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Abstract At least 25 human proteins can fold abnormally

to form pathological deposits that are associated with

several degenerative diseases. Despite extensive investi-

gation on amyloid fibrillation, the detailed molecular

mechanisms remain rather elusive and there are currently

no effective cures for treating these amyloid diseases. The

present study examined the effects of dithiothreitol on the

fibrillation of hen egg-white lysozyme (HEWL). Our

results revealed that the fibrillation of hen lysozyme was

significantly inhibited by reduced dithiothreitol (DTTred)

while oxidized dithiothreitol (DTTox) had no anti-aggre-

gating activity. Effective inhibitory activity against hen

lysozyme fibrillation was observed only when DTTred was

added within 8 days of incubation. Our results showed that

the initial addition of DTTred interacted with HEWL,

leading to a loss in conformational stability. It was con-

cluded from our findings that DTTred-induced attenuation

of HEWL fibrillation may be associated with disulfide

disruption and extensive structural unfolding of HEWL.

Our data may contribute to rational design of effective

therapeutic strategies for amyloid diseases.
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Introduction

Protein aggregation is of enormous importance in a broad

range of disciplines, including biochemical research, the

biotechnology industry, and human pathology. In general,

protein aggregates can be considered as insoluble multi-

meric proteins that have lost their native forms and

functions. Aggregation of proteins is a nuisance in

applications in the biopharmaceutical industry, where it

can interfere with production and characterization of

therapeutic proteins/peptides (De Bernardez Clark 2001;

Morozova-Roche and Malisauskas 2007; Singh and Panda

2005). On the other hand, protein aggregation, especially

amyloid fibrillation, underlies a vast array of debilitating

human diseases, collectively know as conformational

diseases. Among these are hemodialysis amyloidosis,

type II diabetes, Parkinson’s disease, Huntington’s dis-

ease, and Alzheimer’s disease (Chiti and Dobson 2006;

Ross and Poirier 2004; Uversky and Fink 2004; Wang

and Good 2005).

Various proteins associated with the above-mentioned

conformational diseases have been identified to possess

amyloid-forming ability in vivo (Bennett 2005; Goedert

and Spillantini 2006; Lee et al. 2001). While these dis-

ease-associated amyloidogenic proteins differ in their

sequence, structure, and function, they all form similar,

highly ordered amyloid fibrils exhibiting several mor-

phological and histochemical staining properties in com-

mon, for example, exhibition of cross-b structure motif,

fibrillar morphology, birefringence upon staining with

aromatic dye Congo red, protease resistance, and insolu-

bility in most solvents (Dobson 2004; Lansbury 1999;

Ross and Poirier 2004; Serpell et al. 2000; Uversky and

Fink 2004; Wang and Good 2005). Moreover, recent

findings suggest that amyloid fibrillation is also possible

with proteins that are irrelevant to any known amyloid

disease under certain conditions in vitro (Chiti and Dob-

son 2009; Ferrao-Gonzales et al. 2000; Lai et al. 1996;

Shtilerman et al. 2002; Wang 2005). These observations
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have led to the concept that the ability to form amyloid

fibril might be considered as a merely generic property of

polypeptide chains (Chiti and Dobson 2009; Dobson

2004; Fandrich et al. 2003; Kallberg et al. 2001; Ross and

Poirier 2004; Taylor et al. 2002; Uversky and Fink 2004).

By taking advantage of this generic property, investiga-

tion of amyloid fibrillation using non-disease-associated

proteins can thus aid in our understanding of possible

inhibition of amyloid aggregation.

While amyloid-related diseases have been at the center

of intense research efforts, no effective cure is currently

being directed toward treating the diseases. The reduction

of amyloid fibrillation and the capture of fibrillar species

have been widely viewed as effective approaches to tack-

ling amyloidoses. Considerable efforts have been devoted

to developing or seeking anti-aggregating or anti-amyloi-

dogenic agents as potential strategies to fight amyloidoses

(Estrada and Soto 2007; Gazova et al. 2008; Porat et al.

2006).

Hen egg-white lysozyme (HEWL) is a 129-amino-acid-

long enzyme used to catalyze the hydrolysis of the

b-linkage between N-acetylmuramic acid and N-acetylglu-

cosamine subunits in the peptidoglycan polymers of many

bacterial cell walls and then lyse bacteria. Its native form

is cross-linked by four disulfide bonds and adopts mainly

helical conformation (*30% a-helix, *6% b-sheet)

(Vaney et al. 1996). HEWL is one of the best charac-

terized and most studied of all proteins. HEWL is one of

the widely studied food proteins and its three-dimensional

structure, folding–unfolding mechanism, unfolding inter-

mediates, and stability information have been extensively

characterized (Frare et al. 2004; Krebs et al. 2000; Mishra

et al. 2007). Furthermore, HEWL is structurally homolo-

gous to human lysozyme (*60% sequence homology),

which has been found to be responsible for hereditary

nonneuropathic systemic amyloidosis (Booth et al. 1997;

Pepys et al. 1993). Therefore, given the aforesaid fea-

tures, HEWL serves as an ideal model system to study

in vitro fibrillation.

In this research, using HEWL as a model system to

induce fibrillation, we set out to investigate the effects

of reduced dithiothreitol (DTTred) on the aggregating

and fibrillogenic behaviors of hen egg-white lysozyme

and further characterized the relationship between the

presence of DTTred and abnormal protein aggregation

resulting in eventual amyloid formation. Via several

spectroscopic techniques and electron microscopy, our

results showed that HEWL fibrillogenesis was signifi-

cantly attenuated by DTTred, whereas no antifibrillogenic

activity was detected with only oxidized DTT (DTTox)

present. The addition of DTTox did not affect the inhib-

itory potency of DTTred when HEWL was incubated with

both DTTred and DTTox. Equilibrium urea-unfolding data

revealed that DTTred decreased the stability of HEWL.

