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Abstract

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 far from complete. In this work,
utilizing hen egg-white lysozymes as a model system, two objectives were pursued: (1) to search for suitable conditions for producing amyloid
fibrils and (2) to investigate inhibitory activities of two potential molecules against lysozyme fibril formation. Via numerous spectroscopic analyses
and electron microscopy, our results showed that the formation of lysozyme amyloid fibrils at pH 2.0 was considerably increased by the addition of
salt. Moreover, the inhibition of lysozyme amyloid formation by either p-benzoquinone or melatonin followed a concentration-dependent fashion.
Furthermore, p-benzoquinone, in comparison with melatonin, served as a more effective inhibitor against amyloid fibril formation of lysozyme.
We believe that a better understanding of how hen egg-white lysozymes aggregate will not only aid in deciphering the molecular mechanism of

amyloid fibrillogenesis, but also shed light on a rational design of effective therapeutics for amyloidogenic diseases.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The amyloidoses are a group of protein misfolding or con-
formational diseases which arise when a constituent protein
or peptide undergoes a change in size or fluctuation in shape,
with resultant self-association and tissue deposition. Up to now,
more than 20 different human proteins and peptides, including
transthyretin, a-synuclein, 32-macroglobulin and (-amyloid,
have been isolated as the fibrillar components of disease-
associated amyloid deposits [12,24,25,30,48,59]. These amy-
loidogenic diseases individually have their unique neuropatho-
logical, clinical and biochemical characteristics and their cor-
responding amyloidogenic precursor proteins have unrelated
functions and exhibit little sequence or structural homology.
However, the molecular events underlying these disease pro-
cesses appear to be the same. The mechanism involves an aber-
rant structural transition in a normally innocuous and functional
protein [12,24,30,48,55,59]. Despite extensive investigations on
amyloid fibril formation, the detailed molecular mechanism
remained largely unknown.
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Aggregation/fibrillization is generally considered to be asso-
ciated with partially folded intermediate species that are sus-
ceptible to self-assembly owing to the exposure of hydrophobic
core [37]. The pathological conformers resulted from aggrega-
tion/fibrillization process in these protein misfolding diseases
are rich in the content of cross-B-pleated sheet and extensive
protein fibrillogenesis or aggregation often occurs leading to an
accumulation of the abnormally folded proteins that correlates
with cell death. The formation of these pathological conform-
ers is influenced by genetic mutations, protein concentration,
chaperones and environmental factors [6-8,22,24,30,54].

Mounting evidence has indicated that amyloid fibril forma-
tion is not only possible to a certain group of proteins associated
with amyloidogenic diseases. Proteins, for instance, glucagons,
synthetic poly-L-lysine, bovine serum albumin and myoglobin
that are not linked to any known amyloidogenic disease have
been induced in vitro to self-assemble into amyloid fibrils under
certain favorable conditions such as heating, low pH, agitation,
pressure and the presence of cosolvent [17,29,52,53]. The idea
that the formation of fibrillar species in vitro as a generic prop-
erty of peptides/proteins, even in non-disease associated ones,
is gaining renewed attention [1,4,9,12,13,23].

Hen egg-white lysozyme, an enzyme with 129 amino acids
that lyses the cell walls of bacteria, has been extensively stud-
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ied. Structurally, the monomeric form of the lysozyme has four
disulfide bonds and adopts mainly helical conformation (~30%
o-helix; ~6% B-sheet) [60]. Reports showed that, while only
~40% of the enzyme is identical in sequence to the human
lysozyme, which has been found to form amyloid fibrils that are
responsible for hereditary non-neuropathic systemic amyloido-
sis [44], these two forms of proteins, nevertheless, retain a high
degree of structural homology. Recent reports have found that, in
addition to human lysozyme, several other variants of lysozymes
are also capable of forming fibrillar species that present charac-
teristics of amyloid fibrils produced from the group of proteins
related to clinical amyloidoses [5,18-20,28].

