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ABSTRACT: Numerous polypeptides and proteins form amyloid depositsin ViVo or in Vitro. The mechanism
of amyloid formation is not well-understood particularly in the case where unstructured polypeptides
assemble to form amyloid. Aromatic-aromatic interactions are known to be important in globular proteins,
and the possibility that they might play a key role in amyloid formation has been raised. The results of
Ala-scanning experiments on short polypeptides derived from Amylin have suggested that aromatic
interactions could be particularly important for this system. Here, we examine a set of Amylin-derived
polypeptides in which the single aromatic residue has been substituted with a Leu and Ala. A peptide
corresponding to residues 21-29 with a Phe-23 to Leu substitution, a free N terminus, and amidated C
terminus readily forms amyloid. Shorter peptides derived from the putative minimal amyloid-forming
segment of Amylin, residues 22-27, also form amyloid when Phe-23 is replaced by Leu. Amyloid formation
is more facile when the N terminus is deprotonated and the peptide is uncharged. Substitution of the Phe
with Ala results in a peptide that is noticeably less prone to form amyloid. A peptide corresponding to
residues 10-19 of human Amylin with blocked termini and the sole aromatic residue, Phe-15, substituted
by Leu readily forms amyloid. A Phe-15 to Ala substitution reduces significantly the ability to form
amyloid. These results indicate that an aromatic residue is not required for amyloid formation in these
systems and indicates that other factors such as size,â-sheet propensity, and hydrophobicity of the side
chain in question are also important.

A growing number of polypeptides and proteins have been
shown to form partially structured deposits known as amyloid
eitherin Vitro or in ViVo. Amyloid fibrils are rich inâ-sheet
structure and are characteristically long and narrow, typically
10 nm in width, and unbranched (1). Amyloid deposits are
often cytotoxic and are thought to contribute to the pathology
of a number of diseasesin ViVo, including Alzheimer’s
disease, familial amyloidoses, and type 2 diabetes mellitus
(1-4). From a structural perspective, the process of amyloid
formation can be roughly divided into two classes. On one
hand, there are a number of globular proteins that self-
assemble to form amyloid starting from a folded or partially
folded state. The second class consists of polypeptides that
lack definite globular structure in their unaggregated state.
Prominent examples of this class include Amylin, also known
as islet amyloid polypeptide (IAPP),1 the polypeptide re-
sponsible for amyloid formation in type 2 diabetes, and Aâ-
amyloid, the proteolytic fragment that forms amyloid deposits
in Alzheimer’s disease (5-9). The pathway of amyloid
formation is not understood in detail despite its obvious
importance. This is particularly true for amyloid formation
by unstructured or partially structured polypeptides.

Elucidating the specific interactions and patterns of
residues that stabilize amyloid fibrils and guide their self-
assembly is a key step in developing strategies to inhibit
and control fibril formation (10-14). A range of short protein
fragments derived from unrelated amyloid-forming proteins
have been found to contain aromatic residues. Aromatic-
aromatic interactions are known to be important in globular
proteins (15), and recent experimental studies have lead to
the interesting suggestion that interactions between aromatic
residues play a key role in fibril formation by polypeptides
(12, 16-18). These studies involved alanine-scanning ex-
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1 Abbreviations: DIPEA,N,N-diisopropylethylamine; DMF,N,N-
dimethylformamide; Fmoc, 9-fluorenylmethoxycarbonyl; FTIR, Fourier
transform infrared; hAmylin21-29 F23L, residues 21-29 of human
Amylin with an amidated C terminus containing a Phe-23 to Leu
substitution; hAmylin22-27 F23L, residues 22-27 of human Amylin
with an amidated C terminus containing a Phe-23 to Leu substitution;
hAmylin22-27 F23A, residues 22-27 of human Amylin with an
amidated C terminus containing a Phe-23 to Ala substitution;
hAmylin10-19 F15L, residues 10-19 of human Amylin with an amidated
C terminus and acetylated N terminus containing a Phe-15 to Leu
substitution; hAmylin10-19 F15A, residues 10-19 of human Amylin
with an amidated C terminus and acetylated N terminus containing a
Phe-15 to Ala substitution; hAmylin10-19 H18A, residues 10-19 of
human Amylin with an amidated C terminus and acetylated N terminus
containing a His-18 to Ala substitution; HBTU,O-benzotriazol-1-yl-
N,N,N′,N′-tetramethyluronium hexafluorophosphate; HOBT,N-hy-
droxybenzotriazole monohydrate; HPLC, high-performance liquid
chromatography; IAPP, islet amyloid polypeptide; MALDI-TOF MS,
matrix-assisted laser desorption ionization-time-of-flight mass spec-
trometry; PAL-PEG, 5-(4′-Fmoc-aminomethyl-3′,5-dimethoxyphenol)-
valeric acid; TEM, transmission electron microscopy; TFA, trifluoro-
acetic acid; v/v, volume/volume.
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periments and focused on small polypeptides derived from
Amylin and Calcitonin (16, 18). In contrast, strategies for
predicting the intrinsic effects of mutations on the rate of
aggregation of unstructured polypeptides have been reason-
ably successful without including aromatic-aromatic inter-
actions (11). In this work, we examine the role of aromatic-
aromatic interactions in more detail and show that they are
in fact not required for amyloid formation by a set of Amylin-
derived peptides.

