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At least twenty human proteins can fold abnormally to form pathological deposits that are associated with
several degenerative diseases. Despite extensive investigation on amyloid fibrillogenesis, its detailed
molecular mechanisms remain unknown. This study is aimed at exploring the inhibitory activity of curcumin
against the fibrillation of hen lysozyme. We found that the formation of amyloid fibrils at pH 2.0 in vitro was
inhibited by curcumin in a dose-dependent manner. Moreover, quenching analysis confirmed the existence
of an interaction between curcumin and lysozyme, and Van't Hoff analysis indicated that the curcumin-

'f;;v(ﬁ?,ﬁ lysozyme interaction is predominantly governed by Van Der Waals force or hydrogen bonding. Curcumin was
Amyloid fibril also found to acquire disaggregating ability on preformed lysozyme fibrils. Finally, we observed that
Curcumin curcumin pre-incubated at 25 °C for at least 7 days inhibited lysozyme fibrillogenesis better than untreated
Amyloidosis curcumin and the enhanced inhibition against HEWL fibrillation might be attributed to the presence of
Inhibitor

dimeric species.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

More than twenty different human peptides/proteins have been
identified to fold abnormally to form pathological amyloid deposits/
aggregates that have been implicated in various degenerative
disorders called amyloidoses. While these unrelated amyloidogenic
proteins demonstrate no sequence homology, all of them possess
several common features: a [3-sheet rich secondary structure, fibrillar
morphology, and birefringence upon staining with Congo red [1-4].
Furthermore, accumulating evidence has revealed that proteins
unrelated to amyloid diseases can aggregate in vitro to form amyloid
fibrils [1,5-7]. The concept that amyloidogenicity is a general property
of proteins has received renewed attention [1,8,9].

While amyloid-related diseases are at the center of intense
research efforts, no real cure is currently being directed toward
treating the diseases. Inhibition of the formation of fibrillar con-
formers and the capture of these species are viewed as effective
approaches to tackling amyloidoses. Considerable efforts have been
devoted to developing anti-aggregating or anti-amyloidogenic agents
as potential strategies to battle amyloidoses [10,11]. Previous reports
demonstrating that curcumin inhibits the aggregation of B-amyloid
and a-synuclein [12-14] prompted us to further explore its influence
on the fibrillation of other proteins; for example, hen egg-white
lysozyme (HEWL).

HEWL, which can lyse the cell walls of bacteria, is a well-studied
protein. Its monomeric form has four disulfide bonds and adopts a
helix rich conformation [15]. HEWL retains a structure highly
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homologous to human lysozyme, which is responsible for the
formation of systemic amyloidosis in the human body [16,17].

In this study, we attempted to investigate the influence of
curcumin on the in vitro fibrillation of HEWL. Our results indicated
that the anti-amyloidogenic activity against lysozyme fibrillation
exerted by curcumin is dependent on its concentration. As evidenced
by Van't Hoff analysis, a Van der Waals and/or hydrogen bonding
effect was found to likely govern curcumin-HEWL interactions [18]. In
addition, we observed that curcumin can disaggregate existing HEWL
fibrils. Interestingly, curcumin that is pre-incubated at 25 °C for
1 week exhibits better inhibitory activity towards lysozyme aggrega-
tion as compared to untreated curcumin. This superior inhibitory
potency of pre-incubated curcumin was highly associated with
curcumin dimeric species formed during the course of its pre-
incubation. Our data may contribute to the development of effective
therapeutics for amyloidogenic diseases.

2. Experimental
2.1. Proteins and reagents

HEWL (EC 3.2.1.17) and di-sodium hydrogen phosphate were
obtained from Merck (Germany). Hydrochloric acid, potassium di-
hydrogen phosphate, sodium chloride, and potassium chloride were
purchased from Nacalai Tesque, Inc (Japan). All other chemicals,
unless otherwise specified, were purchased from Sigma (USA).

2.2. Lysozyme sample preparation

HEWL sample solutions of 0.5 mg/mL were prepared in hydro-
chloric acid (pH 2.0) with 136.7 mM NaCl, 2.68 mM KCl and 0.01%
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(w/v) NaNs. To produce the amyloid structure, HEWL solutions were
incubated in a reciprocating shaker bath with a rotation rate of 30 rpm
at 55 °C during the course of aggregation. Due to its light-sensitive
nature, curcumin-containing HEWL samples were placed in the dark
to protect them from light exposure.

2.3. Thioflavin T fluorescence (ThT) assay

Phosphate buffered saline (136.7 mM Na(l, 2.68 mM KCl, 0.01 M
Na;HPO4, 1.76 mM KH,PO4, and 1.54 mM NaNs, pH 7.4) was used to
dissolve ThT to a final concentration of 10 pM. Lysozyme samples
taken at different times were diluted 25-fold with ThT solution. ThT
fluorescence measurements were conducted by exciting samples at
440 nm and recording the emission intensities at 490 nm averaged
over 60 s on an F-2500 fluorescence spectrophotometer (Hitachi,
Japan). The data were fit to the following equation [19]:

F=Ftmt+ o

(1)

where F is the fluorescence intensity at time t, and t, is the time to
reach 50% of maximal fluorescence. (F; +m;t) and (Fs+ myt) represent
the initial base line corresponding to the induction period and final
plateau line, respectively. The apparent rate constant for fibril growth
is given by 1/7, and the lag time is determined by t,—2T.