In the current work, utilizing hen egg-white lysozymes as a
model system, attempts were made not only to seek out the
suitable conditions of producing amyloid fibrils, but also to
investigate the anti-amyloidogenic and anti-aggregating activ-
ities of potential molecules/compounds against the formation of
aggregated species or amyloid fibrils of lysozyme. Through tur-
bidity measurement, fluorescence spectroscopy with ThT dye,
circular dichroism absorption spectroscopy, Congo red binding
assay and electron microscopy, we first demonstrated that the
formation of hen egg-white lysozyme (HEWL) amyloid fib-
rils at acidic condition (pH 2.0) was considerably increased
by the addition of salt. Next, two potential amyloid inhibitors,
p-benzoquinone and melatonin, against HEWL fibrillogenesis
were tested in this study. Our results indicated that the inhibi-
tion of HEWL amyloid formation by either p-benzoquinone or
melatonin followed a concentration-dependent manner. More-
over, p-benzoquinone served as a more effective inhibitor in
comparison with melatonin against amyloid fibril formation of
HEWLs. We believe that a better understanding of how hen egg-
white lysozymes self-assemble will not only aid in deciphering
the molecular mechanism of amyloid fibrillogenesis, but also
shed light on a rational design of effective therapeutics for amy-
loidogenic diseases.

2. Materials and methods
2.1. Proteins and reagents

Hen egg-white lysozyme (HEWL; EC 3.2.1.17) was pur-
chased from Merck (Germany) and without further purification.
Hydrochloric acid (HCI) and di-potassium hydrogen phosphate
(K>2HPQO4) were obtained from Merck (Germany). Potassium di-
hydrogen phosphate (KH,PO4) and di-sodium hydrogen phos-
phate (Na,HPO4) were purchased from Showa Chemical, Co.
Ltd. (Japan). All other chemicals, unless otherwise specified,
were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Lysozyme sample solution preparation

Sample solutions of 2mg/mL. HEWL were prepared by
dissolving 0.1 g lyophilized HEWL in 50 mL of hydrochloric
acid (pH 2.0) with or without salts (136.7 mM NaCl, 2.68 mM
KCl). HEWL sample solutions were first mixed via vortexing
and then incubated at 55 °C during the course of fibril forma-
tion/aggregation process.

2.3. Turbidimetric aggregation analysis

Absorbance at 450 nm was monitored at different times dur-
ing the course of fibril formation/aggregation process. A 300 p.L
of lysozyme samples taken at different times were added to a
well of 96-well plate. The absorbance was measured using a
pQuant Microplate reader (Bio-Tek Instruments, VT, USA). In
order to well suspend the fibrillar species, the lysozyme sam-
ple solutions were mixed by vortexing prior to each absorbance
measurement. All measurements were taken in triplicate.

2.4. Thioflavin T fluorescence (ThT) assay

A 40 pL of lysozyme samples taken at different times were
mixed with 960 L of 10 uM thioflavin T (ThT) in phos-
phate buffered saline (PBS) with 0.01% (w/v) sodium azide.
ThT fluorescence intensity measurements were performed by
exciting samples at 440nm and recording emission intensi-
ties at 485 nm using a F-2500 Fluorescence Spectrophotometer
(Hitachi, Japan). All measurements were taken in triplicate.

2.5. Congo red binding assay

To assess the presence of amyloid fibrils in the calcitonin
solutions, Congo red binding studies were performed. Congo
red dye was dissolved in PBS to a final concentration of 112 pM.
Congo red absorbances of lysozyme sample solutions and the
free dye controls were determined by adding Congo red to a
final concentration of 18 wM and acquiring spectral measure-
ments from 400 to 700 nm at 25 °C using a Spectronic Genesys
5 Spectrophotometer (Spectronic Instrument, USA) [27]. Both
the lysozyme solutions 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.

