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Abstract
Islet amyloid polypeptide (IAPP), also known as amylin, is responsible for amyloid formation in
type 2 diabetes. The formation of islet amyloid is believed to contribute to the pathology of the
disease by killing β-cells and it may also contribute to islet transplant failure. The design of
inhibitors of amyloid formation is an active area of research, but comparatively little attention has
been paid to inhibitors of IAPP in contrast to the large body of work on Aβ and most small
molecule inhibitors of IAPP amyloid are generally effective only when used at a significant molar
excess. Here we show that the simple sulphonated triphenyl methane derivative acid fuchsin, (3-
(1-(4-Amino-3-methyl-5-sulphonatophenyl)-1-(4-amino-3-sulphonatophenyl) methylene)
cyclohexa-1,4-dienesulphonic acid), is a potent inhibitor of in vitro amyloid formation by IAPP at
substoichiometric levels and protects cultured rat INS-1 cells against the toxic effects of human
IAPP. Fluorescence detected thioflavin-T binding assays, light scattering, circular dichroism, two
dimensional IR and TEM measurements confirm that the compound prevents amyloid fibril
formation. Ionic strength dependent studies show that the effects are mediated in part by
electrostatic interactions. Experiments in which the compound is added at different time points
during the lag phase of amyloid formation have commenced reveal that it arrests amyloid
formation by trapping intermediate species. The compound is less effective against the Aβ peptide,
indicating specificity in its ability to inhibit amyloid formation by IAPP. The work reported here
provides a new structural class of IAPP amyloid inhibitors and demonstrates the power of two-
dimensional IR for characterizing amyloid inhibitor interactions.
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Introduction
Amyloid formation and protein aggregation play an important role in a wide range of
diseases including Alzheimer’s disease, Parkinson’s disease and type 2 diabetes1–2. Human
islet amyloid polypeptide (IAPP, also known as amylin) is a 37 residue peptide which is the
major protein component of the pancreatic islet amyloid deposits associated with type 2
diabetes (Figure 1) 3–10. IAPP is produced as an 89 residue preprohormone, preproIAPP.
Cleavage of the signal sequence generates the 67 residue pro-form, proIAPP, which is
further processed to yield the mature 37 residue hormone with an amidated C-terminus 11–
15. IAPP is processed in parallel with insulin in pancreatic β-cells, stored in the same
secretory granules as insulin and secreted in response to the same stimuli 8; 16–17. The
process of amyloid formation by synthetic human IAPP is toxic to cultured islet β-cells, and
IAPP-induced toxicity is believed to contribute to the loss of β-cell mass associated with the
later stages of type 2 diabetes 5–7; 15; 18–22. Formation of islet amyloid has also been
implicated as a potential contributing factor in the failure of islet cell transplants 23–26.

There is considerable interest in developing inhibitors of amyloid formation as potential
therapeutics, and as reagents to probe pathways of amyloid assembly. There is a large body
of work on inhibitors of the Alzheimer beta amyloid peptide (Aβ), but less attention has
been paid to the development of IAPP amyloid inhibitors, although several reports of
effective large peptide based inhibitors have appeared, such as those which incorporate
proline residues or N-methylated amino acids into the full IAPP sequence 27–35. In striking
contrast, many small molecule and small peptide inhibitors of IAPP amyloid have often
proven effective only when added in molar excess. Here we use kinetic assays, CD, two
dimensional IR (2DIR) and transmission electron microscopy (TEM) to show that the
simple sulfonated triphenylmethyl derivative, acid fuchsin, (3-(1-(4-Amino-3-methyl-5-
sulphonatophenyl)-1-(4-amino-3-sulphonatophenyl) methylene) cyclohexa-1,4-
dienesulphonic acid), is a potent inhibitor of amyloid formation by IAPP at
substoichiometric ratios (Figure 1). The compound protects cultured rat INS-1 beta cells
against the toxic effects of IAPP amyloid formation. Acid fuchsin is an interesting lead
structure since a number of derivatives are readily available.

Results and Discussion
Acid fuchsin is a highly effective inhibitor of in vitro amyloid formation by IAPP

The structure of acid fuchsin is displayed in Figure 1. Each of the three rings of the
triphenylmethane core is sulfonated and contains an amino group, while one of the rings has
an additional methyl substitution. The compound is widely used as a component of
histological stains and the sodium salt is commercially available, but its ability to inhibit
amyloid formation has not been tested. The primary sequence of human IAPP (IAPP) is also
displayed in Figure 1. The 37 residue hormone contains a disulfide bond and an amidated C-
terminus.

