
Phenolsulfonphthalein, but Not Phenolphthalein, Inhibits Amyloid Fibril Formation:
Implications for the Modulation of Amyloid Self-Assembly†

Michal Levy,‡,§ Yair Porat,‡,§,| Eran Bacharach,⊥ Deborah E. Shalev,# and Ehud Gazit*,‡

Department of Molecular Microbiology and Biotechnology and Department of Cell Research and Immunology, George S. Wise
Faculty of Life Sciences, Tel AViV UniVersity, Tel AViV 69978, Israel, and The Wolfson Centre for Applied Structural Biology,

Safra Campus, The Hebrew UniVersity of Jerusalem, GiVat Ram, Jerusalem 91904, Israel

ReceiVed January 8, 2008; ReVised Manuscript ReceiVed April 6, 2008

ABSTRACT: The study of the mechanism of amyloid fibril formation and its inhibition is of key medical
importance due to the lack of amyloid assembly inhibitors that are approved for clinical use. We have
previously demonstrated the potent inhibitory potential of phenolsulfonphthalein, a nontoxic compound
that was approved for diagnostic use in human subjects, on aggregation of islet amyloid polypeptide
(IAPP) that is associated with type 2 diabetes. Here, we extend our studies on the mechanism of action
of phenolsulfonphthalein by comparing its antiamyloidogenic effect to a very similar compound that is
also approved for human use, phenolphthalein. While these compounds have very similar primary chemical
structures, they significantly differ in their three-dimensional conformation. Our results clearly demonstrated
that these two compounds had completely different inhibitory potencies: While phenolsulfonphthalein
was a very potent inhibitor of amyloid fibril formation by IAPP, phenolphthalein did not show significant
antiamyloidogenic activity. This behavior was observed with a short amyloid fragment of IAPP and also
with the full-length polypeptide. The NMR spectrum of IAPP20-29 in the presence of phenolsulfonphthalein
showed chemical shift deviations that were different from the unbound or phenolphthalein-bound peptide.
Differential activity was also observed in the inhibition of insulin amyloid formation by these two
compounds, and density-gradient experiments clearly demonstrated the different inhibitory effect of the
two compounds on the formation of prefibrillar assemblies. Taken together, our studies suggest that the
three-dimensional arrangement of the polyphenol phenolsulfonphthalein has a central role in its amyloid
formation inhibition activity.

Over twenty amyloid-associated diseases have been char-
acterized to date, among them type 2 diabetes, systemic
amyloidosis, and various neurodegenerative disorders such
as Alzheimer’s disease and Parkinson’s disease (1, 2). A
common feature of these diseases is self-assembly of usually
monomeric proteins to fibrillar structures that aggregate in
large microscopic deposits in the affected tissues and
organs (3, 4). These deposits are characterized by accumula-
tions of fibrillar structures with distinct elongated morphology
of 5-15 nm in diameter, cross �-sheet conformation, and
typical X-ray fiber diffraction (5).

Human islet amyloid polypeptide (hIAPP1) is cosecreted
with insulin. In type 2 diabetes hIAPP forms extracellular
pancreatic deposits once insulin resistance results in the
overexpression of insulin, leading to loss of �-cell function
and finally cell death. Postmortem examination shows that
more than 95% of type 2 diabetes pancreatic tissue is
characterized by large IAPP deposits (6, 7). Although it is
unclear whether fibril and deposit formation are the cause
or result of the disease, many recent findings have suggested
that prefibrillar assemblies (also termed oligomers) are more
cytotoxic than mature fibrils (8). Therefore, finding an
inhibitor that will specifically inhibit the early stages of
amyloid fibril formation is of great therapeutic value (9).

Various small molecules have been reported to inhibit
amyloid fibril formation including a prominent group of
polyphenol compounds (10). Polyphenols have been shown
to inhibit different amyloidogenic proteins in Vitro, in cell
culture, and recently in ViVo (11, 12). Interestingly, several
polyphenols were shown to inhibit more than one amy-
loidogenic protein; e.g. tannic acid was shown to inhibit
�-amyloid and prion PrPsc; dobutamine was shown to inhibit
R-synuclein and huntingtin, and epicatechin gallate was
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shown to inhibit �-amyloid and Tau (for further details see
review by Porat et al. (13)).