2.6. Circular dichroism spectroscopy

Circular dichroism (CD) spectra of lysozyme samples were
recorded on aJASCO J-715 (150-S Type) spectrometer (Sunway
Scientific Corporation) at 25 °C using a bandwidth of 2.0 nm, a
step interval of 0.1 nm and an averaging time of 2s. A 0.01 cm
quartz cell was used for far-UV (190-260 nm) measurements.
Three scans each of duplicate samples were measured and aver-
aged. 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).

2.7. Transmission electron microscopy

A 20 pL sample was fixed for 5 min in 0.25% glutaraldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA) in PBS, pH
7.2. The sample was then placed on carbon stabilized, formvar
coated grids. Grids were negatively stained with 2% (w/v) aque-
ous uranyl acetate (Electron Microscopy Sciences, Hatfield, PA,
USA) and then examined and photographed in a JEOL, JEM-
1200EX II transmission electron microscope (Tokyo, Japan) at
an accelerating voltage of 80kV.
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3. Results and discussion

3.1. Effect of salt on HEWL aggregation kinetics and
amyloid fibril formation

The absorbance or turbidity of HEWL sample solutions mea-
sured at 450 nm was used as an indication of the degree of
aggregation. As depicted in Fig. 1A, the absorbance of HEWL in
hydrochloric acid (pH 2.0) with salt increased markedly during
the course of aggregation. In contrast, for the case of HEWL dis-
solved in hydrochloric acid (pH 2.0) without salt, no detectable
elevation in turbidity at 450 nm was observed even at 55 days
after the initiation of aggregation (see Fig. 1A). Therefore, our
turbidity measurements suggested that the addition of salt into
hydrochloric acid at pH 2.0 resulted in the production of larger
HEWL species.

ThT is believed to interact rapidly and specifically with amy-
loid fibrils [32] and an increase in ThT fluorescence intensity
has been reported as an important indicator of the presence of
amyloid fibril [32]. As seen in Fig. 1B, in the absence of salt,
no significant ThT fluorescence emission was observed over 55
days, indicating that amyloid fibrils were not produced during
the course of incubation. However, when dissolved in hydrochlo-
ric acid (pH 2.0) with salt, the HEWL solution was observed to
be visibly turbid and exhibited a dramatic increase in ThT flu-
orescence intensity as amyloid fibril formation progressed. In
addition, the two-phase nucleation-dependent polymerization
behavior with sigmoidal time-course response was observed
in HEWLs dissolved in hydrochloric acid (pH 2.0) with salt.
This nucleation-dependent polymerization phenomenon is suf-
ficiently characterized by two key parameters, the lag time of
nucleation (lag) phase and the growth rate of elongation phase.
The lag time and the growth rate for HEWL in hydrochloric acid
without salt were determined to be 32.14 day and 0.12day ™",
respectively, while 5.55 day and 0.26 day~! for the case with
salt addition. It was apparent that the existence of NaCl and KCl
elevated the growth rate by around two-fold and dramatically
shortened the duration of lag phase.

Congo red absorption spectroscopy was then utilized to probe
for the presence of cross-B-pleated sheet structure associated
with amyloids. We show in Fig. 2A and B that, relative to the
case in the hydrochloric acid solution alone, HEWLs solubilized
in the hydrochloric acid/salt solution shifted the spectral proper-
ties of Congo red and exhibited a second shoulder peak at around
540 nm, which is indicative of strong binding between HEWL
and Congo red dye and generation of appreciable amount of
amyloid fibrils (even after 52 days). Further confirmation that
the salt-induced HEWL fibrillization came from electron micro-
graphs of amyloid fibrils formed from HEWL in the absence and
presence of salt in the dissolving solvent (Fig. 3).

