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ABSTRACT: The 37-residue islet amyloid polypeptide (IAPP) is the major protein component of the amyloid
deposits found in type-II diabetes. IAPP is stored in a relatively low pH environment in the pancreatic
secretory granules prior to its release to the extracellular environment. Human IAPP contains a single
histidine at position 18. Aggregation of IAPP is considerably faster at a lower pH (4.0( 0.3) than at high
pH (8.8( 0.3), as judged by turbidity and thioflavine-T fluorescence studies. The rate of aggregation at
low pH increases drastically in the presence of salt. CD experiments show that the conversion of largely
unstructured monomers toâ-sheet-rich structures is faster at high pH. TEM studies show that fibrils are
formed at both pH values but are more prevalent at pH 8.8 ((0.3). Both the free N terminus of IAPP and
His-18 will titrate over the pH range studied. An N-terminal acetylated fragment consisting of residues
8-37 of human IAPP was also studied to isolate contributions from the protonation of His-18. Previous
studies have shown that this fragment forms protofibrils that are very similar to those formed by intact
IAPP. The effects of varying the protonation state of His-18 in the 8-37 analogue indicate that the rate
of aggregation and fibril formation is noticeably faster when His-18 is deprotonated, similar to the wild
type. However, the pH-dependent effects are larger for full-length IAPP than for the disulfide-truncated,
acetylated analogue. TEM studies indicate differences in the morphology of the deposits formed at high
and low pH. These results are discussed in light of recent structural models of IAPP fibrils.

Amyloidoses is a condition belonging to a growing family
of degenerative neurological and systemic diseases. Among
these diseases, type-II diabetes affects over 150 million
people worldwide and has become a leading global health
risk in the 21st century (1). Type-II diabetes is characterized
by chronic insulin resistance and progressive decline in
pancreaticâ-cell function (2, 3). One of the most common
pathological features of type-II diabetes is the deposition of
amyloid fibrils in the islets of Langerhans of the pancreas
(4-7). Synthetic amyloid aggregates are toxic to insulin-
producing â cells (8, 9), indicating that islet amyloid
polypeptide (IAPP)1 fibril formation in the pancreas may
contribute to islet cell dysfunction and death in type-II
diabetes mellitus. Human IAPP or amylin, is the major
protein component of these amyloid deposits (10, 11). It is

cosecreted with insulin into the circulation as a soluble
monomer (12-14). IAPP is stored in the insulin secretory
granule, a relatively low pH environment, prior to its release
to the extracellular space (15). The mature 37-residue IAPP
has a Cys-2-Cys-7 disulfide bridge, an amidated C terminus
(10, 11), and is involved in the regulation of carbohydrate
metabolism (16, 17). Human IAPP contains a single His
residue at position 18 whose protonation state should be
effected by the change from intragranular to extracellular
pH. The sequence of the 37-residue human IAPP polypeptide
is shown in Figure 1.

TEM and atomic force microscopy (AFM) studies reveal
that the morphological features of synthetic amyloid fibrils
derived from human IAPP strongly depend upon the
experimental conditions at which they assemble (18-20).
We have previously shown that amyloid formation by short
peptides derived from the 10-19 region of human IAPP are
strongly influenced by pH (21). Above the pKa of the His-
18 residue, the peptide readily aggregates to form amyloid,
while aggregation is slower at low pH. Substitution of His-
18 to Ala abolishes the pH effects on amyloid formation in
this system. His-18 is the only residue in this peptide that
titrates over the pH range studied; thus, it should be
responsible for the pH-dependent effects. These observations
suggest that protonation of His-18 could modulate aggrega-
tion by full-length IAPP. Histidine residues also play an
important role in amyloid formation by other peptides such
as in Alzheimer’s Aâ (22). Their protonation state can
influenceâ-sheet folding, as well as facilitate zinc binding,
which can enhance peptide aggregation (23). Earlier studies
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suggested that the appearance and length of the amyloid
fibrils formed by IAPP depend upon pH (24). However both
His-18 and the N terminus were most likely titrated over
the pH range investigated in these experiments, and Tyr-37
may also have been effected at the highest pH values
examined; thus, the role of His-18 could not be pinpointed.
Here, we examine in more detail the role of His-18 in
amyloid formation by human IAPP using the full-length
hormone and an analogue with a blocked N terminus. This
analogue allows us to isolate the effects of the protonation
of His-18 on aggregation. The pH dependence of amyloid
formation kinetics is also investigated. Our results are
discussed in light of recent structural models of IAPP fibrils.