2.4. Intrinsic fluorescence

Steady state intrinsic fluorescence spectrum were monitored with
a Cary Eclipse Fluorescence Spectrophotometer (Varian, USA) using a
quartz cuvette with a path length of 0.1 cm. The measurements were
recorded between 300 and 400 nm by exciting the samples at 280 nm.
40 pL of 0.5 mg/mL lysozyme samples with various concentration of
curcumin were mixed with 960 pL of hydrochloric acid.

2.5. 1-Anilinonaphthalene-8-sulfonic (ANS) acid binding assay

100 pL of lysozyme samples were mixed with 900 pL of 20 uM ANS
in PBS and incubated in the dark for 30 min at room temperature. ANS
fluorescence intensities of mixtures taken at different times were
measured by exciting the samples at 380 nm and recording the
emission intensities between 420 nm and 580 nm using an F-2500
Fluorescence Spectrophotometer (Hitachi, Japan). ANS fluorescence
intensity was taken at the average emission wavelength (AEW), which
accounts for both changes in intensity and spectrum envelope. The
determination of AEW was carried out using the following equation:

AEW = (3FN) / (3F;) 2)
where F; is the ANS fluorescence intensity at wavelength A;.
2.6. Fluorescence quenching experiment

The lysozyme concentration of the lysozyme-curcumin mixture
was 35 pM, while the concentration of curcumin was varied from 0 to
50 pM. The pH of the mixture was 2.0 and the mixture was kept at a
constant temperature ranging from 10 to 55 °C. The fluorescence
quenching spectra of the lysozyme-curcumin mixture were collected
by exciting samples at 280 nm and recording emission intensities from
300 to 450 nm using a Cary Eclipse Fluorescence Spectrophotometer
(Varian, USA). Fluorescence quenching data were analyzed according
to the Lehrer equation [20]:

B
1-p

— FO — FL-Cur

K[Cur] = Fo —F
max

B €)

where K denotes the binding constant, [Cur] is the concentration of
quenching agent or quencher (curcumin), and Fy and F.cyr are the
fluorescence intensities without and with curcumin, respectively.

2.7. Transmission electron microscopy

A 10 pL sample was placed on a carbon-stabilized, formvar-coated
grid. Grids were negatively stained with 2% (w/v) aqueous uranyl
acetate and then examined and photographed in a JEOL, JEM-1230EX
II transmission electron microscope with a Gantan Dual Vision CCD
Camera (Tokyo, Japan) at an accelerating voltage of 100 kV.

3. Results
3.1. Influence of curcumin on the kinetics of HEWL fibril formation

ThT has a low fluorescence quantum yield in solution which
increases considerably when bound to amyloid fibrils, displaying its
high propensity to interact with amyloid fibrils [21]. As illustrated in
Fig. 1A, a marked increase in the ThT fluorescence emission was
observed after approximately 2-3 days of incubation with HEWL
alone in hydrochloric acid (pH 2.0) with agitation at 30 rpm.

To explore if curcumin exerts inhibitory activity against the
formation of HEWL fibrils at pH 2.0, we monitored the changes in ThT
fluorescence intensity at various concentrations of curcumin as a
function of time (shown in Fig. 1A). Also, the plateau value of emitted
ThT fluorescence intensity was plotted against the concentration of
curcumin and depicted in Fig. 1B. As demonstrated in Fig. 1A,
approximately 3 days after the onset of incubation at 55 °C, co-
incubation of HEWL with curcumin at 1, 2, 3, 5, 7, 10, 25, 50, or 100 pM
was accompanied by ~3.5+3.8%, ~4446.8%, ~11.7+£5.1%, ~34.3 £+
5.3%,~41.7 +4.5%,~57.2 £ 2.8%,~73.4 £ 1.8%,~81.54+-0.7%, or ~87.7 &+
0.8% reduction in the ThT fluorescence emission, respectively (the
percentage reduction in ThT fluorescence intensity =100%x (ThT
fluorescence intensity of HEWL by itself — ThT fluorescence intensity
of curcumin-containing HEWL sample) / ThT fluorescence intensity of
HEWL by itself). The ThT fluorescence signal dropped as the curcumin
concentration was increased from 1 pM to 100 M. Among the curcumin
concentrations tested, a marked reductions (>80% reduction) in ThT
fluorescence emission was achieved at concentration of curcumin
higher than 50 uM and almost no change in ThT fluorescence intensity
was observed when the concentration of added curcumin was lower
than 2 puM even after 6 days of incubation (see Fig. 1B).

The ThT fluorescence data of amyloid fibrillation exhibits a
sigmoidal time-course response that can be analyzed by the
nucleation-based polymerization model (the fitting equation is
described in the Experimental section) [22-24]. The nucleation-
dependent polymerization model could be sufficiently characterized
by two parameters: the lag time of nucleation phase and the growth
rate of elongation phase [19,25]. The lag time and the apparent rate
constant of fibril growth for HEWL at 55 °C alone were determined to
be 2.42 days and 29.09 days™ ', respectively. However, the presence of
curcumin resulted in ~80-90% decrease in growth rate and a shorter
lag time prior to rapid fibril formation.