Figure 2 displays the results of a kinetic experiment in which the rate of amyloid formation
was measured in the presence and in the absence of acid fuchsin. The kinetics of amyloid
formation typically follow a sigmoidal time course consisting of a lag phase during which
no amyloid is produced followed by a growth phase which generates amyloid fibrils. The
reaction reaches a plateau in which amyloid fibrils are in equilibrium with soluble peptide.
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The curves displayed in Figure 2 represent fluorescence-detected thioflavin-T binding
experiments. Thioflavin-T is a small molecule whose fluorescent quantum yield increases
significantly when it binds to amyloid fibrils. The mode of dye binding is not known, but it
is generally thought to bind to grooves formed by the in-register rows of side chains
generated from the regular β-sheet structure of the amyloid fibril36. Control experiments
show that acid fuchsin has a weak absorbance in the wavelength range used for thioflavin-T
excitation and emission. Thus inner filter effects are not a problem (Supplementary
Material). At a 1:1 ratio of IAPP to inhibitor, no detectable thioflavin-T binding is observed
consistent with the prevention of amyloid formation. Acid fuchsin also inhibits IAPP
amyloid formation at substoichiometric concentrations. Significant inhibition is still
observed at a 5:1 ratio of IAPP to acid fuchsin (i.e. at a five-fold excess of peptide to
inhibitor). The lag phase is increased by a factor of 2 and the final thioflavin-T intensity is
reduced to only 25% of that observed in the absence of inhibitor. Inhibition is still observed
even at a 10:1 ratio of IAPP to drug. The effects are less pronounced, but the lag phase is
increased while the final fluorescence is reduced by roughly half.

It is important to verify the results of thioflavin-T assays with independent techniques since
compounds which reduce thioflavin-T fluorescence may also do so because they inhibit
thioflavin-T binding to amyloid fibrils or quench the fluorescence of bound thioflavin-T
instead of actually inhibiting amyloid formation. Such effects have been observed with IAPP
37. Consequently, TEM images were recorded of aliquots removed at the end of the kinetic
experiments. The TEM images of samples without inhibitor revealed a dense mat of fibrils
with morphologies typically of those reported for in vitro IAPP amyloid deposits (Figure
2b). In contrast, no fibrils were observed when acid fuchsin was present at a 1:1 ratio
(Figure 2c). Sparse deposits of fibrils are detected on the grids for the 5:1 peptide to
inhibitor sample (Figure 2d), and more extensive deposits are observed for the 10:1 peptide
to inhibitor sample (Figure 2e), but in both cases the fibrils appear to be thinner with a
different morphology than those formed by IAPP alone. CD spectra of each sample were
also recorded at the end of the kinetic experiments. CD is sensitive to the presence or
absence of secondary structure, and the CD spectrum of IAPP fibrils is consistent with β-
sheet formation. Thus, CD offers a third independent probe of the effectiveness of the
inhibitors. In the absence of the inhibitor, a CD spectrum is obtained which indicates
considerable β-structure (Figure 3a). The spectrum is very similar to those reported for
fibrillar samples of IAPP. The spectrum of the 1:1 mixture of IAPP and acid fuchsin is very
different and indicates less β-structure (Figure 3b). Right angle light scattering experiments
were also conducted (Supplementary Material). In the absence of acid fuchsin, a sigmoidal
increase in scattering was observed with a lag time that is good agreement with that
observed in the thioflavin-T fluorescence assay. In contrast, no light scattering is observed
over the time course of an experiment when acid fuchsin is present at a 1:1 molar ratio. The
results of the TEM, CD and light scattering experiments are all completely consistent with
the results of thioflavin-T studies, and provide independent confirmation that the compound
effectively inhibits amyloid formation.

