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Protein aggregation and its subsequent deposition in different tissues culminate in a diverse range of dis-
eases collectively known as amyloidoses. Aggregation of hen or human lysozyme depends on certain con-
ditions, namely acidic pH or the presence of additives. In the present study, the effects on the aggregation
of hen egg-white lysozyme via incubation in concentrated solutions of three different chaotropic agents
namely guanidine thiocyanate, guanidine hydrochloride and urea were investigated. Here we used three
different methods for the detection of the aggregates, thioflavin T fluorescence, circular dichroism spec-
troscopy and atomic force microscopy. Our results showed that upon incubation with different concen-
trations (0.5, 1.0, 2.0, 3.0, 4.0, 5.0 M) of the chemical denaturants, lysozyme was aggregated at low
concentrations of guanidine thiocyanate (1.0 and 2.0 M) and at high concentrations of guanidine hydro-
chloride (4 and 5 M), although no fibril formation was detected. In the case of urea, no aggregation was
observed at any concentration.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Deposits of insoluble protein fibrils with cross b-sheet structure
are the molecular hallmark of an increasing number of human dis-
orders, including Alzheimer’s disease, Parkinson’s diseases and
type II diabetes [1]. Protein aggregates can be generally considered
as insoluble misfolded proteins that have lost their native forms
and functions [2]. Aggregation of proteins is a nuisance in the bio-
pharmaceutical applications where it can interfere with the pro-
duction and characterization of therapeutic proteins/peptides
[2,3].

Amyloid fibrils are known to possess specific structural and
physicochemical features in common: presence of b-sheet rich sec-
ondary structure, fibrillar morphology, birefringence upon staining
with Congo red dye and insolubility in most solvents [4].

Formation of amyloid is often explained by a nucleation-
dependent kinetic mechanism. Once a critical nucleus is formed,
the protein in question rapidly aggregates into amyloid fibrils
and plaques. Massive fibril deposits can interfere with normal
organ function. Amyloid lesions can induce inflammatory
responses. Mature amyloid fibrils have also been found to induce
cell death. However, other studies have shown amyloid fibrils to
be relatively innocuous, leaving doubt about their impact [5].
In order to become aggregated and form fibrils, globular pro-
teins are generally should become destabilized (e.g., by mutation,
heat, high pressure, low pH, or chemical denaturants) [6].

Formation of amyloid fibrils by lysozyme has recently drawn
the attention of many researchers. Effect of solution conditions
such as denaturing compounds, e.g., SDS at alkaline conditions,
has been studied recently by Moosavi-Movahedi et al. [7]. Lyso-
zyme, whose concentration in mare’s milk reaches hundreds of
milligrams per liter, plays an important role in body defense from
external bacterial infections [8]. Variant lysozyme was first discov-
ered to be an amyloid fibril protein associated with hereditary sys-
temic amyloidosis in 1993 [9].This disease is associated with point
mutations in the lysozyme gene, causing the nonconservative sub-
stitutions Ile56Thr or Asp67His, and amyloid fibrils are widely
deposited in a variety of tissues [10].

Hen Egg White Lysozyme (HEWL) is an archetypal protein
which has been extensively used to understand the mechanism
of protein folding, misfolding and amyloid formation [11]. HEWL
is a 129-amino acid long enzyme which catalyzes the hydrolysis
of the b-linkage between N-acetylmuramic acid and N-acetylglu-
cosamine subunits in the peptidoglycan polymers of many bacte-
rial cell walls and results in bacterial lysis and death. Its native
form is cross-linked by four disulfide bridges and adopts mainly
helical conformation (30% a-helix; 6% b-sheet) [2,12].

Wild-type human lysozyme was found to form amyloid fibrils
that are similar to those extracted from pathological deposits when
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incubated in vitro at pH 2.0 for several days. Krebs et al. obtained
amyloid aggregates also from HEWL utilizing a variety of methods,
such as incubation of the protein in acidic solution (pH 2.0–4.0) at
elevated temperatures (37–65 �C) for several days [13].

