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It has been reported that more than 20 different human proteins can fold abnormally, resulting
in the formation of pathological deposits and several lethal degenerative diseases. Despite
extensive investigations on amyloid fibril formation, the detailed molecular mechanism remained
rather elusive. The current research, utilizing hen egg-white lysozymes as a model system, is
aimed at exploring inhibitory activities of two potential molecules against lysozyme fibril
formation. We first demonstrated that the formation of lysozyme amyloid fibrils at pH 2.0 was
markedly enhanced by the presence of agitation in comparison with its quiescent counterpart.
Next, via numerous spectroscopic techniques and transmission electron microscopy, our results
revealed that the inhibition of lysozyme amyloid formation by either rifampicin or its analogue
p-benzoquinone followed a concentration-dependent fashion. Furthermore, while both inhibitors
were shown to acquire an anti-aggregating and a disaggregating activity, rifampicin, in comparison
with p-benzoquinone, served as a more effective inhibitor against in vitro amyloid fibrillogenesis
of lysozyme. It is our belief that the data reported in this work will not only reinforce the findings
validated by others that rifampicin andp-benzoquinone serve as two promising preventive
molecules against amyloid fibrillogenesis, but also shed light on a rational design of effective
therapeutics for amyloidogenic diseases.

Introduction

The amyloidoses, a group of protein misfolding or confor-
mational diseases, arise when a constituent protein or peptide
undergoes a change in size or fluctuation in shape with resultant
self-assembly and tissue deposition. Up to now, at least twenty
different human proteins and peptides such asR-synuclein,â2-
microglobulin, amylin, andâ-amyloid have been isolated as the
fibrillar components of disease-associated amyloid deposits (1-
4). These amyloidogenic diseases individually have their unique
pathological, clinical, and biochemical characteristics, and their
corresponding amyloidogenic precursor proteins have unrelated
functions and exhibit little sequence or structural homology.
Despite extensive investigations on amyloid fibril formation,
the detailed molecular mechanism remained largely unknown.

Aggregation/fibril formation is generally regarded to be
associated with partially folded intermediate species that are
susceptible to self-association due to the exposure of hydro-
phobic core (5). Amyloid is considered a general term delineat-
ing protein aggregates, and structures of amyloids are recognized
to possess several tinctorial and physicochemical features in
common: exhibition ofâ-sheet rich secondary structure, fibrillar
morphology, birefringence upon staining with histological stain
Congo red, insolubility in most solvents, and protease resistance.
The pathological conformers resulted from an aggregation/
fibrillogenesis process in amyloidoses, which are rich in the
content of cross-â pleated sheet, and extensive protein fibrilli-
zation often occurs leading to an accumulation of the abnormally

folded proteins that correlate with cell death. The formation of
these pathological conformers is influenced by genetic muta-
tions, protein concentration, chaperones, and environmental
factors (6-9).

A growing number of evidence has indicated that amyloid
fibrillization is not only possible to a certain group of proteins
associated with amyloidoses. Nondisease-related proteins can
be induced in vitro to polymerize into amyloid fibrils under
certain favorable conditions such as heating, agitation, low pH,
pressure, and the presence of cosolvent (10-14). The formation
of fibrillar species in vitro from nondisease-associated proteins/
peptides is a theme that has been attracting renewed attention
(1, 15, 16).

Hen egg-white lysozyme (HEWL), an enzyme consisting of
129 amino acids that lyses the cell walls of bacteria, has been
comprehensively studied. The lysozyme monomer has four
disulfide bonds and adopts helix-rich conformation (∼30%
R-helix; ∼6% â-sheet) (17). While only∼40% of the hen egg-
white lysozyme is identical in sequence to the human lysozyme,
these two forms of lysozymes, nevertheless, retain a high degree
of structural homology. Recent studies have shown that, in
addition to human lysozyme, several other variants of lysozymes
are also capable of producing fibrillar species that exhibit
characteristics of amyloid fibrils resulted from the group of
proteins related to clinical amyloidoses (18-20).