We also recorded the 2D IR spectrum of IAPP in the presence and absence of acid fuchsin.
Two dimensional versions of IR spectroscopy have been developed during the last ten years
and have recently been applied to studies of amyloid formation, including amyloid
formation by IAPP38–41. 2D IR requires a higher concentration of peptide than do
thioflavin-T assays, thus a sample of dried IAPP was dissolved in buffer to a final
concentration of 250 µM in the presence and in the absence of acid fuchsin. These
conditions are necessarily different that those used for the thioflavin-T, CD and light
scattering studies, thus we first tested if acid fuchsin is still able to inhibit IAPP amyloid
formation when studies are conducted using this protocol. No significant thioflavin-T
fluorescence is observed at the end of a kinetic experiment for the 1:1 samples of IAPP and
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acid fuchsin under these conditions, but significant fluorescence is observed when acid
fuchsin is omitted. TEM images recorded on an aliquot of the IAPP control sample removed
at the end of the kinetic run display a dense mat of fibrils. For fewer fibrils were detected in
the 1:1 IAPP acid fuchsin sample (Supplementary Material). Thus the compound still
inhibits amyloid formation under these conditions, albeit slightly less effectively than
observed using our standard conditions. This is not surprising since the peptide
concentration is much higher and because amyloid formation is triggered by adding buffer to
dried peptide. The latter means that some initially aggregated material may potentially be
present at the start of the reaction. Figure 4 compares the 2D IR spectrum of IAPP in the
absence (Figure 4a) and presence (Figure 4b) of acid fuchsin. The spectrum of mature IAPP
in the absence of inhibitor is similar to our previously reported 2D IR spectra of IAPP
fibrils38–39; 42–43, which share features with spectra of Aβ1–40 fibrils44 because of similar
secondary structures45. The main features of the spectrum in Figure 4A are a large-
amplitude diagonal feature at ωpump = 1619 cm−1 due to β-sheet structures and a broad
diagonal feature at 1646 cm−1 (diagonal FWHM of ~60 cm−1) due to unstructured or
disordered residues (random coil). The 2D IR spectrum of IAPP in the presence of acid
fuchsin (Figure 4b) has significantly reduced amplitude in the diagonal feature at 1619
cm−1, clearly indicating less β-sheet structure.

To facilitate comparison of the two spectra, cross sections taken through the 2D spectra
along the plane of equal pump and probe frequency (diagonal slices) are shown in Figure 4c
for IAPP in the absence (thick line) and presence (thin line) of acid fuchsin. The data
recorded in the presence of acid fuchsin has been scaled by a factor of 1.3 so as to match the
amplitude of the random coil feature in both data sets. It is well known that β-sheet
frequencies increase as the size of the β-sheet decreases due to localization of the excitonic
vibrational wavefunction across fewer residues38; 43. The diagonal slices in Figure 4c show
that the β-sheet feature decreases in amplitude and undergoes a 3 cm−1 shift to higher
frequency in the presence of acid fuchsin. These observations show that acid fuchsin reduces
the size of β-sheets.

From the frequency shift alone, we cannot tell whether there are fewer IAPP strands in each
β-sheet, fewer β-sheet residues per strand, or a combination of the two. Isotope labeling will
be able to distinguish between these two mechanisms. Fewer strands would be consistent
with a mechanism where acid fuchsin limits aggregation to low-molecular weight oligomers.
Finally, it is worth noting that the line-width of the β-sheet feature does not appreciably
increase in the presence of acid fuchsin. This suggests that there is a relatively narrow
distribution in β-sheet sizes and therefore the mode of action of acid fuchsin is consistent
across many oligomers.