A potent therapeutic inhibitor must have high efficacy, be
safe for continuous administration, and interact specifically
with amyloidogenic structures (9). We have previously
reported that phenolsulfonphthalein, a small synthetic polyphe-
nol which is commonly used as a pH indicator in cell culture
assays and medical procedures, dose-dependently inhibited
fibril formation by IAPP in Vitro with an IC50 value of 1
µM (14). Furthermore, phenolsulfonphthalein inhibited IAPP
cytotoxicity toward pancreatic rodent �-cells, and increased
cell viability by 30% when IAPP was added to the cell
growth medium (14).

Phenolsulfonphthalein has been used clinically since the
early 1960s as a diagnostic marker for testing renal function
(PSP test) by estimating the rate of excretion in urine after
intravenous injection (15). Phenolsulfonphthalein is also used
to improve the accuracy of gastric secretion studies (16) and
for patency evaluation of the fallopian tubes (17). The
toxicity data is well characterized and LD50 values are
established both intravenously (rat LD50, 752 mg/kg; mouse
LD50, 1368 mg/kg (34)) and subcutaneously (rat LD50, >600
mg/kg (35), 185, 1971).

Here we provide further experimental evidence that
phenolsulfonphthalein is an efficient and specific inhibitor
of amyloid formation in Vitro, using spectroscopic aggrega-
tion assay, electron microscopy and density gradient frac-
tionation assay. We demonstrate that a very similar molecule,
phenolphthalein (Figure 1), does not have similar inhibitory
effect. We also show differences in the amyloid interaction
with phenolsulfonphthalein and phenolphthalein by NMR
spectroscopy: The spectrum of hIAPP20-29 in the presence
of phenolsulfonphthalein showed chemical shift deviations
for Ile26 and Phe23 that were different from the unbound
or phenolphthalein-bound peptide.

MATERIALS AND METHODS

Peptide Synthesis and Preparation of Stock Solutions. All
peptide syntheses were performed using solid-phase methods
by Peptron Inc. (Taejeon, Korea) for the hIAPP22-29 and
hIAPP20-29 peptide and by Calbiochem for hIAPP1-37

polypeptide. The correct identity of the peptides was con-
firmed by ion spray mass spectrometry, and the purity of
the peptides was confirmed by reverse phase high-pressure
liquid chromatography and NMR in the case of hIAPP20-29.
hIAPP22-29 and hIAPP20-29 stock solutions were prepared
by dissolving the lyophilized form of the peptides in dimethyl
sulfoxide (DMSO) at a concentration of 100 mM. The stock
solution for hIAPP1-37 was prepared by dissolving the
lyophilized form of the peptide in 3,3,3,3′,3′,3′-hexafluoro-
2-propanol (HFIP) at a concentration of 400 µM. To avoid
any preaggregation, all stock solutions were sonicated for 2
min before each experiment. MALDI-TOF mass spectrom-
etry analysis (using an Applied Biosystems Voyager DE-
STR spectrometer) showed no fragmentation of the polypep-
tide after sonication.

Kinetic Aggregation Assay. The hIAPP22-29 or hIAPP20-29

peptide stock solutions were diluted into 10 mM Tris-HCl
(pH 7.2) buffer to a final concentration of 1 mM peptide
and 4% DMSO. Phenolsulfonphthalein and phenolphthalein
were dissolved in ethanol and diluted in the same buffer to

a final concentration of 10 mM. A similar concentration of
ethanol was used in the control. Turbidity was measured at
560 nm at room temperature using disposable UVette
cuvettes (Eppendorf, Germany) using a Scinco S-3100
spectrophotometer. At this wavelength the absorbance of the
control samples, which contained the inhibitors in buffer
alone, was steady throughout the experiments.