Moreover, DTTred at 2 mM was found to be effective in

reducing HEWL fibrillation when DTTred was added

within *8 days of incubation. As inferred from our data,

by further destabilizing the partially unfolded monomer

and/or oligomeric nucleus species, DTTred drove the

reaction to proceed through the off-pathway toward the

formation of amorphous aggregates, and thus a signifi-

cantly reduced amount of fibrils was detected. Along with

free thiol measurements, our findings suggested that

reductive environments aid in suppressing amyloid

fibrillation of disulfide-bonded proteins. Furthermore, the

attenuated fibrillation of HEWL induced by DTTred might

be correlated with disulfide disruption and extensive

structural unfolding of HEWL. We believe the outcome

from this work may not only help decipher the molecular

mechanism of amyloid fibrillation but also shed light on

rational design of potential therapeutic strategies for

amyloid pathology.

Materials and methods

Chemicals and proteins

Hen egg-white lysozyme (HEWL; EC 3.2.1.17) was pur-

chased from Merck (Germany) and used without further

purification. Hydrochloric acid, potassium dihydrogen

phosphate, sodium chloride, and potassium chloride were

purchased from Nacalai Tesque, Inc. (Japan). Reduced

dithiothreitol (DTTred), oxidized dithiothreitol (DTTox),

and tris-(hydroxymethyl) aminomethane were purchased

from Sigma (USA). All other chemicals, unless otherwise

specified, were obtained from Sigma (USA).

Lysozyme sample solution preparation

Sample solutions of 2 mg/mL HEWL were prepared by

dissolving 0.1 g lyophilized HEWL in 50 mL hydrochloric

acid with salt (136.7 mM NaCl, 2.68 mM KCl, pH 2.0)

with 0.01% (w/v) sodium azide. HEWL sample solutions

were first mixed via vortexing and then incubated at 55�C

to induce fibrillar species.

Thioflavin T fluorescence assay

Forty microliters of HEWL samples taken at different

times were mixed with 960 lL 10 lM thioflavin T (ThT)

in phosphate-buffered saline (PBS) with 0.01% (w/v)

sodium azide. ThT fluorescence intensity measurements

were performed by exciting samples at 440 nm and

recording emission intensities at 485 nm using a F-2500

fluorescence spectrophotometer (Hitachi, Japan).
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Congo red binding assay

To assess the presence of amyloid fibrils in the HEWL

solutions, Congo red binding studies were performed.

Congo red dye was dissolved in PBS to final concentration

of 112 lM. Congo red absorbances of HEWL sample

solutions were determined by adding Congo red to a final

concentration of 20 lM and acquiring spectral measure-

ments from 400 to 700 nm at 25�C on a Spectronic

Genesys 5 spectrophotometer (Spectronic Instrument,

USA). All HEWL sample solutions were allowed to interact

with Congo red for at least 30 min prior to recording

their spectra.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra of HEWL samples were

recorded on a JASCO J-715 (150-S type) spectrometer

(Jasco, Japan) at 25�C using a bandwidth of 2.0 nm, a step

interval of 0.1 nm, and an averaging time of 2 s. A 1-mm

quartz cell was used for far-ultraviolet (far-UV; 190–

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

(mdeg) versus wavelength (nm).

Anilinonaphthalene-8-sulfonic acid (ANS) binding

Hundred-microliter HEWL sample solutions were mixed

with 900 lL ANS working solution of 20 lM, and then the

mixtures were incubated in the dark for 30 min at room

temperature. ANS fluorescence intensities were recorded by

exciting samples at 380 nm, and emissions were recorded

between 420 and 580 nm on a F-2500 fluorescence spec-

trophotometer (Hitachi, Japan). 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 spectrum envelope. The determination of

AEW was carried out using the following equation:

AEW ¼
P

Fi � kið Þ
P

Fi
;

where Fi is the ANS fluorescence intensity at wavelength

ki.

Right-angle light scattering

The scattered light intensities (at a fixed angle of 90�) were

detected in the HEWL samples on a F-2500 fluorescence

spectrophotometer (Hitachi, Japan) at equal excitation and

emission wavelengths of 450 nm.

Equilibrium unfolding measurement and data analysis

Both the stock solutions of HEWL with 0, 1, 2, and 4 mM

DTTred and 10 M urea were dissolved in hydrochloric acid

with 136.7 mM NaCl, 2.68 mM KCl, and 1.54 mM NaN3

(pH *2.0). The two stock solutions were mixed in different

ratios to prepare sample solutions with urea concentrations

ranging from 0 to 9 M. The HEWL sample–denaturant

solutions were incubated at 25�C until reaching equilibrium

before measuring their intrinsic tryptophan fluorescence

intensities. All fluorescence measurements were taken by

exciting sample solutions at 280 nm, with fluorescence

emission spectra collected from 300 to 400 nm. The

obtained urea-induced unfolding data were fitted to a two-

state transition model mechanism described below.

For the two-state transition model mechanism, the free

energy change of unfolding of HEWL (DGunfold) and the

equilibrium constant for unfolding (Kunfold) at any used

denaturant concentration can be determined via the fol-

lowing equation:

DGunfold ¼ DG0
unfold � munfold½urea� ¼ �RT lnðKunfoldÞ

¼ �RT ln
f

1� f

� �

¼ �RT ln
Ffold � F

F � Funfold

� �

;

where DG0
unfold is the free energy change of unfolding in

water obtained from linear extrapolation to 0 M urea, f is the

fraction of unfolded HEWL at various urea concentrations, F

is the fluorescence of HEWL at any urea concentration, Ffold

and Funfold are the fluorescence intensities of HEWL in the

folded and the unfolded states, respectively, which are

assumed to be linearly dependent on the urea concentration,

and munfold is the slope of the transition obtained by the

method of least-squares analysis in the transitional urea

concentration region. Aside from DG0
unfold, we also used the

midpoint concentration of the denaturant curve (Cm), i.e., the

denaturant concentration at which half of proteins were

unfolded (DGunfold = 0), as another measure of stability.