Acid fuchsin interrupts the process of amyloid formation if it is added in the lag phase
The observation that acid fuchsin exhibits effects on IAPP fibrilization when added at
substoichiometric concentrations suggests that it may interact with oligomeric species. If
true, then acid fuchsin should also be an effective inhibitor if it is added in the lag phase
after amyloid formation has been initiated. This is precisely what is observed. Figure 5a
shows the effect of adding acid fuchsin in the lag phase. The thioflavin-T fluorescence
monitored time course for IAPP in the absence of inhibitor is shown in black. Addition of
acid fuchsin to the lag phase prevents the development of species which are competent to
bind thioflavin-T. Interestingly, TEM measurements suggest that acid fuchsin interrupts the
process of amyloid formation and may partially trap the species which are populated when it
is added. Figure 5b shows a TEM image of IAPP in the middle of the lag phase in the
absence of inhibitor. An aliquot of the reaction mixture was removed at the midpoint of the
lag phase, blotted onto a TEM grid and imaged. A collection of small spherical species are
observed with a range of sizes. The experiment was repeated, but acid fuchsin was added at
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the midpoint of the lag phase, (red arrow), and the reaction allowed to continue for a total of
60 minutes before samples were removed for TEM analysis. This is a time which is more
than sufficient for uninhibited IAPP to form amyloid. The micrograph (Figure 5c) reveals a
collection of spherical objects which are similar, albeit somewhat larger than those observed
in the absence of inhibitor, even though the sample with inhibitor was incubated for an
additional 55 minutes. The experiment was repeated a second time, but acid fuchsin was
added at the end of the lag phase at 9 minutes (green arrow). The results of a control
experiment are displayed in Figure 5d. For the control, an aliquot of the reaction conducted
in the absence of inhibitor was removed at the end of the lag phase (9 minutes), and the
TEM image was recorded (Figure 5d). If acid fuchsin is added at the end of the lag phase
and the reaction then allowed to continue for another 51 minutes, i.e. a total time of 60
minutes after amyloid formation is initiated, a set of short fibril like species are detected
(Figure 5e). These differ considerably in appearance from mature fibrils, but resemble the
species formed at the end of the lag phase in the absence of acid fuchsin (Figure 5d). Once
again, acid fuchsin arrests amyloid formation.

Acid fuchsin protects rat INS-1beta cells against IAPP toxicity
We tested the ability of acid fuchsin to protect against the toxic effects of IAPP amyloid
formation using transformed rat insulinoma (INS-1) beta cells. This is a standard cell line for
IAPP toxicity studies. Thirty micromolar human IAPP proved toxic to cells and reduced cell
viability by 90% relative to control cells treated with acid fuchsin alone (Figure 6a). In
contrast, a 1:1 molar ratio mixture of 30 µM IAPP and 30 µM acid fuchsin protected cells
from IAPP toxicity, leading to a loss of only 10% cell viability compared to control cells.
Differences in INS-1 cell morphology were apparent between the 30 µM IAPP-treated and
acid fuchsin/IAPP-treated cells under the light microscope. The 30 µM IAPP-treated cells
showed extensive cell shrinkage and detachment of the cells from the cell culture substratum
(Figure 6). These changes, which are characteristic of apoptotic cells, were absent in acid
fuchsin/IAPP-treated and acid fuchsin control cells (Figure 6 c and d) confirming the results
of the Alamar blue cell viability assays.

Not all sulfonated molecules inhibit IAPP amyloid formation, but electrostatic interactions
appear to be important for the interaction of acid fuchsin and IAPP

A range of simple sulfonated compounds have been used as inhibitors of amyloid formation
by other peptides, and several low molecular weight sulfonated molecules have entered
clinical trials. For example, tramiprosate (3-amino-1-propane sulfonic acid) has been shown
to be an effective inhibitor of in vitro amyloid formation by Aβ and reduces the amyloid
burden in TgCRND8 mice, while eprodisate (1, 3-propanedisulfonic acid) has been tested as
a potential therapeutic agent for AA amyloidosis 46–50. These studies together with the
results reported here for acid fuchsin may give the impression that merely using a sulfonated
small molecule leads to an inhibitor of IAPP amyloid, but this is not the case. For example,
we tested the ability of tramiprosate to inhibit amyloid formation by IAPP. The compound
had virtually no effect even when added at a 20-fold excess by weight, which corresponds to
a 562-fold molar excess. The lag time observed during thioflavin-T monitored kinetic
experiments was essentially unchanged and TEM studies revealed that extensive fibrils were
still formed even in the presence of a large excess of the compound (Supplementary
Material). Furthermore, it is well documented that some sulfated glycosaminoglycans are
potent enhancers of amyloid formation by IAPP 51–52. Thus, the potent effects of acid
fuchsin are not simply a consequence of it being sulfonated. Electrostatic interactions are,
however, important for the effective interaction of acid fuchsin with IAPP. We tested the
ability of acid fuchsin to inhibit IAPP amyloid formation in the presence of 500 mM NaCl.
The compound is a much less effective inhibitor under high salt concentrations as judged by
thioflavin-T kinetic experiments and TEM. Figure 7 shows that the addition of acid fuchsin
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at a 1:1 molar ratio has a very small effect on the time course of amyloid formation in the
presence of high salt. Note that amyloid formation is faster under high salt conditions
because of the screening of electrostatic interactions among IAPP molecules53. TEM
images collected at the end of the reaction reveal that both samples formed amyloid.