While amyloidoses have been the center of intense research
efforts, no real cure is currently available toward treating the
diseases. Given the situation/condition that no real cure is
currently available toward treating the amyloidoses, inhibiting
the production of pathological fibrillar/aggregated conformers
or capturing these species has been by far envisaged as an
effective approach to tackling amyloidoses. Extensive efforts

* To whom correspondence should be addressed. Phone: 886-2-3366-
5870. Fax: 886-2-2362-3040. E-mail: sswang@ntu.edu.tw.

† National Taiwan University.
‡ Chung Shan Medical University.

698 Biotechnol. Prog. 2007, 23, 698−706

10.1021/bp060353n CCC: $37.00 © 2007 American Chemical Society and American Institute of Chemical Engineers
Published on Web 05/11/2007



have been directed toward seeking or developing anti-amy-
loidogenic/anti-aggregating agents as potential strategies to battle
amyloidoses (21, 22). Evidence that rifampicin andp-benzo-
quinone prevented the aggregation ofâ-amyloid, amylin, and
R-synuclein (23-25) prompted us to further examine their
influence on other proteins, such as the fibrillogensis of HEWLs.
Herein, via a number of spectroscopic techniques and transmis-
sion electron microscopy, we demonstrate that rifampicin and
its derivative,p-benzoquinone, possess anti-aggregating and anti-
amyloidogenic activities, which were found to be dependent
upon their concentrations and incubation time. Furthermore,
experiments with inhibitors added at later times showed that
both inhibitors possessed disaggregating activity against pre-
formed HEWL fibrils. Taken together, our results indicated that
rifampicin served as a more effective inhibitor in comparison
with p-benzoquinone against amyloid fibrillogenesis of HEWLs.
We believe that the data reported in this work will not only
reinforce the findings validated by others that rifampicin and
p-benzoquinone serve as two promising preventive molecules
against amyloid fibrillogenesis, but also shed light on a rational
design of potential therapeutics for amyloidogenic diseases.

Materials and Methods

Proteins and Reagents.Hen egg-white lysozyme (HEWL;
EC 3.2.1.17), purchased from Merck (Germany), was refriger-
ated on receipt and used without further purification. Hydro-
chloric acid (HCl) and dipotassium hydrogen phosphate (K2-
HPO4) were obtained from Merck (Germany). Potassium
dihydrogen phosphate (KH2PO4) and disodium hydrogen phos-
phate (Na2HPO4) were purchased from Showa Chemical, Co.,
Ltd (Japan). All other chemicals, unless otherwise specified,
were obtained from Sigma Chemical Co. (St. Louis, MO).

Lysozyme Sample Solution Preparation.Sample solutions
of 2 mg/mL HEWL were prepared by dissolving 0.1 g
lyophilized HEWL in 50 mL of hydrochloric acid (pH 2.0) with
salts (136.7 mM NaCl, 2.68 mM KCl). HEWL sample solutions
were first mixed via vortexing and then incubated in a
reciprocating shaker bath, with a rotation rate of 30 rpm, under
conditions of 55°C or 45 °C, during the course of the fibril
formation/aggregation process.

Thioflavin T Fluorescence (ThT) Assay.Phosphate buffered
saline (PBS) with 0.01 (w/v) % sodium azide was used to
dissolve thioflavin T (ThT) to a final concentration of 10µM.
Lysozyme samples (40µL) taken at different times were added
to 960µL of thioflavin T (ThT) solution and briefly mixed with
vortex. ThT fluorescence intensity measurements were per-
formed by exciting samples at 440 nm and recording emission
intensities at 485 nm using an F-2500 Fluorescence Spectro-
photometer (Hitachi, Japan). All measurements were taken in
triplicate.

Circular Dichroism Spectroscopy.Circular dichroism (CD)
spectra of lysozyme samples were recorded on a JASCO J-715
(150-S Type) spectrometer (Sunway Scientific Corporation) at
25 °C using a bandwidth of 2.0 nm with step interval of 0.1
nm and an averaging time of 2 s. A 0.1 cm quartz cell was
used for far-UV (200-260 nm) measurements. Three scans each
of duplicate samples were measured and averaged. Control
buffer scans were run in duplicate, averaged, and then subtracted
from the sample spectra. The results were plotted as ellipticity
(millidegree) versus wavelength (nm).