Amylin is a normally soluble 37-residue polypeptide
hormone. It is produced in the pancreaticâ-cells and is
cosecreted with insulin (5, 8, 9, 19). In its soluble form the
polypeptide plays a role in glucose homeostasis (20-22).
In type 2 diabetes mellitus, Amylin aggregates in the islet
extracellular space to form amyloid deposits in more then
95% of patients with the disease (5, 8, 21, 22). The sequence
of Amylin is shown in Figure 1.

Not all species form islet amyloid, and a comparison of
the primary structure of Amylin from a number of organisms
initially focused attention on the region encompassing
residues 20-29. Early work suggested that this region was
a key determinant of amyloid-forming ability and demon-
strated that a peptide fragment corresponding to residues 20-
29 of human Amylin is capable of forming amyloidin Vitro
(23). Studies with a large number of variants of the 20-29
fragment, including a systematic set of proline substitutions,
have helped to pinpoint residues that appear to be important
for amyloid formation in this system (23-26). Other regions
of Amylin have been examined, and peptides corresponding
to residues 8-20, 10-19, 20-29, 30-37, and 8-37 of
human Amylin all form amyloid (23, 27-30). Although the
20-29 segment is not the only amyloidogenic region in
human Amylin, it is widely used as a model system for
biophysical and computational studies of amyloid formation

(23, 25, 30-33). Smaller peptides derived from this region
have also been shown to form amyloid, and recent investiga-
tions have lead to the suggestion that the minimal amyloid-
forming fragment of Amylin consists of residues 22-27 (30).
This hexapeptide fragment, NFGAIL, formsâ-sheet-contain-
ing fibrils that coil around each other in typical amyloid fibril
morphology. A systematic alanine scan of the 22-27
hexapeptide revealed that substitution of Phe-23 with Ala
abolishes the ability to form amyloid (16). In another study,
aromatic interactions were proposed to play an important
role in amyloid formation by short peptides derived from
the region corresponding to residues 11-20 of human
Amylin (12).