ThioflaVin T Fluorescence Assay. A stock solution of
synthetic hIAPP1-37 was diluted to a final concentration of
4 µM in 10 mM sodium acetate buffer (pH 6.5) with or
without inhibitor (40 µM), and a final HFIP concentration
of 1% (v/v). Immediately after dilution, the sample was
centrifuged at 4 °C for 20 min at 20000g, and the supernatant
was used for fluorescence measurements. Thioflavin T was
added to a final concentration of 3 µM. 100 µM of bovine
insulin were dissolved in double distilled water (DDW) at
pH 2 (titrated by sulfonic acid), and diluted 2× with
phenolsulfonphthalein that was dissolved in the same solution
in ascending concentrations of 0-100 µM, to a final
concentration of 50 µM. The mixture was then heated for
48 h to 50 °C. Thioflavin T was added to a final concentration
of 4 µM. All samples were diluted 10-fold and measured
using a Jobin Yvon Horiba Fluoromax 3 fluorimeter (excita-
tion at 450 nm, 2.5 nm slit; emission at 480 nm, 5 nm slit).
No fluorescence quenching was caused due to the presence
of the inhibitors. In addition, the fluorescence values of the
solutions containing the inhibitors alone were steady through-
out the experiments.

Transmission Electron Microscopy. Samples (10 µL) of
hIAPP22-29 and hIAPP20-29 from the aggregation assay, or
hIAPP1-37 from the fluorescence assay, were placed on 400-
mesh copper grids (SPI supplies, West Chester, PA) covered
by carbon-stabilized Formvar film. After 1 min, excess fluid
was removed and the grids were negatively stained with 2%
uranyl acetate in water for another two minutes. Samples
were viewed in a JEOL 1200EX electron microscope
operating at 80 kV.

Density Gradient Fractionation Assay. Bovine insulin
(Sigma) was dissolved in DDW at pH 2 (sulfonic acid), and

FIGURE 1: The chemical structures of (A) phenolsulfonphthalein
and (B) phenolphthalein and (C) comparison of the three-
dimensional conformations of phenolsulfonphthalein and phenol-
phthalein.
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diluted 2× with inhibitors or buffer to a final concentration
of 50 µM. Phenolsulfonphthalein and phenolphthalein were
dissolved in ethanol and diluted to a concentration of 100
µM with DDW pH 2, and finally diluted to 50 µM with an
insulin solution. The mixture was then incubated for 48 h at
50 °C. A continuous density gradient of 3 mL volume was
built using a 15 mL gradient maker (Hoefer, Inc.) with
optiprep solution (Sigma) and DDW pH 2 (top-minimal
density, bottom-maximal density), with slight changes to the
method reported (18). After incubation, 0.6 mL of each
sample was placed on top of the gradient and samples were
centrifuged for 24 h at 150000g using a Beckman LE-70
Ultracentrifuge, SW60 rotor. Fractionation was done from
the top (fraction 1) to bottom (fraction 9) by upward
displacement, 0.36 mL per fraction. 0.2 mL of each fraction
was blotted on nitrocellulose paper using a slot blot ap-
paratus, stained with Ponceau red solution, and, after
washing, incubated with anti-insulin antibody H-86 (Santa
Cruz, USA) as the primary antibody and with antimouse HRP
(Jackson) as a secondary antibody. Insulin fibril formation
was measured using Thioflavin T fluorescence as described
above.

NMR Measurements. All samples were stored in lyophi-
lized form and were dissolved first in d6-DMSO, and then
triple-distilled water titrated with HCl to pH 4.0 was added
to obtain a 1.1 mM concentration in 20% (v/v) d6-DMSO in
acidic water solution. When ligands were added, they were
dissolved in d6-DMSO, mixed with the d6-DMSO solution
of hIAPP20-29, and then acidic water was added as described
above to reach a 4:1 molar ratio of ligand to peptide. The
apparent pH values for the samples were 3.8, 3.9 and 4.0
for hIAPP20-29, hIAPP20-29 with phenolphthalein and hI-
APP20-29 with phenolsulfonphthalein, respectively. Reference
samples with phenolphthalein and phenolsulfonphthalein at
the same concentrations both had pH values of 4.0. NMR
experiments were performed on a Bruker Avance 600 MHz
DMX spectrometer operating at the proton frequency of
600.13 MHz using a 5 mm selective probe equipped with a
self-shielded xyz-gradient coil. Data was acquired at 25 °C.
The residual water resonance was suppressed using a
Watergate sequence for TOCSY (19) experiments which

were recorded using the MLEV-17 pulse scheme for the spin
lock and a mixing time of 150 ms. The water signal was
used as a reference and was calibrated at 4.77 ppm. Zero
filling in the t1 dimension and data apodization with a shifted
squared sine bell window function in both dimensions were
applied prior to Fourier transformation. The baseline was
further corrected in the F2 dimension with a quadratic
polynomial function. Spectra were processed and analyzed
with the XWINNMR software package (Bruker Analytische
Messtechnik GmbH).