Detection of free thiol groups of HEWL

Free thiol groups were detected with the Ellman assay upon

reaction with 5,50-dithio-bis-2-nitrobenzoic acid (DTNB).

An excess of DTNB (1,000 lL) (DTNB stock solution at

concentration of 2.2 mM) was added to 1,000 lL HEWL

solution. The concentration of free thiol groups was

determined with DTNB using absorbance at 412 nm and a

molar extinction coefficient of 13,784 M-1 cm-1 for

5-thio-2-nitrobenzoic acid (TNB).

Transmission electron microscopy

Ten microliters of HEWL sample was placed on carbon-

stabilized formvar-coated grids. Grids were negatively
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stained with 2% (w/v) aqueous uranyl acetate (Electron

Microscopy Sciences, USA) and then examined and pho-

tographed in a H-7650 transmission electron microscope

(Hitachi, Japan) at an accelerating voltage of 75 kV.

Statistical analysis

All data represent mean ± standard deviation (SD) for n

independent determinations. Significance of results was

determined by Student’s t test on n independent measure-

ments, where n is specified in the figure legend. Unless

otherwise indicated, significance was taken as P \ 0.005.

Results and discussion

To study the influence of the reduced form of DTT on

amyloid fibril formation of HEWL, we initially added

DTTred to HEWL solutions and monitored the changes of

ThT fluorescence emissions and Congo red binding spectra

of HEWL samples. Thioflavin T (ThT) is believed to

interact specifically and rapidly with amyloid fibrils, and an

elevation in ThT fluorescence signal has been considered

as an important indicator of the presence of amyloid fibril

(LeVine 1993). As seen in Fig. 1, the ThT fluorescence

emission of HEWL itself increased dramatically in the first

10 days, and then reached a fluorescence plateau after

20 days of incubation. However, when DTTred was added

to the sample solution, a considerable reduction in ThT

fluorescence emission was observed, spanning over

50 days, implying that amyloid fibrillation of HEWL was

considerably suppressed by the addition of DTTred. More-

over, the percentage reduction of ThT fluorescence induced

by DTTred was found to be *80–90%.

As a complementary measure of the presence of amyloid

fibril, Congo red binding to HEWL samples was performed.

We show in Fig. 2a and b that HEWL by itself significantly

bound Congo red and shifted the spectral properties of

Congo red binding. An increase in Congo red absorption

accompanied by a red-shift of the spectral maximum was
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Fig. 1 Effect of DTTred on amyloid fibrillation of HEWL as a

function of time. Extent of fibril formation was measured via ThT

fluorescence emission. Each point represents the average of at least

five independent measurements (n C 5). HEWL samples were

prepared in hydrochloric acid (pH 2.0) with salt in the presence of

various concentrations of DTTred (1, 2, and 4 mM), and incubation

was performed at 55�C
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Fig. 2 Representative Congo red binding spectra of HEWL samples

taken at a 0 days and b 40 days of incubation. HEWL samples were

prepared in hydrochloric acid (pH 2.0) with salt in the presence of

various concentrations of DTTred (0, 1, 2, and 4 mM), and incubation

was performed at 55�C
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observed during incubation. On the contrary, due to the lack

of a shoulder peak at *540 nm in the Congo red absor-

bance spectra, no appreciable amount of amyloid fibril was

observed in the HEWL sample with 4 mM DTTred even

after 40 days of incubation, signifying a notable loss in

amyloid fibril content. Hence, our ThT fluorescence and

Congo red binding results suggested that fibril formation

was retarded by the presence of reductant (DTTred).

Further confirmation of suppression of HEWL fibrilla-

tion by DTTred came from the transmission electron

micrographs of HEWL with and without DTTred present in

the sample solution (Fig. 3a, b). As seen in Fig. 3a, after

30 days of incubation, HEWL itself formed a high density

of long individual fibrils and sheet-like structures with

larger cross-sectional area composed of fibril bundles.

However, exposure to DTTred resulted in remarkable

attenuation of HEWL fibrillation and considerably reduced

the amount of HEWL fibrils [see Fig. 3b for HEWL-

DTTred (4 mM) mixture]. Our preceding results suggested

that superior anti-amyloidogenic activity against HEWL

fibrillation was exhibited by DTTred.

It has previously been reported that, by varying external

factors, conformational variations can be induced leading

to potentially different aggregation pathways that result in

supramolecular aggregates with different structures (i.e.,

ordered fibrils and amorphous aggregates) (Powers and

Powers 2008; Vetri et al. 2007). Decreased ThT fluores-

cence signal and formation of fewer fibrils were observed

in DTTred-treated HEWL samples (Figs. 1, 3), which may

arise from competition between the fibrillation pathway

(on-pathway) and the amorphous aggregation pathway

(off-pathway). In order for proteins to form ordered

structures such as amyloid fibrils, amorphous aggregation

should be suppressed. Also, examination of the relative

kinetics of fibrillation and amorphous aggregation of

HEWL is important to elucidate the possible mechanism of

DTTred inhibitory activity against HEWL fibrillation. To

address this issue, the extent of HEWL aggregation as a

function of DTTred was evaluated by monitoring the scat-

tered light intensity (both excitation and emission at

450 nm) of the HEWL sample solutions. Right-angle light

scattering in a region far from the absorption band at

450 nm has been reportedly used to probe the kinetics of

accumulation of aggregates (including fibrillar and non-

fibrillar species) (Bliznyukov et al. 2005; Chen et al. 2002;

Kells et al. 1984; Thakur and Rao 2008; Zhu et al. 2002),

which in theory should reveal the total amount of aggre-

gates formed in the HEWL samples. We show in Fig. 4

that the scattered light intensity of HEWL by itself (the

control) increased with prolonging incubation time.