EXPERIMENTAL PROCEDURES

Peptide Synthesis.Peptides were synthesized on a 0.25
mmol scale with an Applied Biosystems 433A Peptide
Synthesizer, using 9-fluornylmethoxycarbonyl (Fmoc) chem-
istry. Solvents used were ACS-grade. Fmoc-protected
pseudoproline (oxazolidine) dipeptide derivatives were pur-
chased from Novabiochem. All other reagents were pur-
chased 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, pseudoproline
dipeptide derivatives, allâ-branched residues, and all residues
directly following aâ-branched residue were double-coupled.
Peptides were cleaved from the resin using standard trifluo-
roacetic acid (TFA) methods.

Peptide Purification.To increase solubility, crude peptides
were partially dissolved in 20% acetic acid [volume to
volume (v/v)], frozen in liquid nitrogen, and lyophilized. This
procedure was repeated several times prior to purification.
The dry peptides were then redissolved in 35% acetic acid
(v/v) and purified via reversed-phase high-performance liquid
chromatography (HPLC), using a Vydac C18 preparative
column (10× 250 mm). A two-buffer system was used,
utilizing HCl as the ion-pairing agent. Buffer A consisted
of H2O and 0.045% HCl (v/v). Buffer B consisted of 80%
acetonitrile, 20% H2O, and 0.045% HCl (v/v). Purity was
checked by HPLC using a Vydac C18 reversed-phase
analytical column (4.6× 250 mm) before each experiment.
The identity of the purified peptide was confirmed by matrix-
assisted laser desorption ionization-time-of-flight mass
spectrometry (MALDI-TOF MS).

Preparation of Peptide Stocks.Biophysical studies utilized
peptide samples derived from the same stock solution to
ensure comparable conditions in all experiments. Peptide
stocks were prepared by adding 1.0 mL of 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) or dimethyl sulfoxide (DMSO)
to dry purified peptide, sonicating at room temperature for

15 s, and lyophilizing. The dry peptide was then redissolved
in 1.0 mL of HFIP or DMSO and filtered through a 0.4µm
GHP Acrodisc syringe filter to remove large aggregates.
Stock solutions were stored in 2.0 mL polypropylene
eppendorf tubes prior to use and frozen at-70 °C between
experiments.

Circular Dichroism (CD). All CD experiments were
performed at 25°C on an Aviv 62A DS CD spectropho-
tometer. For far-UV CD wavelength scans, aliquots of
peptide stock were diluted into glycine buffers, for a total
volume of 300µL. The final peptide concentrations for far-
UV CD experiments were 0.2 mg/mL in 4% HFIP and 44
mM glycine buffer. Far-UV CD spectra are the average of
five repeats in a 0.1 cm quartz cuvette. Spectra were recorded
over a range of 190-250 nm, at 1 nm intervals with an
averaging time of 3 s. Background spectra were subtracted
from collected data. To monitor the development of the
â-sheet structure in real time, 12µL of unfiltered peptide
stock solution was diluted in 288µL of glycine buffer and
the CD signal at 218 nm was recorded. The final peptide
concentrations for kinetic assays were 0.2 mg/mL in 4%
HFIP and 44 mM glycine buffer.

