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ABSTRACT: Amyloid formation has been implicated in more than 20 different human diseases, including
Alzheimer’s disease, Parkinson’s disease, and type 2 diabetes. The development of inhibitors of amyloid
is a topic of considerable interest, both because of their potential therapeutic applications and because
they are useful mechanistic probes. Recent studies have highlighted the potential use of rifampicin as an
inhibitor of amyloid formation by a variety of polypeptides; however, there are conflicting reports on its
ability to inhibit amyloid formation by islet amyloid polypeptide (IAPP). IAPP is the cause of islet amyloid
in type 2 diabetes. We show that rifampicin does not prevent amyloid formation by IAPP and does not
disaggregate preformed IAPP amyloid fibrils;, instead, it interferes with standard fluorescence-based assays
of amyloid formation. Rifampicin is unstable in aqueous solution and is readily oxidized. However, the
effects of oxidized and reduced rifampicin are similar, in that neither prevents amyloid formation by
IAPP. Furthermore, use of a novel p-cyanoPhe analogue of IAPP shows that rifampicin does not
significantly affect the kinetics of IAPP amyloid formation. The implications for the development of
amyloid inhibitors are discussed as are the implications for studies of the toxicity of islet amyloid. The
work also demonstrates the utility of p-cyanoPhe IAPP for the screening of inhibitors. The data indicate
that rifampicin cannot be used to test the relative toxicity of IAPP fibrils and prefibril aggregates of
IAPP.

Amyloid formation plays an important role in approxi-
mately 20 different diseases including Alzheimer’s disease,
Parkinson’s disease, and type 2 diabetes (1, 2). Human islet
amyloid polypeptide (IAPP,1 also known as amylin) is the
major protein component of the pancreatic islet amyloid
associated with type 2 diabetes (3-6). IAPP is a 37-residue
polypeptide hormone (Figure 1) which is synthesized in the

pancreatic �-cells where it is processed in parallel with
insulin, stored in the same secretory granules as insulin, and
secreted in response to the same stimuli (7-10). Synthetic
amyloid fibrils formed by IAPP are toxic to �-cells in culture,
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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 the drug rifampicin. The
naphthohydroquinone ring can be oxidized to the quinone form in
aqueous buffer.
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suggesting that amyloid could contribute to the loss of �-cell
mass associated with type 2 diabetes (11-15). Furthermore,
the level of amyloid correlates with the progression of the
disease, suggesting a relationship between islet amyloid
formation and �-cell loss (15).

There is considerable interest in developing inhibitors of
amyloid formation, both because of their obvious therapeutic
potential and also because they can provide powerful tools
for mechanistic studies (16-21). In particular, there is a
lively debate on what constitutes the toxic species in the
amyloid diseases. Early work focused on the potential
toxicity of the fibrils themselves, and fibril deposits certainly
contribute to the progression of the systemic amyloidoses
(22). In recent years, however, considerable attention has
focused on oligomeric intermediate species and their potential
toxicity, although there is also evidence that fibrils can be
toxic (23-31). Molecules which inhibit fibril formation but
not the formation of intermediates are attractive mechanistic
probes since they will inhibit toxicity if fibrils are the only
toxic entity but will not inhibit toxicity if intermediates are
the key player (23, 32).

Epidemiological investigations have shown that leprosy
patients have a statistically lower probability of senile
dementia provided they have been treated with rifampicin
or dapsone, suggesting that the drug might prevent A�
amyloid formation (33, 34). In Vitro studies showed that
rifampicin did indeed inhibit fibril formation by A�1-40 and

FIGURE 2: Rifampicin does not inhibit the cytotoxicity of human IAPP.
Alamar Blue fluorescence assays monitored INS-1 cell viability. Cells
were treated for 24 h with human IAPP alone or in the presence of
varying concentrations of rifampicin. Bars indicate means ( standard
error. There were no significant differences between control and
rifampicin-treated cells at any concentration in the presence of 0, 20,
and 40 µM human IAPP.

