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ABSTRACT: Several neurodegenerative diseases are associated with the deposition of
amyloid fibrils. Although these diseases are irreversible, knowing the aggregation
mechanism is useful in developing drugs that can arrest or decrease the aggregation
rate. In this study, we are interested in investigating the effect of Coomassie brilliant
blue (CBB G-250) on the aggregation of hen egg white lysozyme (HEWL) at pH 7.4.
Various biophysical techniques have been used, such as turbidity, Rayleigh light
scattering (RLS) kinetics, far-UV circular dichroism (CD), field emission scanning
electron microscopy (FESEM), and transmission electron microscopy (TEM) imaging.
The turbidity data indicated that CBB (≥0.1 mM) induces aggregation in HEWL at pH
7.4. The aggregation kinetics caused by CBB are quick without a lag phase and are
dependent on the CBB concentration. The far-UV CD data revealed that the CBB-
induced aggregated samples had lost their CD signals without exhibiting a shift in the
spectrum position. Sodium chloride and ammonium sulfate show little effect on the
CBB-induced aggregates, but alcohol such as methanol, ethanol, and 2-propanol could reverse the aggregation. Overall, this study
aims to better understand the mechanism underlying CBB-induced aggregation and keep in mind that CBB employed in laboratories
can alter the protein structure. We report the aggregation of a natural protein due to coiled-coil formation induced by a dye at
physiological pH and temperature conditions. This finding has high value because several dyes are used for diagnostic and
therapeutic purposes, and coiled-coil formation is closely related to infection mechanisms and nanoparticle-based drug deliveries.

■ INTRODUCTION
Several disorders, including type II diabetes, Parkinson’s
disease, Alzheimer’s disease, and Huntington’s disease, have
been linked to the misfolding and aggregation of proteins.1

One of the fundamental problems in multidisciplinary sciences
is determining how proteins and peptides form amyloid fibrils
in vitro and in vivo. The amyloid fibril relates to insoluble
protein or peptide aggregates and has an expanded cross-β-
structure.2 It is widely known that the accumulation of partially
folded/unfolded intermediate states is a key point for the
initiation of protein aggregation.3 It was reported that the
formation of protein aggregates is significantly influenced by
the pH of the solution, salt concentration, protein concen-
tration, and shear stress.4,5 It was found that many proteins
that may not cause any amyloid disorder can produce ordered
amyloid-like aggregates too. The amyloid formation was found
to be a generic property of all of the proteins.6 Numerous small
molecules are also known to trigger aggregation in addition to
environmental variables like pH, temperatures, salt concen-
trations, and protein concentration.4,7,8 It has been discovered
that anionic molecules, particularly sulfated glycosaminogly-
cans, i.e., heparin sulfate, induce aggregation in tau protein.
This is likely due to their assistance in breaking down the
nucleation barrier on the aggregation pathway.9 Several dyes

are known to induce protein aggregation at physiological and
acidic pH.10,11 However, the impact of CBB on the protein
structure and aggregation has been poorly studied. CBB has
been found to act as a chemical chaperone as well as a protein
aggregation inducer.12−15

Several dyes are used for diagnostic and therapeutic
purposes: Congo red,16 thioflavin T,17 tartrazine,18 fluores-
cein,19 CBB,20 methylene blue,21 and Trypan blue22 are a few
of them. CBB is a widely employed dye for protein staining.
Usually, it is conventionally used in gel electrophoresis, but
recent studies have uncovered a fascinating aspect of its
interaction with proteins in solution.23 CBB is a triphenyl-
methane dye, and the structure is shown in Figure 1A. This dye
has a strong propensity to establish electrostatic interactions
with protonated basic amino acids and form hydrophobic
interactions with aromatic residues of the proteins.24 This dye
does not bind to polyacrylamide with high affinity but can
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penetrate the gel matrix and bind with low affinity. It has the
ability to interact electrostatically with protein by noncovalent
interactions. The CBB binds to proteins, including wool
(keratin), to form a protein−dye complex.25 Interestingly, the
interaction of the CBB with the protein was not explored in
detail. The binding properties of CBB with one of the model
proteins, hen egg white lysozyme (HEWL), have been
thoroughly studied in this work.
HEWL has been subjected to intense investigation due to its

well-defined structure and links in familial lysozyme systemic
amyloidosis.26 HEWL, a monomeric protein consisting of 129
a.a. residues with a molecular weight of 14.3 kDa, is a well-
known food preservative due to its effective antimicrobial
activity.27 In terms of structure, HEWL is a helix-rich protein
(with 30% α-helix), has four disulfide bonds, and exhibits a
high degree of structural and sequence homology to the human
lysozyme.28 HEWL is susceptible to fibrillation in a hot and
acidic environment.29,30 Additionally, denaturants like guani-
dine hydrochloride and solvents like ethanol promote
aggregation.31,32 This is why HEWL has been widely chosen
as a model protein in aggregation and amyloid fibrillation
research.
The current work aims to explore the molecular mechanism

of the aggregation of HEWL caused by the CBB. We have also
seen the effect of slats and solvents in the CBB-induced
aggregation process. Identifying the driving forces and
structural alterations associated with the CBB-induced

HEWL aggregation process is also interesting. The study will
improve our understanding of protein−dye interactions and
may have larger ramifications for disciplines such as
biochemistry and biophysics.