The sequence gives unambiguous resonance assignments
apart from the two serine residues. The 1D spectra were
acquired under the same conditions of temperature, pH,
concentration, and acquisition parameters and were compared
using the XWINNMR program.

RESULTS

Inhibition Effect of Phenolsulfonphthalein on hIAPP Core
Amyloidogenic Peptides. The core amyloidogenic fragments
of hIAPP, hIAPP20-29 and hIAPP22-29 (NFGAILSS and
SNNFGAILSS) aggregate quickly in aqueous solution, such
that aggregation is a preliminary assay for amyloid formation
(20). In order to have an evaluation of the inhibitory effect
of phenolsulfonphthalein on hIAPP core peptide fibril
formation, we compared the aggregation of 1 mM hIAPP22-29

and hIAPP20-29 with or without 10 mM phenolsulfonphtha-
lein. To verify the specificity of phenolsulfonphthalein toward
hIAPPcorepeptides,averysimilarmoleculesphenolphthalein,
which differs only by the lack of the sulfone groupswas
used as a control (Figure 1).

The rate of aggregation of hIAPP20-29 is slower than that
of hIAPP22-29, and an approximately 2 h lag time is evident
in all samples. No inhibition effect was evident using
hIAPP20-29 with phenolphthalein, and its turbidity curve is
similar to that of hIAPP20-29 aggregation, which increased
dramatically after 3 h (Figure 2B). Phenolsulfonphthalein
inhibited all changes in aggregation although a slight
elevation in aggregation levels is evident after 3 h (Figure
2B).

hIAPP22-29 aggregated within seconds, and its turbidity
reached a plateau after 10 min (Figure 2A). Aggregation of

FIGURE 2: Inhibition of hIAPP20-29 and hIAPP22-29 peptides with phenolsulfonphthalein and phenolphthalein (inhibitor:peptide molar ratio
of 10:1) using aggregation assay. (A) NFGAILSS peptide alone ([), and in the presence of phenolsulfonphthalein (2). (B) SNNFGAILSS
alone ([), in the presence of phenolsulfonphthalein (2), and in the presence of phenolphthalein (/). Turbidity at 560 nm was measured
continuously for each sample, and background values of the buffer or inhibitor were subtracted from the relevant measurement. // represents
vortexing of the samples.
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hIAPP22-29 in the presence of phenolsulfonphthalein was
practically stopped and much lower and constant levels of
turbidity were present during the entire assay (Figure 2A).

Morphology of hIAPP Core Peptide Fibrils with and
without Phenolsulfonphthalein Using TEM. To verify that
aggregation results represent amyloid fibril formation, samples
of hIAPP20-29 and hIAPP22-29 taken from the aggregation
assay were viewed using electron microscopy. The hI-
APP22-29 samples were viewed 3 and 72 h after aggregation
was initiated (Figure 3). Distinct and well-defined amyloid
fibrils were present both in the 3 and 72 h samples of the
hIAPP22-29 peptide, with a minor increase in fiber density
and width after 72 h. In contrast to the distinct morphology
of the peptide alone, when phenolsulfonphthalein was used

as inhibitor, no fibrils were seen after 3 h and some fibrils
with different morphology were seen after 72 h.

hIAPP20-29 aggregates were seen after 24 h with phenol-
sulfonphthalein and phenolphthalein as inhibitors (Figure 4).
Characteristic amyloid fibrils that resemble hIAPP1-37 fibrils
were formed by 1 mM hIAPP20-29 peptide alone (Figure 4A).
Adding 10 mM of phenolphthalein did not interrupt fibril
formation, and mature fibrils, which were assembled in
bundles, were present on the transmission electron micros-
copy (TEM) grid (Figure 4B). This result confirmed the
noninhibitory effect of phenolphthalein obtained by the
aggregation assay. In contrast to the characteristic morphol-
ogy of hIAPP20-29 peptide without inhibitor compound,
adding phenolsulfonphthalein inhibited fibril formation and