1-Anilinonaphthalene-8-sulfonic Acid (ANS)-Binding As-
say. Lysozyme samples (100µL; concentration) 2 mg/mL)
were mixed with 900µL of 10 µM 1-anilinonaphthalene-8-
sulfonic acid (ANS) dye in PBS with 0.01 (w/v) % sodium azide

and then incubated in the dark for 30 min at room temperature.
ANS fluorescence intensity measurements of mixtures taken at
different times were performed by exciting samples at 380 nm
and recording emission intensities from 420 nm to 580 nm using
an F-2500 fluorescence spectrophotometer (Hitachi, Japan). Slits
were adjusted to 5 and 10 nm for excitation and emission,
respectively. All measurements were repeated at least three
times. The representative ANS fluorescence intensity was taken
at the average emission wavelength (AEW), which accounts
for both changes in intensity and changes in the spectrum
envelope. The determination of AEW was carried out using the
following equation

whereFi is the ANS fluorescence intensity at wavelengthλi.
All measurements were taken in triplicate.

Transmission Electron Microscopy.A 10 µL sample was
placed on a carbon-stabilized, formvar-coated grid. Grids were
negatively stained with 2% (w/v) aqueous uranyl acetate
(Electron Microscopy Sciences, Hatfield, PA) and then exam-
ined and photographed in a JEOL, JEM-1230EXII transmission
electron microscope with Gantan Dual Vision CCD Camera
(Tokyo, Japan) at an accelerating voltage of 100 kV.

Congo Red Binding Assay.To assess the presence of
amyloid fibrils in the lysozyme solutions, Congo red binding
studies were performed. Congo red dye was dissolved in PBS
to a final concentration of 112µM. Congo red absorbances of
lysozyme sample solutions and the free dye controls were
determined by adding Congo red to a final concentration of 18
µM and acquiring spectral measurements from 400 to 700 nm
at 25 °C using a Spectronic Genesys 5 spectrophotometer
(Spectronic Instrument, U.S.A.) (26). Both the lysozyme solu-
tions and the control solutions were allowed to interact with
Congo red for at least 30 min prior to recording their spectra.
All measurements were taken in triplicate.

Data Evaluation of Amyloid Formation Kinetics. The data
from ThT fluorescence measurements were fitted by a sigmoidal
curve described by the following equation

whereF is the fluorescence intensity at timet, Fi the initial
fluorescence intensity,Ff the final fluorescence intensity,t the
incubation time, andt0 the time to reach 50% of maximal
fluorescence. The apparent rate constant for fibril growth is
given by 1/τ, and the lag time is determined to bet0 - 2τ.

Results

Effect of Agitation on Kinetics of HEWL Amyloid
Fibrillization. ThT is believed to interact rapidly and specifi-
cally with amyloid fibrils (27). Amyloid fibrillogenesis was
widely detected by the ThT fluorescence assay, in which the
increase in ThT fluorescence signal has been reported as an
important indicator of the presence of amyloid fibril (27). As
depicted in the inset of Figure 1A, in the absence of agitation,
no significant ThT fluorescence emission was observed until
∼10 days after the initiation of amyloid fibril formation at
55 °C. However, when dissolved in hydrochloric acid (pH 2.0)
with 30 rpm of agitation at 55°C, the HEWL solution was
observed to rapidly become visibly turbid and exhibited a
dramatic enhancement in ThT fluorescence intensity within∼2
days in comparison with its quiescent counterpart. To better

AEW ) (∑Fiλi)/(∑λi)

F ) Fi + mit +
Ff + mf t

1 + e-[(t-t0)/τ]
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appraise the effectiveness of inhibitors, the HEWL samples were
agitated in the following experiments.

Ample evidence suggests that the nucleation-based polym-
erization model has been widely employed to analyze phenom-
ena or behaviors with a sigmoidal time-course response curve,
in particular, the amyloid fibril formation process (28-32). The
two-phase nucleation-dependent polymerization behavior with
sigmoidal time-course response, sufficiently characterized by
two key parameters, the lag time of nucleation phase, and the
growth rate of elongation phase was utilized to fit ThT
fluorescence data (33, 34) (the fitting equation is described in
the Materials and Methods section). The lag time and the
apparent rate constant of fibril growth for HEWL at 55°C
without agitation were determined to be 5.55 day and 0.26
day-1, respectively, while 0.27 day and 9.20 day-1 for the case

with agitation at 30 rpm. Evidently, the presence of agitation
elevated the growth rate by about 35-fold and considerably
shortened the duration of lag phase prior to the rapid fibril
formation.

