine
mutants, all double aromatic to leucine mutants, and the triple
leucine mutant to form amyloid were examined. Amyloid
formation was almost twice as rapid for the F15L mutant as for
the wild type but was almost 3-fold slower for the Y37L
mutant and almost 2-fold slower for the F23L mutant. Amyloid fibrils formed from each of the single mutants were effective at
seeding amyloid formation by wild-type IAPP, implying that the fibril structures are similar. The F15L/F23L double mutant has a
larger effect than the F15L/Y37L double mutant on the rate of amyloid formation, even though a Y37L substitution has more
drastic consequences in the wild-type background than does the F23L mutation, suggesting nonadditive effects between the
different sites. The triple leucine mutant and the F23L/Y37L double mutant are the slowest to form amyloid. F15 has been
proposed to make important contacts early in the aggregation pathway, but the data for the F15L mutant indicate that they are
not optimal. A set of variants containing natural and unnatural amino acids at position 15, which were designed to conserve
hydrophobicity, but alter α-helix and β-sheet propensity, were analyzed to determine the properties of this position that control
the rate of amyloid formation. There is no correlation between β-sheet propensity at this position and the rate of amyloid
formation, but there is a correlation with α-helical propensity.

Amyloid formation plays a role in a range of human
diseases, and a much larger universe of proteins can be

induced to form amyloid in vitro.1−4 Amyloid formation also
plays a functional, beneficial role in certain cases, and amyloid-
like structures have been proposed as biomaterials.5 The
proteins and peptides that form amyloid can be divided into
two broad classes: those that are largely unstructured,
“intrinsically disordered”, in their monomeric state and those
that form compact globular structures. Important examples of
intrinsically disordered sequences that form amyloid include
the Aβ peptide of Alzheimer’s disease and islet amyloid
polypeptide (IAPP or amylin), the protein responsible for islet
amyloid in type 2 diabetes.6−8 IAPP is an endocrine partner to
insulin, is synthesized in the pancreatic β-cells, is stored in the
insulin secretory granules, and is released in response to the
same stimuli that promote insulin release.9−11 Amyloid
formation by IAPP is believed to contribute to the loss of β-
cell mass in type 2 diabetes and to graft failure after islet
transplantation.12−14

The details of amyloid formation are still not well
understood, especially for those proteins that are intrinsically
disordered in their monomeric states. Aromatic−aromatic

interactions have been proposed to play an important role in
amyloid formation, particularly for IAPP.15−17 IAPP contains
three aromatic residues, F15, F23, and Y37 (Figure 1), and a
triple aromatic to leucine mutant forms amyloid at a
significantly reduced rate compared to that of the wild
type;16 however, the effects of single site substitutions or
double mutations have not been examined. Phe to Tyr FRET
studies suggest that aromatic residues may make contacts
during the early stages of amyloid formation.18 However,
experiments with variants that contain the fluorescent Tyr
analogue 4-cyanophenylalanine argue that the aromatic side
chains remain solvated during the lag phase and suggest that
aromatic−aromatic interactions involving Y37 do not develop
during the lag phase.19 Thus, the role of the aromatic residues
in amyloid formation by IAPP is not clear. In fact, the details of
the early stages of IAPP amyloid formation are not well
understood. This is a topic of current interest because
intermediates along the pathway of amyloid formation may
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be the most toxic entities and could be targets for inhibitor
design.7,20,21 The role of F15 is particularly interesting because
this position is believed to make contacts important for the
initial oligomerization.22 Here we examine a comprehensive set
of aromatic to leucine mutants as well as a set of F15 variants
containing natural and unnatural amino acids that preserve
hydrophobicity but alter secondary structure propensity to
deduce the role aromatic residues play in amyloid formation by
IAPP.