Guanidine thiocyanate (GITC) is a powerful protein denaturant;
both the guanidinium cation and thiocyanate anion are strong cha-
otropic agents [14]. Guanidine hydrochloride (GdnHCl) is also a
strong denaturant which can coat the exterior of proteins. Above
certain protein-specific concentrations, GdnHCl can fully denature
a protein. While denatured, however, disulfide-containing proteins
are never fully unfolded even by high levels of GdnHCl. A consider-
able degree of ordered structure remains due to the presence of
disulfide bonds, which GdnHCl does not affect. Low levels of
GdnHCl (<1 M) have been shown to assist in the correct refolding
of lysozyme by inhibiting amorphous aggregation [15].

Urea has been widely used for protein folding or refolding stud-
ies [16]. Nielsen and co-workers showed that, as the concentration
of urea was increased from 0 to 2.0 to 4.0 and to 6.0 M, lag times
before growth decreased and growth rates increased. They con-
cluded that urea promoted a population of partially folded species
that decreased lag times and increased growth rates [15,17].
2. Materials and methods

2.1. Chemicals

Hen egg-white lysozyme was purchased from Sigma and used
without further purification. Concentrations were determined
spectrophotometrically using the extinction coefficient (at
280 nm) of 2.65 [L g�1 cm�1] [18]. Guanidine hydrochloride, guani-
dine thiocyanate and urea were purchased from Sigma and Merck
respectively. Thioflavin T (ThT) and all other reagents were also
purchased from Sigma.

2.2. Fibril formation

A stock solution of lysozyme was prepared in 10 mM sodium
phosphate (NaPhos), pH 7.0. Dilution with 7.0 M GITC, GdnHCl
and urea in 10 mM NaPhos resulted in solutions of 2.0 mg/mL lyso-
zyme with GITC, GdnHCl and urea concentrations ranging from 0,
0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 M. HEWL sample solutions (except
sample without any denaturant that was incubated at 54 �C and
pH 2.0 (control)) were incubated in shaker incubator with stirring
at 150 rpm and 25 �C for 24 h to induce fibrillar species.

2.3. ThT fluorescence assay

Thirty five microliter of HEWL samples were mixed with
1965 lL of 13 lM ThT in phosphate-buffered saline (PBS). The
increase in fluorescence was observed upon binding of amyloid
fibrils to ThT which was employed to quantify fibril formation.
ThT has been shown to selectively bind to ordered fibrillar aggre-
gates without showing binding to native protein or amorphous
aggregates. ThT fluorescence intensity measurements were per-
formed by exciting samples at 440 nm and recording emission
intensities at 480 nm using a Cary Eclips VARIAN fluorescence
spectrophotometer. Slits were adjusted to 5 and 5 nm for both
excitation and emission. The temperature was adjusted to 25 �C
using a water bath heater. All measurements were done in
triplicate.

2.4. Circular dichroism (CD)

CD spectra were measured using a Jasco 810 CD Spectropho-
tometer. Far-ultraviolet (UV) (190–260 nm) waves were used in
0.1 cm path length cell using a step size of 0.1 nm and band width
of 1 nm. Each protein spectrum was corrected by subtracting the
solvent spectrum. Spectra were recorded at 25 �C. For acquisition
of spectra, the protein samples were diluted to 0.2 mg/mL just
before the measurement. The results were plotted as ellipticity
(deg. cm2 dmol�1) versus wavelength (nm).

2.5. Atomic force microscopy (AFM)

For AFM measurements, a 10 lL of each lysozyme sample was
loaded onto a mica surface and allowed to bind to the mica by
incubation for 30 min at room temperature. The mica surface
was then rinsed one time with 100 lL deionized water and dried
at room temperature. The AFM images were obtained using a
Veeco AFM instrument operating in the noncontact mode. The
diameters of aggregates were determined from the Z-heights in
AFM images, using the profile option of WSXM.
3. Results and discussion

3.1. ThT fluorescence

The native monomeric form of HEWL (control) converts into
insoluble amyloid-like aggregates upon incubation at pH 2.0 and
54 �C. To characterize the role of GITC, GdnHCl and urea in lyso-
zyme fibril production, lysozyme was stirred and incubated at
25 �C in the presence of varying concentrations of these chaotropic
agents, from 0.5 to 5.0 M (Fig. 1). At 3.0 M concentrations of GITC,
low fluorescence intensity was observed, indicating minimal fibril
formation. At 1.0 and 2.0 M GITC concentrations a dramatic
increase in ThT fluorescence emission was obtained and the solu-
tion became visibly turbid. At 4.0 and 5.0 M GITC concentrations
no signal was recorded at all (Fig. 1).