FIGURE 3: Rifampicin does not prevent amyloid formation by human IAPP. (A) Thioflavin-T fluorescence monitored assays of fibril formation.
The closed circles (b) represent the experiment conducted in the absence of rifampicin. Open circles (O) correspond to an experiment conducted
in the presence of 15 µM rifampicin. The stars (g) indicate the time points at which aliquots were removed for TEM. (B) TEM images of the
fibrillization reaction product for IAPP without rifampicin. (C) TEM image of a sample of 32 µM peptide and 15 µM rifampicin collected at 100
min after the start of the fibrillization reaction. Reactions were conducted at 25 °C, pH 7.4, 32 µM IAPP, 25 µM thioflavin-T in 2% HFIP. The
scale bar is 100 nm.
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reduced its toxicity to cultured rat PCL2 cells (35). Rifampi-
cin has been reported to inhibit in Vitro amyloid formation
by a number of proteins (32, 35-41). More recently,
rifampicin has been used to probe the mechanism of IAPP-
induced cell death (32, 42). However, the IAPP literature is
confusing since some reports argue that rifampicin is an
inhibitor of fibril formation and does not inhibit toxicity (32)
while others claim that it does not inhibit amyloid formation
but inhibits the toxicity of preaggregated IAPP fibrils (41).
Rifampicin has also been reported to inhibit the membrane
disrupting activity of IAPP but not its ability to form amyloid
(43). Further complicating the issue, Fink and colleagues,
in a series of careful studies, showed that rifampicin inhibits
fibrillization of R-synuclein but found that an oxidation
product of the drug is actually the most potent inhibitory
compound (39). The conflicting reports on the effects of
rifampicin on IAPP toxicity and fibril formation and the
importance of these studies for understanding the origin of
cellular toxicity prompted us to reexamine the effects of the
drug on the in Vitro fibrillization of IAPP using transmission
electron microscopy (TEM) and fluorescence-detected thiofla-
vin-T binding assays as well as newly developed fluorescent
analogues of IAPP. We show that rifampicin does not prevent

amyloid fibril formation by IAPP and does not disaggregate
preformed IAPP amyloid but does interfere with thioflavin-T
assays.

EXPERIMENTAL PROCEDURES

Reagents. Rifampicin was purchased from Sigma (lot no.
R3501), ascorbic acid from Fisher Scientific, and thioflavin-T
from Aldrich Chemical Co.

Peptide Synthesis and Purification. Peptides were synthe-
sized on a 0.25 mmol scale using an Applied Biosystems
433A peptide synthesizer, using 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry as described (44). Pseudoprolines were
incorporated to facilitate the synthesis. The 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, �-branched residues, residues directly following
�-branched residues, and pseudoprolines were double coupled.
Crude peptides were oxidized by dimethyl sulfoxide (DMSO)
for 24 h at room temperature (45). The peptides were purified
by reverse-phase HPLC using a Vydac C18 preparative
column. Analytical HPLC was used to check the purity of
the peptides before each experiment. The identity of the pure

FIGURE 4: Effects of adding rifampicin to human IAPP fibrils. (A) Thioflavin-T fluorescence monitored time course of IAPP fibril formation.
Rifampicin was added at the point indicated by the arrow (V). (B) TEM image recorded before the drug was added at a time indicated by
the (n). (C) TEM image recorded 35 min after addition of the drug, indicated by the (g). All samples were 32 µM IAPP, 25 µM thioflavin-T
in 2% HFIP, 25 °C, pH 7.4. The scale bar is 100 nm.
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peptides was confirmed by mass spectrometry using a Bruker
MALDI-TOF MS.

Sample Preparation. A 1.58 mM peptide solution was
prepared in 100% hexafluoro-2-propanol (HFIP) or DMSO
and stored at -20 °C. A 20 mM rifampicin stock solution
was prepared by dissolving rifampicin in DMSO. For the
antioxidant experiments, ascorbic acid was dissolved in Tris-
HCl buffer and adjusted to pH 7.4 to give a 100 mM ascorbic
acid stock solution. The stability of rifampicin in Tris-HCl
buffer and ascorbic acid solutions was tested by UV-vis
absorbance at 483 nm (46, 47).

ThioflaVin-T Fluorescence. All fluorescence experiments
were performed with a Jobin Yvon Horiba fluorescence
spectrophotometer or with an Applied Phototechnology
fluorescence spectrophotometer. An excitation wavelength
of 450 nm and emission wavelength of 485 nm were used
for the thioflavin-T studies. The excitation and emission slits
were set at 5 nm. A 1.0 cm cuvette was used, and each point
was averaged for 1 min. All solutions for these studies were
prepared by diluting filtered 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 32 µM peptide and 25 µM thioflavin-T

with or without rifampicin in 2% HFIP. Some experiments
made use of DMSO stock solutions. For these studies, the
final conditions were 32 µM peptide and 25 µM thioflavin-T
in 20 mM Tris-HCl buffer (pH 7.4) and 2% DMSO. The
final concentration of ascorbic acid used in antioxidant
experiments was 83 µM. All solutions were stirred during
the fluorescence experiments. p-CyanoPhe fluorescence was
excited at 240 nm and detected at 296 nm, with both
excitation and emission slits of 10 nm.

Transmission Electron Microscopy (TEM). TEM was
performed at the Life Science Microscopy Center at the State
University of New York at Stony Brook. The same solutions
that were used for the fluorescence measurements were used
so that samples could be compared under as similar condi-
tions as possible. Fifteen microliters 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.