■ MATERIALS AND METHODS
Peptide Synthesis and Purification. Peptides were

synthesized on a 0.25 mmol scale using a CEM microwave
peptide synthesizer and 9-fluorylmethoxycarbonyl (Fmoc)
chemistry. Fmoc-protected pseudoproline dipeptide derivatives
were incorporated at positions 9 and 10, 19 and 20, and 27 and
28 to facilitate the synthesis.23 Solvents were ACS-grade. All
other reagents were purchased from Advanced Chemtech, PE
Biosystems, Sigma, and Fisher Scientific. 5-(4′-Fmoc-amino-
methyl-3′,5-dimethoxyphenol)valeric acid (PAL-PEG) resin
was used to form an amidated C-terminus. Standard Fmoc
reaction cycles were used. The first residue attached to the
resin, β-branched residues, Arg, and all pseudoproline dipeptide
derivatives were doubly coupled. The peptide was cleaved from
the resin through the use of standard trifluoroacetic acid (TFA)
methods. Crude peptides were partially dissolved in 20% acetic
acid (v/v), frozen in liquid nitrogen, and lyophilized to increase
their solubility. The dry peptide was dissolved in dimethyl
sulfoxide (DMSO) at room temperature to promote the
formation of the disulfide bond.24,25 The peptides were purified
by reverse-phase high-performance liquid chromatography
(HPLC) using a Vydac C18 preparative column (10 mm ×
250 mm). A two-buffer gradient was used: buffer A consisting
of 100% H2O and 0.045% HCl (v/v) and buffer B consisting of
80% acetonitrile, 20% H2O, and 0.045% HCl. HCl was used as
the counterion instead of TFA to reduce the residual amount of
TFA because TFA can influence amyloid formation. Analytical

HPLC was used to check the purity of peptides before each
experiment. Peptides were analyzed by mass spectrometry using
a Bruker MALDI-TOF MS instrument to confirm the
molecular weight: wild-type IAPP, expected 3903.3, observed
3902.1; F15-IAPP, expected 3871.3, observed 3872.0; F23-
IAPP, expected 3871.3, observed 3871.3; Y37-IAPP, expected
3855.4, observed 3853.8; F15L/F23L-IAPP, expected 3835.3,
observed 3834.0; F15L/Y37L-IAPP, expected 3821.3, observed
3819.8; F23L/Y37L-IAPP, expected 3821.3, observed 3820.0;
3XL-IAPP, expected 3787.2, observed 3785.1; F15I-IAPP,
expected 3871.3, observed 3871.5; F15NLe-IAPP, expected
3871.3, observed 3872.1; F15TLe-IAPP, expected 3871.3,
observed 3872.0.

Sample Preparation. A 1.6 mM peptide solution was
prepared in 100% hexafluoro-2-propanol (HFIP) and stored at
−20 °C. For kinetic experiments, 17 μL of the filtered stock
solution was diluted into 20 mM Tris-HCl buffer to give a final
IAPP concentration of 16 μM in 2% HFIP. This condition was
chosen to facilitate comparison with previously published
studies. For the seeding assays, preformed wild-type IAPP and
single-mutant fibrils were produced by diluting a 1.6 mM stock
solution of peptide in HFIP into 20 mM Tris-HCl buffer
containing thioflavin T at pH 7.4 for a final IAPP concentration
of 16 μM in 2% HFIP. The solution was incubated, and
thioflavin T fluorescence was monitored to ensure fibril
formation had occurred. Seeds were used within 12 h to
ensure reproducibility.

Thioflavin T Fluorescence Assays. Fluorescence experi-
ments were performed on an Applied Phototechnology
fluorescence spectrophotometer using an excitation wavelength
of 450 nm and an emission wavelength of 485 nm. The
excitation and emission slits were set at 6 nm, and a 1.0 cm
cuvette was used. Solutions were prepared by diluting the
filtered stock solution using a 0.45 μm GHP Acrodisc 13
syringe filter into Tris-HCl buffer and thioflavin T solution
immediately before the measurement. The final concentrations
were 16 μM peptide and 32 μM thioflavin T in 2% HFIP and
20 mM Tris-HCl (pH 7.4) for all experiments. All solutions
were stirred during the fluorescence experiments to maintain
homogeneity. Stirring is known to accelerate IAPP amyloid
formation. For the seeding assays, 1.6 mM peptide stock
solutions in HFIP were diluted into the seeded buffer solution
to give final concentrations of 16 μM peptide, 32 μM thioflavin
T, 1.6 μM seed (in monomer units), and 2% HFIP in 20 mM
Tris-HCl (pH 7.4). For kinetic experiments without HFIP,
solutions were prepared by adding 20 mM Tris-HCl buffer (pH
7.4) containing thioflavin T to lyophilized dry peptides for a
final peptide concentration of 16 μM. These studies were
conducted using a Beckman Coulter DTX880 plate reader
without stirring.