No signal was recorded at 0.5, 1.0, 2.0 and 3.0 M concentrations
of GdnHCl but a dramatic increase in ThT fluorescence emission at
4.0 M GdnHCl and low ThT fluorescence intensity at 5.0 M GdnHCl
can be seen in Fig. 1. No signal was observed in the presence of
urea.

3.2. CD spectroscopy

Circular dichroism spectroscopy was used to analyze the sec-
ondary structures of lysozyme in solution. The CD spectra of lyso-
zyme upon interaction in the absence and presence of GITC,
GdnHCl and urea at above mentioned concentrations are shown
in Fig. 2A–C respectively. The changes in the secondary structure
of lysozyme upon addition of increasing concentrations of GITC,
GdnHCl and urea can be observed as changes in shapes and inten-
sities of the spectra.

The spectrum for 0.5 M GITC exhibited significant change at
lysozyme structure. The changes in secondary structure of lyso-
zyme continued upon addition of increasing concentrations of
GITC. The CD spectra obtained from HEWL with 1.0 and 2.0 M con-
centrations of GITC were observed to possess a characteristic pat-
tern of b-sheet-rich conformation. Our far-UV CD data suggested
that the formation of b-sheet conformation and the HEWL fibrilla-
tion were strongly mitigated by the presence of 3.0, 4.0 and 5.0 M
GITC. A plot of changes in intensity at 208 and 222 nm against the
concentrations of GITC (Fig. 2D and E) shows that the intensity of
these peaks dramatically decrease upon addition of 0.5 M GITC.
This trend continued at 3.0 M GITC. Conversely, as shown in
Fig. 2D and E intensity of these peaks at 208 and 222 nm exhibited
an increase on the addition of GITC at 4.0 and 5.0 M that shows a
large increase in helical content in this range of GITC (Table 1).
Mason et al. [19] studied the hydration structure of guanidinium



Fig. 1. The effects of GITC, GdnHCl and urea on the amyloid fibrillation of HEWL as measured by ThT fluorescence. HEWL samples at 2 mg/mL were mixed with chemical
denaturants with final concentrations of 0, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 M.

Fig. 2. Far-UV CD spectra of lysozyme solutions are shown in the presence of GITC (A), GdnHCl (B) and urea (C). In all spectra, curve 1 (Control) is the lysozyme solution in the
absence of denaturing agent at pH 2.0 and curve 2 is the native lysozyme solution at pH 7.0. Changes in molar ellipticities are also shown at 208 nm (D,F,H) and 222 nm
(E,G, I), in the presence of different concentrations of GITC (D,E), GdnHCl (F,G) and urea (H, I).
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and thiocyanate ions. The Gdm+ cation is the most powerful pro-
tein denaturant commonly used in studies of protein stability
and folding, despite the fact that the detailed mechanism of its
denaturation properties remains unresolved. Gdm+ ions bind to
polypeptides, and this binding is expected to provide a significant
contribution to protein denaturation because, on unfolding, many



Table 1
Alpha helicity of hen egg-white lysozyme under the influence of different concentrations (M) of chemical denaturants.

a-Helix at 208 nm (%) a-Helix at 222 nm (%)