Alamar Blue Viability Assay. Alamar Blue (Biosource,
Camarillo, CA) reduction was used as a measure of cell
viability. p values were determined using one-way ANOVA,
and significant differences (p < 0.05) were determined using
Tukey’s multiple comparison post hoc test. Rat (INS-1)

FIGURE 5: Rifampicin fails to prevent amyloid formation by human IAPP in the presence of antioxidants. (A) Thioflavin-T fluorescence
monitored assays of fibril formation. The closed circles (b) represent the experiment conducted in the absence of rifampicin. Open circles
(O) correspond to an experiment conducted in the presence of 15 µM rifampicin. The stars (g) indicated the time points at which aliquots
were removed for TEM. (B) TEM images of the product of the fibrillization reaction for IAPP without rifampicin. (C) TEM image of a
sample of 32 µM peptide and 15 µM rifampicin collected at 110 min after the start of the fibrillization reaction. Reactions were conducted
at 25 °C, pH 7.4, 32 µM IAPP, 83 mM ascorbic acid, 25 µM thioflavin-T in 2% HFIP. The scale bar is 100 nm.
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insulinoma cells were seeded at a density of 20000 cells per
well. After 24 h culture in RPMI (11 mM glucose) plus 10%
fetal bovine serum, HEPES (0.5 M), L-glutamine (102 mM),
sodium pyruvate (50 mM), �-mercaptoethanol (50 µM),
penicillin (50 units/mL), and streptomycin (50 µg/mL),
culture media were removed and replaced with fresh media
and the appropriate amount of rifampicin, freshly dissolved
human IAPP (Bachem, Torrance, CA), and/or DMSO
vehicle. The final DMSO concentration did not exceed 0.1%,
and viability was not reduced in control cells treated with
0.1% DMSO. After 24 h incubation, media were replaced
with fresh media containing 10% Alamar Blue and incubated
for 3 h. Fluorescence was measured using a Fluoroskan
Ascent microplate reader (Labsystems; Fischer Scientific,
Pittsburgh, PA) using excitation and emission wavelengths
of 530 and 590 nm, respectively.

RESULTS AND DISCUSSION

Rifampicin Does Not Inhibit the Cytotoxicity of IAPP.
There are apparently conflicting reports on the effects of
rifampicin on IAPP-induced toxicity; however, the discrep-
ancy may be due to the different nature of the studies.

Tomiyama and colleagues (41) showed that rifampicin
inhibited the toxicity of preformed fibril aggregates of IAPP
while Meier and co-workers (32) examined the effects of
treating cells with initially soluble IAPP and rifampicin. The
second study demonstrated that rifampicin had no effects
on toxicity with this protocol. Thus the two studies, while
seemingly at variance, need not be contradictory since
different conditions were examined. Given the importance
of the toxicity results, we reexamined the effect of added
rifampicin on IAPP-induced cytotoxicity.

INS-1 Cell Viability Assays. Treatment of INS-1 cells for
24 h with 20 or 40 µM human IAPP reduced cell viability
by 35.2% and 89.7%, respectively (p < 0.05 and p < 0.001,
respectively; Figure 2). Rifampicin alone (1.5-6.0 µM) had
no impact on cell viability (Figure 2), nor did treatment of
control cells with the maximal concentration of 0.1% DMSO
vehicle (data not shown). Addition of rifampicin to media
containing human IAPP failed to protect INS-1 cells from
human IAPP-induced death. Even at the maximal concentra-
tion of rifampicin used (6.0 µM), cell viability in the presence
of human IAPP was not significantly different between
control cells and cells treated with rifampicin (for 20 µM
human IAPP, 64.8 ( 12.6% versus 57.4 ( 7.0%, p ) NS;
for 40 µM human IAPP, 12.1 ( 5.0% versus 10.4 ( 3.3%,
p ) NS). These results agree with the study of Meier and
co-workers (32).

Rifampicin Interferes with ThioflaVin-T Assays but Does
Not PreVent Amyloid Formation by IAPP. We monitored the
apparent time course of fibril formation of IAPP in the
presence and in the absence of rifampicin using thioflavin-T
assays. Thioflavin-T is a small dye molecule which has
proven enormously useful in studies of amyloid formation.
Thioflavin-T has a low fluorescence quantum yield in
solution which increases significantly when bound to fibrils
(48). There is no structure of thioflavin-T bound to any
amyloid fibrils, but the dye is believed to bind to grooves
on the surface of amyloid fibrils. Amyloid is made up of a
cross-� structure in which individual �-strands are aligned
perpendicular to the fibril axis. In such a structure, side chains
in consecutive strands will form a ridge and a set of side
chains at positions n and n + 2 will lead to two ridges
separated by a groove. These grooves are the likely binding
sites.