Here, we test the importance of aromatic-aromatic
interactions in amyloid formation in more detail by examin-
ing a set of variant peptides derived from the 10-19 and
21-29 regions of human Amylin. These variants include a
nine-residue peptide corresponding to residues 21-29, two
hexapeptides corresponding to residues 22-27, as well as
three decapeptides corresponding to residues 10-19. The
consequences of substituting the single aromatic residue by
Leu and Ala are examined. Our studies demonstrate that
aromatic-aromatic interactions are not required for amyloid
formation in these systems and by implication may not be
rigorously required in other systems. Ala is obviously smaller
than Leu or Phe, less hydrophobic, and has a smallerâ-sheet
propensity. Combinations of these factors likely influence
the different behaviors of the Phe/Leu peptides versus the
Ala peptides.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Purification.Peptides were synthe-
sized on a 0.20 mmol scale on a Millipore 9050 Plus
automated peptide synthesizer or on a 0.25 mmol scale using
an Applied Biosystems 433A Peptide Synthesizer, using
9-fluornylmethoxycarbonyl (Fmoc) chemistry. Solvents used
were ACS-grade. Reagents were purchased from Advanced
Chemtech, PE Biosystems, Sigma, and Fisher Scientific. Use
of a 5-(4′-Fmoc-aminomethyl-3′,5-dimethoxyphenol)valeric
acid (PAL-PEG) resin afforded an amidated C terminus.
Standard Fmoc reaction cycles were used. The first residue
attached to the resin, allâ-branched residues, and all residues
directly following aâ-branched residue were double-coupled.
The crude peptides were purified via reverse-phase HPLC
using a Vydac C18 preparative column. A two-buffer system
was utilized. Buffer A consists of H2O and 0.045% HCl (v/
v). Buffer B consists of 80% acetonitrile, 20% H2O, and
0.045% HCl (v/v). All peptides were analyzed by mass
spectrometry using a Bruker MALDI-TOF MS to confirm
their identity.

Fourier Transform Infrared (FTIR) Spectroscopy.Samples
were prepared by dissolving each peptide in D2O, incubating
the solution at room temperature for 1 h, and then lyophiliz-
ing to remove residual water. The peptides were then
redissolved in D2O, and the pD was adjusted using DCl and
NaOD. The same procedure was used to prepare samples
for TEM and Congo Red staining. FTIR measurements were
performed on a Biorad FTS-40A spectrometer using a DTGS
detector with a 2 cm-1 resolution. A dismountable sample
cell comprising CaF2 plates and a 0.05 mm Teflon spacer
was utilized. Interferograms were recorded from 4000 to 400

FIGURE 1: (A) Primary sequence of human Amylin. Residues 10-
19 are underlined with a dashed line, and residues 21-29 are
underlined with a solid line. The naturally occurring protein has a
disulfide bridge between Cys-2 and Cys-7 and an amidated C
terminus. (B) F15L variant of the 10-19 fragment, hAmylin10-19
F15L. (C) F15A variant of the 10-19 fragment, hAmylin10-19
F15A. (D) H18A variant of the 10-19 fragment, hAmylin10-19
H18A. (E) F23L variant of the 21-29 fragment, hAmylin21-29
F23L. (F) F23L variant of the 22-27 fragment, hAmylin22-27 F23L.
(G) F23A variant of the 22-27 fragment, hAmylin22-27 F23A.
Residues are numbered according to their position in full-length
Amylin. The position of the Phe or His in the wild-type sequence
is underlined in all of the peptides. All of the peptides from the
10-19 region have an acetylated N terminus, while the peptides
derived from the 21-29 and 22-27 regions have a free N terminus.
All variants have an amidated C terminus.
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cm-1. A total of 64 scans was taken with a 2 sdelay. The
interferograms were then averaged, and the solvent spectrum
was subtracted. Samples were examined either as gels or as
partially dried films.

Transmission Electron Microscopy (TEM).TEM was
performed at the University Microscopy Imaging Center at
the State University of New York at Stony Brook. A 4µL
sample was placed on a carbon-coated Formvar 200-mesh
copper grid and negatively stained with saturated uranyl
acetate.

Congo Red Staining and Birefringence.A 10 µL aliquot
of the peptide sample was air-dried on a superfrost micro-
scope slide and stained with an 80% ethanol solution
saturated with sodium chloride and Congo Red. The slides
were analyzed for amyloid formation using a Nikon SMZ-
2T polarizing microscope.