Circular Dichroism (CD) Experiments. CD experiments
were performed at 25 °C using an Applied Photophysics
Chirascan CD spectrometer. The solutions for the CD
experiments were prepared by diluting the filtered stock
peptide solutions into 20 mM Tris-HCl buffer (pH 7.4). The
final peptide concentration was 16 μM in 2% HFIP. Spectra
were recorded from 190 to 260 nm at 1 nm intervals in a quartz
cuvette with a 0.1 cm path length at 25 °C. CD experiments
used the same stock solutions as the thioflavin T fluorescence
measurements. A background spectrum was subtracted from
the collected data.

Transmission Electron Microscopy (TEM). TEM was
performed at the Life Science Microscopy Center at Stony

Figure 1. (A) Primary sequence of human IAPP. IAPP contains a
disulfide bridge between residues 2 and 7. The C-terminus is amidated,
and the N-terminus is free. The aromatic residues are colored blue
(F15 and F23) and red (Y37). (B) Diagram of the solid-state nuclear
magnetic resonance-derived model of IAPP protofibrils.26 The
aromatic residues and the N-terminus are labeled. F23 (blue) and
Y37 (red) are colored differently as an aid to the eye.
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Brook University. Samples were aliquots from the same
solutions that were used for the fluorescence measurements.
Five microliters of the peptide solution was placed on a carbon-
coated Formvar 300 mesh copper grid for 1 min and then
negatively stained with saturated uranyl acetate for 1 min.

■ RESULTS AND DISCUSSION
Analysis of Amyloid Formation by Aromatic to Leu

Variants. The sequence of IAPP and the solid-state nuclear
magnetic resonance (NMR)-derived model of IAPP amyloid
protofibrils26 are shown in Figure 1. The molecule contains a
disulfide bond between Cys-2 and Cys-7 and has an amidated
C-terminus. F15 and Y37 are conserved among all known IAPP
sequences; F23 is not, but it is substituted with only leucine
(Supporting Information). A set of seven aromatic to leucine
variants were prepared: all three single mutants, the complete
set of double mutants, and the triple mutant. Leu was used
because it is the closest natural nonaromatic substitution for
Tyr and Phe in terms of size and hydrophobicity. An additional
set of variants was prepared to examine the role of Phe-15 in
detail.
The rate of amyloid formation was measured using

fluorescence-detected thioflavin T binding assays. Thioflavin
is a small dye whose quantum yield is enhanced when it binds
to amyloid fibrils.27 The molecule is believed to bind to grooves
on the surface of the amyloid fibrils. Thioflavin T assays reliably
report on IAPP amyloid formation kinetics, and the compound
does not alter the aggregation kinetics under the conditions
used here. Amyloid formation by IAPP follows a sigmoidal time
course in which no detectable amyloid fibrils are formed during
the lag phase. The lag phase is followed by a growth phase
during which fibrils develop and elongate, eventually leading to
a steady state where fibrils are in equilibrium with soluble
protein. Thioflavin T curves for the wild type and single
mutants are displayed in Figure 2A, and the data for the double
and triple mutants are shown in Figure 2B. Amyloid formation
by wild-type IAPP is rapid under the conditions of these
experiments (2% HFIP, 20 mM Tris-HCl, pH 7.4, and constant
stirring). IAPP amyloid formation has been widely studied by
dilution from HFIP, and we chose this protocol to facilitate
comparison to earlier studies. Additional studies, described
below, were performed without HFIP.
The kinetic analysis reveals a number of interesting features.