Native 43 36
GITC

0.5 35 29
3.0 28 26
4.0 37 30
5.0 41 32

GdnHCl
0.5 39 32
1.0 39 32
2.0 35 28
3.0 35 27
5.0 25 21

Urea
0.5 42 34
1.0 43 34
2.0 43 34
3.0 40 32
4.0 40 32
5.0 39 32
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buried peptide backbone amides, hydrogen-bonded within the
folded structure, become available for denaturant binding [19].
Helical peptide studies show that guanidinium can be up to 4-fold
more efficient than urea when planar amino acid side chains are
major contributors to helical stability [20]. Chang and Li [21] dem-
onstrated the denaturation curves of lysozyme reveal that GITC is
about 2.5-fold and 7-fold more potent than GdnHCl and urea,
respectively [21]. According to the discussion provided above, it
could be hypothesized that GITC, as a strong denaturant at low
concentrations, can denature lysozyme in such a way to become
more susceptible for aggregation. Now the question is why in the
presence of higher concentrations GITC, lysozyme structure is a-
helical? One possible explanation that could be proposed is that
the most influential factor in exhibiting the denaturing effect of
GITC (or any other chemical denaturant?) is not its (their?) abso-
lute concentration(s) but it is the ratio of concentration of the
denaturant to the protein in the solution. At certain ratios the pro-
tein (here lysozyme) would become denatured, and out of this
ratio, there would be no denaturation. Wang et al. [3] examined
the effects of SDS on the aggregation of HEWL in acidic pH. Their
far-UV CD data suggested that transformation to b-sheet confor-
mation and HEWL fibrillation were strongly mitigated by the pres-
ence of 5.00 or 20.00 mM SDS. They observed that when SDS
concentration was from 3.0 to 6.0 mM, the amount of b-sheet-rich
amyloidogenic HEWL species was attenuated whereas the mixed
micellar complexes with larger characteristic sizes and loose con-
formation became dominant. The moving of these larger mixed
micellar complexes toward the solution/air interface led to a
decrease in the surface tension. When the concentration of SDS
was higher than 6.0 mM, the solution–air interface and the surface
of HEWL became saturated with SDS and the excess SDS resulted in
the generation of SDS micelles in the solution. Very little HEWL
fibril was detected, and the CD and ANS fluorescence results
revealed the formation of a-helix-rich HEWL, with less surface
hydrophobicity of HEWL species, suggesting a superior fibril-sup-
pressing effect of SDS in this concentration range [2]. It seems that
at higher concentrations of GITC (3.0, 4.0 and 5.0 M) and also at
5.0 M GdnHCl, denaturant micellar structures might have been
formed in solutions that ultimately suppressed lysozyme aggrega-
tion. This hypothesis needs further investigation.

The far-UV CD spectra of HEWL samples without and with 0.5,
1.0, 2.0 and 3.0 M GdnHCl also attest a shoulder at 222 nm and a
minimum at 208 nm demonstrating a-helical structure. In all
HEWL sample solutions, the far-UV CD spectral feature and associ-
ated structural transition were found to be affected by the concen-
tration of GdnHCl. Upon further GdnHCl concentrations the
observed far-UV CD spectra of HEWL with GdnHCl exhibited a pro-
nounced absorption minimum at 208 nm and 222 nm, reflecting an
occurrence of a-to-b transition along with a prominent alteration
in the relative proportions of secondary structures within these
HEWL sample solutions (Table 1). Our far-UV CD data suggested
that the formation of b-sheet conformation and the HEWL fibrilla-
tion were strongly enhanced by the addition of GdnHCl concentra-
tions. CD results in Fig. 2B verify that lysozyme is roughly native at
0.5 M GdnHCl but starts to lose structure above 0.5 M GdnHCl. At
4.0 and 5.0 M GdnHCl, lysozyme is partially denatured. The lyso-
zyme structure at 4.0 M GdnHCl no longer displayed a helical
structure. Instead, the sample exhibited the characteristic pattern
of b-sheet-rich conformation with an absorption minimum around
�217–219 nm. However, 24-h exposure of HEWL to 5.0 M GdnHCl
yielded the far-UV CD spectrum containing a minimum at 208 nm
and a shoulder 222 nm, which is similar to that of the control. A
plot of changes in intensity at 208 and 222 nm against the concen-
tration of GdnHCl (Fig. 2F and G) shows that the intensity of these
peaks decrease upon addition of increasing GdnHCl concentrations
indicating that structure became unfolded on the addition of
GdnHCl. Cl� is believed to stabilize the native structure by causing
preferential hydration of proteins [22]. Comparisons with the
hydration structure of other anions in the Hofmeister series, con-
firm the trend toward stronger denaturation with weak hydration
as suggested by the series SO4