3.2. Effect of salt on HEWL conformation

To elucidate the role of salt in changes in structure of HEWL,
the CD spectroscopy was employed to investigate the informa-
tion of structural transition, the secondary structure in particular.
As can be seen in Fig. 4A, even at day 41 after the initiation
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Fig. 1. The effect of salt addition on kinetics of aggregation/fibril formation
of hen egg-white lysozyme. (A) The extent of aggregation was measured via
turbidity as a function of incubation time of aggregation. Lysozymes were dis-
solved in hydrochloric acid (pH 2.0) with salt (LHS) and without salt (LH).
Lysozyme samples aged for different time periods were then tested for aggrega-
tion. Data represent the mean turbidity measurement of at least five independent
experiments (n > 5). (B) The extent of fibril formation was measured via ThT
fluorescence as a function of incubation time of fibrillogenesis. Lysozymes were
dissolved in hydrochloric acid (pH 2.0) with salt (LHS) and without salt (LH).
Lysozyme samples aged for different time periods were then tested for fibril
formation. Data represent the mean ThT fluorescence measurement of at least
five independent experiments (1 > 5).

of aggregation, the CD spectra of HEWL in hydrochloric acid
(pH 2.0) alone showed a secondary structure with a shoulder
at ~222nm as well as an absorption minimum at ~208 nm,
reflecting an a-helix-rich conformation. However, the addition
of salt to HEWL permitted an occurrence of structural transition,
resulting in a striking alteration in the relative proportion of solu-
tion structure (Fig. 4B). The CD spectra obtained from HEWL
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Fig. 2. (A) Representative Congo red absorption spectra of hen egg-white
lysozyme dissolved in hydrochloric acid (pH 2.0) without salt taken at dif-
ferent incubation times (0, 8, 18, 52 and 72 days). (B) Representative Congo red
absorption spectra of hen egg-white lysozyme dissolved in hydrochloric acid
(pH 2.0) with salt taken at different incubation times (0, 4, 8, 18 and 52 days).

in hydrochloric acid in the presence of salt were observed to
exhibit a characteristic pattern of [3-sheet conformation with an
absorption minimum around 216 nm, clearly suggesting that the
conformation of HEWL species in hydrochloric acid/salt was
predominately (3-structure. Obviously, by comparing Fig. 4A
and B, the « to B transition in HEWL structure was drastically
induced upon treatment of salt.

Several lines of evidence suggest that the presence of salt
has an impact on the formation of amyloid species and aggre-
gates as well as their conformational change. It was found
by Wang et al. that suspending bovine calcitonin in salt solu-
tions (e.g. CaCl, and MgCl,) yielded peptide solutions with
enriched 3-sheet content, a critical feature/trait of amyloid pro-
teins/peptides [62]. Report also showed that the addition of
NaCl to HEWL-water—ethanol solution facilitated the fibril-
logenesis along with gel formation [20]. Moreover, Fujiwara
et al., employing various concentrations of NaCl along with
time-resolved neutron scattering, proposed a strong correlation
between the salt concentration and the structure of HEWL aggre-
gated species [19]. They further concluded that the structural
diversity of aggregated species was due to the variation in the
level of electrostatic shielding resulted from salt addition [19].

Our observations are in line with aforementioned and other
researches that the rate of association of amyloid proteins is
highly dependent on the presence of salt, implying the pivotal

250 nm

Fig. 3. Electron micrographs of negatively stained hen egg-white lysozyme.
Lysozyme sample was prepared in hydrochloric acid without (top) and with salt
(bottom) on day 52 after the initiation of aggregation.

role of electrostatic interaction in the process of HEWL fibril
formation. Possible explanation is as follows: due to the devia-
tion from the isoelectric point of HEWL (p/=~10.7) [46], the
experimental environment of pH 2.0 in the absence of salt led to
a surplus of charges on the surface of HEWL molecules, result-
ing in a lower probability of collisions between HEWLs as well
as the formation of aggregates/fibrils.