All of the mutants, with the exception of F15L, show a
decreased rate of amyloid formation and an increased lag time.
In contrast, replacement of F15 accelerates amyloid formation,
decreasing the lag time by a factor of almost 2. F15 has been
proposed to be involved in the early steps of amyloid
formation, but the data show that the Phe-15 is not the
optimal residue at this site in terms of amyloid formation. The
role of F15 is considered in more detail below. The other single
mutants form amyloid more slowly with the most pronounced
effect observed for the Y37 mutant, which has a lag time that is
a factor of 3 longer than that of wild-type IAPP. The lag time
for F23L is almost 2-fold longer than that of the wild type. The
F15L/Y37L double mutant forms amyloid more rapidly than
the Y37L single mutant, but more slowly than the wild type,
indicating that the acceleration caused by the F15 substitution
partially compensates for the slowing caused by the Y37L
replacement. The other mutants are much slower in forming
amyloid than wild-type IAPP. F15L/F23L-IAPP is 4-fold
slower, while F23L/Y37L-IAPP and 3XL-IAPP are ∼7.5-fold
slower. The lag times and t50 values for all of the mutants are

listed in Table 1. T50 is the time required to reach half the final
intensity in a thioflavin T assay and is commonly used as a
quantitative measure of amyloid formation. The differences
observed for t50 values and the lag times between different
peptides are much larger than the experimental uncertainty. For
examples, analysis of a set of 25 independent measurements
conducted on wild-type IAPP over the course of two years with
more than five separate batches of peptide yielded a standard
deviation in t50 of <20% (Supporting Information). The
calculated standard deviations for independent measurements
conducted on an individual batch of peptide are even smaller,
<10% in all cases and often significantly smaller. TEM images
of aliquots removed at the end of each kinetic run confirm the
presence of extensive amyloid fibrils (Figure 3 and the
Supporting Information). CD confirms the presence of β-
sheet structure in all samples (Supporting Information).
The differences in the rates of amyloid formation are unlikely

to be due to small variations in concentration from sample to
sample, because the lag time for amyloid formation by IAPP has
been shown to be largely independent of peptide concentration

Figure 2. Substitution of the aromatic residues in IAPP alters the
kinetics of amyloid formation. Thioflavin T fluorescence-monitored
kinetic experiments. (A) Single mutants compared to the wild type:
black for wild-type IAPP, red for F15L-IAPP, blue for F23L-IAPP, and
green for Y37L-IAPP. (B) Multiple mutants compared to the wild
type: black, wild-type IAPP; purple, F15LY37L-IAPP; pink,
F15LF23L-IAPP; brown, F23LY37L-IAPP; and light blue, 3XL-
IAPP. All experiments were conducted in 20 mM Tris buffer (pH
7.4) and 2% HFIP with constant stirring at 25 °C.
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for the conditions (2% HFIP with constant stirring) and
concentrations used here.28 Small changes in pH can affect the
rate of amyloid formation by IAPP because the lag time
depends on the protonation state of His-18 and the N-
terminus;29 however, all samples were at the same pH to within
0.1 pH unit. Control experiments with wild-type IAPP show
that the lag time varies by only 10% between pH 7.2 and 7.6 in
the buffer used here (Supporting Information). This variation
in pH is much wider than that observed in our experiments,
and the effect on the lag time in the control studies is much
weaker than the differences in the lag times observed for the
different mutants. Variations in the final HFIP concentration
can also alter the rate of amyloid formation, but the HFIP
concentration was fixed at 2% (v/v).
We also plotted the kinetic data as normalized fluorescence

intensity versus normalized time, t/t50 (wild-type), to facilitate a
comparison of the shape of the kinetic progress curves of the
mutants with that of the wild type (Supporting Information).
The normalized curves for wild-type IAPP, F15L-IAPP, F23L-
IAPP, and F15L/F23L-IAPP are very similar in shape. This is
consistent with the mutants and wild-type IAPP having a
similar mode of assembly but does not prove that they do. The
normalized curve for F15L/Y37L-IAPP shows some differences
relative to that of the wild type in the early stage of fibril
formation, while the normalized plot for Y37L-IAPP has a slight
difference in the growth phase. The F23L/Y37L-IAPP and
3XL-IAPP mutants have the slowest rates of amyloid formation
and display the largest differences in normalized progress
curves.
The Single Mutants Form Amyloid Fibrils That Are