Acid fuchsin is not as an effective inhibitor of amyloid formation by the Aβ peptide
IAPP and the Aβ peptide share some features in common, and some inhibitors of IAPP
amyloid formation have proven effective against Aβ in vitro54–55. Thus, it is reasonable to
test the ability of acid fuchsin to inhibit amyloid formation by Aβ, especially given that
some other sulfonated compounds are inhibitors of amyloid formation by Aβ. Acid fuchsin
does have some effect on the ability of Aβ to form amyloid, but the results are much less
dramatic than observed with IAPP. The time required to reach 50% completion of amyloid
formation, (t50), is modestly longer in the presence of acid fuchsin and TEM images
collected at the end of the kinetic experiments (Figure 8) suggest that fewer amyloid fibrils
are formed; but the overall effect is considerably less than observed with IAPP. These
results indicate that acid fuchsin exhibits some specificity toward IAPP.

Conclusions
The data presented here clearly demonstrate that the simple sulfonated triphenylmethane
derivative acid fuchsin is an effective inhibitor of amyloid formation by IAPP, and also
confers protection from the toxic effects of human IAPP in cell culture. The fact that acid
fuchsin displays noticeable effects even at substoichiometric ratios suggests that it can bind
to oligomeric species, a conjecture which is supported by the studies in which it was added
during the lag phase. The efficiency of the compound is not simply a consequence of it
being sulfonated since prior work has demonstrated that some sulfonated compounds are
enhancers of amyloid formation by IAPP, while the work reported here shows that other
sulphonated low molecular weight inhibitors of amyloid formation by Aβ are not effective
inhibitors of amyloid formation by IAPP. However, electrostatic interactions are clearly
important since the compound is a much less effective inhibitor in the presence of high salt.
The experiments with the Aβ peptide show that acid fuchsin displays some specificity in its
ability to inhibit amyloid. Acid fuchsin is an interesting lead compound and offers a new
structural class of potential amyloid inhibitors to explore.

Materials and Methods
Peptide Synthesis and Purification

Human IAPP was synthesized on a 0.25 mmol scale using an applied Biosystems 433A
peptide synthesizer, by 9-fluornylmethoxycarbonyl (Fmoc) chemistry as described 56.
Pseudoprolines were incorporated to facilitate the synthesis. In vivo, IAPP contains an
amidated N-terminus, thus 5-(4’-fmoc-aminomethyl-3’,5-dimethoxyphenol) valeric acid
(PAL-PEG) resin was used to afford an amidated C-terminal. Standard Fmoc reaction cycles
were used. The first residue attached to the resin, β-branched residues, residues directly
following β-branched residues, and pseudoprolines were double coupled. Crude peptide was
oxidized by dimethyl sulfoxide (DMSO) for 24 hours at room temperature 57. IAPP was
purified by reverse-phase HPLC using a Vydac C18 preparative column. Analytical HPLC
was used to check the purity of the peptides. The identity of the pure peptide was confirmed
by mass spectrometry using a Bruker MALDI-TOF MS (observed 3904.6, expected 3904.8).
The Aβ1–40 peptide was synthesized using a similar protocol except that a 5-(4’-fmoc-
aminomethyl-3’,5-dimethoxyphenol) -L-Valine-valeric acid (PAL-PEG) resin was used to
provide a free C-terminus. The crude peptide was purified by HPLC and its identity
confirmed by mass spectrometry (observed 4329.5, expected 4329.8).
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Sample Preparation for Biophysical Assays
For IAPP experiments, a 1.58 mM peptide stock solution was prepared in 100%
hexafluoroisopropanol (HFIP) and stored at 4°C. Acid fuchsin was obtained from Sigma-
Aldrich (lot number F8129) and dissolved at 1.58 mM in 20 mM Tris-HCl (pH 7.4) buffer.
Samples for the experiments with the Aβ1–40 peptide were prepared as follows: 1.0 mg
Aβ1–40 peptide was dissolved in 400 µL 100 mM Tris-HCl (pH 7.4). The solution was
vortexed for 10 sec and then centrifuged for 4 min at 17,200 g. The supernatant was
immediately withdrawn and peptide concentration was determined by UV-Vis at 280 nm.
This supernatant was used for the amyloid assays.