ThioflaVin-T-Binding Kinetics.Thioflavin-T-binding assays
were used to measure the development of structurally ordered
fibrils over time. Fluorescence was measured on a Jobin
Yvon Horiba fluorescence spectrophotometer. The excitation
wavelength used was 445 nm, and the emission was 485
nm. The excitation and emission slits were set at 5 and 10
nm, respectively. A 1.0 cm cuvette was used. All thioflavin-T
kinetic experiments were performed by diluting 68µL of
filtered peptide stock into glycine buffers containing thiofla-
vin-T. Final solution conditions were 44 mM glycine HCl
or glycine NaOH and 13.84µM thioflavin-T at pH 4 ((0.3)
and pH 8.8 ((0.3). The total peptide concentration was 0.2
mg/mL in either 4% HFIP or DMSO. Samples used for the
ionic strength dependence studies contained 0, 87.5, 175, or
350 mM NaCl. All solutions were stirred during these
experiments to maintain homogeneity. As a control, we also
monitored the time dependence of the fluorescence of
thioflavin-T solutions without the peptide at both pH values.
The profiles were flat, indicating that the time-dependent
fluorescence observed in the presence of the peptide reflects
peptide-dye interactions.

Turbidity Measurements.Solution turbidity was measured
as apparent absorbance at 400 nm using a Cary UV-visible
spectrophotometer. Experiments were performed by diluting
20 µL of filtered peptide stock into 480µL of glycine-
buffered solution. Final solution conditions were 52 mM
glycine HCl or glycine NaOH. The total peptide concentra-
tion was 0.2 mg/mL in 4% HFIP. A 1.0 cm quartz cuvette
was used.

FIGURE 1: Primary sequence of human IAPP. (A) Full-length IAPP (hIAPP1-37) with a Cys-2-Cys-7 disulfide bridge and free N terminus.
(B) The 8-37 sequence (hIAPP8-37) with an acetylated N terminus. All peptides have an amidated C terminus. Residues are numbered
according to their position in full-length IAPP.
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Transmission Electron Microscopy (TEM).TEM was
performed at the University Microscopy Imaging Center at
the State University of New York at Stony Brook. TEM
samples were prepared by diluting aliquots of unfiltered
peptide stock into glycine buffer solutions. The buffer
concentration was 44 mM glycine HCl or glycine NaOH.
The final peptide concentration was 0.2 mg/mL in 4% HFIP.
TEM images were taken within 5 min, 200 min, and 24 h of
peptide stock dilution. A total of 4µL of sample was placed
on a carbon-coated 300-mesh copper grid and negatively
stained with saturated uranyl acetate.

RESULTS AND DISCUSSION

The Rate of Amyloid Formation by Human IAPP Is
Strongly pH-Dependent.Human IAPP has a free N terminus,
a histidine at position 18, an arginine at position 11 and a
lysine at position 2. These are the only sites that could
potentially be positively charged at physiological pH. We
examined IAPP fibrillogenesis at pH 4.0 ((0.3) and pH 8.8
((0.3). This pH range was chosen because His-18 will be
fully protonated at low pH and fully deprotonated at the
highest pH. The pKa of the N terminus is not known but
will certainly be protonated at pH 4.0 and largely deproto-
nated at pH 8.8. We deliberately avoided using higher pH
values to prevent titration of the Lys side chain.

The influence of pH was investigated by CD and thiofla-
vin-T-binding studies at pH 4.0 ((0.3) and pH 8.8 ((0.3).
Fluorescence-monitored thioflavin-T binding is a standard
method for monitoring the development of amyloid fibrils
(25, 26). Clear differences in the kinetic profiles of residues
1-37 of human IAPP with an amidated C terminus and free
N terminus (hIAPP1-37) are observed at the two pH values
in both 4% HFIP and DMSO (Figure 2). The fluorescence
intensities in DMSO are lower than that in HFIP, which could
be a solvent effect or may be due to potential stock-to-stock
variability of the peptide concentration. However, the overall
trends observed in both systems are consistent and indicate
that the time course of thioflavin-T fluorescence is strongly
pH-dependent. At pH 4.0 ((0.3) in 4% HFIP, a slow gain
in fluorescence is observed reflecting fibril formation. After
500 min, an apparent plateau of fluorescence is reached,
marking the end of the growth phase. In contrast to pH 4.0
((0.3), an immediate spike in signal intensity is observed
at pH 8.8 ((0.3) in 4% HFIP. The striking increase in
thioflavin-T fluorescence at pH 8.8 ((0.3) is followed by a
steady state after 15 min.