3.3. Effects of p-benzoquinone and melatonin on HEWL
fibril formation

In exploring if p-benzoquinone or melatonin exerted an
inhibitory action against the formation of HEWL fibrils at pH
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Fig. 4. (A) Representative CD spectra of hen egg-white lysozyme prepared in
hydrochloric acid at pH 2.0 without salt taken at different incubation times (0, 5,
13,27 and 41 days). (B) Representative CD spectra of hen egg-white lysozyme
prepared in hydrochloric acid at pH 2.0 with salt taken at different incubation
times (0, 5, 13, 27 and 41 days).
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Fig. 5. The effect of p-benzoquinone or melatonin on the kinetics of amyloid
fibril formation of hen egg-white lysozyme. The extent of fibril formation was
measured via ThT fluorescence as a function of incubation time of fibril forma-
tion process. The concentrations of p-benzoquinone and melatonin were set at
1000 and 500 pM, respectively. Each point represents the average of at least five
independent measurements (1 > 5).

2.0, we first monitored the changes of ThT fluorescence inten-
sity and Congo red binding spectra of HEWL in HCl/salt with
and without 500 uM melatonin or 1000 uM p-benzoquinone
as a function of incubation period. Our results showed that
p-benzoquinone at 1000 wM possessed an inhibitory potency
on HEWL fibril formation in HCl/salt solution, while this
effect was not observed in the case with melatonin at the
concentration of 500 uM. As illustrated in Fig. 5, the treat-
ment with p-benzoquinone at 1000 wM significantly reduced
the ThT fluorescence intensity emitted by HEWL; however,
there was little difference in ThT fluorescence signal observed
between the HEWL solutions with or without melatonin. As
a complementary measure of the presence of amyloid fib-
ril, Congo red binding to HEWL samples was performed.
Owing to the lack of shoulder peak at ~540 nm in the Congo
red absorbance spectra, no appreciable amount of amyloid
fibril was observed in the HEWL sample with 1000 uM p-
benzoquinone (Fig. 6A). In Fig. 6B, as opposed to the HEWL
sample with p-benzoquinone, an obvious absorption shoul-
der peak at ~540nm was found in the Congo red binding
spectra upon addition of melatonin, suggesting the superior
anti-amyloidogenic potency was found in p-benzoquinone over
melatonin.

06
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Fig. 6. (A)Representative Congo red binding spectra of hen egg-white lysozyme
dissolved in hydrochloric acid/salt (pH 2.0) with 1000 uM of p-benzoquinone
taken at different incubation times (0, 8, 18, 30 and 52 days). (B) Representative
Congo red binding spectra of hen egg-white lysozyme dissolved in hydrochloric
acid/salt (pH 2.0) with 500 wM of melatonin taken at different incubation times
(0, 8, 18, 30 and 52 days).
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Fig. 7. (A) Representative CD spectra of hen egg-white lysozyme dissolved
in hydrochloric acid/salt (pH 2.0) with 1000 uM of p-benzoquinone taken at
different incubation times (0, 5, 13, 27 and 41 days). (B) Representative CD
spectra of hen egg-white lysozyme dissolved in hydrochloric acid/salt (pH 2.0)
with 500 uM of melatonin taken at different incubation times (0, 5, 13, 27 and
41 days).

3.4. Effects of p-benzoquinone and melatonin on HEWL
conformation

The influence of p-benzoquinone and melatonin on the sec-
ondary structure transitions in HEWL is illustrated in Fig. 7A
and B, respectively. The far-UV CD spectra of HEWL solutions
with and without melatonin (500 wM) both exhibited -sheet-
rich conformation, suggesting that little or no inhibitory effect
on HEWL conformation was possessed by 500 uM melatonin
(see Figs. 4B and 7B). However, the presence of 1000 uM p-
benzoquinone evidently prevented a structural transition from
the native a-helix rich HEWL conformer to amyloidogenic 3-
sheet rich species (see Fig. 7A).