Samples were 32 µM in IAPP and contained either no
rifampicin or 15 µM rifampicin. The ratio of drug to IAPP
is higher than that reported to inhibit IAPP fibrillization (32).
The data collected in the absence of rifampicin is typical of
IAPP fibrillization experiments. A lag phase is observed
followed by a growth phase with a rapid change in thiofla-
vin-T fluorescence leading to a final plateau where the bound
thioflavin-T fluorescence reaches a steady-state value (Figure
3). TEM images collected of samples corresponding to the
end point of the reaction display the classic features of
amyloid (Figure 3). The results of the experiment in the
presence of rifampicin are strikingly different. No significant
change in thioflavin-T fluorescence is observed over the
entire time course of the reaction. Taken alone, the thiofla-
vin-T fluorescence experiment would argue that rifampicin
is a potent inhibitor of fibrillization. However, the drug could
instead be a competitive inhibitor of thioflavin-T binding to
IAPP fibrils, or it might quench the fluorescence of the bound
thioflavin-T without preventing amyloid formation. Conse-

FIGURE 6: Effects of adding rifampicin to human IAPP fibrils in
the presence of antioxidant. (A) Thioflavin-T fluorescence moni-
tored time course of human IAPP fibril formation. Rifampicin was
added at the point indicated by the arrow (V). (B) TEM image
recorded 35 min after addition of the drug, indicated by the (g).
All samples were 32 µM IAPP, 83 mM ascorbic acid, 25 µM
thioflavin-T in 2% HFIP, 25 °C, pH 7.4. The scale bar is 100 nm.
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quently, we recorded TEM images of aliquots of each
reaction mixture collected at a time point corresponding to
100 min after initiation of the reaction. This is much longer
than the time required for IAPP to form amyloid fibrils. The
images reveal numerous fibrils with the classic morphology
associated with in Vitro IAPP fibrils for both samples,
indicating that rifampicin did not prevent amyloid formation
by IAPP. Not all of the grids displayed fibrils, and qualita-
tively they appeared somewhat less abundant for the samples
which contain rifampicin than for the samples of IAPP in
the absence of rifampicin. Nonetheless, the key conclusion
is that rifampicin, when present at the start of the fibrillization
reaction, leads to false negatives in the thioflavin-T assay.
We repeated the experiments at lower rifampicin concentra-
tion, examining solutions which were 5 or 2.5 µM rifampicin.
The final fluorescence intensity is higher than observed in
the 15 µM rifampicin experiment but is considerably lower
than the value observed in the absence of rifampicin
(Supporting Information). The final thioflavin-T fluorescence
intensity is often used as a measurement of the amount of
amyloid formation, and by this measure the drug would still
be classified as a fibrillization inhibitor. However, TEM
images recorded at the end of the reaction show that

extensive fibrils are formed (Supporting Information). Thus
the conclusion that rifampicin inhibits thioflavin-T fluores-
cence but not amyloid formation is independent of the range
of rifampicin tested.

All of these experiments were conducted using stock
solutions prepared in HFIP which is the standard protocol
for biophysical studies of IAPP fibril formation. We tested
the result of initially solubilizing IAPP in DMSO since
DMSO stock solutions are sometimes used in studies of
IAPP. An IAPP stock solution was prepared in 100% DMSO
and fibrilization initiated by dilution into aqueous buffer (final
DMSO concentration 2% by volume). The choice of cosol-
vent does not affect the conclusions. Rifampicin inhibits
thioflavin-T fluorescence but not amyloid formation (Sup-
porting Information). Thus our results are not an artifact of
the choice of cosolvent.

We next investigated the effect of adding rifampicin to
preformed fibrils. Such an experiment is often performed to
test a compound’s ability to disaggregate fibrils. In this case,
a compound which eliminated the fluorescence of bound
thioflavin-T or displaced bound thioflavin-T but did not
dissociate fibrils would be incorrectly scored as having the
ability to disaggregate fibrils; i.e., it would generate a false

FIGURE 7: (A) Thioflavin-T fluorescence monitored time course of human IAPP fibril formation with or without rifampicin. The closed
circles (b) represent the experiment conducted in the absence of rifampicin. Open circles (O) correspond to an experiment conducted in the
presence of 15 µM rifampicin. Rifampicin in Tris-HCl buffer, pH 7.4, was incubated for 35 days at room temperature before the start of
the experiment. All samples were 32 µM IAPP, 25 µM thioflavin-T in 2% HFIP, 25 °C, pH 7.4. (B) TEM image of a sample collected at
the indicated time point (g) for a sample of IAPP without rifampicin. (C) TEM image of a sample collected at the indicated time point (n)
for a sample of IAPP plus rifampicin. The scale bar is 100 nm.
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positive. It is possible that rifampicin only interferes with
thioflavin-T binding to IAPP if it is present in the initial
reaction mixture. This seems unlikely since the dye generally
does not bind to species populated in the lag phase (44), but
it is important to test. Figure 4 displays the result of an
experiment in which rifampicin is added to the plateau region
of the reaction (indicated by the arrow). Addition of the drug
leads to a rapid loss of thioflavin-T fluorescence. TEM
images of a sample collected before the drug is added (Figure
4) confirm that abundant fibrils had formed. Strikingly, TEM
images collected after the drug was added also display
numerous amyloid fibrils (Figure 4). Once again, the drug
interferes with the thioflavin-T fluorescence response but
does not disaggregate IAPP fibrils.