FIGURE 3: Morphology of hIAPP22-29 fibrils with phenolsulfonphthalein (inhibitor:peptide molar ratio of 10:1): Distinct morphological
differences are evident between the peptide alone and peptide that was aggregated in the presence of phenolsulfonphthalein. NFGAILSS
peptide after (A) 3 and (C) 72 h. NFGAILSS peptide aggregated in the presence of phenolsulfonphthalein, after (B) 3 and (D) 72 h. Bar
represents 100 nm.

FIGURE 4: Ultrastructural morphology of hIAPP20-29 fibrils with phenolsulfonphthalein and phenolphthalein. Distinct morphological differences
are evident for fibril morphology between 1 mM SNNFGAILSS (A) without inhibitor and the same (B) with 10 mM phenolsulfonphthalein.
In contrast, no inhibition effect is evident by addition of (C) 10 mM phenolphthalein. Bar represents 100 nm.
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none were seen after 24 h (Figure 4C). The aggregates
formed by adding phenolsulfonphthalein to hIAPP20-29 show
some degree of order, but did not resemble the characteristic
amyloid fibrils formed by the peptide alone or in the presence
of phenolphthalein.

Inhibition of hIAPP1-37 Fibril Formation with Phenolsul-
fonphthalein and Phenolphthalein. Previous results have
shown that adding phenolsulfonphthalein to hIAPP1-37 had
a dose-dependent inhibitory effect on fibril formation in Vitro
(14). To evaluate the specificity of phenolsulfonphthalein
toward hIAPP1-37, phenolphthalein was used as a control.
Thioflavin T fluorescence assay, which is a common assay
for evaluating fibril formation, was performed with 4 µM
hIAPP1-37, and 40 µM of phenolsulfonphthalein or phenol-
phthalein. As shown in Figure 5A, phenolphthalein had no
inhibitory effect on hIAPP1-37 compared to that of phenol-
sulfonphthalein. This result is in agreement with previous
results in Figures 2B and 4 for the SNNFGAILSS peptide
(hIAPP20-29). Furthermore, TEM micrographs of the same
samples clearly show that amyloid fibrils were formed while
using phenolphthalein as an inhibitor (Figure 5C) and only
few and noncharacteristic fibrils were formed while using
phenolsulfonphthalein (Figure 5D).

Phenolsulfonphthalein Inhibits Insulin Fibril Formation
in a Dose-Dependent Manner. To verify whether the phe-
nolsulfonphthalein inhibitory effect is specific to hIAPP or
behaves as other polyphenols that inhibit multiple amy-
loidogenic proteins, we characterized the inhibitory effect
of phenolsulfonphthalein on insulin under amyloid-forming
conditions. Insulin forms characteristic amyloid fibrils at low
pH and high temperatures and therefore serves as a good
model for amyloid fibril formation. 50 µM of bovine insulin
in DDW pH 2 (titrated by sulfonic acid) was incubated with
ascending concentrations of phenolsulfonphthalein ranging
from 0 µM to 100 µM. Insulin solutions were heated for
48 h to 50 °C, and insulin fibril formation was measured

using Thioflavin T fluorescence. The dose-dependent inhibi-
tion curve (Figure 6) demonstrates that phenolsulfonphthalein
inhibits insulin amyloid fibril formation in a dose-dependent
manner with an IC50 value of 1.5 µM.