3.2. Influence of curcumin on HEWL structure

In exploring the effect of curcumin on tertiary structure changes in
HEWL, we analyzed ANS fluorescence emitted at the average emission
wavelength upon excitation at 380 nm, at various incubation times.
The fluorescent hydrophobic dye ANS is commonly utilized to
demonstrate the presence of partially folded conformations of
globular proteins and probe for conformational properties and solvent
exposure of the hydrophobic surfaces in proteins [26-28]. The
preferential binding of ANS to hydrophobic clusters gives rise to an
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Fig. 1. The effect of curcumin on the kinetics of amyloid fibril formation of HEWL.
(A) The extent of fibril formation was monitored via ThT fluorescence as a function of
incubation time of the fibril formation process. The concentrations of curcumin used
were 0 puM (filled circle), 1 uM (open circle), 2 nM (filled square), 3 uM (open square),
5 uM (filled upward triangle), 7 utM (open upward triangle), 10 uM (filled diamond),
25 pM (open diamond), 50 pM (filled downward triangle) and 100 pM (open
downward triangle). (B) The dose-response curve plotting the plateau value of ThT
fluorescence intensity of HEWL sample against the curcumin concentration. HEWL at
35 pM were dissolved in hydrochloric acid (pH 2.0) with salt and amyloid fibril
formation process was performed at 55 °C. Each point represents the average of at least
5 independent measurements (n1>5).

enhancement in fluorescence emission accompanying a blue shift of
the spectral maximum [26,27,29].

We show in Fig. 2A and B that the incubation of HEWL without
curcumin led to a pronounced enhancement in ANS fluorescence
intensity and a drastic blue shift in the average emission wavelength
(AEW), suggesting that more solvent-exposed hydrophobic regions
were formed in HEWL, probably due to conformational changes in the
protein leading to a partial loss of tertiary structure. However, in
comparison with HEWL alone, decreasing fluorescence intensities of
ANS were emitted and increasing red shifts in AEW were observed
upon addition of curcumin ranging from 1 to 100 pM. This implied
that the exposure of hydrophobic regions was hampered and ANS was
being displaced into a more polar environment upon addition of
curcumin. Moreover, the dose-response curve plotting the plateau
value of the emitted ANS fluorescence intensity against the curcumin
concentration was depicted in Fig. 2C.

Intrinsic fluorescence of protein, mostly owing to a highly
sensitivity of fluorescence of tryptophans to their microenvironment,
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Fig. 2. The effect of curcumin on the hydrophobicity of HEWL fibrillation. The time
evolution of the hydrophobicity of HEWL was measured by (A) ANS-binding
fluorescence at different incubation times, (B) average emission wavelength at different
incubation times. ANS fluorescence intensity was taken at the average emission
wavelength. The concentrations of curcumin used were 0 pM (filled circle), 1 uM (open
circle), 2 uM (filled square), 3 tM (open square), 5 uM (filled upward triangle), 7 pM
(open upward triangle), 10 uM (filled diamond), 25 uM (open diamond), 50 uM (filled
downward triangle) and 100 uM (open downward triangle). (C) The plateau value of
ANS fluorescence intensity of HEWL sample versus the curcumin concentration. HEWL
samples (35 uM) were prepared in hydrochloric acid (pH 2.0) with salt and amyloid
fibril formation process was performed at 55 °C. Each point represents the average of at
least 5 independent measurements (n>5).
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has been widely employed in the research works on ligand binding,
folding-unfolding, protein conformational changes [30-32]. To
further understand the effect of curcumin on conformational changes
in HEWL, the intrinsic fluorescence spectra of samples were also
recorded. To avoid the inner filter effect [33], the samples were diluted
25-fold with hydrochloric acid before the measurement so that the
absorbance of samples at the excitation wavelength 280 nm would be
below 0.1. It was found that all HEWL samples (with or without
curcumin) exhibited similar intrinsic fluorescence spectra before fibril
formation (at t=0) (spectra not shown, intrinsic fluorescence
intensities are shown in Fig. 3, curve 1), which ruled out the
possibility of quenching due to the presence of curcumin. As depicted
in Fig. 3, curve 2, a reduction in the maximum intrinsic fluorescence
intensities was obtained in the fibrillar HEWL samples without
curcumin (e.g., aged for 99 h), probably attributed to the quenching
of solvent-exposed tryptophan residues by water during the fibril
formation [32]. However, the pronounced decrease in the steady state
intrinsic fluorescence intensity at the emission maximum was
positively correlated with the concentration of curcumin. It was
concluded from our intrinsic fluorescence and ANS fluorescence
findings that more tryptophans remained buried inside and less
water-exposed hydrophobic region was obtained in HEWL samples
with curcumin, evidently suggesting that the conformation (or
tertiary structure) of HEWL was markedly affected by the presence
of curcumin.