RESULTS AND DISCUSSION

Design of Peptides.Three sets of variant peptides derived
from two separate regions of human Amylin were synthe-
sized and characterized. The first peptide is derived from
the 21-29 residue region of human Amylin. We character-
ized a peptide corresponding to residues 21-29 with the sole
aromatic residue Phe-23 substituted with Leu. This peptide
is designated hAmylin21-29 F23L. The respective wild-type
peptide was also synthesized and is designated hAmylin21-29

WT. Two variants derived from the putative minimal
amyloid-forming fragment, residues 22-27, were also
prepared. The first peptide is comprised of residues 22-27
of human Amylin where Phe-23 is replaced with leucine and
is denoted hAmylin22-27 F23L. The second peptide contains
an alanine at position 23 and is designated hAmylin22-27

F23A. The respective wild-type peptide was also synthesized
and is denoted hAmylin22-27 WT. All of the peptides were
prepared with an amidated C terminus to avoid introducing
an additional charged group and the N terminus was left free.
None of the residues within the 21-29 block contains
ionizable side chains; thus, the total net charge on our
peptides can be varied from+1 at low pH, where the N
terminus is protonated, to zero when the pH is raised above
the pKa of the N terminus.

The third set corresponds to residues 10-19 in which the
sole aromatic residue, Phe-15, has been changed to either
Leu or Ala. The peptides were prepared with an amidated C
terminus and acetylated N terminus to avoid introducing extra
charges. Acetylation of the N terminus also avoids potential
problems with sample heterogeneity caused by the tendency
of an N-terminal glutamine to cyclize to pyroglutamic acid.
The only charged residues are Arg-11 and His-18. The
peptide fragments are designated hAmylin10-19 F15L and
hAmylin10-19 F15A. We also examined the role of the single
His residue located at position 18 by studying a His-18 to
Ala variant. This peptide is denoted hAmylin10-19 H18A. The
respective wild-type peptide was also synthesized and is
denoted hAmylin10-19 WT. The sequences of the peptides
are listed in Figure 1. Note that the residues in all of the
peptides are numbered according to their positions in full-
length Amylin.

A Phe-23 to Leu Substitution in the 21-29 Fragment Does
Not PreVent Amyloid Formation.Samples of hAmylin21-29

WT and hAmylin21-29 F23L were examined at pD 5.5 ((0.3)

by FTIR spectroscopy, TEM, and Congo Red staining. FTIR
spectra of freshly prepared solutions at pD 5.5 ((0.3) indicate
the presence of significantâ-sheet structure (Figure 2). There
is an intense peak near 1620 cm-1 indicative of aâ-sheet
structure as well as a shoulder centered near 1645 cm-1, a
feature sometimes assigned to asparagine side chains and
the protonated free N terminus. Bands for random coil and
R-helix also fall near this region. TEM measurements
confirmed the presence of amyloid fibrils with classic
morphology (Figure 2). Congo Red staining experiments
provided further evidence of amyloid formation. Samples
were stained and viewed under a polarizing microscope.
Birefringence was observed as expected for amyloid fibrils.

These results demonstrate that a Phe-23 to Leu substitution
in the 21-29 region of IAPP does not eliminate amyloid
formation. Both the variant, hAmylin21-29 F23L, and the
wild-type peptide form fibrils immediately upon sample
preparation as indicated by FTIR and TEM (Figure 2). This
peptide is three residues longer than the hexapeptide defined
as the minimal amyloid-forming fragment, and it is possible
that the additional residues provide interactions, which
compensate for the Phe to Leu substitution. In other words,
the shorter hexapeptide might be more sensitive to substitu-
tions at position 23. Alternatively, as suggested by recent
simulations, additional residues might alter the interstrand
or intersheet packing so that Phe-Phe interactions are not as
important (32). Consequently, we also examined the minimal
amyloid-forming fragment, residues 22-27.

The hAmylin22-27 F23L Variant Forms Amyloid at Low
and High pH.The ability of the hAmylin22-27 F23L peptide
to form amyloid was compared to the wild-type sequence
under conditions where the N terminus is charged (pD 5.5)
and where it is neutral (pDg 9.0). Samples were examined
at 2 and 4 mg/mL to allow for a comparison with studies
from other laboratories (15). The wild-type peptide formed