Density Gradient Fractionation of Fibrillar and Prefibril-
lar Intermediates of Amyloidogenic Insulin. Fractionation of
the different intermediates of the amyloidogenic protein
aggregation pathway is an efficient tool to study the exact
influence of inhibitors on the different stages of fibril
formation. We used density gradients and ultracentrifugation,
based on the protocol by Ward et al. (18), to fractionate
amyloidogenic insulin that was preincubated for 48 h under
amyloid-inducing conditions with and without inhibitors.
After ultracentrifugation and separating the fractions, each
fraction was analyzed for its Thioflavin T fluorescence, and
after blotting (using slot-blot), anti-insulin antibody was used
to determine the presence of insulin, and Ponceau red was
used to determine protein concentration (Figure 7). Insulin
alone presented a very clear fractionation pattern where

FIGURE 5: Inhibition of hIAPP with phenolsulfonphthalein or phenolphthalein using fluorescence assay and TEM. (A) Thioflavin T fluorescence
assay of 4 µM hIAPP incubated alone ([), with 40 µM phenolsulfonphthalein (2) and 40 µM phenolphthalein (/). Samples from the
fluorescence assay were viewed using TEM. Dense characteristic fibrils were visible both for hIAPP (B) alone and (C) after addition of 40
µM phenolphthalein molecule. (D) In contrast, only rare and morphological altered fibrils were visible after inhibition with 40 µM
phenolsulfonphthalein. Bar represents 1 µm.

FIGURE 6: Concentration-dependent inhibition of insulin fibril
formation using Thioflavin T assay. Thioflavin T fluorescence assay
of insulin 50 µM was incubated for 48 h with ascending concentra-
tions of phenolsulfonphthalein.
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insulin was present only in the lowest fraction (fraction 9)
of the density gradient (Figure 7A). This fraction showed
both high protein concentration and high Thioflavin T
fluorescence suggesting that it was composed mostly of
aggregated fibrillar insulin. Although the strongest interaction
with anti-insulin antibody was also evident in this fraction,
the relatively low band density maybe contributed to a low
degree of interaction of the antibody with fibrillar insulin.
A similar fractionation pattern was achieved when phenol-
phthalein was added to insulin during incubation suggesting
no inhibitory effect whatsoever (Figure 7C). In contrast,
phenolsulfonphthalein caused a significant difference in the
fractionation pattern of insulin. When phenolsulfonphthalein
was added to insulin, the latter was present in fractions 1-6
with a maximum insulin level in fractions 3 and 4, which
represent low molecular weight prefibrillar assemblies, and
none in the high molecular weight fraction, indicating that
no fibril was formed (Figure 7B). In general, the fractionation
pattern resulting from Ponceau red assay and anti-insulin
blotting was very similar, meaning that the inhibitors did
not interfere with insulin-antibody interactions. A minor
exception was observed in the high molecular weight fraction
in the bottom of the gradient with phenolsulfonphthalein,
which shows some difference in the relative intensities of
Ponceau red staining and the anti-insulin stain.

NMR Measurements. The 1D and TOCSY NMR spectra
of samples of hIAPP20-29 alone or with a 1:4 molar ratio to
ligands were taken (Figure 8). This ratio gave sufficient
deviations in chemical shifts of the complex, without losing
sensitivity due to a large excess of one component of the
complex. The amide resonances of residues 21-27 were
assigned unambiguously according to their TOCSY patterns;
residues Ser28 and Ser29 were not specifically assigned
(Table 1).

The deviations in amide chemical shift are shown in Figure
9, where the strong deviation of Ile26 upon binding phe-
nolsulfonphthalein is evident. This deviation is on the scale
of 15 Hz and is more than five times the deviation of any
other amide. The aromatic protons of Phe23 also showed
slight chemical shift deviations upon binding phenolsulfon-
phthalein: The HD and HZ aromatic protons of Phe23
showed a downfield deviation of about less than 1.2 Hz, and

the resolved upper-field shift of the HE triplet showed an
upfield deviation of twice that value. The aromatic protons
of Phe23 showed a downfield shift of 3.0 Hz upon binding
phenolphthalein, but the shift is uniform for all the aromatic
protons (Figure 10).

The samples of hIAPP20-29 and each ligand were compared
to samples of each ligand alone. The pH values were within
0.1 unit of each other and were all acquired at 25 °C. The
chemical shifts of the ligands did not show any significant
change upon binding (data not shown), presumably because
the 4:1 excess masked any such change.

DISCUSSION

The search for small-molecule inhibitors for treating
amyloidogenic diseases is an ongoing scientific challenge
whose goal is to discover safe, specific and highly efficient
compounds that will inhibit the formation of the most
cytotoxic intermediates of amyloidogenic protein aggregates.