Moreover, HEWL samples with DTTred evidently exhib-

ited a comparable scattered light intensity level relative to

that of the control, indicating that the addition of DTTred

induced the formation of larger aggregates that scattered

light. However, these aggregated species formed in the

DTTred-containing samples did not bind strongly to ThT, as

can be seen from its low final ThT fluorescence intensity

shown in Fig. 1, suggesting that the enhanced light scat-

tering in the HEWL samples with DTTred came from the

generation of amorphous non-amyloid-like aggregates.

This point was also confirmed by our TEM observation

(Fig. 3b).

To understand the role that DTTred plays in the struc-

tural changes of HEWL, far-UV circular dichroism spectra

of HEWL samples were measured. Initially, the far-UV CD

spectra of HEWL samples both with and without inhibitors

all displayed a similar spectrum, with a shoulder at

*225 nm and an absorption minimum at *208 nm,

Fig. 3 Electron micrographs of negatively stained HEWL: a by itself after 30 days of incubation, b co-incubated with 4 mM DTTred after

30 days of incubation (bar = 0.2 lm)
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reflecting an a-helix-rich conformation (*37%) (Fig. 5a).

Nevertheless, after incubation for *43 days, occurrence of

a-to-b transition along with prominent alteration in the

relative proportion of secondary structures within the

solution was detected for HEWL alone (ratio of a-helix to

b-sheet content: from 2.31 to 0.09). The CD spectra

obtained from HEWL by itself were observed to possess a

characteristic pattern of b-sheet-rich conformation, and the

b-sheet content was significantly raised up to twofold in the

fibrillar HEWL samples. Conversely, as shown in Fig. 5b,

upon prolonged incubation (e.g., *43 days), a variation in

the shape of CD spectra in which a pronounced absorption

minimum occurred in the vicinity of *200 nm was

detected upon the addition of DTTred, indicating that the

essentially unordered polypeptide species with higher

proportion of random coil structure were observed in

DTTred-containing HEWL samples (1 mM DTTred: 53%,

2 mM DTTred: 45%, 4 mM DTTred: *59%). Our data also

revealed that the presence of DTTred markedly attenuated

the content of b-sheet detected in the control (0 mM

DTTred: *33%, 1 mM DTTred: *25%, 2 mM DTTred:

*31%, 4 mM DTTred: *13%).

In exploring the effect of DTTred on the change in ter-

tiary structure of HEWL, in particular surface hydropho-

bicity, we recorded the time evolution of ANS fluorescence

emission spectra of HEWL samples. ANS is an aromatic,

hydrophobic, charged fluorescent probe. Changes in ANS

fluorescence have frequently been used to probe for the

partially folded conformation of intermediate species such

as globular proteins. The intermediate species are charac-

terized by the presence of solvent-exposed hydrophobic

clusters (Liu et al. 2005; Rodionova et al. 1989; Semisot-

nov et al. 1991; Sirangelo et al. 1998; Smoot et al. 2001).

The preferential binding of ANS to hydrophobic clusters

gives rise to an enhancement in fluorescence emission

accompanying a blue-shift of the spectral maximum (Liu

et al. 2005; Semisotnov et al. 1991; Smoot et al. 2001).

However, ANS generally exhibits weak binding affinity to

the native and unfolded state(s) of protein (Dabora et al.

1991; Srisailam et al. 2003). Figure 5c presents the time-

dependent variations of ANS fluorescence emission upon

addition of DTTred. The surface hydrophobicity of fresh

HEWL with or without DTTred was found to be remarkably

low, owing to the fact that the hydrophobic site groups are

hidden inside the native protein with compactly folded

structure. The incubation of HEWL by itself brought about

a pronounced enhancement in ANS fluorescence intensity

suggestive of the formation of more solvent-exposed

hydrophobic regions in HEWL, which probably resulted

from conformational changes in the protein leading to

partial loss of tertiary structure. However, the addition of

DTTred led to a considerably lower ANS fluorescence

intensity in comparison with the control (HEWL alone)

(P \ 0.005), as depicted in Fig. 5c. Our ANS fluorescence

result is in agreement with the one found in an earlier work

(Kumar et al. 2008). We speculate that the reduction in

ANS fluorescence intensity may result from the absence of

hydrophobic clusters (partially folded structure) and/or the

presence of the native or unfolded conformation.

To gain insights into the effect of DTTred on confor-

mational changes in HEWL, intrinsic fluorescence spectra

of the samples were also recorded (spectra not shown); the

wavelengths of emission maximum (kmax) of all HEWL

samples are listed in Table 1. Prolonged incubation led to a

slight red-shift of kmax from *336 to *339 nm in HEWL

fibrillar sample, implying that tryptophan residues were

exposed upon fibrillation. However, the kmax of the HEWL

samples were shifted toward longer wavelength when DTT

was added, and the largest red-shift in kmax was found at

4 mM DTT (from *336 to *346 nm), clearly indicative

of extensive exposure of tryptophan residues to solvent due

to the presence of DTTred.