3.3. Influence of curcumin on preformed HEWL fibrils

In order to determine the impact of curcumin on the preformed
HEWL fibrils, we aggregated HEWLs under conditions analogous to
those described previously for 6 days and then added curcumin at
different concentrations. The effect of curcumin on existing HEWL
fibrils is illustrated in Fig. 4A. The fluorescence intensities observed
were not significantly different among the untreated HEWL samples
for 6 days following incubation (p>0.5) (solid bars in Fig. 4A).
However, our data showed that a substantial decline in ThT-induced
fluorescence was perceived immediately upon the addition of
curcumin to the sample containing preformed HEWL fibrils. For
example, ~2 days after the addition of curcumin, the percentage
reduction in ThT fluorescence by curcumin at 10, 25, 50, or 100 pM was
approximately 77 4-3.9%, 88 40.7%, 93 +-0.2%, or 92 + 1.6%, respec-
tively. We also utilized fluorescence spectroscopy combined with ANS
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Fig. 3. Steady state fluorescence emission intensities of HEWL samples as a function of
incubation time and curcumin concentration. The fluorescence emission intensities of
various HEWL samples were taken at the emission wavelength of 340 nm by exciting at
280 nm. The intrinsic fluorescence intensity of HEWL sample taken at 0 h (curve 1) or
99 h (curve 2) was plotted against the curcumin concentration used.
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Fig. 4. The effect of curcumin on preformed HEWL fibrils. (A) ThT fluorescence
emissions of 6-day preformed lysozyme fibrils in the presence of different curcumin
concentrations (1: 0 pM, 2: 10 pM, 3: 25 uM, 4: 50 uM, and 5: 100 pM). Data represent
the mean ThT fluorescence measurement of at least five independent experiments
(n>6). Error bars represent the standard deviation (S.D.) of the ThT fluorescence
measurement. *Indicates that the decrease in ThT fluorescence emission of preformed
HEWL fibrils upon exposure to curcumin relative to the preformed HEWL fibrils was
significant (p<0.05). (B) ANS fluorescence spectra of preformed lysozyme fibrils in the
presence of different curcumin concentrations (curve 1: 0 pM, curve 2: 10 pM, curve 3:
25 pM, curve 4: 50 uM, and curve 5: 100 uM). HEWL (35 uM) was prepared in
hydrochloric acid (pH 2.0) with salt at 55 °C and incubated for 6 days to generate
preformed HEWL fibrils.

to probe for changes in surface hydrophobicity of preformed fibrils
with or without curcumin. As depicted by the representative ANS
fluorescence spectra in Fig. 4B, the fluorescence emission intensities
were markedly attenuated and the spectra were shifted towards
longer wavelengths, by at least 25 nm, upon incubation of curcumin
with preformed fibrils.

3.4. Influence of curcumin on HEWL morphology

In parallel with the spectroscopic analyses, the species formed
from incubation with and without curcumin were morphologically
analyzed with transmission electron microscopy. Fig. 5A, B, and C
show representative electron micrographs of HEWL by itself, HEWL
with 50 uM curcumin, and preformed HEWL fibrils (6 days old) with
subsequent addition of 50 pM curcumin, respectively. No aggregated/
fibrillar species were found in fresh samples of HEWL (micrographs
not shown).
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Our observations confirmed that amyloid fibrils/aggregated
species were formed in preformed HEWL samples (6 days after the
initiation of fibrillation) in the absence of any additional molecules
(see Fig. 5A). A close examination on EM micrographs revealed that
preformed HEWL preparations possessed long needle-like species
reminiscent of typical amyloid fibrils ~10 nm in diameter and several
um in length (with ThT fluorescence intensity of ~210.34 A.U.) (see
Fig. 5A). On the contrary, as depicted in Fig. 5B, exposure of 35 ptM
HEWL to 50 pM curcumin resulted in a markedly reduced amount of
short, sheared fibrillar species (with ThT fluorescence intensity of
~38.87 A.U.). In Fig. 5C, fewer fibrillar/aggregated species were

Fig. 5. Electron microscopy analysis of the anti-aggregating and disaggregating abilities of
curcumin. Electron micrographs of (A) HEWL alone after 6 days of aggregation; (B) HEWL
with 50 uM curcumin after 6 days of aggregation; and (C) six-day preformed HEWL fibrils
incubated with 50 uM curcumin for 6 days. ThT fluorescence intensities of HEWL samples
in Fig. 5A, B, and C were: ~210.34, ~38.87, and ~ 19.49 A.U., respectively. HEWL samples at
35 uM were prepared in hydrochloric acid (pH 2.0) with salt and the fibril formation
process was conducted at 55 °C.
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Fig. 6. Lehrer quenching plots (3/(1—/3)) versus curcumin concentration for the
HEWL-curcumin system at different temperatures (25 °C: open circle, 35 °C: open
square, 45 °C: filled circle, 55 °C: filled square). Linear least-squares fitting was
conducted for each straight line (line 1:25 °C, R = 0.997; line 2: 35 °C, R =0.991; line
3: 45 °C, R*=0.997; line 4: 55 °C, R =0.997). Data points represent the mean values
obtained from at least 4 independent experiments (n>4). The inset shows the linear
plot of InK versus 1/ T. The binding constant (K) at each temperature was obtained from
the slope of each corresponding straight line.

observed in the mixture of preformed HEWL fibrils and curcumin
(with ThT fluorescence intensity of ~29.49 A.U.) relative to the control
sample (Fig. 5A).