Rifampicin Does Not PreVent IAPP Amyloid Formation
in the Presence of Antioxidants. The naphthohydroquinone
ring in rifampicin is easily oxidized to the quinone form,
and aqueous solutions of rifampicin are not stable. Under
basic conditions they break down to the rifampicin quinone
form, and under acidic conditions 3-formylrifampicin is
produced (39, 46, 47). Fink and co-workers have shown that
the oxidation product is a more potent inhibitor of R-sy-
nuclein fibril formation (39). The experiments described in
the previous subsection were conducted in the absence of
antioxidants; thus rifampicin will be present as a mixture of
the oxidized and reduced form. We conducted our first set
of studies under those conditions because they were used in
all reported studies of rifampicin-IAPP interactions. We
repeated the studies in the presence of the same antioxidant
used by Fink and co-workers, ascorbic acid, to test if our

results were dependent on the oxidation state of the drug.
The breakdown of rifampicin can be easily monitored by
following changes in its absorption spectrum. In particular,
the intensity at 483 nm is significantly decreased if a sample
of rifampicin is incubated in aqueous buffer at physiological
pH due to oxidation (46, 47). Control experiments showed
no significant change in the absorbance of rifampicin at 483
nm for at least 1000 min in the presence of ascorbic acid. In
contrast, a steady decrease is observed in the absence of
ascorbic acid.

The results are not affected by the presence of the
antioxidant; rifampicin still inhibits thioflavin-T fluorescence
but does not prevent amyloid formation by IAPP. A sample
of IAPP in the presence of 83 µM ascorbic acid yields a
typical kinetic curve as monitored by thioflavin-T fluores-
cence (Figure 5), and TEM confirms that fibrils were formed.
Addition of rifampicin to the reaction mixture at time zero
leads to a flat curve with no significant change in the
thioflavin-T fluorescence. A sample was removed from this
reaction mixture after 100 min (Figure 5), and TEM images
were recorded. They revealed abundant amyloid fibrils. We
also repeated the experiment in which rifampicin was added
to preformed fibrils. Again, we observed the same results in
the presence and absence of ascorbic acid. Addition of
rifampicin eliminated the thioflavin-T fluorescence but did
not dissociate fibrils (Figure 6). We also examined the effect
of oxidized rifampicin by testing samples which had been
preincubated in aqueous solutions under conditions which
promote oxidation of the drug. A sample of rifampicin was
incubated in aqueous solution for 35 days prior to testing its
inhibitory potential. This is, of course, a highly unlikely
experimental protocol for any therapeutic studies, but it is
useful for testing the properties of breakdown products of
the drugs. The material interfered with thioflavin-T fluores-
cence measurements but failed to prevent amyloid formation
although the resulting fibrils appeared to be somewhat thinner
than those formed with unoxidized rifampicin (Figure 7).

Use of a NoVel IAPP Fluorescent Analogue Allows the
Kinetics of Amyloid Formation To Be Monitored in the
Presence of Rifampicin. We have recently shown that the
intrinsic fluorescence of p-cyanophenylalanine (p-cyanoPhe)
can be used to follow the time course of amyloid formation
by IAPP (49). p-CyanoPhe fluorescence is large in aqueous
solution, but the fluorescence is significantly reduced in a
hydrophobic environment (50, 51). An analogue of IAPP in
which the C-terminal tyrosine is replaced by p-cyanoPhe
(IAPP Y37FCN) forms amyloid at the same rate as wild type,
and the morphology of the resulting fibrils is identical as
judged by TEM. Furthermore, the time course of the change
in p-cyanoPhe fluorescence describes the same kinetic trace
as the thioflavin-T fluorescence; thus p-cyanoPhe fluores-
cence can be used to follow fibrillization of IAPP. Figure 8
compares the time course of the fluorescence of IAPP
Y37FCN in the presence and absence of rifampicin. The time
courses of fibril formation are very similar in the presence
and in the absence of the drug. Quantitative analysis of the
data shows that the t50 time (the time for the reaction to reach
50% of the maximum fluorescence intensity) is 19 min when
rifampicin is present and 18 min when it is absent. The
respective growth phases, here defined as the time for the

FIGURE 8: p-CyanoPhe fluorescence detected kinetics of IAPP
Y37FCN in the absence of rifampicin (A) and in the presence of
rifampicin (15 µM) (B). All samples were 32 µM peptide, 25 µM
thioflavin-T in 2% HFIP, 25 °C, pH 7.4. Excitation was at 240
nm, and the emission was monitored at 296 nm. The difference in
the maximum fluorescence intensity is likely due to inner filter
effects.
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reaction to go from 10% to 80% completion, are also very
similar: 7 min in the presence of the drug and 6 min in its
absence.