Effects of Rifampicin and p-Benzoquinone on HEWL
Fibril Formation. We first examined the influence of temper-
ature on the progression of HEWL fibril formation. As illustrated
in Figure 1A,B, the ThT fluorescence intensities of HEWLs
with no inhibitors at 55 and 45°C climbed up and reached the
maximum within∼2 and∼30 days, respectively. In addition,
the maximum fluorescence signal of HEWL at 55°C is more
than twice that at 45°C (see Figure 1A,B), implying that more
HEWL fibrils were acquired at 55°C. Similar experiments were
also performed at a lower temperature of 37°C. No perceptible
elevation in fluorescence intensity was observed even after 55
days of incubation (data not shown).

In exploring if rifampicin or its analoguep-benzoquinone
exerted an inhibitory activity against the formation of HEWL
fibrils at pH 2.0, we monitored the changes of ThT fluorescence
intensity at various concentrations of inhibitors as a function
of incubation period. We show in Figure 1A,B that both
rifampicin andp-benzoquinone at 55 or 45°C retarded HEWL
aggregation/fibril formation in a concentration-dependent fash-
ion. The inhibitory effect was found to drop as the concentration
of p-benzoquinone decreased from 1000µM to 100 µM, and
near-maximal inhibition was achieved withp-benzoquinone at
1000µM regardless of the temperature used (99.7% or 92.5%
decrease of ThT fluorescence relative to that of HEWL alone
at 55 or 45°C, respectively). Approximately 3-4 days after
the outset of incubation at 55°C, co-incubation of HEWL with
rifampicin at 10µM, 100µM, or 500µM was accompanied by
∼53.2%,∼96.7%, or∼98.9% reduction in ThT fluorescence
emission, respectively. When incubated at 45°C, the amyloid
fibril-induced ThT fluorescence signal at 45°C was decreased
by rifampicin from 97.9% (500µM) to 65.8% (10µM). Our
aforementioned results suggest that the best anti-amyloidogenic
potency was obtained with rifampicin in comparison with
p-benzoquinone.

Effects of Rifampicin and p-Benzoquinone on HEWL
Conformation. To retrieve insights regarding the molecular
mechanism of inhibition of HEWL fibrillogenesis by the
inhibitors, the CD spectroscopy was undertaken to follow the
structural property, the secondary structure in particular, as
aggregation/fibrillization proceed. HEWL solutions with or
without inhibitory agents were subjected to far-UV CD analysis,
and the time course of changes in the far-UV CD spectra of
samples at various inhibitor concentrations were determined.
Initially, the far-UV CD spectra of HEWL solutions without
and with inhibitors all displayed a similar spectrum with a
shoulder at∼222 nm and an absorption minimum at∼208 nm,
reflecting an R-helix-rich conformation (see Figure 2A,B).
Nevertheless, after aggregating for∼3-4 days at 55°C or
∼29-30 days at 45°C, an occurrence of structural transition
(R to â transition) along with a striking alteration in the relative
proportion of secondary structures was perceived for HEWL
alone (CD spectra not shown). The CD spectra obtained from
HEWL were observed to exhibit a characteristic pattern of
â-sheet-rich conformation, with an absorption minimum around
216 nm, clearly implying that the conformation of HEWL
species was predominatelyâ-structure. As depicted in Figures
2 and 3, relative to theâ-sheet-rich HEWL conformer, a
variation in the shape of the CD spectrum was detected upon
the addition of inhibitor at 55 or 45°C. A closer look at the
CD spectra obtained at 55°C revealed that a slight difference