FIGURE 2: (A) FTIR spectrum and (B) TEM micrograph of
hAmylin21-29 WT at pD 5.5 ((0.3) collected immediately after
sample preparation. The scale bar represents 200 nm. (C) FTIR
spectrum and (D) TEM micrograph of hAmylin21-29 F23L at pD
5.5 ((0.3) collected immediately after sample preparation. The scale
bar represents 100 nm.
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fibrils under both conditions as judged by TEM (Figure 3).
The FTIR spectra exhibit multiple bands, but both spectra
contain a band near 1625 cm-1 at pD 5.5 ((0.3) and pD 9.0
((0.3) indicating aâ-sheet structure (Figure 3). TEM of
hAmylin22-27 F23L revealed classic amyloid morphology
broadly similar to the wild-type peptide (Figure 4). Amyloid
fibrils were found in abundance and form clustered structures
in the samples prepared at the higher concentration. There
are some differences in the details of the micrographs
recorded at low and high pD; however, both samples show
the presence of amyloid fibrils. At pD 5.5 ((0.3), the fibrils
aggregate and appear dense. At pD 9.0 ((0.3), they form
unbranched ropelike assemblies. These experiments clearly
demonstrate that an aromatic residue is not required for
amyloid formation by this peptide. The samples of
hAmylin22-27 F23L examined at the lower concentration form
more diffuse fibrils at both pD 5.5 ((0.3) and 9.0 ((0.3)
(data not shown). At pD 5.5 ((0.3), the fibrils assemble into
ropelike structures, while at pD 9.0 ((0.3) sheetlike as-
semblies are observed.

FTIR measurements and Congo Red staining experiments
confirmed the presence of amyloid fibrils. The spectra of
both the high and low concentration samples clearly indicate
the presence ofâ-sheet secondary structure at both pD values;
however, it appears more pronounced at the higher pD
(Figure 4). At pD 5.5 ((0.3), the spectrum is dominated by
a broad peak near 1620 cm-1 with a shoulder near 1640
cm-1. At the higher pD 9.8 ((0.3), the peak at 1620 cm-1

is sharp. The spectra of the lower concentration sample
displays a broad peak centered around 1627 cm-1, at both
high (5.40) and low (9.37) pD (data not shown). Interestingly,
the â-sheet bands are relatively more intense in the
hAmylin22-27 F23L spectrum than in the wild-type spectrum.
The origin of the differences is not clear but the important

result is that the Phe to Leu variant readily forms amyloid.
The samples were also examined by Congo Red staining.
Both samples displayed the characteristic birefringence
expected for amyloid deposits at both pH values.

We have previously shown that some peptides derived
from IAPP can slowly deamidate in solution to produce small
amounts of impurities that can affect the ability to aggregate
(34). For example, impurities at the level of 5% or less were
shown to induce aggregation in some proline-containing
peptides derived from the 20-29 region of Amylin (34).
Very low levels of impurities (1-2% or less as judged by
analytical HPLC) were observed in the initial preparation
of some samples. Repurification of the peptides to remove
these low-level impurities had no effect upon amyloid
formation. Thus, deamidation can be ruled out as contributing
to aggregation.

This set of biophysical experiments demonstrates that
hAmylin22-27 F23L is capable of self-assembly into amyloid
deposits. This indicates that a Phe at position 23 is not
required to form amyloid fibrils.

The hAmylin22-27 F23A Variant Is Less Prone to Form
Amyloid than hAmylin22-27 F23L. The results presented in
the two previous sections show that a Phe-23 to Leu
substitution does not prevent amyloid formation. The initial
experiments on the role of Phe-23 involved substitution with
Ala, and it is certainly possible that a less conservative Ala
substitution could have a much larger effect then a Leu
substitution (16). Consequently, samples of hAmylin22-27

F23A were prepared and tested for amyloid formation using
the same conditions employed for the hAmylin22-27 F23L
peptide. The peptide is much less prone to aggregate although
it appears to have some tendency to aggregate and form
deposits at high pH, which share some of the characteristics
associated with amyloid.