Thioflavin-T Fluorescence Assays
All fluorescence experiments were performed with an Applied Photontechnology
Fluorescence Spectrophotometer. An excitation wavelength of 450 nm and emission
wavelength of 485 nm was used for the thioflavin-T studies. The excitation and emission
slits were set at 6 nm. A 1.0 cm cuvette was used and each point was averaged over 1 min.
For these studies, solutions of IAPP were prepared by diluting filtered peptide stock solution
(0.45 µm filter) into a Tris-HCl buffered (20 mM, pH 7.4) thioflavin-T solution immediately
before the measurement. The final concentration was 16 µM IAPP and 25 µM thioflavin-T
with or without acid fuchsin in 2% HFIP. For Aβ1–40 experiments, aliquots of an Aβ1–40
stock solution were diluted into 100 mM Tris-HCl (pH 7.4) to initiate the reactions in the
presence or absence of acid fuchsin. Aliquots were withdrawn at different time points and
diluted into Tris-HCl buffered (100mM, pH 7.4) thioflavin-T solution before the
measurement.

Right Angle Light Scattering
Right angle light scattering experiments were conducted using an Applied Photontechnology
Fluorescence Spectrophotometer. An irradiation wavelength of 400 nm was used. The
samples do not absorb at this wavelength. Samples were prepared in an identical fashion as
described for the thioflavin-T studies except that thioflavin-T was omitted.

Transmission Electron Microscopy (TEM)
Aliquots of fluorescence monitored kinetic assays were analyzed by TEM to characterize
morphologies of the species in solution. 15 µL of 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.

Circular Dichroism Spectroscopy (CD)
CD experiments were conducted using an Applied Photophysics Chirascan circular
dichroism spectrometer. Aliquots were removed from the kinetic studies when the time
course of amyloid formation was complete and a CD spectrum was recorded. Far-UV CD
experiments were performed using a 0.1 cm quartz cuvette. Wavelength scans were recorded
at 25°C and pH 7.4 over a range of 190 to 260 nm. Data points were recorded at 1 nm
intervals and averaged over 0.5 sec. Final spectra are the average of 5 repeats. Background
spectra were subtracted from the collected data. Samples contained 2% HFIP and 20 mM
Tris-HCl (pH 7.4).

Two Dimensional Infrared Spectroscopy (2D IR)
Two dimensional infrared spectra were collected using three femtosecond mid-IR pulses (k1,
k2 and k3) in a pump-probe geometry, as previously described in detail.38; 42; 58 Briefly,
mid-IR pulses centered at 6250 nm were generated via difference frequency mixing of the
output of an optical parametric amplifier, pumped by a Ti:Sapphire regenerative amplifier
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system. A portion of each mid-IR pulse was sent through a mid-IR pulse shaper59 60which
generated two collinear mid-IR pulses, one fixed in time (k2) and preceded by the other (k1)
by a variable computer-controlled time delay. The remaining portion of each mid-IR pulse
(k3) was spatially and temporally overlapped with k2 in the sample. The signal produced as a
result of the response of the sample to interaction with the three pulses is emitted collinear
with, and heterodyned by, k3 and was spectrally dispersed by a spectrometer and detected by
a 64-element linear MCT array. The polarizations of all three pulses as well as the detected
signal were set to be parallel. Phase cycling of k1 and k2 was performed with the pulse
shaper in order to eliminate the transient absorption background and reduce signals due to
scatter.

2D IR requires a higher concentration of peptide than is needed for the CD and thioflavin-T
experiments, thus a different mode of sample preparation was required. IAPP was dissolved
in deuterated HFIP and the solvent removed under nitrogen. The resulting dried sample was
brought up in buffer at a final concentration of 250 µM IAPP in 20 mM Tris-HCl (pH 7.4).
Samples with and without acid fuchsin were prepared simultaneously and allowed to
aggregate for 12 hours before spectra were recorded.