2�, HPO4
2� F� > Cl� > I� � ClO4

� � NO3-
� > SCN�, where > expresses the idea that ions to the left of the ser-
ies are strong naturants, which stabilize proteins, and those to the
right destabilize proteins [19]. GdnHCl is weaker than GITC, so at
higher concentrations of GdnHCl (4.0 M), lysozyme became
aggregated.

The far-UV CD spectrum of the protein with different concen-
trations of urea shows that the protein has lost some of the second-
ary structure present in the native protein, but it remained highly
a-helical (Table 1). Fig. 2H and I shows that upon the addition of
urea up to 2.0 M concentration, subtle changes occurred in the
peaks at 208 and 222 nm, but further addition of urea (3.0–
5.0 M) led to significant reduction in the intensity at 208 and
222 nm. As it can be inferred no fibrils had been formed in pres-
ence of different concentrations of urea. Wang et al. [16] demon-
strated, through ThT fluorescence enhancement, that HEWL could



Fig. 3. AFM images of (A) HEWL at pH 7.0 and 25 �C (B) HEWL at pH 2.0 and 54 �C (C) 1.0 M GITC and 25 �C (D) 2.0 M GITC and 25 �C (E) 4.0 M GdnHCl (F) 5.0 M GdnHCl (G)
4.0 M urea and (H) 5.0 M urea.
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form amyloid fibrils under certain conditions, such as 8 M urea at
37, 45, and 55 �C as well as 4 M urea at 45 and 55 �C. However, they
demonstrated that relatively low concentrations of urea (e.g., 2 M),
failed to induce the production of HEWL fibrils [16]. The mecha-
nisms by which urea and guanidinium ion destabilize protein
structure is controversial. Lim et al. [23] tested the possibility that
these denaturants form hydrogen bonds with peptide groups by
measuring their ability to block acid- and base-catalyzed peptide
hydrogen exchange. Their results indicated that urea could make
hydrogen bonds with the peptide NH and carbonyl groups. Overall,
urea is recognized to be a good H-bond donor and acceptor in
aqueous solutions (unlike guanidinium ion) [23].
3.3. AFM imaging

To confirm and visualize the presence of amyloid fibrils and to
study the morphology of aggregated proteins, atomic force micros-
copy was employed. Fig. 3A shows the monomeric forms of HEWL,
while Fig. 3B reveals different forms of lysozyme aggregates such
as oligomer and amyloid fibrils. In the presence of 1.0 M GITC at
25 �C (Fig. 3C), amyloid fibrils and at 2.0 M GITC (Fig. 3D) amor-
phous aggregates were formed. Fig. 3E and F shows HEWL mor-
phology at 4.0 and 5.0 M GdnHCl, respectively. Oligomers were
the most occurring species at 4.0 and 5.0 M GdnHCl. Fig. 3G shows
the monomeric forms of lysozyme after 24 h incubation with 4.0 M
urea. In presence of 5.0 M urea protofibrils were formed.

This study showed different aggregative effects of urea, GITC or
GdnHCl in lysozyme solutions, which was dependent on the nature
and concentration of denaturing compound. Urea was the weakest
aggregative agent (if any) and no fibril formation was induced
upon its presence at different concentrations. GdnHCl was stronger
aggregate inducer than urea and lysozyme was induced to become
aggregated at 4.0 and 5.0 M GdnHCl concentrations. GITC was the
strongest aggregative agent and lysozyme induced to become
aggregated at concentrations as low as 1.0 and 2.0 M of GITC. These
findings show that in order for a protein to become aggregated it is
not unfolding per se that is absolutely determining, but it is the
pathway of unfolding (induced differently by different denatur-
ants) that is the more determining factor.
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