Our TEM findings allowed us to conclude that curcumin serves as a
potential molecule with inhibitory and disaggregating properties
against HEWL fibrillation. By combining with our ThT fluorescence
results, it was found that the suppressing effect of curcumin on HEWL
aggregation/fibril formation at 55 °C followed a concentration-
dependent manner. In addition, ICsp, defined by the concentration at
which half of the HEWL ThT fluorescence intensity is reduced, was
used to present the effectiveness of curcumin in inhibiting HEWL
fibrillation. According to an analysis of dose-dependent curve shown
in Fig. 1B, ICs of curcumin was determined to be ~7.7 pM.

3.5. Characteristics of Interaction between curcumin and HEWL

Fluorescence quenching is a process in which the emitted
fluorescence intensity of a protein is weakened by a number of
molecular interactions such as excited-state reaction, molecular
rearrangement, and ground state complex formation [34-36].

We investigated the fluorescence quenching of HEWL induced by
curcumin at different temperatures (10, 25, 40, and 55 °C). After
plotting the fluorescence quenching spectra of HEWL with varying
concentrations of curcumin, it was found that the fluorescence signal
decreased regularly with an increasing concentration of curcumin. The
mechanism of curcumin-induced fluorescence quenching of HEWL
was identified by analyzing the fluorescence quenching data using the
Lehrer equation as shown in the Experimental section. As shown in
Fig. 6, at a constant temperature, perfect linearity was observed
between 3/ (1 —f3) and the curcumin concentration and estimates of

Table 1
A listing of binding constants and thermodynamic parameters of the interaction
between hen egg-white lysozyme and curcumin.

Temperature K AG Van't Hoff analysis
o =1l
0 M™% (J/mol) AH (J/mol) AS (J/mol K)
25 68,985 —27,606.9 —78,390.7 —169.17
35 32,467 —26,603.2
45 13,800 —25,204.7
55 3630 =225
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Table 2
The effects of aging duration and temperature on the inhibitory potency of curcumin against fibril formation of hen egg-white lysozymes.

10 pM 50 uM

25°C (7 d) 55 °C (7 d) 25°C (24 d) 55 °C (24 d) w/o 25°C (7 d) 55°C (7 d) 25°C (24 d) 55 °C (24 d) w/o
Day 2 79.83% 48.85% 68.63% 21.11% 62.96% 91.12% 7741% 78.59% 41.77% 85.87%
Day 4 77.82% 43.37% 76.74% 35.38% 53.80% 90.35% 60.50% 85.77% 56.86% 80.68%
Day 6 73.56% 49.42% 73.40% 19.77% 57.23% 89.70% 66.61% 85.61% 57.73% 81.52%

Several pre-incubation conditions of curcumins were used before mixing with hen egg-white lysozymes: fresh or without pre-incubation (w/o0), pre-incubated for 7 days at 25 °C
(25 °C (7 d)), pre-incubated for 24 days at 25 °C (25 °C (24 d)), pre-incubated for 7 days at 55 °C (55 °C (7 d)), and pre-incubated for 24 days at 55 °C (55 °C (24 d)). The fibril
formation of hen lysozyme with fresh or pre-incubated curcumin was carried out at pH 2.0 and 55 °C. The percentage values in the table were the percentage reductions in ThT
fluorescence intensity measured relative to that of the lysozyme sample unexposed to curcumin (control) and determined by the following formula:

Percentage reduction in ThT fluorescence intensity = (Fy — F) / Fy x 100%

where Fy and F denote ThT fluorescence intensity of HEWL by itself (0 uM curcumin) and ThT fluorescence intensity of HEWL sample with 10 or 50 pM curcumin. The inhibitory
potency could be represented by the percentage reduction in ThT fluorescence intensity. A larger percentage reduction in ThT fluorescence intensity was indicative of greater

efficiency or inhibitory potency of curcumin against HEWL fibrillation.

the slopes or the binding constants (K) were obtained by fitting
straight lines via least-squares regressions. As listed in Table 1, it is
apparent that the magnitude of the resultant binding constant is
negatively correlated with incubation temperature, suggesting that
curcumin-induced fluorescence quenching of HEWL is predominated
by the Van der Waals force or hydrogen bonding [18,37,38].

Van't Hoff analysis of the temperature-dependent binding data
was conducted to retrieve further information regarding the mode of
the interaction force (see inset of Fig. 6). Thermodynamic parameters,
AH, AG, and AS, were determined and listed in Table 1. Our data
indicated that the curcumin-HEWL binding is a spontaneous (AG<0)
and exothermic (AH<0) interaction, and the associated change in 321
entropy is negative (AS<O0).

It should be noted that, in Van't Hoff analysis, the AH and AS of the
binding interaction were assumed to be approximately constant over
the range of temperatures used. This is why we could only obtain one
value for AH or AS.