FIGURE 3: FTIR and TEM of hAmylin22-27 WT at pD 5.5 ((0.3)
and 9.0 ((0.3). TEM micrographs were collected immediately after
sample preparation, and FTIR spectra were collected from samples
dried overnight. (A) TEM micrograph at pD 5.5 ((0.3). (B) FTIR
spectrum at pD 5.50 ((0.3). (C) TEM micrograph at pD 9.0 ((0.3).
(D) FTIR spectrum at pD 9.0 ((0.3). The scale bars represent 50
nm.

FIGURE 4: FTIR and TEM of hAmylin22-27 F23L at pD 5.5 ((0.3)
and 9.0 ((0.3). TEM micrographs were collected immediately after
sample preparation, and FTIR spectra were collected from samples
dried overnight. (A) FTIR spectrum at pD 5.50 ((0.3). (B) TEM
micrograph at pD 5.5 ((0.3). (C) FTIR spectrum at pD 9.0 ((0.3).
(D) TEM micrograph at pD 9.0 ((0.3). The scale bars represent
200 nm.
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FTIR spectra of hAymlin22-27 F23A samples were re-
corded as partially dried films as is typical for short peptides
(Figure 5). At pD 5.5 ((0.3) the spectrum displays a broad
peak centered around 1625 cm-1 with a shoulder at 1645
cm-1 and a second broad peak near 1666 cm-1. The spectrum
recorded at pD 9.0 ((0.3) displayed a more prominate
â-sheet peak at a low wavenumber. An intense peak is

detected near 1620 cm-1, and a less intense peak is present
near 1666 cm-1. Samples of hAmylin22-27 F23A were
analyzed with TEM. No fibrils were observed after 24 h at
either pD 5.5 ((0.3) or 9.0 ((0.3). The solutions were tested
again after 7 days, and no fibrils were found. Samples of
hAmylin22-27 F23A at pD 5.5 ((0.3) and 9.0 ((0.3) were
stained and examined for birefringence. Birefringence was
observed at both pD values; however, the hAmylin22-27 F23A
peptide exhibited less intense birefringence then the
hAmylin22-27 F23L peptide consistent with a reduced ten-
dency to form amyloid.

To summarize, the hAmylin22-27 F23L peptide clearly
forms amyloid, while the hAmylin22-27 F23A peptide gives
more ambiguous results. The FTIR measurements and Congo
Red staining experiments are consistent with formation of
some partially ordered aggregates at high pH. In contrast,
no fibrils were detected via TEM even after 7 days of
incubation. When these measurements are taken together,
they indicate that the Ala-substituted peptides are much less
prone to form amyloid than the Leu-substituted peptides.

A Phe-15 to Leu Substitution in hAmylin10-19 Does Not
PreVent Amyloid Formation.The wild-type 10-19 fragment
has been shown to form amyloid in a pH-dependent manner.
Above the pKa of the single His residue, the peptide readily
aggregates to form amyloid as judged by FTIR, TEM, and
Congo Red staining (35). Data for the wild-type peptide are
presented in Figure 6. Fibrils are observed at both pD 4.0
((0.3) and 9.0 ((0.3) by TEM but appear much more
abundant at the higher pD. The FTIR spectrum recorded at
pD 9.0 ((0.3) shows a peak near 1620 cm-1 consistent with
â-sheet structure. In contrast, the spectrum recorded at pD
4 ((0.3) exhibits a broad peak near 1645 cm-1 (Figure 6).
The FTIR spectra were recorded after incubating the sample
for 3 h; however, the same features were observed after 24

FIGURE 5: (A) FTIR spectrum of hAmylin22-27 F23A recorded after
48 h of incubation at (A) pD 5.5 ((0.3) and (B) pD 9.0 ((0.3).

FIGURE 6: FTIR and TEM of hAmylin10-19 WT at pD 4.0 ((0.3)
and 9.0 ((0.3). (A) FTIR spectrum at pD 4.0 ((0.3) recorded after
3 h of incubation. (B) TEM micrograph collected 3 h after sample
preparation at pD 4.0 ((0.3). (C) FTIR spectrum at pD 9.0 ((0.3)
recorded after 3 h of incubation. (D) TEM micrograph collected 3
h after sample preparation at pD 9.0 ((0.3). The scale bars represent
50 nm.