Figure 1. The effect of rifampicin orp-benzoquinone on the kinetics
of amyloid fibril formation of hen egg-white lysozyme at (A) 55°C
and (B) 45°C with agitation at 30 rpm. The extent of fibril formation
was measured via ThT fluorescence as a function of incubation time
of fibril formation process. The concentrations of rifampicin used were
10, 100, and 500µM, and the concentrations ofp-benzoquinone used
were 100, 500, and 1000µM. The inset of Figure 1A depicts the kinetics
of amyloid fibril formation of hen egg-white lysozyme at 55°C without
agitation. TheY- andX-axes represent ThT fluorescence and incubation
time, respectively. Each point represents the average of at least five
independent measurements (n g 5).
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of spectrum was seen in HEWL samples plus lower concentra-
tion of p-benzoquinone (100µM) or rifampicin (10 µM).
Furthermore, this spectral variation became more dramatic as
the concentration of either one of the inhibitors increased. As
shown in Figure 2A,B that the negative peak in CD spectra at
∼218 nm disappeared when HEWLs incubated with 1000µM
p-benzoquinone or 500µM rifampicin after 6 days of the
process. Obviously, the presence ofp-benzoquinone at 1000
µM or rifampicin at 500µM markedly prevented a structural
transition from the nativeR-helix-rich HEWL conformer to
amyloidogenicâ-sheet-rich species. A similar trend was also
observed at later incubation times in the case of 45°C while
lower ellipticity signals were seen in the CD spectra relative to
the one at 55°C (see Figures 3A and 3B). Our results indicated
that the inhibitory potency possessed by these two inhibitors
against the formation ofâ-sheet-rich HEWL conformation was
in a concentration-dependent manner.

Effects of Rifampicin and p-Benzoquinone on HEWL
Structure. To elucidate the effect of inhibitors on the changes

in tertiary structure of HEWL, we analyzed the ANS fluores-
cence emitted at average emission wavelength upon excitation
at 380 nm with incubation time. The ANS fluorescent dye has
been frequently used to probe for conformational properties,
hydrophobicity in particular, in proteins (35-38). It has been
shown that, upon preferential binding to the hydrophobic
surfaces, the fluorescence intensity induced by ANS enhances
accompanying a blue shift in the wavelength of the emission
maximum, owing to the extent of the nonpolar nature of the
microenvironment of protein. We demonstrate in Figure 4A,B
that the incubation of HEWL in the absence of inhibitor led to
a pronounced enhancement in ANS fluorescence intensity as
well as a drastic blue shift in the wavelength of fluorescence
maximum, suggesting that HEWLs existed in a partially folded
state with extensive solvent-exposed hydrophobic surfaces. For
instance, ANS fluorescence signals were observed to be above
6000 units after 2 days of incubation at 55°C and after 28 days
of incubation at 45°C. However, in comparison with HEWLs
alone, fairly lower fluorescence intensities of ANS were emitted

Figure 2. (A) Representative CD spectra of hen egg-white lysozyme
with different concentrations ofp-benzoquinone (100, 500, and 1000
µM) at 55°C. (B) Representative CD spectra of hen egg-white lysozyme
with different concentrations of rifampicin (10, 100, and 500µM) at
55 °C. Hen egg-white lysozymes were dissolved in hydrochloric acid
(pH 2.0) with salt and the fibril formation process was accompanied
with agitation at 30 rpm.

Figure 3. (A) Representative CD spectra of hen egg-white lysozyme
with different concentrations ofp-benzoquinone (100, 500, and 1000
µM) at 45°C. (B) Representative CD spectra of hen egg-white lysozyme
with different concentrations of rifampicin (10, 100, and 500µM) at
45 °C. Hen egg-white lysozymes were dissolved in hydrochloric acid
(pH 2.0) with salt and the fibril formation process was accompanied
with agitation at 30 rpm.
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upon the addition ofp-benzoquinone or rifampicin irrespective
of the temperature used, implying that the exposure of hydro-
phobic regions was hampered due to the presence of either
inhibitor. It was also discovered from our data that the extent
of ANS-binding-competent exposed hydrophobic surface was
inversely positively correlated with the inhibitor concentration.
Optimal reductions in fluorescence intensities emitted upon ANS
binding at both temperatures were achieved whenp-benzo-
quinone at 1000µM and rifampicin at 500µM were used, that
is, the maximal percentage reductions in ANS fluorescence
intensity were 99.7% at 55°C and 92.5% at 45°C by 1000µM
p-benzoquinone and 98.9% at 55°C and 97.9% at 45°C by
500 µM rifampicin.