Polyphenols, a group of natural and synthetic small
molecules, were independently shown to have an inhibitory
effect on amyloid fibril formation. This phenomenon was
mostly attributed to the antioxidative nature of these com-
pounds. Nevertheless, several of these reports have suggested
that structural properties of the polyphenol compounds may
be considered as affecting their inhibitory nature.

We have previously suggested that phenolsulfonphthalein,
a synthetic small molecular compound that has been used
for many years in several medical diagnostic procedures, is
an effective inhibitor of hIAPP fibril formation in Vitro. This
polyphenol also inhibited the toxic effect of hIAPP in cell
culture models of type 2 diabetes. Furthermore, experimental
and theoretical studies suggest that aromatic interactions play
an important role in many cases of amyloid protein self-
assembly by affecting the directionality and orientation
needed for this process (14, 21–30). We have also suggested
that polyphenols and their polyaromatic nature may affect
amyloid fibril formation by specific aromatic interactions
among their phenolic rings and aromatic residues in the
amyloidogenic sequence, and that a specific structural
conformation is necessary for interacting with the �-sheet
and stabilizing the inhibitor-protein complex (13).

FIGURE 7: Density gradient fractionation of insulin fibrils and prefibrillar assemblies. (A) Insulin 50 µM after incubation for 48 h in DDW
pH 2 at 50 °C. (B) Insulin that was incubated in the presence of 50 µM phenolsulfonphthalein. (C) Insulin that was incubated in the
presence of 50 µM phenolphthalein.
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Here we provide further experimental evidence in Vitro
that phenolsulfonphthalein is a specific amyloid inhibitor.
Using the core amyloidogenic peptides of hIAPP, NF-
GAILSS and SNNFGAILSS peptides, which serve as models
for hIAPP aggregation, we show that phenolsulfonphthalein
efficiently inhibited aggregation and fibril formation using
a turbidity assay and electron microscopy (Figures 2–4).
Furthermore, phenolsulfonphthalein inhibited full-length hI-
APP1-37 fibril formation using both a Thioflavin T fluores-
cence assay and electron microscopy (Figure 5). These results
are in agreement with our previous findings that phenol-
sulfonphthalein inhibited hIAPP1-37 fibril formation in a
concentration-dependent manner (14).

In contrast, phenolphthalein, a similar triaromatic com-
pound which differs from phenolsulfonphthalein only in the
lack of the sulfone group, had no inhibitory effect whatso-
ever, neither on the amyloidogenic peptides hIAPP22-29

(NFGAILSS, Figure 2A) and hIAPP20-29 (SNNFGAILSS,
Figures 2B and 4), nor on hIAPP1-37 (Figure 5). This result
implies two optional mechanistic explanations: (a) the
importance of the sulfone group, which is predominant in
the aromatic ring of the amyloid specific Congo Red dye;
(b) the differences between these two molecules in their
three-dimensional structures. The main difference between
the structures is in the angle between the plane of the two
phenol rings and the central carbon atom (Figure 1C).

To better understand the inhibitory effect of phenolsul-
fonphthalein on prefibrillar assemblies, we compared the
inhibitory pattern of phenolsulfonphthalein on amyloidogenic
insulin to that of phenolphthalein. First, using Thioflavin T
fluorescence we showed that phenolsulfonphthalein inhibits
insulin fibril formation in a concentration-dependent manner
with an IC50 of 1.5 µM (Figure 6), which is comparable to
the IC50 value of 1 µM of phenolsulfonphthalein which we
have reported previously with hIAPP (14). Then, using a
density gradient fractionation assay, we demonstrated that
insulin, under specific experimental conditions, forms high
molecular weight structures with high Thioflavin T fluores-

FIGURE 8: 1D NMR spectra of ligands and hIAPP20-29. hIAPP20-29 bound to (A) phenolsulfonphthalein and (B) phenolphthalein and the (C)
1D and (D) TOCSY spectra of unbound hIAPP20-29.