CONCLUSIONS

The studies described here demonstrate that rifampicin
does not prevent amyloid formation by human IAPP;
furthermore, the results are not an artifact of the choice of
cosolvent or of failing to control the oxidation state of the
drug. One important lesson from these studies is that the
thioflavin-T based assay can lead to false positives in tests
of fibrillization inhibitors. It is impossible to say how general
this effect may be, but there are undoubtedly other small
molecules which inhibit thioflavin-T binding or compromise
its fluorescence response. This is very important since
thioflavin-T binding is widely used, particularly for high-
throughput screens of fibril inhibitors. The p-cyanoPhe
analogue of IAPP used here overcomes these difficulties and
should be a generally useful tool for the screening of
inhibitors. The data presented here have important implica-
tions for studies which seek to define the toxic species in
IAPP fibrillization by studying the effects of fibril inhibitors
on cell death (42). In particular, studies which have used
rifampicin will need to be reexamined, since the data
presented here clearly demonstrate that rifampicin does not
prevent amyloid formation by IAPP. Thus the observation
of toxicity in the presence of rifampicin does not prove that
IAPP fibrils are nontoxic.
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Internet at http://pubs.acs.org.

REFERENCES

1. Chiti, F., and Dobson, C. M. (2006) Protein misfolding, functional
amyloid, and human disease. Annu. ReV. Biochem. 75, 333–366.

2. Vendruscolo, M. Z. J., MacPhee, C. E., and Dobson, C. M. (2003)
Protein folding and misfolding: A paradigm of self-assembly and
regulation in complex biological systems. Philos. Trans. R. Soc.
London, Ser. A 361, 1205–1222.

3. Kahn, S. E., Andrikopoulos, S., and Verchere, C. B. (1999) Islet
amyloid: A long recognized but underappreciated pathological
feature of type II diabetes. Diabetes 48, 241–246.

4. Clark, A., Wells, C. A., Buley, I. D., Cruickshank, J. K., Vanhegan,
R. I., Matthews, D. R., Cooper, G. J., Holman, R. R., and Turner,
R. C. (1988) Islet amyloid, increased �-cells, reduced �-cells and
exocrine fibrosis: quantitative changes in the pancreas in type 2
diabetes. Diabetes Res. Clin. Pract. 9, 151–159.

5. Westermark, P., Wernstedt, C., Wilander, E., Hayden, D. W.,
O’Brien, T. D., and Johnson, K. H. (1987) Amyloid fibrils in human
insulinoma and islets of Langerhans of the diabetic cat are derived
from a neuropeptide-like protein also present in normal islet cells.
Proc. Natl. Acad. Sci. U.S.A. 84, 3881–3885.

6. Cooper, G. J. S., Willis, A. C., Clark, A., Turner, R. C., Sim, R. B.,
and Reid, K. B. M. (1987) Purification and characterization of a
peptide from amyloid-rich pancreases of type 2 diabetic patients.
Proc. Natl. Acad. Sci. U.S.A. 84, 8628–8632.

7. Cooper, G. J. S. (1994) IAPP compared with calcitonin gene-related
peptide: structure, biology, and relevance to metabolic disease.
Endocr. ReV. 15, 163–201.

8. Kahn, S. E., D’Alessio, D. A., Schwartz, M. W., Fujimoto, W. Y.,
Ensinck, J. W., Taborsky, G. J., and Porte, D. (1990) Evidence of
cosecretion of islet amyloid polypeptide and insulin by beta-cells.
Diabetes 39, 634–638.

9. Marzban, L., Trigo-Gonzalez, G., Zhu, X., Rhodes, C. J., Halban,
P. A., Steiner, D. F., and Verchere, C. B. (2004) Role of �-cell
prohormone convertase PC (1/3) in processing of pro-islet amyloid
polypeptide. Diabetes 53, 141–148.

10. Sanke, T., Bell, G. I., Sample, C., Rubenstein, A. H., and Steiner,
D. F. (1988) An islet amyloid peptide is derived from an 89-amino
acid precursor by proteolytic processing. J. Biol. Chem. 263,
17243–17246.

11. Lorenzo, A., Razzaboni, B., Weir, G. C., and Yankner, B. A. (1994)
Pancreatic islet cell toxicity of Amylin associated with type II
diabetes mellitus. Nature 368, 756–760.

12. Clark, A., Lewis, C. E., Willis, A. C., Cooper, G. J. S., Morris,
J. F., Reid, K. B. M., and Turner, R. C. (1987) Islet amyloid formed
from diabetes-associated peptide may be pathogenic in type-2
diabetes. Lancet 2, 231–234.

13. Hull, R. L., Westermark, G. T., Westermark, P., and Kahn, S. E.
(2004) Islet amyloid: A critical entity in the pathogenesis of type
2 diabetes. J. Clin. Endocrinol. Metab. 89, 3629–3643.

14. Clark, A., Wells, C. A., Buley, I. D., Cruickshank, J. K., Vanhegan,
R. I., Matthews, D. R., Cooper, G. J., Holman, R. R., and Turner,
R. C. (1988) Islet amyloid, increased �-cells, reduced �-cells and
exocrine fibrosis: quantitative changes in the pancreas in type 2
diabetes. Diabetes Res. Clin. Pract. 9, 151–159.

15. Hayden, M. R., Karuparthi, R. R., Manrique, C. M., Lastra, G.,
Habibi, J., and Sowers, J. R. (2007) Longitudinal ultrastructure
study of islet amyloid in the HIP rat model of type 2 diabetes
mellitus. Exp. Biol. Med. 232, 772–779.