Effects of Rifampicin and p-Benzoquinone on HEWL
Morphology. The species formed from HEWL aggregation with
and without inhibitors were morphologically analyzed through
the transmission electron microscopy. Figure 5A,B,C shows the
representative electron micrographs of HEWL alone, HEWL
with 1000 µM p-benzoquinone, and HEWL with 500µM
rifampicin, respectively, after incubation for about 2 days at
55 °C. The micrograph in Figure 5A confirms the formation of

amyloid fibrils/aggregated species in aged HEWL samples (2
days after the outset of fibrillization) in the absence of any
inhibitor. No aggregated species/or fibrils were found in fresh
samples of HEWL with or without inhibitors (micrographs not
shown). Quantitatively, the aggregated/fibrillar HEWL species
were noticeably absent from micrographs of HEWL-inhibitor
mixtures (Figure 5B,C). Morphologically, as apposed to the
cases in the presence of inhibitors, sheet-like structures with

Figure 4. The effect of rifampicin or p-benzoquinone on the
hydrophobicity of hen egg-white lysozyme during the course of
aggregation at (A) 55°C and (B) 45°C. The time-course of hydrophobic
property of hen egg-white lysozyme was measured by ANS-binding
fluorescence at different incubation times. Data were presented as an
ANS fluorescence intensity taken at the average emission wavelength.
The concentrations ofp-benzoquinone used were 100, 500, and 1000
µM and the concentrations of rifampicin used were 10, 100, and 500
µM. Each point represents the average of at least five independent
measurements (n g 5).

Figure 5. Electron micrographs of negatively stained hen egg-white
lysozymes (A) without inhibitor after 2 days of aggregation; (B) with
1000 µM p-benzoquinone after 2 days of aggregation; and (C) with
500µM rifampicin after 2 days of aggregation. Lysozyme samples were
prepared in hydrochloric acid (pH 2.0) with salt and the fibril formation
process was accompanied with agitation at 30 rpm.
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larger cross-sectional area composed of fibril bundles were
discovered in HEWL fibril samples as seen in Figure 5A.
Comparable micrographic results were obtained for HEWL
samples with or without inhibitors after 2 days of incubation
(pictures not shown).

Effects of Rifampicin and p-Benzoquinone on HEWL
Disaggregation.To further assess the disaggregating abilities
of both inhibitors, we next raised the question as to whether,
once HEWL aggregation commenced, the addition of inhibitors
could disaggregate the HEWL fibrils. We aggregated HEWLs
under conditions analogous to those described previously and,
at later time points, added the inhibitors at optimal concentra-
tions determined from earlier experiments (rifampicin, 500µM;
p-benzoquinone, 1000µM). The influence of the added inhibi-
tors at 12 h after the launch of aggregation on HEWL
fibrillogenesis is illustrated in Figure 6A. The effect of 1000
µM of p-benzoquinone on the HEWL solutions, in comparison
to the solutions without inhibitors, yielded only∼43% and
∼12% of ThT fluorescence intensity at 2 and 7 days, respec-
tively, after the initiation of the aggregating process. However,
with the addition of 500µM rifampicin, a substantial decline
(g90%) in ThT signal was perceived 2 days after the onset of
fibril formation and no further decrease was detected even after
11 days of incubation. Later addition of the inhibitors at 24 h
after the start of aggregation was also tested (see Figure 6B).
No significant difference was observed between the data for
the addition of inhibitors at 12 h versus at 24 h. We also utilized
Congo red absorbance spectroscopy to probe for the presence
of crossâ-pleated sheet structure associated with amyloid fibrils.
Protein solutions containing amyloid fibrils shifted the spectral
properties of Congo red and exhibited a considerable increase
in absorbance at around 540 nm. As illustrated by the
representative Congo red difference spectra in Figure 6C, the
HEWLs alone after incubation for 9 days gave rise to a
substantial rise in absorbance (∼0.46) compared with that at
the native state (t ) 0). This is suggestive of the production of
an appreciable amount of amyloid fibrils. Conversely, either
one of the inhibitors, when added to HEWLs at 12 h or 24 h
after the start of the aggregation process, attenuated the increase
in absorbance intensity associated with HEWL fibril formation.
Moreover, this Congo red binding result indicated that a loss
in fibril content was observed in HEWLs under these conditions.
Therefore, our results showed that both inhibitors possessed a
disaggregating ability against the exiting HEWL aggregated
species/fibrils. In addition, further confirmation that the rifampi-
cin or p-benzoquinone-induced disaggregation of preformed
HEWL fibrils came from electron microscopy analysis (micro-
graphs not shown). Exposure of HEWL fibrils to either 500
µM rifampicin or 1000 µM p-benzoquinone resulted in a
markedly reduced amount of fibrillar species. Taken altogether
with our data from the previous sections, our findings evidently
suggested that, in the range of concentrations used, rifampicin
presented better anti-fibrillogenic/anti-aggregating and disag-
gregating properties thanp-benzoquinone.