3.5. Concentration-dependent effects of melatonin and
p-benzoquinone on HEWL fibril formation

Through ThT fluorescence measurements, we further investi-
gated the dependence of concentration levels of p-benzoquinone
or melatonin on the HEWL fibril generation at fibrillogenesis
favorable condition (pH 2.0 with salt). As seen in Fig. 8A, p-
benzoquinone retarded HEWL aggregation/fibril formation in
a concentration-dependent manner. The inhibitory effect was
decreased as the concentration of p-benzoquinone dropped from
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Fig. 8. The effect of dosage of (A) p-benzoquinone and (B) melatonin on
amyloid fibril formation of hen egg-white lysozyme as monitored by ThT flu-
orescence. Five (10, 100, 200, 500 and 1000 wM) and four (100, 500, 1000
and 5000 uM) different concentration levels are used for p-benzoquinone and
melatonin, respectively.

1000 to 10 wM and near-maximal inhibition was reached with p-
benzoquinone at 1000 wM (95.6% decrease of ThT fluorescence
relative to that of HEWL with salt). As for melatonin, no notice-
able anti-amyloidogenic action was observed below the con-
centration of 1000 uM while marked preventive effect became
discernible at concentrations above 1000 uM (Fig. 8B). For
instance, after 30 days of incubation, the percentage reductions
of ThT fluorescence by melatonin at 500, 1000 and 5000 uM
were approximately 20.2%, 55.3% and 48.9%, respectively.
The best anti-amyloidogenic inhibitory effect was obtained with
1000 oM melatonin. Similar conclusions can also be drawn from
our Congo red binding data (data not shown).

In order to retrieve insights in regards to protein struc-
tural transition, the effects of melatonin and p-benzoquinone
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Fig. 9. The effect of dosage of (A) p-benzoquinone and (B) melatonin on 3-
sheet secondary structure content of hen egg-white lysozyme as monitored by
CD ellipticity at 216 nm. Ellipticities at 216 nm were taken from the CD absorp-
tion spectra. Five (10, 100, 200, 500 and 1000 uM) and four (100, 500, 1000
and 5000 uM) different concentration levels are used for p-benzoquinone and
melatonin, respectively.

on HEWL structural transition, in particular the -sheet con-
formation, were demonstrated by the change of the CD ellip-
ticities at 216 nm. As depicted in Fig. 9A, the ellipticity at
216 nm of HEWL sample dropped over time at 55 °C, indicat-
ing a decrease of (3-sheet secondary structure in the presence
of p-benzoquinone. In addition, this reduction in 3-conformer
content became dramatic with increasing concentration of p-
benzoquinone from 10 uM up to 1000 uM. However, HEWL

sample (pH 2.0) with salt plus 100 or 500 uM of melatonin
possessed similar secondary structure conformation to that of
HEWL (pH 2.0) alone with salt. Melatonin started to exert an
inhibitory potency against the formation of 3-sheet structures
when the concentration was higher than 500 uM (e.g. 1000 and
5000 puM).

Previous studies demonstrated that p-benzoquinone acquired
the capability of preventing fibril formation of amyloid pro-
teins/peptides. Examples of such studies include amylin in type
II (non-insulin-dependent) diabetes mellitus, A3 in Alzheimer’s
disease [57,58], a-synuclein in Parkinson disease [33]. In addi-
tion, Tomiyama and co-workers, via the use of immunofiuo-
rescence microscopy, proposed that the preventive action of
p-bezoquinone against amylin fibril-induced toxicity was most
likely achieved through the binding between p-bezoquinone and
amylin aggregated species. These anti-aggregating and anti-
amyloidogenic potencies against HEWL fibrillar species were
also observed in our results.

Melatonin (N-acetyl-5-methoxytryptamine) is an endoge-
nous neurohormone, produced especially at night in the pineal
gland. Its secretion is stimulated by the dark and inhibited by
light [3]. It was shown that the melatonin served as a potent
anti-oxidant and free radical scavenger [2,47]. Ample evidence
indicated that melatonin alleviated the learning and memory
deficits in the transgenic mouse model [14], diminished AR-
elicited apoptosis [15,16,21,49].