As evidenced by ANS fluorescence and intrinsic fluores-

cence results (Fig. 5c, Table 1), the addition of DTTred to

HEWL samples during incubation led to obvious structural

unfolding of HEWL followed by structural rearrangement

through the pathway that resulted in the formation of

amorphous aggregated species (as evidenced by an increase

in right-angle light scattering in Fig. 4, ThT fluorescence
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Fig. 4 Kinetics of aggregate formation in HEWL samples with or

without DTTred. Extent of aggregation was evaluated by monitoring

the scattered light intensity of the HEWL sample solutions at equal

excitation and emission wavelengths of 450 nm. Each point repre-

sents the average of at least five independent measurements (n C 5).

HEWL samples were prepared in hydrochloric acid (pH 2.0) with salt

in the presence of various concentrations of DTTred (0, 1, 2, and

4 mM), and incubation was performed at 55�C
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data in Fig. 1, and TEM results in Fig. 3b). As more of the

amorphous aggregates formed, less fibrils were produced,

which may explain the positive correlation between treat-

ment with DTTred and attenuation of HEWL fibrillation.

To explore the effects of DTTred on the conformational

stability of HEWL at pH 2.0, urea-induced unfolding

transitions of HEWL samples in the presence and absence

of DTTred (1, 2, or 4 mM) at pH 2.0 were measured using

intrinsic fluorescence; the spectral results for HEWL by

itself are shown in the inset to Fig. 6. Incubation with

urea led to structure unfolding of HEWL and resulted in
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Fig. 5 Influence of DTTred on the secondary structure and surface

hydrophobicity of HEWL. a Representative circular dichroism

spectra of HEWL incubated with various concentrations of DTTred

(0, 1, 2, and 4 mM) at 55�C taken at 0 days. b Representative circular

dichroism spectra of HEWL incubated with various concentrations of

DTTred (0, 1, 2, and 4 mM) at 55�C taken at 43 days of incubation.

c ANS fluorescence emission intensity of HEWL sample as a function

of incubation time. ANS fluorescence emission was used to monitor

the surface hydrophobicity of HEWL samples. Each point represents

the average of at least five independent measurements (n C 5).

HEWL samples were prepared in hydrochloric acid (pH 2.0) with salt

in the presence of various concentrations of DTTred (0, 1, 2, and

4 mM), and incubation was performed at 55�C. In Fig. 5c, an asterisk
above the bar indicates that the statistical difference between the

sample value and its untreated control value has a P value of\0.005

as determined by Student’s t test

Table 1 Wavelengths of fluorescence emission maximum of HEWL

samples with various concentrations of reduced DTT

[DTTred]b (mM) kmax (nm)a

0 days 9 days 20 days 29 days 39 days

0 336.33 339.33 341.00 341.67 339.33

1 336.00 343.00 343.67 345.33 344.00

2 336.67 343.67 345.33 346.33 345.33

4 336.33 343.33 347.33 347.67 346.33

a kmax is the wavelength of fluorescence emission maximum
b DTTred is reduced DTT
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energy transfer from the tryptophan residues to a hydro-

philic environment, which is manifested as a red-shift of

intrinsic fluorescence spectrum from the emission maxi-

mum (kmax) of *340 to *355 nm. While the fluorescence

intensity decreased slightly when the urea concentration

fell below 2.5 M (from *296 to *267 A.U.), a dramatic

increase in fluorescence intensity (from *267 to *482

A.U.) and a significant change in kmax were observed when

the urea concentration was above 2.5 M. As for the sample

with added DTTred, a higher level of fluorescence intensity

and pronounced changes in kmax were detected as com-

pared with the control, indicating that the addition of

DTTred tended to render the HEWL’s conformation more

unfolded or flexible, thus leading to its structural

instability.

Fitting of the urea-induced transition data for HEWL

samples with and without DTTred to the two-state transition

model equation (described in the ‘‘Materials and methods’’

section) yielded the dependence of the normalized fraction

of unfolded HEWL on urea concentration depicted in

Fig. 6. Taken together, the previous findings and the cur-

rent results reveal that, regardless of the pH and tempera-

ture used, the denaturant-induced unfolding process of

HEWL can be effectively approximated by a two-state

transition under most conditions (Privalov 1996). Also,

we show in Fig. 6 that, upon the addition of urea, our

thermodynamic equilibrium experiments demonstrated

sigmoidal curves characteristic of cooperative two-state

transition during the unfolding of HEWL samples with or

without DTTred. Further analysis revealed that the unfold-

ing transition for HEWL without DTTred was observed to

fall within the range of *4–6 M urea, and this concen-

tration range of the unfolding transition was shifted to

the left (i.e., to lower urea concentrations) upon expo-

sure to DTTred (HEWL ? 1 mM DTTred: *3–5.5 M,

HEWL ? 2 mM DTTred: *2.7–5.0 M, HEWL ? 4 mM

DTTred: *1.8–4.0 M), indicating that DTTred did reduce

the apparent stability of HEWL.

The values of DG0
unfold, munfold, and Cm were also deter-

mined and are listed in Table 2. The magnitudes of DG0
unfold,

munfold, and Cm for the unfolding of HEWL by itself were

determined to be 17.25 ± 0.48 kJ/mol, 3.09 ± 0.09 kJ/

mol-M, and 5.59 ± 0.04 M, respectively. As compared

with the published results (Ahmad et al. 1994; Greene and

Pace 1974; Nakatani et al. 2007; Sasahara et al. 2002), a

reduction in DG0
unfold for HEWL in this study was attributed

to the structural destruction of HEWL by the condition of

lower pH and elevated temperature. While a similar level of

munfold was observed for all HEWL samples, the values of

DG0
unfold and Cm were found to decrease with increasing

concentration of DTTred added (e.g., from 15.13 ± 0.57 kJ/

mol and 4.97 ± 0.05 M for HEWL ? 1 mM DTTred to

10.12 ± 0.16 kJ/mol and 3.26 ± 0.02 for HEWL ? 4 mM

DTTred). Two quantities, DDGm
unfold and DDG0

unfold; were

calculated and used to further compare stability between

samples with and without DTTred. DDGm
unfold could be

determined via DDGm
unfold ¼ mh iDCm, where mh i is the

average value of m from different sample conditions and

DCm is the difference in Cm between HEWL alone and

HEWL with DTTred. DDG0
unfold denotes the difference in

DG0
unfold between HEWL and HEWL-DTTred solution. As

shown in Table 2, the magnitude of DDGm
unfold was not

significantly different from that of DDG0
unfold for all HEWL

samples. Moreover, irrespective of the type of free energy

change, the amount of free energy decrease from the control

was positively correlated to the concentration of DTTred

added.