Discussion
The amyloidoses are complex, multiform disorders character-

ized by the polymerization of normally innocuous and soluble
proteins/peptides into extracellular insoluble fibrils. More than
20 biochemically unique proteins have been isolated as the
fibrillar components of disease-associated amyloid deposits (1-
4). While these amyloidogenic proteins share little sequence or
structural homology, they all produce similar, straight, un-
branched amyloid fibrils with characteristic crossâ-sheet
structure and the ability to bind Congo red (8, 39-41).

Figure 6. The disaggregating abilities of rifampicin andp-benzo-
quinone on hen egg-white lysozyme fibrils. The effect of inhibitors
on hen egg-white lysozyme disaggregation was evaluated by
ThT fluorescence analysis (A, B) and Congo red binding
analysis (C). The relative ThT fluorescence intensity was defined
as the ratio between ThT fluorescence signal with inhibitor
addition and that without inhibitor at time t. Congo red
difference spectrum was obtained by subtracting the buffer
Congo red spectrum from sample Congo red binding spectrum.
Rifampicin at 500 µM or p-benzoquinone at 1000µM was
added at 12 or 24 h after the launch of aggregation on HEWL
fibrillogenesis.
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A variety of evidence suggests a strong connection between
amyloid fibril formation and disease pathology. The amyloid
fibrils or protofibrils derived from aggregatedâ-amyloid, â2-
microglobulin, atrial natriuretic peptide, and amylin have been
demonstrated to be cytotoxic in vitro (42-45). The cytotoxic
effects of these proteins/peptides have been inhibited by
compounds that bind to amyloid fibrils or inhibit fibril formation
(46-49). Furthermore, interestingly, accumulating evidence has
revealed that proteins unrelated to any amyloidogenic disease
aggregate in vitro to form amyloid fibrillar species (1, 15, 16).

A great body of evidence has suggested that reductions in
the formation of fibrillar species as well as the amount ofâ-sheet
structure contents have been considered as two promising
therapeutic approaches in impeding the development of amy-
loidoses. A number of compounds have been found to retard
the formation of aggregated or fibrillar species of amyloid
proteins both in vitro and in vivo. For example, reports have
demonstrated that various molecules such as alpha-crystallin
Hsp20, nicotine, nordihydroguaiaretic acid, surfactants, and
others delayed or prevented fibrillogenesis of amyloid proteins
(21, 22, 50).

Rifampicin is a semisynthetic bacteriocidal antibiotic derived
from a form of rifamycin that is obtained from fermentation of
Nocardia mediterranei. Rifampicin has been typically used to
treatMycobacteriuminfections such as leprosy and tuberculosis
(51, 52). The action of rifampicin is through the inhibition of
DNA-dependent RNA polymerase in bacterial cells by binding
its â-subunit, thus preventing transcription of mRNA and
subsequent translation to proteins (51, 52). Aside from these
aforesaid properties, rifampicin has also been shown to exert
inhibitory potency against the fibrillization/aggregation of a
number of amyloid proteins/peptides such asâ-amyloid peptide
of AD, amylin of type II diabetes mellitus, andR-synuclein of
Parkinson’s disease (23-25, 53). Li and co-workers found that
rifampicin not only inhibited fibrillization ofR-synuclein but
also disintegrated formed fibrils in a dose-dependent fashion.
The authors concluded that these inhibitory potencies were
correlated with preferential stabilization of monomeric as well
as oligomeric species (23). Via spectroscopic analyses and
cytotoxicity assay, Tomiyama and co-workers proposed a
rifampicin-induced inhibition against aggregation and neuro-
toxicity of â-amyloid peptides. In addition, this inhibitory
activity was suggested to be highly pertinent to the scavenging
ability of free radicals (25).