Apart from these above-stated properties, melatonin was
shown to retard the progressive formation of amyloid fibrils
and 3-sheets of A3 species in Alzheimer’s disease [26,43,45].
Pappolla et al. concluded that the salt bridges between the side
chains of His* and Asp™ residues of AR, which was suggested to
be pivotal to the formation and stabilization of (3-sheet confor-
mation, was disrupted by melatonin [43]. Furthermore, more
profound inhibition on A fibrillogenesis by melatonin was
observed in the presence of apoE allele [45]. The two afore-
mentioned studies also proposed that this melatonin-induced
inhibition was dependent on structural characteristics rather than
on anti-oxidant properties of melatonin [43,45]. In line with
the previous results from other studies, our data also revealed
that melatonin, at concentrations higher than a certain value,
exerted an inhibitory action against the formation of (3-sheet
structures in comparison to all other conditions. Evidently, in
the range of concentrations employed, p-benzoquinone served
as a better anti-fibrillogenic/anti-aggregating agent than mela-
tonin. Further research is warranted to examine the underlying
mechanism(s) of the interaction between HEWL and melatonin
or p-benzoquinone.

4. Conclusions

At least 20 different disease-related proteins or pep-
tides including -amyloid, amylin, 32-macroglobulin and o-
synuclein have been reported to fold abnormally to form
amyloid fibrils leading to their accompanying pathologies
[12,24,25,30,48,50,51,59]. These various proteins and peptides
share no obvious similarities in amino acid composition and
sequence, yet they are able to self-assemble into fibrils with a
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characteristic cross-f3-sheet structure. In addition, interestingly,
accumulating evidence has indicated that proteins unrelated to
any amyloidogenic disease aggregate in vitro to form amyloid
fibrillar species [17,29,52,53].

Significant numbers of studies suggest that reductions in the
inhibition of fibril formation as well as the amount of 3-sheet
structure contents are considered as two promising therapeutic
approaches in hampering the development of amyloidogenic dis-
eases. A variety of compounds have been reported to retard the
formation of aggregated or fibrillar species of amyloid proteins
both in vitro and in vivo. For example, evidence showed that var-
ious molecules such as alpha-crystallin Hsp20, nicotine, nordi-
hydroguaiaretic acid, rifampicin and others slowed or inhibited
fibrillogenesis of 3-amyloid peptides [10,11,31,38-43,56]. Fur-
thermore, several synthesized compounds as well as surfactants
[34-36,61] were also found to prevent or delay fibril formation.

In closing, numerous spectroscopic analyses and transmis-
sion electron microscopy were used in this work to (1) monitor
the HEWL aggregation kinetics with and without salt and (2)
assess the anti-amyloidogenic and anti-aggregating abilities of
two potential inhibitors, p-benzoquinone and melatonin. This
study not only seeks for the favorable condition for growing
HEWL fibrils but also explores the inhibitory action of two
inhibitors on in vitro HEWL fibrillogenesis. Our findings have
demonstrated that the formation of large extent of HEWL fib-
rils was attributed to the addition of salt. We have also shown
that p-benzoquinone and melatonin exerted a dose-dependent
inhibitory activity against 3-sheet formation and aggregation,
characteristics of amyloid fibril formation. It is noteworthy to
point out that further verification of the role of inhibitors in
preventing HEWL fibrillogenesis is still under investigation.
Nevertheless, it is our belief that the outcome from this work will
enable us, not only to comprehend the mechanism(s) of amyloid
protein, disease-related or non-disease-related, self-association
process, but also to aid in developing potential targets for molec-
ular therapeutics in the prevention or retardation of amyloid
formation implicated in amyloidogenic diseases.
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