Cytotoxicity Assays
Transformed rat insulinoma (INS-1) beta cells were used to assess the ability of acid fuchsin
to protect against the toxic effects of human IAPP. INS-1 cells were grown in RPMI 1640
(Gibco-BRL) supplemented with 10% fetal bovine serum (FBS), 11 mM glucose, 10 mM
Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 µM β-mercaptoethanol, 100 U/ml
penicillin (Gibco-BRL), and 100 U/ml streptomycin (Gibco-BRL). Cells were maintained at
37°C in a humidified environment supplemented with 5% CO2. Cells were grown for two
passages prior to use and used in assays between passages 59 and 65. For toxicity
experiments, cells were seeded at a density of 30,000 cells per well in 96-well plates and
cultured for 24 hours prior to addition of solutions. Peptide samples and samples of peptide
plus acid fuchsin were prepared in Tris-HCl buffer (pH 7.4) and added directly to cells (30%
final media concentration) after 11 hours of incubation at room temperature. Alamar blue
(Biosource International, CA) reduction was used to assess INS-1 cell toxicity. Alamar blue
was diluted ten-fold in 30% culture medium and cells were incubated for 5 hours at 37°C.
Fluorescence (excitation 530 nm; emission 590 nm) was measured with a Fluoroskan Ascent
plate reader (Thermo Labsystems, Helsinki, Finland). Data represent a minimum of three
independent experiments performed in triplicate and are plotted as mean +/− standard
deviation.

Light Microscopy
Changes in cell morphology were examined by light microscopy to provide a second method
of evaluating cell viability. Transformed rat INS-1 beta cells were photographed
immediately prior to assessment of toxicity by Alamar blue cell viability assays. Images
were taken using an Olympus BX-61 light microscope.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

Aβ the proteolytical fragment of amyloid precursor protein which is
responsible for amyloid formation in Alzheimer disease
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Aβ1–40 the 40 residue isoform of Aβ

CD circular dichroism spectroscopy

DIPEA N,N-diisopropylethylamine

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

Fmoc 9-fluorenylmethoxycarbonyl

GAG glycosaminoglycan

HBTU O-benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium
hexafluorophosphate

HFIP hexafluoroisopropanol

HOBT N-hydroxybenzotriazole monohydrate

HPLC high performance liquid chromatography

IAPP human islet amyloid polypeptide

MALDI-TOF MS matrix assisted laser desorption ionization-time of flight mass
spectrometry

PAL-PEG 5-valeric acid

t50 the time required to reach the midpoint of amyloid formation during
a kinetic experiment