Similar to Wild-Type Fibrils. The TEM and CD studies
outlined above suggest that the morphologies of the fibrils
formed by wild-type IAPP and the mutants are similar. We
investigated the structural similarity between wild-type and
mutant fibrils in more detail by conducting seeding experi-
ments. Preformed amyloid fibrils can serve as a template for the

addition of monomers, resulting in a bypassing of the lag phase.
Seeding is usually much more effective when fibrils are used as
seeds for their own monomers.30,31 We first examined seeding
of wild-type IAPP by wild-type fibrils (Figure 4, gray curve). A
bypass of the lag phase was observed as expected. We then
tested the ability of preformed F15L-IAPP, F23L-IAPP, and
Y37L-IAPP amyloid fibrils to seed wild-type IAPP (Figure 4,
red, blue, and green curves). The curves perfectly overlap with
the curve from the wild-type seeding study, showing that the
mutant fibrils seed wild-type IAPP efficiently. This argues that
the single-mutant fibrils share significant structural similarity
with wild-type fibrils. We also used wild-type fibrils to seed the
single mutants (Supporting Information). The mutants can be
seeded by wild-type fibrils, but with different seeding
efficiencies. The apparent seeding efficiency correlates with
the rate of the unseeded reaction in this case.

Nonadditive Effects on Amyloid Formation Are
Observed between Different Sites. The effect of some of
the double mutations is not equal to the additive effect of the
two individual mutations (Figure 5). For a simple protein
folding reaction, nonadditive effects can be detected by
comparing the effect of mutations on folding rate constants.
Independent effects will lead to additive effects on the log of
the folding rate or multiplicative effects on the rate constants.
Amyloid formation is more complex, involving multiple steps
and possible parallel pathways with heterogeneous intermedi-
ates; thus, it is not possible to readily relate a simple thioflavin
T progress curve to microscopic rate constants. Nonetheless, a
semiquantitative comparison can be obtained using valves of t50
or the length of the lag phase. We first analyzed the effect
caused by a single mutation relative to the wild type by
calculating the ratio of the t50 of the single mutant to the t50 of
the wild type. The expected additive effects (stars in Figure 5)
are estimated by multiplying the parameters calculated for two
single mutations. Assuming independent additive effects, the
F15L/F23L double mutant is expected to form amyloid on the
same time scale as or even slightly faster than the wild type.
However, the value of t50 for the F15L/F23L double mutant is
4-fold larger than the wild-type t50. The F15L/Y37L double
mutant forms amyloid close to the rate expected if the effect of
the F15 mutation and the effect of the Y37 mutation are
additive. The F23L/Y37L double mutant has the most
significant effect on the rate of amyloid formation (7.2-fold
larger than that of the wild type), but the effect is even greater
than expected from simple additivity (4.8-fold). To summarize,
both the F15L/F23L and F23L/Y37L double mutants form
amyloid more slowly than predicted from simple additive
effects, with the largest deviation observed for the F15L/F23L
double mutant.