3.6. Effect of pre-incubated curcumin on HEWL fibrillogenesis

It has been reported that the structure or distribution of curcumin
varies with incubation condition (e.g., temperature, pH, or solvent
type) [39-42]. As a preliminary screening, we first monitored the time
evolution of UV-Vis absorption spectra of curcumin and found that
distinctive UV-Vis spectra were obtained under various pre-incuba-
tion durations and temperatures (spectra not shown), suggestive of
the temporal and temperature dependence of structural alteration of
curcumin. Next, we wanted to test whether pre-incubation of
curcumin at various temperatures could affect its inhibitory potency
against HEWL fibril formation. We pre-incubated curcumin (10, 25,
50, and 100 pM) at 25 or 55 °C for various periods of time prior to
initiating HEWL aggregation at 55 °C. As summarized in Table 2, when
curcumin was pre-incubated at 25 °C for either 7 or 24 days, an
increase in inhibitory activity against HEWL fibrillation was detected

as the concentration of curcumin used was elevated from 10 to 50 pM.

If the percentage reduction in ThT fluorescence intensity measured
in curcumin-containing HEWL sample relative to that of the control
sample unexposed to curcumin was used to represent the inhibitory
potency or inhibitory effect of curcumin against HEWL fibrillation, a
greater efficiency or inhibitory potency of curcumin would be
obtained in situations where more ThT fluorescence decrease was
detected by the addition of inhibitor (e.g.: a larger percentage
reduction in ThT fluorescence intensity). We show in Table 2 that,
when pre-incubated for 7 or 24 days, 25 °C-pretreated curcumin
exhibited a superior inhibitory effect on HEWL fibril formation relative
to untreated curcumin. For example, approximately 6 days after the
outset of the aggregation process at 55 °C, ~89.70+ 0.5%, ~85.61 +
1.5%, and ~81.52 £ 0.7% reductions in ThT-induced emission occurred

for HEWL plus 50 M curcumin with 7, 24 days pre-incubation at
25 °C, and fresh untreated curcumin, respectively (see Table 2). As
indicated in Table 2, the percentage reduction in ThT fluorescence
resulting from the addition of 50 uM curcumin pre-incubated at 55 °C
for approximately 7 days (77.41 & 3.5% (Day 2), 60.50 £ 0.9% (Day 4),
66.6141.6% (Day 6)) was lower than that obtained from HEWL
solution containing 50 pM curcumin without any pre-incubation
(85.8740.7% (Day 2), 80.68 + 1.06% (Day 4), 81.5240.7% (Day 6)),
implying that curcumin prepared in this specific pre-incubation
condition (55 °C, ~7 days) was less potent than its fresh/untreated
counterpart in inhibiting HEWL fibril formation. Furthermore, with
50 pM curcumin pre-incubated at 55 °C for up to 24 days before
mixing with HEWL, a significantly lower inhibitory effect was evident
relative to that of the HEWL solution containing untreated/fresh
curcumin. Overall, the inhibitory potencies induced by curcumin
in different pre-incubation conditions were in the following order:
7-day pre-incubation at 25 °C, 24-day pre-incubation at 25 °C>
untreated>7-day pre-incubation at 55 °C>24-day pre-incubation
at 55 °C.

Moreover, further confirmation that the inhibitory potency against
HEWL fibrillation induced by 25 °C pre-incubated curcumin came
from electron microscopy analysis. With co-incubation of HEWLs with
25 °C pre-incubated curcumin, fewer shorter fibrils were detected
relative to those observed in samples of HEWLs with untreated
curcumin (micrographs not shown).

3.7. Mass spectrometric analysis of curcumin under various pre-
incubation conditions

Our preceding results revealed that curcumin pre-incubated at
25 °C for 7 days has the highest inhibitory potency against HEWL fibril
formation, and this curcumin-induced inhibition is strongly depen-
dent on its pre-incubation. Mass spectrometry using an electrospray
ionization source (ESI) in the positive ionization mode with Finnegan
LCQ was employed to gain further insight into the variations in
structure and composition among curcumin samples with different
pre-treatments. Fig. 7A, B, and C demonstrate the representative ESI
positive spectra of freshly prepared 50 pM curcumin, 50 pM curcumin
pre-incubated at 25 °C for 16 days, and 50 pM curcumin pre-incubated
at 55 °C for 16 days, respectively. We show in Fig. 7A that, apart from
the solvent peak at m/z=223.27, two major peaks at m/z=369.33
and m/z=339.40 corresponding to curcumin and demethoxycurcu-
min (with one —OCH;3 removed from curcumin) [43], respectively,
were detected in the fresh curcumin. However, the 16 days pre-
incubation of curcumin at 25 °C resulted in the generation of a group
of peaks at m/z="701.60-761.60. After comparing our data with the
one reported in previous work [79,80], the peak at m/z=761.60 was
identified to as molecular ion of curcumin dimer while the peaks at