FIGURE 7: FTIR and TEM of hAmylin10-19 F15L at pD 4.0 ((0.3)
and 9.0 ((0.3). (A) FTIR at pD 4.0 ((0.3) recorded after 3 h of
incubation. (B) TEM micrograph collected 3 h after sample
preparation at pD 4.0 ((0.3). (C) FTIR spectrum at pD 9.0 ((0.3)
recorded after 3 h of incubation. (D) TEM micrograph collected 3
h after sample preparation at pD 9.0 ((0.3). The scale bars represent
100 nm.
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h of incubation. These data confirm that the wild-type peptide
forms amyloid in a pH-dependent manner.

We also studied the effects of substituting the single
aromatic residue in the 10-19 fragment. Samples of
hAmylin10-19 F15L were prepared at 6 mg/mL at pD 4.0
((0.3) and 9.0 ((0.3) and examined by FTIR spectroscopy,
TEM, and Congo Red staining. At pD 4.0 ((0.3), the His
side chain is protonated and the total charge on the peptide
is +2. At pD 9.0, the total charge is+1. This peptide, like
the wild-type, readily forms amyloid in a pH-dependent
manner. FTIR measurements were conducted at pD 4.0
((0.3) and 9.0 ((0.3) after 3 h of incubation, conditions
similar to those used for the wild type. All of the spectra
recorded at pD 4.0 ((0.3) contained a broad resonance
centered near 1645 cm-1. The FTIR spectrum recorded after
3 h of incubation at pD 9 ((0.3) is very different. Features
associated with aâ-sheet structure are clearly detected
(Figure 7). TEM studies confirm that amyloid formation by
this peptide is pH-dependent. TEM measurements were
conducted with samples that had been incubated for 3 h.
Unstructured amorphous aggregates are detected by TEM
at pH 4.0 ((0.3), while unbranched fibrils are observed at
pH 9.0 ((0.3) (Figure 7). Samples stained with Congo Red

display strong birefringence at pD 9.0 ((0.3) but not at pD
4.0 ((0.3). Importantly, these experimental results demon-
strate that the Phe-15 to Leu substitution in the 10-19 region
of human Amylin does not eliminate pH-dependent amyloid
formation.

A Phe-15 to Ala Substitution in hAmylin10-19 Reduces the
Tendency to Form Amyloid.Samples of hAmylin10-19 F15A
were studied under the same conditions used for the
hAmylin10-19 F15L analogue. The experimental results
indicate that this peptide also undergoes pH-dependent
amyloid formation, although at a much slower rate. The FTIR
spectra recorded at pD 4.0 ((0.3) display a broad peak at
1645 cm-1 and provide no evidence for aâ-sheet structure
(Figure 8). Samples incubated at pD 9.0 ((0.3) for 3 h were
very similar (Figure 8). Upon a longer incubation time of
24 h, the pD 9.0 ((0.3) samples developâ-sheet structure
as judged by FTIR (Figure 8). TEM studies confirm that
amyloid formation by this peptide is pH-dependent. TEM
micrographs collected after 3 h of incubation show amor-
phous aggregates at pD 4.0 ((0.3) and more ordered
amyloid-like fibrils at pD 9.0 ((0.3) (Figure 8). Congo Red
staining further confirms pH-dependent amyloid formation.
Birefringence was observed after 24 h of incubation at pD
9.0 ((0.3) but not after incubation at pD 4.0 ((0.3).

His-18 is the only residue that will titrate over the pH range
studied; thus, it should be responsible for the pH-dependent
effects. To confirm this, we examined the role of His-18 by
studying a variant in which the residue was changed to an
alanine. Samples of hAmylin10-19 H18A were prepared at 6
mg/mL at pD 4.0 ((0.3) and 9.0 ((0.3). This peptide readily
forms amyloid, and as expected, amyloid formation is not
pH-dependent. FTIR measurements taken at pD 4.0 ((0.3)
and 9.0 ((0.3) after 3 h of incubation give similar spectra

FIGURE 8: FTIR and TEM of hAmylin10-19 F15A at pD 4.0 ((0.3)
and 9.0 ((0.3). (A) FTIR spectrum at pD 4.0 ((0.3) recorded after
3 h of incubation. (B) TEM micrograph collected 3 h after sample
preparation at pD 4.0 ((0.3). (C) FTIR spectrum at pD 9.0 ((0.3)
recorded after 3 h of incubation. (D) TEM micrograph collected 3
h after sample preparation at pD 9.0 ((0.3). (E) FTIR spectrum at
pD 9.0 ((0.3) recorded after 24 h of incubation. The scale bars
represent 100 nm.