Sensitivity of Position 15 to Amyloid Formation.
F15L-IAPP is a rare example of a mutation that accelerates
amyloid formation. This region of IAPP has been proposed to
be involved in the early stages of oligomerization,22 and it is of
interest to determine the properties of this site that impact the
rate of amyloid formation. Secondary structure propensity is
likely a key feature. Work from several groups suggests that
helical intermediates are important in the pathway of IAPP
fibrillation.22,32−37 For example, crystallographic studies of
IAPP fused to maltose binding protein showed that the
segments corresponding to residues 8−18 and 22−27 are
helical in the construct. NMR studies have shown that human
and rat IAPP have a tendency to preferentially sample helical ϕ
and ψ angles between residues 8 and 22 in the monomeric

Table 1. Comparison of Kinetic Parameters for Wild-Type
IAPP and Aromatic to Leucine Mutantsa

peptide lag timeb (s) t50
c (s)

lag time/wild-
type lag time

t50/wild-
type t50

wild-type 1310 ± 280d 1470 ± 280
F15L-
IAPP

490 ± 50 640 ± 40 0.4 ± 0.1e 0.4 ± 0.1

F23L-
IAPP

2230 ± 220 2470 ± 220 1.7 ± 0.4 1.7 ± 0.3

Y37L-
IAPP

2790 ± 90 4160 ± 100 2.1 ± 0.5 2.8 ± 0.5

F15L/
F23L-
IAPP

5100 ± 60 5850 ± 30 3.9 ± 0.8 4.0 ± 0.8

F15L/
Y37L-
IAPP

1790 ± 140 2650 ± 100 1.4 ± 0.3 1.8 ± 0.4

F23L/
Y37L-
IAPP

9670 ± 150 10600 ± 500 7.4 ± 1.6 7.2 ± 1.4

3XL-IAPP 9210 ± 260 10950 ± 250 7.0 ± 1.5 7.4 ± 1.4
aExperiments performed at 25 °C and pH 7.4 in 20 mM Tris-HCl and
2% (v/v) HFIP with constant stirring. bThe lag time is defined here as
the time required to reach 10% of the final fluorescence change in the
thioflavin T assays. ct50 is the time required to reach 50% of the final
fluorescence change in the thioflavin T assays. dThe quoted
uncertainty is the standard deviation. eThe uncertainty was determined
by standard propagation of error.
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state.32 These observations have led to models that postulate
that initial oligomerization is driven by the thermodynamic
linkage between helix formation and self-association.22,32,34−37

F15 is within the putative helical region and has been proposed
to make important contacts during the early stages of amyloid
formation.22,38

We prepared a series of variants with isomeric four-carbon
side chains at position 15 to probe the factors that control
amyloid formation. We compared the effects of Leu, norleucine
(four-carbon unbranched side chain), Ile, and tert-leucine (tert-
butyl side chain) on amyloid formation. These amino acids
have side chains with similar hydrophobicities,39 but different
α-helix and β-sheet propensities (Figure 6 and the Supporting
Information). The substitutions have significantly different
effects upon the kinetics of amyloid formation (Figure 6B and
the Supporting Information). The F15 to tert-leucine variant,
(F15TLe-IAPP), which has three methyl groups on the β-
carbon, takes much longer to form amyloid than the wild type
(Figure 6B, purple), even though TLe has the highest β-sheet
propensity.40−42 The F15I-IAPP mutant (Figure 6C, green
curve), with its β-branched side chain, also forms amyloid more
slowly than wild-type IAPP, F15L-IAPP, or the F15 to

norleucine mutant (F15NLe-IAPP), even though Ile has a
higher β-sheet propensity. TEM images confirm that all of the
F15 variants form amyloid fibrils and have a morphology similar
to that of wild-type fibrils (Figure 7). CD shows that all of these
variant fibrils are rich in β-sheet structure (Supporting
Information). Seeding experiments were used to further
probe the structure of the amyloid fibrils formed by the
variants. Each variant was as efficient at seeding amyloid
formation by wild-type IAPP as were wild-type seeds (Figure
8), arguing that the structures of the mutant fibrils are similar to
wild-type fibrils.
The data show that the rate of amyloid formation does not

correlate with β-sheet propensity at this position even though
residue 15 is located in a β-strand in all known models of IAPP
amyloid fibrils.26,43 There is a stronger correlation with α-
helical propensity. TLe has by far the lowest α-helical
propensity,40,44 and this variant is by far the slowest to form
amyloid. Ile has the second lowest helical propensity, and the
Ile variant is the second slowest to form amyloid. Phe, the wild-
type residue, Leu, and NLe have relatively high α-helical
propensities, and these variants form amyloid more rapidly.
Earlier work, using truncated variants of IAPP, has shown that