Previous studies demonstrated that rifampicin’s analogue,
p-benzoquinone, acquired the capability of intervening fibril
formation or cytotoxicity induced by amyloid proteins/peptides.
For instance, Tomiyama and co-workers, via the use of
immunofluorescence microscopy, demonstrated that the protec-
tive action of p-benzoquinone against amylin fibril-induced
toxicity was most likely attributed to the binding interaction
betweenp-benzoquinone and amylin aggregated/fibrillar species
(24). Moreover,p-benzoquinone has been reported to effectively
attenuate fibrillogenesis and neurotoxic effect ofâ-amyloid
peptides (25). Finally, with the aid of MS and NMR analyses,
it has been shown thatp-benzoquinone was able to suppress
the aggregation process ofR-synuclein (54).

We first demonstrated that, in the absence of inhibitors, the
rapid formation of HEWL fibrils was observed when the
samples were agitated. We then tested rifampicin andp-
benzoquinone for their effects on in vitro fibrillization of HEWL
in the presence of agitation. In line with the results from the
previous studies, the anti-amyloidogenic and anti-aggregating
actions against HEWL fibrillar species were also revealed in

our work. Reductions in fibril-induced ThT fluorescence signal
as well as ANS fluorescence emission were noted upon
preincubation with either one of the inhibitors and the declines
were highly correlated with the concentration of inhibitors. Our
CD measurements indicated that incubating HEWL with
rifampicin or p-benzoquinone shifted the secondary structure
to predominantly random coil structures and this structural
transition was also observed to follow an inhibitor concentration-
dependent manner. Furthermore, experiments using HEWLs
treated with the inhibitors at later times of the process showed
that both inhibitors presented a disaggregating activity against
existing HEWL fibrils. This disaggregating property has also
been pointed out in the study withR-synuclein (23). Evidently,
in the range of concentrations employed, our data revealed that
rifampicin served as a more efficient anti-fibrillogenic/anti-
aggregating and disaggregating agent thanp-benzoquinone.

It has been suggested that the presence of the naphthoquinone
structure of rifampicin accounted for its inhibitory activity
against â-amyloid peptide fibrillization (25); however, the
detailed mechanisms of the inhibitory action against the
aggregation or fibril formation of amyloid peptides/proteins
exerted by rifampicin and its derivatives remain largely un-
known. Further investigation is warranted to explore the
underlying mechanism(s) of the interaction between HEWL and
rifampicin or p-benzoquinone.

In summary, various spectroscopic techniques and transmis-
sion electron microscopy were used in this work to examine
the anti-amyloidogenic and disaggregating effects of two
potential inhibitory molecules, rifampicin andp-benzoquinone,
on in vitro HEWL fibrillogenesis. Under the agitation condition,
we have shown that rifampicin andp-benzoquinone exerted a
dose-dependent inhibitory activity againstâ-sheet formation and
aggregation, characteristics of amyloid fibril formation. Also,
disaggregating abilities against preformed fibrils were found on
both inhibitors. It is important to note that further research is
warranted to examine the roles of rifampicin andp-benzo-
quinone in preventing HEWL fibrillogenesis. While both
inhibitors perhaps serve as two model pharmacological agents
and their inhibition on HEWL fibril formation might be
somewhat different from that of the inhibitory action against
fibril formation within the in vivo system, we believe that the
outcome from this research will enable us, not only to
comprehend the mechanism(s) of amyloid protein, disease-
related or nondisease-related, self-association process, but also
to help develop potential targets for molecular therapeutics in
the prevention or delay of amyloid formation implicated in
amyloidogenic diseases.
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