16. Rochet, J. (2007) Novel therapeutic strategies for the treatment of
protein-misfolding diseases. Expert ReV. Mol. Med. 9, 1–31.

17. Cohen, T., Frydman-Marom, A., Rechter, M., and Gazit, E. (2006)
Inhibition of amyloid fibril formation and cytotoxicity by hydroxy-
indole derivatives. Biochemistry 45, 4727–4735.

18. Porat, Y., Mazor, Y., Efrat, S., and Gazit, E. (2004) Inhibition of
islet amyloid polypeptide fibril formation: A possible role for hetro-
aromatic interactions. Biochemistry 43, 14454–14462.

19. Scrocchi, L. A., Chen, Y., Waschuk, S., Wang, F., Cheung, S.,
Darabie, A. A., McLaurin, J., and Fraser, P. E. (2002) Design of
peptide-based inhibitors of human islet amyloid polypeptide
fibrillogenesis. J. Mol. Biol. 318, 697–706.

20. Abedini, A., Meng, F., and Raleigh, D. P. (2007) A single-point
mutation converts the highly amyloidogenic human islet amyloid
polypeptide into a potent fibrillization inhibitor. J. Am. Chem. Soc.
129, 11300–11301.

21. Yan, L. M., Tatarek-Nossol, M., Velkova, A., Kazantziz, A., and
Kapurniotu, A. (2006) Design of a mimic of nonamyloidogenic
and bioactive human islet amyloid polypeptide (IAPP) as nano-
molar affinity inhibitor of IAPP cytotoxic fibrillogenesis. Proc. Natl.
Acad. Sci. U.S.A. 103, 2046–2051.

22. Pepys, M. B. (2001) Pathogenesis, diagnosis and treatment of
systemic amyloidosis. Philos. Trans. R. Soc. London, Ser. B 356,
203–210.

23. Lansbury, P. T., and Lashuel, H. A. (2006) A century-old debate
on potein aggregation and neurodegeneration enters the clinic.
Nature 443, 774–779.

24. Kirkitadze, M. D., Bitan, G., and Teplow, D. B. (2002) Paradigm
shifts in Alzheimer’s disease and other neuro degenerative disor-
ders: The emerging role of oligomeric assemblies. J. Neurosci. Res.
69, 567–577.

25. Walsh, D. M., and Selkoe, D. J. (2004) Oligomers in the brain:
The emerging role of soluble protein aggregates in neurodegen-
eration. Protein Pept. Lett. 11, 213–228.

26. Caughey, B., Jr. (2003) Protofibrils, pores, fibrils and neurode-
generation: Separating responsible protein aggregates from the
innocent bystanders. Annu. ReV. Neurosci. 26, 267–298.

27. Kayed, R., Head, E., Thompson, J. L., McIntire, T. M., Milton,
S. C., Cotman, C. W., and Glable, C. G. (2003) Common structure
of soluble amyloid oligomers implies common mechanism of
pathogenesis. Science 300, 486–489.

28. Janson, J., Ashley, R. H., Harrison, D., McIntyre, S., and Butler,
P. C. (1999) The mechanism of islet amyloid polypeptide toxicity
is membrane disruption by intermediate-sized toxic amyloid
particles. Diabetes 48, 491–498.

Rifampicin Does Not Inhibit Amyloid Formation by IAPP Biochemistry, Vol. 47, No. 22, 2008 6023



29. Isaacs, A., Senn, D., Yuan, M., Shine, J., and Yankner, B. (2006)
Acceleration of amyloid �-peptide aggregation by physiological
concentrations of calcium. J. Biol. Chem. 281, 27916–27923.

30. Hori, Y., Hashimoto, T., Wakutani, Y., Urakami, K., Nakashima,
K., Condron, M., Tsubuki, S., Saido, T., Teplow, D., and Iwatsubo,
T. (2007) The Tottori (D7N) and English (H6R) Familial Alzheimer
Disease mutations accelerate A� fibril formation without increasing
protofibril formation. J. Biol. Chem. 282, 4916–4923.

31. Grudzielanek, S., Velkova, A., Shukla, A., Smirnovas, V., Tatarek-
Nossol, M., Rehage, H., Kapurniotu, A., and Winter, R. (2007)
Cytotoxicity of Insulin within its self-assembly and amyloidogenic
pathways. J. Biol. Chem. 282, 372–384.

32. Meier, J. J., Kayed, R., Lin, C.-Y., Gurlo, T., Haataja, L.,
Jayasinghe, S., Langen, R., Glabe, C. G., and Butler, P. C. (2006)
Inhibition of human IAPP fibril formation does not prevent � -cell
death: evidence for distinct actions of oligomers and fibrils of
human IAPP. Am. J. Physiol. 291, E1317-E1324.