Conformational transitions of hIAPP1-37 were probed by
time-dependent far-UV CD studies. The size and geometry
of the CD cell prevent solution stirring, and aggregation of
unstirred filtered samples is very slow under these conditions.
Our observation of slower aggregation in the absence of
stirring agrees with previous reports that stirring of amy-
loidogenic peptide solutions increases the rate of fibril
formation, possibly by fragmenting long fibrils into smaller
ones and increasing the number of active fibril ends for
monomers to attach (27). Consequently, we examined
unfiltered samples. The presence of small preformed oligo-
mers should accelerate the onset of fibril formation, allowing
structural transitions to be monitored. Samples were studied
at pH 4.0 ((0.3) and pH 8.8 ((0.3) at a final peptide
concentration of 0.2 mg/mL in 4% HFIP. The increase in

the negative signal at 218 nm indicates an increase in theâ
structure. Once again, we observe distinct pH effects on the
kinetic profiles of hIAPP1-37 (Figure 3A). Samples at pH
4.0 ((0.3) show no relative gain in structure over the 980
min monitored. Wavelength scans taken at the beginning and
end of the kinetic reaction further confirm no significant
conformational change over the time course (Figure 3B). In
contrast, at pH 8.8 ((0.3), a rapid increase in signal intensity
at 218 nm was observed following dilution of the stock
solutions. Wavelength scans clearly reveal the structural
transition that takes place at this higher pH over time (Figure
3C). Multiple scans averaged over the first 20 min of the
kinetic reaction provide evidence for some slight helical
structure, which then shifts to a more apparentâ-sheet
conformation after 450 min.

TEM micrographs were recorded on hIAPP1-37 samples
prepared at pH 4.0 ((0.3) and pH 8.8 ((0.3), exactly as
used for the CD studies. Images were recorded after 24 h of
incubation at room temperature (Figure 4). Fibrils were
observed at both pH values, however with differing extent
and morphology. Fibrils at pH 4.0 were much thinner and
less prevalent. A dense mat of thicker fibrils were observed
at pH 8.8, which largely clumped together on the TEM grid.

The Rate of Fibril Formation by IAPP Is Dependent upon
Ionic Strength.The net charge on IAPP is+4 at pH 4 and
is between+2 and+3 at pH 8.8, depending upon the exact
pKa of the N terminus. Thus, charge repulsion is expected
to disfavor aggregation particularly at low pH. If electrostatic

FIGURE 2: Thioflavin-T-binding kinetics of filtered samples of
hIAPP1-37 monitored at (4) pH 4.0 ((0.3) and (O) pH 8.8 ((0.3)
in 4% HFIP and 4% DMSO. (A) Kinetic profiles of hIAPP1-37 in
4% HFIP. (B) Kinetic profiles of hIAPP1-37 in 4% DMSO. The
final peptide concentrations for all kinetic assays were ap-
proximately 0.2 mg/mL. All samples contained 44 mM glycine
buffer. The solid lines represent the fit to a five-parameter sigmoidal
curve. These fits were included to aid visualization and have no
theoretical significance.
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interactions are indeed important, one would expect that the
rate of aggregation would increase in the presence of salt.
This is exactly what we observe. Thioflavin-T-binding studies
were conducted at 0, 87.5, 175, and 350 mM NaCl.

Fluorescence measurements indicate that the rate of fibril
formation increases monotonically as the NaCl concentration
increases. Fibril formation is very slow in the absence of
salt at this low pH but increases significantly even with only
87.5 mM added salt. The development of thioflavin-T
fluorescence is essentially instantaneous at the highest salt
concentration, followed immediately by sample precipitation
(Figure 5).