It has been reported that many proteins rely on disulfide

bonds for the stability of their folded state and that

reduction of the disulfide bonds will result in the unfolding

of proteins (Creighton 1984; Oobatake et al. 1979). While

the underlying mechanism is far from being completely

understood, the stabilizing effect of disulfide bonds on

proteins is believed to involve configurational entropic,

enthalpic, and native-state effects (Betz 1993; Clarke and

Fersht 1993). Apparently, the results of our unfolding

experiments demonstrated that DTTred interacted with

HEWL, leading to a loss in conformational stability.
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Fig. 6 Urea-induced unfolding transition curves of HEWL monitored

by fluorescence spectra in presence and absence of DTTred at pH 2.0

and 55�C. The normalized unfolded fraction of HEWL sample at

given urea concentration was determined via a two-state transition

model described in the ‘‘Materials and methods’’ section. The

concentrations of DTTred used are 0 mM (filled squares), 1 mM

(filled diamonds), 2 mM (filled triangles), and 4 mM (open squares).

The inset shows the intrinsic fluorescence spectra of HEWL at various

urea concentrations (the left arrow indicates 0–2.5 M and the right
arrow indicates urea concentrations from 2.5 to 9 M)
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We also examined whether the addition of DTTred could

still inhibit the formation of HEWL fibrils once HEWL

aggregation had commenced. After HEWL was allowed to

aggregate in pH 2.0 at 55�C, we added 2 mM DTTred at

later time points (2, 5, and 8 days). As evidenced by ThT

fluorescence results shown in Fig. 7a and Congo red

binding (data not shown), the inhibitory effect of DTTred

was observed to be negatively correlated with the timing of

DTTred addition. Moreover, the addition of 2 mM DTTred

after *8 days of incubation had no suppressing effect on

either the rise in ThT fluorescence or the generation of the

shoulder peak in Congo red binding spectra. By comparing

against the spectra obtained from the control (HEWL by

itself), our CD, intrinsic fluorescence, and ANS fluores-

cence results showed that the addition of DTTred after

*8 days of incubation exerted negligible influence on the

conformation (secondary or tertiary structure) of HEWL

sample (see ANS data in Fig. 7b), in agreement with

observations by ThT fluorescence and Congo red binding.

Consequently, our findings demonstrated that DTTred was

effective in inhibiting HEWL fibrillation only when added

within the period of partial unfolding (*8 days).

As inferred from our above-mentioned ThT fluores-

cence, light scattering, and equilibrium unfolding results, it

is reasonable to postulate that, during the lag period of

fibrillation, the addition of DTTred drove the reaction to

proceed through the off-pathway toward the formation of

amorphous aggregates and decreased the effective con-

centration of HEWL for fibril formation, thus yielding

significantly smaller amount of fibrils.

Among several models, the nucleation-based polymeri-

zation model, involving a lag period followed by a growth

phase, has been widely used to account for the kinetics of

amyloid fibrillation. It is thought that, during the lag per-

iod, the monomeric species assemble to form an oligomeric

nucleus, which can serve as a template for subsequent

fibrillation in the growth phase (Munishkina et al. 2004;

Pedersen et al. 2004). Ample evidence has suggested that

abnormal aggregation or fibrillation arises from a critical,

partially unfolded protein intermediate (also known as the

amyloidogenic intermediate) (Ohnishi and Takano 2004;

Uversky and Fink 2004) and that this intermolecular

association is driven by hydrophobic interactions (Khurana

et al. 2003). The nucleus formed by the assembly of par-

tially unfolded monomers possesses hydrophobic side-

chains or patches on its surface, which leads to hydrophobic

associations between the molecules and consequently the

formation of fibril. Contrary to the partially unfolded

intermediates, the fully unfolded and fully folded species

lack the aforesaid hydrophobic side-chains; therefore,

when they dominate the solution, inhibition or deceleration

of fibrillation would be observed (Uversky and Fink 2004;

Yagi et al. 2005). Given that the partial unfolding of

HEWL occurred before *8 days of incubation, it would be

reasonable to surmise that, besides monomer, partially

(un)folded intermediate conformation of HEWL might be

still vulnerable to the action of DTTred (e.g., reduction of

the disulfide bond) or accessible to DTTred, thus leading to

the observed fibrillation inhibition. However, the lack of

inhibitory potency against HEWL fibrillation by DTTred

detected afterwards might be attributed to the difficult

access of DTTred to the inner core of fibrils, as the aggre-

gates are already tightly packed and assembled. A similar

conclusion was also drawn from study examining the

influence of reducing agents on b2-microglobulin fibrillo-

genesis (Yamamoto et al. 2008). The possible explanation

for our findings can be stated as follows: While the con-

ditions of pH 2.0 and 55�C are suited for the generation of

prerequisite partially folded intermediates for fibrillation,

addition of DTTred further unfolds the partially destabilized

HEWL monomer and/or oligomeric nucleus species by

reducing disulfide bridges, hence providing a condition

favoring formation of fully unfolded population. The

resultant extensive unfolding of HEWL generated pre-

dominantly amorphous aggregates (off-pathway product),

with fewer fibrillar species (on-pathway product) being

formed, which substantially delays or inhibits HEWL

fibrillation.