84

Relative Abundance

Relative Abundance

Relative Abundance

S.S.-S. Wang et al. / Biophysical Chemistry 144 (2009) 78-87

56 369.33
44513 731,60 761.60
51913 50313 624.13 773.93 835,13 937.13 967.40
300 400 500 600 700 800 900 1000
m/z
66 369.40
761.60
731.60)
701.60
50320 g0 07 671.67
0.27 71! 777.67 847.53928.47 1000.201051.20  1175.33
Lkl R B i i Rt Akl o W R wd Rl i B Lk bkl A b S bl ke Rl b W b i e |
300 400 500 600 700 800 900 1000 1100 1200
m/z
4
100+ 369.40
90
J223.20
804
70+
60+
50- 339.40
404
30
] 279.27
204
107 2047 93627 61033 7018773160
] 802.80 856.00 899.60 ggg.67

300 400

500

600 700 800 900 1000



S.S.-S. Wang et al. / Biophysical Chemistry 144 (2009) 78-87 85

m/z=731.60 and 701.60 were resulted from the reduction of one and
two — OCH3 groups, respectively (see Fig. 7B). In addition, the amount
of curcumin (and demethoxycurcumin) was reduced as compared
with the relative abundance of solvent peak (e.g.: the ratio of
curcumin to solvent was from ~100:53 to ~100:66.5). As revealed
in Fig. 7C, when pre-incubated at the elevated temperature (55 °C),
curcumin and demethoxycurcumin were the two most populated
molecular ions, and importantly, no trace of dimer species was found
in the curcumin sample.

4. Discussion

A variety of evidence suggests a strong connection between
amyloid fibril formation and disease pathology. Amyloid fibrils or
protofibrils derived from aggregated amyloid proteins have been
demonstrated to be closely associated with in vitro cytotoxicity [44-
46]. The toxic effects elicited by these proteins have been prevented by
compounds that bind to amyloid fibrils or inhibit fibril formation [47-
49]. Reducing the P-sheet content and formation of fibrils are
considered two promising therapeutic approaches to limit the
development of amyloidoses.

Numerous molecules have been reported to retard or inhibit the
formation of amyloid fibrils both in vitro and in vivo. In general, these
compounds can be divided into two groups: non-peptidic and
peptidic inhibitors. Non-peptidic inhibitors, consisting of a wide
range of chemical and natural compounds, include aromatic phenolic
ring-bearing polyphenols (e.g., nordihydroguaiaretic acid and rose-
marinic acid) [11], benzofuran-based compounds (e.g., Congo red and
its napthylazo derivatives) [50,51], semisynthetic bacteriocidal anti-
biotic drugs (e.g., rifampicin and its derivatives) [52,53], surfactants
molecules (e.g., di-C6-PC, di-C7-PC, and n-dodecylhexaoxyethylene
glycol monoether) [2,54,55] and others (e.g., nicotine, melatonin, and
trehalose) [10,11,56-58]. Due to their marked affinity for amyloid
proteins, certain shorter peptide fragments serve as self-recognition
sequences to disrupt amyloid fibril formation [59-61]. Moreover,
other peptidic molecules that have been revealed to possess
inhibitory effects on amyloid fibrillation or cytotoxicity fall into a
category of small heat shock proteins (e.g., alpha-crystallin Hsp20)
[62,63].

Curcumin, the main ingredient of turmeric and widely used for food
spicing and coloring, is a low molecular-weight, naturally-occurring
phytochemical that is isolated from the rhizome of the Curcuma longa
plant. It is an important polyphenolic and the principal active
ingredient in the widely used spice turmeric. Curcumin protects the
brain from lipid peroxidation and serves as a free radical scavenger and
an antioxidant [64-70]. In addition, curcumin has long been known to
possess anti-inflammatory and anti-carcinogenic activities [71-74]. It
has been suggested that the chemopreventive activity of curcumin
might be attributed to its ability to induce apoptosis [75-77].

Apart from those aforementioned properties, perhaps due to its
structural resemblance to a well-known amyloid specific azo-dye
Congo red, curcumin has also been shown to exert anti-fibrillogenic
activity or disaggregating property against the fibrillation/aggrega-
tion of various amyloid proteins such as a-synuclein of Parkinson's
disease and (3-amyloid peptide of AD [12-14]. In these studies,
curcumin was shown to destabilize preformed fibrillar species in a
concentration-dependent manner. It was also suggested that a
decrease in the net extension rate of amyloid proteins may result
from the binding of curcumin at the terminus of the extending
amyloid protein followed by conformational stabilization [12,13].
With the aid of synthetic p-amyloid peptides and a transgenic mouse
model (Tg2576), Yang and coworkers examined the impact of
curcumin on amyloid accumulation in vitro and in vivo [14]. They

concluded that curcumin inhibits in vitro B-amyloid fibril formation,
blocks in vitro -amyloid-induced cytotoxicity, and lowers plaque
burden in transgenic mice [ 14]. Moreover, curcumin has been reported
to attenuate oxidative damage and amyloid pathology in the brains of
Alzheimer's disease-related Swedish mutant transgenic mice [78].