Design of the Peptide Model System To Study the Role of
His-18. To evaluate the role of His-18 on the amyloid-
forming ability of human IAPP, we synthesized the 8-37

FIGURE 3: (A) Kinetic acquisition of theâ-sheet structure by
hIAPP1-37 at (4) pH 4.0 ((0.3) and (O) pH 8.8 ((0.3) in 4% HFIP.
Samples were not filtered or stirred. The CD signal at 218 nm is
plotted versus time. (B) Far-UV CD wavelength scans of the pH
4.0 ((0.3) sample recorded at the start of the kinetic experiment
(- - -) and the end of the kinetic measurements (s). (C) Far-UV
CD wavelength scans of the pH 8.8 ((0.3) sample recorded at the
start of the kinetic experiment (- - -) and the end of the kinetic
measurements (s). The final peptide concentrations for all kinetic
assays were approximately 0.2 mg/mL. The solid lines represent
the fit to a five-parameter sigmoidal curve. Curves were included
to aid visualization and have no theoretical significance.

FIGURE 4: TEM micrographs of unfiltered samples of hIAPP1-37
at pH 4.0 ((0.3) and pH 8.8 ((0.3). TEM images were recorded
24 h after dilution of the stock solution into buffer. (A) pH 4.0
((0.3); scale bar represents 50 nm. (B) pH 8.8 ((0.3); scale bar
represents 20 nm. The final peptide concentrations for all samples
were approximately 0.2 mg/mL in 4% HFIP.

FIGURE 5: Thioflavin-T-binding studies in various amounts of added
salt. Samples of hIAPP1-37 were filtered and monitored at pH 4.0
((0.3) in the presence of (b) no salt, (O) 87.5 mM NaCl, (2) 175
mM NaCl, and (0) 350 mM NaCl. The final peptide concentrations
for all samples were approximately 0.2 mg/mL in 4% HFIP. All
samples contained 44 mM glycine buffer.
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polypeptide sequence with a blocked N terminus and studied
it at pH 4.0 ((0.3) and pH 8.8 ((0.3). The pKa of His-18 in
IAPP is not known; however, the peptide is natively unfolded
and the pKa is almost certainly close to standard model
compound values. The experimental pH values were chosen
to be well below and well above the His pKa. There are no
other residues in the peptide that will titrate over this pH
range. The peptide was designated as residues 8-37 of
human IAPP (hIAPP8-37) and prepared with an amidated C
terminus and acetylated N terminus to avoid introducing
additional charges (Figure 1). The 8-37 fragment of IAPP
is generally considered to be a very good model for amyloid
formation by full-length IAPP. The first seven residues of
IAPP are thought not to be a part of the ordered core (20,
28), and the disulfide-bridged loop between residues 2 and
7 is likely to be incompatible with the formation of ordered
cross-â structure. Recent structural models of IAPP fibrils
place residues 1-11 outside of the structured core (29). A
short peptide consisting of residues 1-13 of IAPP does not
form amyloid, while short fragments derived from other
regions do (28). In addition, hIAPP8-37 forms protofilaments
that are very similar to those formed by hIAPP1-37, although
the fibril formed by hIAPP1-37 contains three protofilaments,
while fibrils derived from hIAPP8-37 mostly have two (20).
Because His-18 is the only residue in this sequence that will
titrate over the pH range of 4.0-8.8, we can focus on
contributions solely at this position and use hIAPP8-37 to
probe the effects of pH using kinetic and structural methods.

The Protonation State of His-18 Significantly Effects the
Rate of Ordered Fibril Formation.The influence of the
protonation state of His-18 on the time course of hIAPP8-37

fibril formation was investigated by thioflavin-T-binding
studies at pH 4.0 ((0.3) and pH 8.8 ((0.3). At pH 4.0, the
His-18 side chain is protonated and the total charge on the
peptide is+2. At pH 8.8, the His-18 side chain is deproto-
nated. Experiments were conducted by diluting peptide stock
solutions prepared in either HFIP or DMSO into aqueous
buffered solution. Two different stock solutions were tested
to ensure that the mode of preparation of samples did not
significantly affect the results.