Thiol-based redox pairs have commonly been added to the

buffer to refold disulfide-containing proteins/peptides (De

Bernardez Clark et al. 1998, 1999). Also, the redox buffer

composition can affect in vitro folding rates and folding

states of proteins (Bulaj 2005). Therefore, we were interested

in knowing whether the presence of DTTox would influence

Table 2 Calculated urea-induced unfolding transition thermodynamic parameters of HEWL samples in presence and absence of DTTred

monitored by intrinsic fluorescence spectra

Sample DG0
unfold

a (kJ/mol) munfold
a (kJ/mol-M) Cm

a (M) DDGm
unfold

a (kJ/mol) DDG0
unfold

a (kJ/mol)

HEWL 17.25 ± 0.48 3.09 ± 0.09 5.59 ± 0.04 – –

HEWL ? 1 mM DTTred 15.13 ± 0.57 3.05 ± 0.12 4.97 ± 0.05 1.92 ± 0.12 2.11 ± 0.75

HEWL ? 2 mM DTTred 12.67 ± 0.33 3.11 ± 0.08 4.07 ± 0.04 4.72 ± 0.05 4.58 ± 0.59

HEWL ? 4 mM DTTred 10.12 ± 0.16 3.11 ± 0.05 3.26 ± 0.02 7.23 ± 0.04 7.13 ± 0.51

a The parameters were determined using the equations based on a two-state transition. Mechanism listed in the ‘‘Materials and methods’’ section
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amyloid fibrillation of HEWL. As illustrated in Fig. 8a,

when 2 mM DTTox was initially added to the HEWL sample,

not much difference in final ThT fluorescence intensity was

observed in comparison with that of HEWL by itself.

However, when co-incubated with its reduced counterpart,

DTTred, dramatic declines of ThT fluorescence emissions in

HEWL samples were perceived even over *35 days of

incubation. Furthermore, the far-UV CD spectra of HEWL

by itself and of DTTred-containing HEWL samples remained

unaffected by the addition of DTTox (spectra not shown).

A similar conclusion concerning the influence of DTTox

(2 mM or 4 mM) could be drawn from observations of

intrinsic fluorescence spectra (spectra not shown) and ANS

fluorescence emission spectra (Fig. 8b). Our findings clearly

indicated that the addition of oxidized DTT had no effects on

the secondary and tertiary structures of HEWL. Moreover,

the observed inhibitory activity against HEWL amyloid

fibrillation induced by DTTred was not confounded by sup-

plementation with DTTox.

Based on the preceding results, we hypothesized that the

destabilization of three-dimensional structure and the

inhibition of HEWL fibrillation caused by DTTred would be

closely associated with the reduction of disulfide bridges of

HEWL. To investigate this further, we proceeded to

determine the content of free thiol groups (–SH) in HEWL

samples under different conditions. We show in Table 3

that the acid-induced fibrillation of HEWL by itself led to a

slight increase in –SH content (*0.032 mM) even after

25 days of incubation. However, the exposure of –SH

groups was more pronounced in DTTred-containing sam-

ples as compared with the control sample, and the free –SH

concentration and percentage of native disulfide disruption

were positively correlated with the added DTTred concen-

tration. For example, after 10 days of incubation, *3.0%,

*28.2%, *37.1%, and *51.7% of eight thiol groups in

HEWL appeared free for the HEWL samples with 0 mM,

1 mM, 2 mM, and 4 mM DTTred, respectively. Except for

the control sample, a decrease was observed at 25 days of

incubation in each DTTred-containing sample, as shown in

Table 3. The decrease in thiol levels observed later was

probably attributable to reformation of disulfide bonds

either intra- or intermolecularly. An analogous trend was

also observed in a previous study (Kumar et al. 2008).

A number of disulfide-bonded proteins such as insulin,

a-synuclein, and cystatin C have been recognized as the

fibrillar components of the deposits associated with certain

diseases (Dobson 2004; Ross and Poirier 2004; Uversky

and Fink 2004; Wang and Good 2005). Earlier studies

provided evidence of the link between disulfide bonds and

amyloid fibrillation. It was shown that, in familial British

dementia, the intramolecular disulfide bridge is needed for
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Fig. 7 Effect of timing of DTTred addition on a the amyloid

fibrillation and b the surface hydrophobicity of HEWL sample as a

function of incubation time. The inhibitory effect of DTTred on

fibrillation of HEWL samples was evaluated by the time course of

ThT fluorescence emission. ANS fluorescence emission was used to

monitor the surface hydrophobicity of HEWL samples. HEWL

samples were prepared in hydrochloric acid (pH 2.0) with salt at

55�C. DTTred at 2 mM was added at different time points (0, 2, 5, and

8 days) after the launch of incubation. Each point represents the

average of at least five independent measurements (n C 5). In Fig. 7b,

an asterisk above the bar indicates that the statistical difference

between the sample value and its untreated control value has a

P value of \0.005 as determined by Student’s t test
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the generation of b-sheet-rich fibrils (El-Agnaf et al. 2001).