33. Namba, Y., Kawatsu, K., Izumi, S., Ueki, A., and Ikeda, K. (1992)
Neurofibrillary tangles and senile plaques in brain of elderly leprosy
patients. Lancet 340, 978.

34. Chui, D. H., Tabira, T., Izumi, S., Koya, G., and Ogata, J. (1994)
Decreased beta-amyloid and increased abnormal Tau deposition
in the brain of aged patients with leprosy. Am. J. Pathol. 145, 771–
775.

35. Tomiyama, T., Asano, S., Suwa, Y., Morita, T., Kataoka, K., Mori,
H., and Endo, N. (1994) Rifampicin prevents the aggregation and
neurotoxicity of amyloid � protein in vitro. Biochem. Biophys. Res.
Commun. 204, 76–83.

36. Matsuzaki, K., Noguch, T., Wakabayashi, M., Ikeda, K., Okada,
T., Ohashi, Y., Hoshino, M., and Naiki, H. (2007) Inhibitors of
amyloid �-protein aggregation mediated by GM1-containing raft-
like membranes. Biochim. Biophys. Acta 1768, 122–130.

37. Tomiyama, T., Shoji, A., Kataoka, K., Suwa, Y., Asano, S.,
Kaneko, H., and Endo, N. (1996) Inhibition of amyloid � protein
aggregation and neurotoxicity by rifampicin. Its possible function
as a hydroxyl radical scavenger. J. Biol. Chem. 271, 6839–6844.

38. Lieu, V. H., Wu, J. W., Wang, S. S.-S., and Wu, C.-H. (2007)
Inhibition of amyloid fibrillization of hen egg-white lysozymes by
rifampicin and p-benzoquinone. Biotechnol. Prog. 23, 698–706.

39. Li, J., Zhu, M., Rajamani, S., Uversky, V. N., and Fink, A. L.
(2004) Rifampicin inhibits R-synuclein fibrillation and disaggre-
gates fibrils. Chem. Biol. 11, 1513–1521.

40. Xu, J., Wei, C., Xu, C., Bennett, M. C., Zhang, G., Li, F., and
Tao, E. (2007) Rifampicin protects PC12 cells against MPP

+-induced apoptosis and inhibits the expression of an R-synuclein
multimer. Brain Res. 1139, 220–225.

41. Tomiyama, T., Kaneko, H., Kataoka, K., Asano, S., and Endo, N.
(1997) Rifampicin inhibits the toxicity of pre-aggregated amyloid
peptides by binding to peptide fibrils and preventing amyloid-cell
interaction. Biochem. J. 322, 859–865.

42. Haataja, L., Gurlo, T., Huang, C. J., and Butler, P. C. (2007) Islet
amyloid in type 2 diabetes, and the toxic oligomer hypothesis.
Endocr. ReV. . (doi:10.1210/er.2007-037).

43. Harroun, T. A., Bradshaw, J. P., and Ashley, R. H. (2001) Inhibitors
can arrest the membrane activity of human islet amyloid polypep-
tide independently of amyloid formation. FEBS Lett. 507, 200–
204.

44. Abedini, A., and Raleigh, D. P. (2005) Incorporation of pseudopro-
line derivatives allow the facile synthesis of human IAPP; a highly
amyloidogenic and aggregation-prone polypeptide. Org. Lett. 7,
693–696.

45. Abedini, A., Singh, G., and Raleigh, D. P. (2006) Recovery and
purification of highly aggregation-prone disulfide-containing pep-
tides: Application to islet amyloid polypeptide. Anal. Biochem. 351,
181–186.

46. Benetton, S. A., Kedor-Hackmann, E. R. M., Santoro, M. I. R. M.,
and Borges, V. M. (1998) Reversed-phase high performance liquid
chromatographic determination of rifampin in the presence of its
acid-induced degradation products. J. Liquid Chromatogr. Relat.
Technol. 21, 3215–3221.

47. Furesz, S. (1970) Chemical and biological properties of rifampicin.
Antibiot. Chemother. 16, 316–351.

48. LeVine, H. (1995) Thioflavin T interactions with amyloid �-sheet
structures. Amyloid: Int. J. Exp. Clin. InVest. 2, 1–6.

49. Marek, P., Gupta, R., and Raleigh, D. P. (2007) The fluorescent
amino acid 4-cyanophenylalanine provides a non-invasive intrinsic
probe of amyloid formation. ChemBioChem . (in press).

50. Tucker, M. J., Oyola, R., and Gai, F. (2006) A novel fluorescent
probe for protein binding and folding studies: p-cyano-phenylala-
nine. Biopolymers 83, 571–576.

51. Aprilakis, K. N., Taskent, H, and Raleigh, D. P. (2007) Use of the
novel fluorescent amino acid p-cyano-phenylalanine offers a direct
probe of hydrophobic core formation during the folding of the
N-terminal domain of the ribosomal protein L9 and provides
evidence for two-state folding. Biochemistry 46, 12308–12313.

BI702518M

6024 Biochemistry, Vol. 47, No. 22, 2008 Meng et al.