As seen with the wild type, thioflavin-T fluorescence is
strongly pH-dependent (Figure 6). At pH 4.0 ((0.3), an
initial lag phase is observed, followed by a slow gain in
fluorescence reflecting fibril formation. After 165 min, an
apparent steady-state value of fluorescence is reached. In
contrast to pH 4.0 ((0.3), no detectable lag phase is observed
at pH 8.8 ((0.3). The rapid sharp increase in thioflavin-T
fluorescence at pH 8.8 ((0.3) is followed by visible
precipitation of an aggregated peptide. These results are
similar to those observed for hIAPP1-37 and show that
increasing the pH above the pKa of His-18 significantly
increases the rate of ordered fibril formation and decreases
solubility. Interestingly, however, the pH-dependent differ-
ences in final fluorescence intensity are larger for hIAPP1-37

than for hIAPP8-37. The final fluorescence in the plateau
region reflects the amount of thioflavine bound and hence
the amount of ordered material formed and may also reflect
the degree of structural order. The fact that the pH-dependent
effects are larger for full-length IAPP likely indicates a larger
difference in the amount of well-ordered material formed at
high and low pH. There are several differences between the
peptides studied. Namely, one has a free N terminus, a lysine

at position 2 and contains a Cys-2-Cys-7 disulfide, while
the other has a blocked N terminus and lacks the disulfide
bridge. These differences most likely contribute to the
different behavior of the two peptides. Further investigations
are in progress to access the relative importance of the
disulfide and charged terminus.

The time coarse ofâ-sheet formation by hIAPP8-37 was
monitored by far-UV CD studies. As seen in the wild-type
samples, we observe distinct pH effects on the kinetic profiles
of hIAPP8-37 (Figure 7A). Measurements at pH 4.0 ((0.3)
show a long initial lag phase. In contrast, samples at pH 8.8
((0.3) exhibit a short lag phase followed by a very sharp
increase in the 218 nm signal. Wavelength scans taken at
the beginning and end of the two kinetic runs clearly reveal
the structural transitions that occur at each pH (parts B and
C of Figure 7). In both cases, a shift in minima from 198
nm at time 0 to 218 nm at the end of the time course shows
an apparent conversion from a random-coil toâ-sheet
conformation. The lower signal intensity at pH 8.8 is a result
of peptide precipitation.

Turbidity measurements were also preformed at pH 4.0
((0.3) and pH 8.8 ((0.3) in 4% HFIP (Figure 8). Turbidity
reports on the total amount and size of particles in a solution
by the resulting scattered light and therefore is not limited
to detection of structures with particular conformations.
Turbidity can detect less ordered structures that might not

FIGURE 6: Thioflavin-T-binding kinetics of filtered samples of
hIAPP8-37 monitored at (4) pH 4.0 ((0.3) and (O) pH 8.8 ((0.3)
in 4% HFIP and 4% DMSO. (A) Kinetic profiles of hIAPP8-37 in
4% HFIP. (B) Kinetic profiles of hIAPP8-37 in 4% DMSO. The
final peptide concentrations for all kinetic assays were ap-
proximately 0.2 mg/mL. All samples contained 44 mM glycine
buffer. The solid lines represent the fit to a five-parameter sigmoidal
curve. These fits were included to aid visualization and have no
theoretical significance.
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bind thioflavin-T; thus, the kinetic profiles deduced from
turbidity measurements are not required to be coincidental
with those generated by thioflavin-T studies. Our turbidity
experiments show pH effects similar to those observed with

the thioflavin-T experiments. The increase in absorbance is
more rapid at pH 8.8 ((0.3), indicating a faster rate of
aggregation than for pH 4.0 ((0.3). These data supports our
previous observation that deprotonation of the His-18 side
chain significantly effects the ease at which hIAPP8-37

aggregates. Above the pKa of His-18, polymerizing ag-
gregates quickly clump together to form higher molecular-
weight species that precipitate out of solution.