Table 1: Amide Chemical Shifts of hIAPP(20-29) (ppm)

N22 F23 G24 A25 I26 L27 S S

hIAPP(20-29) 8.442 8.293 8.333 8.012 8.086 8.354 8.124 8.260
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cence that imply fibrillar structures (Figure 7A). As expected,
adding phenolphthalein did not have any effect on the
fractionation pattern, implying that phenolphthalein does not
have an inhibitory effect on insulin fibril formation as well
(Figure 7C). In contrast, adding phenolsulfonphthalein had
a significant effect on insulin aggregation. No high molecular
weight structures were formed, and most of the protein was
in the first upper fractions, implying low molecular weight
structures with low Thioflavin T fluorescence levels (Figure
7B). Taken together, these results imply that the interaction
of phenolsulfonphthalein with hIAPP and insulin is highly
specific and aimed toward the early stage of prefibrillar
assembly formation. Density gradient separation provides an
efficient tool for studying the mechanism of inhibition. The
advantage of this fractionation method is that it combines
both an analytical tool for molecular weight based analysis
and a tool for separation for further characterization of the
fractionated assemblies.

The NMR results show that the most significant chemical
shift deviation upon binding phenolsulfonphthalein is that
of the amide proton of Ile26. The deviations in the aromatic
protons of Phe23 upon binding (Figure 10) are evident for
all the peaks, but the deviation is the same for binding to
phenolphthalein, whereas there is a difference in deviation
for binding to phenolsulfonphthalein. These results are
consistent with the molecular dynamic simulation results of
Duan and co-workers (31), which showed that phenolsul-
fonphthalein interacts strongly with the side chains of Phe,
Leu and Ile, with no interactions with main-chain hydrogens,
and, although they note a slight increase in the rigidity of
the phenolsulfonphthalein ligand itself upon binding, they

found a similar distribution of torsion angles as in the free
molecule. The most significant interactions we detected were
between the phenolsulfonphthalein and the hydrophobic Ile
amide proton, and we also found an effect on the Phe
aromatic residue. Apart from this latter interaction, we saw
no significant interactions with main-chain hydrogens of the
peptide and, despite its 4:1 molar ratio, the ligand showed
no deviations in chemical shift upon binding, indicating no
strong change in its torsion angle.

The lactone ring of phenolphthalein and the sulfone ring
of phenolsulfonphthalein can adopt both open and closed
structures. All measurements were performed at physiological
pH or lower: These are below the pKa of all ligands, such
that the major isomers of both ligands should be in their
closed ring forms. The NMR spectra showed a dominant
species in solution for phenolsulfonphthalein and phenol-
phthalein of 98.9% and 100%, respectively (Figure 8 A and
B), indicating that this is the active isomer. Since no
dependence between the inhibitory ability of the compounds
and pH was noticed, we speculate that the ring structures
do not tremendously influence protein-inhibitor interactions.

Structural comparison of the 3D structures of phenolsul-
fonphthalein (32) and phenolphthalein (33) (Figure 1C) may
contribute to a better understanding of the interaction pattern
between amyloidogenic proteins and small aromatic polyphe-
nol compounds. Phenolsulfonphthalein was shown to bind
hydrophobic side chains with its aromatic rings, leaving its
hydrophilic SO3 and OH free to form hydrogen bonds with
the aqueous environment (31), which may be part of the
mechanism by which the monomers or protofibrils are
stabilized and prevented from further aggregation. These
structural aspects are not yet resolved, and further analysis
is necessary to determine the main factors affecting the
interaction between the small molecule inhibitors and amy-
loidogenic proteins. We are currently analyzing structure-
based data of various polyphenols to better approach this
issue.

As earlier discussed, the development and production of
novel drug candidates to treat amyloid-associated disease
represent a true and acute medical need. We suggest that
phenolsulfonphthalein may be an excellent lead for the
development of an efficient, safe, and specific small molecule
fibrillization inhibitor for amyloidogenic disease therapy.
Further in ViVo experiments with derivatives of phenolsul-
fonphthalein that improve its cellular penetration will enable
better evaluation of this concept.

FIGURE 9: Chemical shift deviation of hIAPP20-29 amide protons upon binding to phenolphthalein (white squares) and phenolsulfonphthalein
(gray squares).

FIGURE 10: Chemical shift deviation of hIAPP20-29 Phe23 aromatic
protons upon binding to phenolphthalein (white squares) and
phenolsulfonphthalein (gray squares).
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