Zhang and Kelly observed that transthyretin variant bear-

ing Cys10 mixed disulfides has a higher propensity for

fibrillation than its wild-type counterpart (Zhang and Kelly

2003). It has been demonstrated that a number of peptides/

proteins containing native disulfide bonds are unable to

form amyloid fibrils when the disulfide bonds are disrupted

(Das et al. 2005; Thorn et al. 2008). Previously, a number

of attempts have been made to investigate how amyloid

fibrillation is affected by an added reducing agent. Using

hemodialysis amyloidosis-associated protein, b2-micro-

globulin, as a model protein, Yamamoto and coworkers

reported that the addition of DTT or cysteine led to

suppression of amyloid fibril formation at neutral pH

(Yamamoto et al. 2008). Fibrillation of b2-microglobulin

was found to be hampered upon reduction of disulfide bonds

under acidic condition (Ohhashi et al. 2002). Furthermore,

our laboratory has recently demonstrated that the fibrillo-

genic propensity of hen egg-white lysozyme induced at low

pH and elevated temperature was markedly attenuated due

to the presence of tris(2-carboxyethyl) phosphine (TCEP),

cysteine, or reduced glutathione (GSH) (Wang et al. 2009a,

b, c). In stark contrast, the results from the study by Paik and

coworkers revealed that, as compared with a-synuclein by

itself, the addition of GSH profoundly increased the final

emitted ThT fluorescence intensity (the amount of amyloid

fibrils) without changing the lag period of fibrillation (Paik

et al. 2003). While DTTred has recently been shown to

potently retard the slow aggregation of HEWL at pH 12.2

(Kumar et al. 2008), its effect on amyloid fibrillation of

HEWL at acidic pH has not yet been reported.

Our data demonstrated that the level of exposed –SH

groups was significantly low (*3% of eight free thiol) in

the sample of HEWL by itself, indicating that disulfide

bonds were present in HEWL without the addition of

DTTred. Moreover, no observable difference was detected

in the percentage of free –SH before and after treatment of

6 M guanidine hydrochloride. It was previously reported

that, after treating with reducing agents, both isolated

A- and B-chain peptides of insulin have the propensity for

fibrillation (Hong et al. 2006; Zako et al. 2009). In addi-

tion, Aso and coworkers have pointed out that the forma-

tion of both immature and mature fibrils could be observed

even without the presence of any disulfide bond (Aso et al.

2007). Based on the results from us and others, we can

reasonably conjecture that the existence of disulfide bonds

is probably not a structural prerequisite for amyloid

fibrillation.

In the present research, via fluorescence spectroscopy

with ThT or ANS, circular dichroism spectroscopy, Congo

red binding assay, and TEM, our results showed that

DTTred led to a marked reduction in HEWL fibrillation

(Figs. 1, 2, 3). Moreover, subsequent experiments using

HEWL treated with DTTred at later times of incubation

revealed that the effective inhibitory activity of DTTred

against HEWL fibrillation was noted only when DTTred
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Fig. 8 Effect of DTTox on a the amyloid fibrillation and b the surface

hydrophobicity of HEWL sample as a function of incubation time.

Each point represents the average of at least five independent

measurements (n C 5). HEWL samples were prepared in hydrochlo-

ric acid (pH 2.0) with salt in the presence of various concentrations of

DTTox (0, 2 and 4 mM) with or without 2 mM DTTred, and

incubation was performed at 55�C. In Fig. 8b, an asterisk above the

bar indicates that the statistical difference between the sample value

and its untreated control value has a P value of\0.005 as determined

by Student’s t test
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was added within *8 days of incubation (Fig. 7). We then

demonstrated that the inhibition of HEWL fibrillation was

strongly dependent upon DTTred but not DTTox (Fig. 8a).

In terms of structure, ANS fluorescence emission spectra

(not shown) and CD spectra were also recorded to monitor

the changes in the surface hydrophobicity and secondary

structure, respectively. We discovered that, as opposed to

the b-sheet-rich amyloid fibrils with higher hydrophobicity

formed in HEWL alone or DTTox-containing HEWL,

species with predominately low b-sheet structure and lower

solvent-exposed hydrophobic surfaces were detected in the

HEWL samples with initial addition of DTTred (Fig. 5a–c).

Furthermore, the observed changes in structural feature

induced by DTTred were not disturbed by the presence of

DTTox (Fig. 8b). It could be concluded from the results of

ANS fluorescence, intrinsic fluorescence, urea-unfolding

data, and free thiol measurements that the reducing envi-

ronment or addition of DTTred led to the reduction of

disulfide bonds and thus enhanced the conformational

flexibility of HEWL and decreased the stability of HEWL

(Tables 1, 2, 3; Figs. 5, 6). As a result, partial loss of ter-

tiary structure arose and tryptophan residues which were

huddled inside become accessible to the solvent.

Notably, upon closer examination our data revealed that

up to *90% reduction in fibrillation was observed when

only *50% of disulfide bonds were disrupted by the

addition of DTTred. As stated above, others have found that

amyloid fibrillation could be governed by formation of

disulfide bonds inter- or intramolecularly (Das et al. 2005;

Ohhashi et al. 2002; Welker et al. 2002). Alternatively,

hydrophobic interaction was determined to be the key

driving force for protein fibrillation (Shimizu and Shimizu

1999; Srisailam et al. 2002). Therefore, it could be postu-

lated that the role played by the added DTTred might be

twofold: (1) breaking the disulfide bonds, and (2) rendering

the structure or conformation of HEWL more flexible,

thereby enhancing the exposure and solvent accessibility of

the buried tryptophan residues, which may be associated

with hydrophobic interactions.

In conclusion, we sought to explore the effects of

dithiothreitol on amyloid fibril formation by investigating

one of the best characterized systems, hen egg-white

lysozyme. While additional studies are required on the

effects of DTTred on amyloid fibrillation to shed light on

underlying mechanism(s), this study has revealed that the

propensity for fibril formation of HEWL at acidic pH could

be effectively suppressed by adding reductant (DTTred),

highlighting the importance of disulfide bridges in amyloid

fibrillation. We believe that the outcome from this research

will not only contribute to our understanding of the

mechanism(s) regarding self-association of disease-rele-

vant or disease-irrelevant amyloid proteins but also provide

a promising approach to tackle the amyloid formation

implicated in amyloid diseases.
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