Figure 3. All aromatic mutants form amyloid. TEM images recorded at the end of the kinetic runs depicted in Figure 2: (A) wild-type IAPP, (B)
F15L-IAPP, (C) F23L-IAPP, (D) Y37L-IAPP, (E) F15L/F23L-IAPP, (F) F15L/Y37L-IAPP, (G) F23L/Y37L-IAPP, and (H) 3XL-IAPP. The scale
bar represents 100 nm.
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replacement of F15 with Ser or Ala increases the rate of
amyloid formation.22 Both of these residues have higher helical
propensity than Phe.
The Effect of F15 Substitutions upon Amyloid

Formation Is Independent of the Presence of HFIP.
HFIP and other fluoridated alcohols accelerate amyloid
formation by IAPP, and even low levels of fluoridated alcohol
cosolvent can promote helix formation.28,29 We examined the
set of F15 variants in the absence of HFIP to ensure that the
results were not biased by the presence of the cosolvent. The
lag times for wild-type IAPP and the F15 variants range from
hours to days without HFIP and without stirring. The order of
fibril formation by wild-type IAPP and the F15 variants is the
same in the presence or absence of HFIP (Figure 9 and Table

2). TLe, with the lowest α-helical propensity and highest β-
sheet propensity, takes the longest time to form amyloid fibrils,
while the Ile variant has a longer lag phase and longer growth
phase than the wild type. Variants with unbranched side chains
at position 15 form amyloid faster. We also compared the three
single aromatic to leucine mutants in the absence of HFIP and
found the same rank order as observed in 2% HFIP; F15L
formed amyloid more rapidly than the wild type, while both
F23L and Y37L did so more slowly than the wild type, with
Y37L being the slowest (Table 2). These experiments confirm
that the results are not an artifact of solvent composition.

■ CONCLUSIONS
The data presented here reveal that the three aromatic residues
make different contributions to IAPP amyloid assembly
kinetics, with the Y37 substitution having the largest effect.
Apparent nonadditive effects were observed between F15 and

Figure 4. Aromatic mutants effectively seed amyloid formation by
wild-type IAPP. Thioflavin T fluorescence-monitored seeding experi-
ments are shown: black for unseeded wild-type IAPP amyloid
formation, gray for wild-type IAPP seeded by wild-type IAPP amyloid
fibrils, red for wild-type IAPP seeded by F15L-IAPP amyloid fibrils,
blue for wild-type IAPP seeded by F23L-IAPP amyloid fibrils, and
green for wild-type IAPP seeded by Y37L-IAPP amyloid fibrils.

Figure 5. Nonadditive effects of double mutants. The bar graphs show
the different effects caused by single mutants and the corresponding
double mutants on amyloid formation. Stars denote the expected
additive result. The uncertainties represent the standard deviations for
experimental data and the propagated uncertainty for calculated values.

Figure 6. The rate of amyloid formation that is affected by substitution
at position 15, but there is no correlation with β-sheet propensity. (A)
A series of varients with isomeric four-carbon side chains were
analyzed. These “mutations” change α-helix propensity and β-sheet
propensity but maintain hydrophobicity. (B) Thioflavin T fluo-
rescence-monitored kinetic experiments: black for wild-type IAPP, red
for F15L-IAPP, blue for F15NLe-IAPP, green for F15I-IAPP, and
purple for F15TLe-IAPP. (C) Enlarged plot covering the range of t/t50
(wild-type) from 0 to 5.
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F23 and between F23 and Y37. The effects should be
interpreted with caution because, as noted, amyloid formation
is a complex process involving multiple steps and the analysis of
nonadditive interactions is less straightforward than analysis of
the simple folding of globular proteins. Nontheless, the results
are significant, with the strongest effect observed between F15
and F23. F23 is located in a region proposed to be important
for the early stages of the development of β-sheet structure,45