TEM transmission electron microscopy

TFA trifluoroacetic acid

2D IR two dimensional infrared spectroscopy.
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Figure 1.
(a) The primary sequence of human IAPP. The peptide contains a disulfide bridge between
Cys-2 and Cys-7 and has an amidated C-terminus. (b) The structure of acid fuchsin.
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Figure 2.
Acid fuchsin inhibits amyloid formation by human IAPP. (a) Fluorescent detected
thioflavin-T kinetic assays are displayed: IAPP alone (black); A 1:1 molar ratio of acid
fuchsin and IAPP (blue) samples were 16 µM IAPP and 16 µM acid fuchsin; A 5:1 molar
ratio of IAPP and acid fuchsin (red), samples were 16 µM IAPP and 3.2 µM acid fuchsin; A
10:1 molar ratio of IAPP and acid fuchsin (green), samples were 16 µM IAPP and 1.6 µM
acid fuchsin. Peptide solutions contained 20 mM Tris-HCl buffer (pH 7.4) and 2% HFIP by
volume, and were continually stirred at 25°C. (b-e) TEM studies confirm that acid fuchsin
inhibits amyloid formation by IAPP. (b) Image of IAPP alone. (c) Image of a 1:1 mixture of
IAPP and acid fuchsin. (d) Image of a 5:1 mixture of IAPP and acid fuchsin. (e) Image of a
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10:1 of IAPP and acid fuchsin. Samples were those used for the kinetic experiments
depicted in Figure a. Aliquots were removed from the kinetic experiments after 60 minutes.
Scale bars represent 100 nm.
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Figure 3.
Far UV CD spectra further confirm that acid fuchsin is a good inhibitor of amyloid fibril
formation. (a) IAPP alone. (b) A 1:1 of wildtype IAPP and acid fuchsin. The samples were
those used for the kinetic assays depicted in Figure 2. Aliquots were removed at 60 minutes.
Solutions contained 2% HFIP, 20 mM Tris-HCl (pH 7.4) and 25 µM thioflavin-T. Spectra
were recorded at 25 °C.
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Figure 4.
2D IR spectra of aggregated (a) IAPP alone and (b) a 1:1 molar ratio mixture of acid fuchsin
and IAPP. (c) Diagonal slices along the line of equal pump and probe frequency, shown as
grey lines in panels A and B. The slices are through the data measured without (thick line)
and with (thin line) the presence of acid fusion. The data was recorded 12 hours after
aggregation was initiated. The data recorded with the presence of acid fuchsin has been
scaled for comparison. The concentration of IAPP was 250 µM.
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Figure 5.
Acid fuchsin inhibits amyloid formation if it is added during the lag phase. (a) Fluorescent
detected thioflavin-T kinetic assays are displayed: IAPP alone (black); A 1:1 molar ratio
mixture of acid fuchsin and IAPP with acid fuchsin added at 5 minutes (red arrow); A 1:1
molar ratio mixture of IAPP and acid fuchsin with acid fuchsin added at 9 minutes (green
arrow). (b) TEM image of IAPP alone at 5 minutes (c) Image of a 1:1 mixture of acid
fuchsin and IAPP. Acid fuchsin was added at 5 minutes and the reaction allowed to proceed
for an additional 55 minutes before an aliquot was removed for TEM analysis. (d) Image of
IAPP alone at 9 minutes. (e) Image of a 1:1 mixture of acid fuchsin and IAPP. Acid fuchsin
was added at 9 minutes and the reaction allowed to proceed for an additional 51 minutes
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before an aliquot was removed for TEM analysis. Samples were 16 µM IAPP and 16 µM
acid fuchsin; Solutions contained 20 mM Tris-HCl buffer (pH 7.4) and 2% HFIP by volume,
and were continually stirred at 25°C
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Figure 6.
Acid fuchsin is not cytotoxic and protects rat INS-1 beta cells from human IAPP induced
toxicity. (a) Alamar blue cell viability assays. Data are plotted as percent cell viability
relative to control cells treated with buffer only. Data represent a minimum of three
independent experiments performed in triplicate and are plotted as mean +/− standard
deviation. (b–d) Evaluation of cell morphology by light microscopy. (b) Transformed rat
INS-1 beta cells treated with 30 µM IAPP show cell rounding and detachment from the cell
culture substratum, indicative of apoptosis. By contrast, INS-1 cells treated with either (c) a
1:1 molar ratio of 30 µM IAPP plus 30 µM acid fuchsin or (d) 30 µM acid fuchsin alone
show few signs of apoptosis. Bright field images were obtained immediately before Alamar
blue assays.
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Figure 7.
Electrostatic interactions are important for effective inhibition of IAPP amyloid formation.
(a) Thioflavin-T fluorescence monitored kinetic experiments in the presence of 500 mM
NaCl: IAPP alone (black); a 1:1 mixture of acid fuchsin and IAPP (red). (b) TEM image of a
sample of IAPP from the end of the kinetic experiment. (c) TEM image of an aliquot of the
1:1 mixture of IAPP and acid fuchsin collected at the end of the kinetic experiment. Samples
were 16 µM IAPP with or without 16 µM acid fuchsin. Solutions contained 20 mM Tris-
HCl buffer (pH 7.4), 500 mM NaCl and 2% HFIP by volume, and were continually stirred at
25°C. Scale bars represent 100 nm.
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Figure 8.
Acid fuchsin is a less effective inhibitor of amyloid formation by the Aβ1–40 peptide. (a)
Thioflavin-T fluorescence monitored kinetic experiments. Aβ1–40 alone (black); a 1:1
mixture of acid fuchsin and Aβ1–40 (red). (b) TEM image of a sample of Aβ1–40 from the
end of the kinetic experiment. (c) TEM image of a sample of the 1:1 mixture of Aβ1–40 and
acid fuchsin collected at the end of the kinetic experiments. Samples were 25 µM Aβ1–40
with or without 25 µM acid fuchsin. Solutions contained 100 mM Tris-HCl buffer (pH 7.4)
and were continually stirred at 25°C. Scale bars represent 100 nm.

Meng et al. Page 22

J Mol Biol. Author manuscript; available in PMC 2011 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