We first showed in our study that, in the presence of salt, rapid
formation of HEWL fibrils under acidic conditions occurs (Fig. 1A).
Next, curcumin was tested for its effect on in vitro fibrillogenesis of
HEWL. We demonstrated with ThT fluorescence enhancement and
transmission electron microscopy that curcumin, at a concentration
range of 1-100 pM, inhibits the fibrillation of HEWL (Figs. 1 and 5).
Our observations also revealed that co-incubation of HEWL with
curcumin is accompanied by a reduction in ANS-induced fluorescence
emission, and this reduction is positively correlated with curcumin
concentration, implying that a decrease in ANS binding-competent
solvent-exposed hydrophobic regions occurs with an increase in
curcumin concentration (Fig. 2A, B, and C). Analogous to ANS
fluorescence results, the decline of intrinsic fluorescence intensity at
the emission maximum is dependent upon the curcumin concentra-
tion, illustrating that curcumin greatly affects the three-dimensional
locations of tryptophan residues and the hydrophobic regions of
HEWL. In addition, experiments using HEWL treated with curcumin at
later times during the incubation showed that curcumin presents
disaggregating activity against existing HEWL fibrils (Fig. 4A).

Fluorescence quenching spectra of samples were monitored in
order to understand the type of binding force associated with the
interaction between curcumin and HEWL. We found that the binding
constant decreases with increasing temperature and concluded that
the probable HEWL fluorescence quenching mechanism by curcumin
is Van der Waals force or hydrogen bonding (Table 1, and Fig. 6). To
gain insights into the nature of the curcumin-HEWL interactions, a
Van't Hoff analysis of the temperature-dependent binding data was
performed and our results demonstrated that the observed curcumin-
protein interaction was exothermic as well as spontaneous (Table 1
and inset of Fig. 6). Also, the entropy change associated with the
interaction was determined to be negative, suggesting that the
favorable curcumin-HEWL interaction is enthalpy-driven and prob-
ably governed by Van der Waals force or hydrogen bonding [18].

Finally, if curcumin was allowed to incubate at 25 °C for 7 days
prior to addition to the HEWL solution, a pronounced elevation in
inhibitory action against HEWL fibrillation was found (Table 2).
However, in comparison with the HEWL solution plus untreated
curcumin, no prominent decline in ThT-induced fluorescence emis-
sion was detected when mixing HEWL with curcumin pre-incubated
at 55 °C for greater than 24 days (Table 2). It could be concluded from
our results that the curcumin pre-incubated for 7 or 24 days at 25 °C
exhibited a superior inhibitory activity to that of the untreated
curcumin or curcumin pre-incubated at 55 °C. Furthermore, results
from our mass spectrometric analysis suggested that the enhanced
inhibitory potency against HEWL fibrillation might be attributed to
the presence of dimeric species formed in the aged curcumin solution
at 25 °C. It has been documented that, due to its radical termination
nature, the generation of dimeric form of curcumin has a significant
contribution to the antioxidant activity of curcumin [79,80]. Moreover,
others have reported that dimeric species of curcumin can selectively
destroys human neurotumor cells, suggesting curcumin dimer's
critical role in anti-tumor activity [81].

Several lines of evidence suggest that curcumin has an inhibitory
effect on the conversion of prion protein (PrP) in vitro [82] and in
scrapie agent-infected neuroblastoma cell line [83]. Through several
spectroscopic analyses, recent research on how curcumin inhibits
PrP5¢ aggregation has demonstrated that curcumin was able to
recognize o-helix rich intermediate, [3-sheet rich oligomeric, (-

Fig. 7. Mass spectra of curcumin with various pre-incubation conditions in positive ion mode. (A) fresh curcumin; (B) curcumin was pre-incubated at 25 °C for 16 days; (C) curcumin

was pre-incubated at 55 °C for 16 days.
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sheet rich fibrillar species, and plaques of PrP, but not its a-helix rich
native conformer [84]. Additionally, the conclusion made by the
authors is two-fold: (1) the intervention of a-to-p3 conversion of PrP
could be achieved via the preferential binding of curcumin to the o-
helix rich intermediate, (2) the fibrillar prion species can be captured
by curcumin thus leading to the prevention of fibril growth and seed
generation [84].

Polyphenols belong to a large group of natural and synthetic small
molecules that are composed of one or more aromatic phenolic rings.
Natural polyphenols, widely found in wine, tea, and plants, can be
categorized into three groups: phenolic acids (e.g., benzoic acid),
flavonoids (e.g., flavanone), and non-flavonoid polyphenols (e.g.,
curcumin) [11,74]. Given the fact that the aromatic residues are
commonly present in amyloid-forming proteins, the role of aromatic
stacking or p-p interactions has been suggested to play a major role in
amyloid fibrillation [11,85,86]. With the involvement of aromatic
phenolic rings, it is reasonable to suspect that curcumin may induce
an inhibitory effect toward fibril formation. Further experimental or
theoretical work, however, is needed to confirm this hypothesis.

In conclusion, our work revealed that curcumin can inhibit HEWL
fibrillation and also induce disaggregation of existing HEWL fibrillar
species. Importantly, we, for the first time, found that curcumin pre-
incubated under certain conditions has improved inhibitory activity
against lysozyme fibrillation as compared to fresh curcumin. This
superior inhibitory potency of pre-incubated curcumin was highly
associated with certain curcumin derivative, dimeric species in
particular, formed during the course of its pre-incubation. While further
investigations are essential to clarify the role of curcumin in inhibiting or
preventing HEWL fibrillation, we believe that our results are important
for the rational design of potential therapeutics for amyloidoses.
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