while F15 has been suggested to be involved in early stages of
oligomerization. The observation of nonadditivity might reflect
synergy between these processes. p-Cyanophenylalanine Tyr
FRET measurements argue that F23 and Y37 do not make
persistent contacts in the lag phase beyond any formed in the
dead time of kinetic measurements.19 Thus, any nonadditive
interactions between F23 and Y37 are unlikely to result from
long-lived direct contacts formed in the lag phase. It is worth
noting that the relative deviation from simple additive behavior
is smaller for this pair than for the duo of F15 and F23. The
two residues are distant from each other in an individual chain;
however, the supermolecular structure of the protofibrils brings
F23 in one chain close to Y37 in the adjacent stack of
monomers (Figure 1), and this might account for nonadditivity.

The F23Cβ to Y37Cβ distances are 12.2 ± 3.5 Å in the NMR-
based model of IAPP amyloid.
F15 is within the region proposed to be important for early

contact formation during IAPP oligomerization, and several
groups have proposed that the initial events involve helix

Figure 7. All position 15 variants form amyloid. TEM images recorded at the end of the kinetic runs depicted in Figure 6: (A) F15NLe-IAPP, (B)
F15I-IAPP, and (C) F15TLe-IAPP. The scale bar represents 100 nm.

Figure 8. Position 15 variants effectively seed amyloid formation by
wild-type IAPP. The results of thioflavin T fluorescence-monitored
seeding experiments are shown: black for unseeded wild-type IAPP
amyloid formation, gray for wild-type IAPP seeded by wild-type IAPP
amyloid fibrils, red for wild-type IAPP seeded by F15L-IAPP amyloid
fibrils, blue for wild-type IAPP seeded by F15NLe-IAPP amyloid
fibrils, green for wild-type IAPP seeded by F15I-IAPP amyloid fibrils,
and purple for wild-type IAPP seeded by F15TLe-IAPP amyloid fibrils.

Figure 9. Rank order of amyloid formation by the F15 variants is
independent of HFIP. (A) Thioflavin T fluorescence-monitored
kinetic experiments in the absence of HFIP without stirring. The
final peptide concentration is 16 μM in 20 mM Tris buffer (pH 7.4):
black for wild-type IAPP, red for F15L-IAPP, blue for F15NLe-IAPP,
green for F15I-IAPP, and purple for F15TLe-IAPP. (B) Enlarged plot
covering the range of t/t50 (wild-type) from 0 to 6.
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formation with the region of residues 8−20 or 8−22.22,34,35,37
In this model, initial association is driven by the thermody-
namic linkage between helix formation and oligomerization.
Our analysis of the effect of substitutions at position 15 is
broadly consistent with this model because the substitutions
with high β-sheet propensity, but low α-helical propensity, have
longer lag phases than the wild type. Substitutions with high α-
helical propensity and lower β-sheet propensity form amyloid
more rapidly with shorter lag phases.
It is interesting to compare these results with a recent study

of aromatic residues in the Alzheimer’s Aβ peptide.46 Aβ
contains a pair of adjacent Phe residues at positions 19 and 20.
The peptide still forms amyloid if both are replaced with Leu or
Ile, indicating that aromatic side chains are not required at these
sites. These substitutions have the opposite effect in Aβ
compared to IAPP; faster amyloid formation was observed for
the substitution that increased β-sheet propensity (Ile)
compared to the one that lowered β-sheet propensity (Leu).
In a separate study, the consequences of a series of substitutions
at position −19 were examined in a Aβ−GFP construct.47

Amyloid formation was found to be dependent on the β-sheet
propensity, with a higher β-sheet propensity correlating with
enhanced aggregation, although no kinetic data were obtained.
Aβ, like IAPP, has been proposed to populate a helical
intermediate during amyloid formation in vitro.48 Within this
context, one can still rationalize the effects of F19 mutations
and F19 and F20 double mutations; perhaps the helical
structure does not include this segment of Aβ, or perhaps
helical structure in this portion of the chain introduces new
interactions that slow aggregation.
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