FIGURE 9: FTIR and TEM of hAmylin10-19 H18A at pD 4.0 ((0.3)
and 9.0 ((0.3). (A) FTIR spectrum at pD 4.0 ((0.3) recorded after
3 h of incubation. (B) TEM micrograph collected 3 h after sample
preparation at pD 4.0 ((0.3). (C) FTIR spectrum at pD 9.0 ((0.3)
recorded after 3 h of incubation. (D) TEM micrograph collected 3
h after sample preparation at pD 9.0 ((0.3). The scale bars represent
100 nm.
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with an intense absorbance centered at 1625 cm-1, indicating
â-sheet structure (Figure 9). TEM micrographs confirm the
presence of amyloid (Figure 9). The FTIR spectrum of this
peptide exhibits a more intenseâ-sheet band than either the
wild type or F15L variant. The origin of this effect is not
yet clear but perhaps it indicates that a smaller side chain at
position 18 favorsâ-sheet assembly. Further experimental
studies will be required to determine the exact role of this
position.

CONCLUSIONS

Our biophysical experiments demonstrate that an aromatic
residue at position 23 is not required for amyloid formation
by peptides derived from the 21-29 and 22-27 regions of
Amylin. Peptides that contained a Phe-23 to Leu substitution
were shown to form amyloid fibrils similar to the wild type.
A Phe to Ala substitution in the hexapeptide, hAmylin22-27

F23A, did have a much larger effect then a Phe to Leu
substitution. Likewise, substitution of the aromatic residue
at position 15 in the 10-19 region, hAmylin10-19 F15L, did
not abolish the ability to form amyloid, while a Phe to Ala
substitution had a much more pronounced effect. Our
observation of a large effect upon Ala substitution is in good
agreement with the earlier Ala-scanning studies (16).

Leu and Phe are larger, more hydrophobic, and have a
higher propensity to formâ-sheet structure than Ala (36-
39). Phe has one of the highestâ-sheet propensities, while
the propensity of Ala is much smaller, both as judged by
statistical surveys and by thermodynamic measurements on
model proteins (36-38). For example, the statisticalâ-sheet
propensity of Phe is 1.33 using a scale where a value of 1.0
corresponds to no statistical preference to be in aâ sheet
(36-38). Ala, in contrast, has a lowâ-sheet propensity of
0.72 but a high helical propensity. Theâ-sheet propensity
of Leu, 1.22, is noticeably higher than that of Ala, although
somewhat smaller than Phe. Our studies demonstrate that
the size, hydrophobicity, and/orâ-sheet propensity are more
important factors in these peptides than the ability to form
aromatic-aromatic interactions. Along these lines Chiti and
co-workers have shown that the effects of the F23A mutation
can be predicted based on an empirical formula that considers
charge/secondary structure propensity and hydrophobicity but
not aromatic-aromatic interactions (11). Our results are
consistent with this analysis. Recent experimental studies
with a set of tetrapeptides have also highlighted the role of
charge attraction andâ-sheet propensity in amyloid formation
(40). Computational studies of fragments of the Aâ peptide
have emphasized the role of charge-charge interactions and
hydrophobic clustering (41).

Aromatic-aromatic interactions could of course play a role
in amyloid formation by other peptide fragments, but the
work here demonstrates they are not a strict requirement in
all systems. It is important to stress that even though
aromatic-aromatic interactions are not a strict requirement
for amyloid formation in these Amylin-derived peptides they
might still play a role in either helping dictate the structure
of the fibril (e.g., parallel versus antiparallel) or in the kinetics
of self-assembly (25).
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