The Protonation State of His-18 Effects hIAPP8-37 Fibril
Morphology.TEM studies further confirm that hIAPP8-37

fibril assembly rates are strongly influenced by pH and show
that fibril morphology is affected as well. TEM samples of
unfiltered hIAPP8-37 (0.2 mg/mL in 4% HFIP) were prepared
at pH 4.0 ((0.3) and pH 8.8 ((0.3), and examined within 5
min, 200 min, and 24 h of preparation (Figure 9). Differences
in the morphology of the deposits produced at pH 4.0 ((0.3)
and pH 8.8 ((0.3) were evident at all time points. After 5
min of incubation, the pH 8.8 ((0.3) samples readily
produced large quantities of clustered protofibrils, while
micrographs at pH 4.0 ((0.3) show a mat of amorphous
peptide aggregates. After 200 min, the thin protofibrils at
pH 8.8 ((0.3) laterally assemble to form thicker, more
compact filaments. These fibrillar assemblies increase in
length and width after 24 h. TEM samples at pH 4.0 ((0.3)
begin to show signs of protofibrils after 200 min of
incubation, which are slightly thinner than those produced
within 5 min at pH 8.8 ((0.3). After 24 h, these thin
protofibrils increase in length but maintain their thin linear
character. Similar effects were observed with the hIAPP1-37

samples, as previously described.

CONCLUSIONS

Our analysis of hIAPP1-37 and hIAPP8-37 by thioflavin-T
fluorescence, turbidity, CD, and TEM demonstrates that the
rate of fibril formation is strongly pH-dependent. More
specifically, the ionization state of His-18 significantly effects
the rate of assembly and morphology of the aggregates
formed. All of the studies show that aggregation/fibril
formation is faster at pH 8.8 than 4.0. The slower overall

FIGURE 7: (A) Kinetic profiles of the acquisition of theâ-sheet
structure at (4) pH 4.0 ((0.3) and (O) pH 8.8 ((0.3) in 4% HFIP.
Samples were not filtered or stirred. The CD signal at 218 nm is
plotted versus time. (B) Far-UV CD wavelength scans of the pH
4.0 ((0.3) sample recorded at the start of the kinetic experiment
(- - -) and the end of the kinetic measurements (s). (C) Far-UV
CD wavelength scans of the pH 8.8 ((0.3) sample recorded at the
start of the kinetic experiment (- - -) and the end of the kinetic
measurements (s). The final peptide concentrations for all kinetic
assays were approximately 0.2 mg/mL. The solid lines represent
the fit to a five-parameter sigmoidal curve. Curves were included
to aid visualization and have no theoretical significance.

FIGURE 8: Solution turbidity studies of filtered hIAPP8-37 monitored
at (4) pH 4.0 ((0.3) and (O) pH 8.8 ((0.3) in 4% HFIP. Apparent
absorbance at 400 nm is plotted versus time. The final peptide
concentrations for all kinetic assays were approximately 0.2 mg/
mL. The solid lines represent the fit to a five-parameter sigmoidal
curve. These fits were included to aid visualization and have no
theoretical significance.
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rate of fibril assembly when titratable groups are protonated
correlates with the higher solubility observed at low pH. The
increased charge is expected to increase solubility and should
also impede initial oligomerization (24, 30). Mature human
IAPP is stored in theâ-cell granules of the pancreas at a pH
of 5.5 and released into the extracellular compartment, which
has a pH of 7.4. The lower pH of the granule should help to
reduce irreversible aggregation of IAPP. Factors in addition
to pH are also known to play a role in reducing aggregation
in the secretory granule (31, 32). Once released, the peptide
experiences a pH change that should alter the protonation
state of its His-18 residue. As in ourin Vitro experiments,
this in ViVo pH shift could potentially titrate the His-18 side
chain and promote the assembly of amyloid. However,
because human IAPP does not form amyloid in nondiabetic
individuals, factors other than these pH changes must also
contribute to amyloid formation (33, 34).

The pH-dependent effects observed here are also consistent
with a recently described model of the IAPP fibril. Kajaua
et al. have proposed a model in which individual polypeptides
form a planar S-shaped structure involving residues 9-37
consisting of threeâ strands (29). The â strands run from

Leu-12 to Val-17, Asn-22 to Leu-27, and Thr-30 to Tyr-37.
His-18 is located in the turn between strand 1 and 2. The
postulated parallel in-register stacking of these basic building
blocks would bring His-18 in successive peptides close in
space. Such a structure would be expected to be strongly
destabilized by charge repulsion when His-18 is protonated.
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