■ MATERIAL AND METHODS
Materials. Hen egg white lysozyme (HEWL)

(lot#BCBM4658 V) and Coomassie brilliant blue (CBB) dye
(lot#SHBL0658) were purchased from Sigma- Chemicals Co.
(St. Louis, MO). All of the reagents used in this study were of
analytical grade.
Solution Preparation. HEWL powder (5.0 mg mL−1) was

dissolved in 20 mM phosphate buffer at pH 7.4 and
centrifuged at 13,000 rpm for 15 min at 4 °C to remove
insoluble aggregated protein. HEWL concentration was
determined spectrophotometrically using an extinction value
(E0.1%) of 2.64 mg mL−1 cm−1 at 280 nm.33 The 20 mM CBB
dye stock was made in Milli-Q (Millipore Corp., Bedford, MA)
water using weight/volume techniques. Thioflavin 10 mM
stock solution was prepared in deionized water. All of the
solutions used in this study were freshly prepared.
Turbidity Measurements. The turbidity measurements of

CBB-induced aggregation of HEWL at pH 7.4 and 13 were
performed. The turbidity of the aggregated samples was
measured by a Cary 60 UV−vis Spectrophotometer (Agilent
Technologies, Santa Clara, CA). The turbidity of HEWL (0.2
mg mL−1) without CBB and with various concentrations (0.0−

Figure 1. Panel A shows the chemical structure of Coomassie brilliant blue G-250. Carbon atoms are represented in green, nitrogen in blue, oxygen
in red, and sulfur in yellow. Panel B shows the various concentrations of CBB (in mM) without HEWL at pH 7.4, which served as a control. Panel
C shows the photograph of HEWL (0.2 mg mL−1) treated with different concentrations of CBB (in mM) at pH 7.4. Panel D shows ThT
fluorescence spectra of HEWL without CBB at pH 7.4.
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3.0 mM) of CBB was measured by recording the absorbance at
800 nm in an arbitrary unit (au). CBB showed strong
absorption below 750 nm; hence, turbidity measurements for
all samples were carried out at 800 nm. Prior to measurements,
all of the samples treated without and with different
concentrations of CBB were incubated overnight. The
absorbance at 800 nm was plotted against the CBB
concentrations.
Effects of different concentrations of salts (NaCl and

(NH4)2SO4) and solvents (methanol, ethanol, and 2-propanol)
were also seen on CBB-induced HEWL aggregation. The
absorbance at 800 nm was plotted against different salt
concentrations, and different percentages of solvents on CBB-
induced HEWL aggregates were plotted.
The ThT spectra of HEWL (0.2 mg mL−1) treated with 10

μM ThT at pH 7.4 were recorded by exciting at 440 nm, and
data was collected from 450 to 600 nm on a Cary Eclipse
spectrofluorometer.
Aggregation Kinetics Measurements. Rayleigh light

scattering (RLS) was conducted to test the CBB dye-induced
HEWL aggregation at pH 7.4. Light scattering at 800 nm was
monitored in the presence of different concentrations (0.0,
0.01, 0.05, 0.1, 0.2, and 0.5 mM) of CBB dye with 0.2 mg
mL−1 HEWL in the 3.0 mL cuvette. The different CBB dye
concentrations were added every 100 s. The light scattering
was measured on a Cary Eclipse Fluorescence Spectrofluor-
ometer after excitation at 800 nm and measurement of the
emission at 800 nm. The emission at 800 nm was plotted
against time (in seconds). The excitation and emission slit
widths were 1.5 and 2.5 nm, respectively.
The kinetics of CBB-induced HEWL aggregates was also

tested in the presence of solvents. The HEWL was pretreated
with 0.2 mM CBB and incubated overnight. Then, different
percentages of solvents were added, and the scattering intensity
was measured at 800 nm with respect to time. The CBB-
treated HEWL was further studied in the presence of
increasing concentrations of cosolvents like methanol, ethanol,
and 2-propanol by light scattering at 800 nm.
Circular Dichroism Measurements. Far-UV CD meas-

urements were carried out on a Chirascan-Plus spectropo-
larimeter (Applied Photophysics, UK) to examine the changes
in the HEWL secondary structure in the absence and presence
of varying concentrations of CBB dye at pH 7.4. Before far-UV
CD measurements, the HEWL solution (0.2 mg mL−1) alone
and with different concentrations of CBB dye was incubated
overnight at room temperature. The spectra of all of the
samples were scanned from 190 to 260 nm with a quartz
cuvette of 0.1 cm path length.
The spectropolarimeter was continuously purged with grade

5 nitrogen gas throughout the experiments. All spectra were
subtracted from their respective blanks, and each spectrum was
taken as an average of three scans. The effect of two salts
(NaCl and (NH4)2SO4) on the secondary structure of
preformed aggregates (HEWL treated with 0.2 mM CBB
dye) was seen. The effect of solvents, including methanol,
ethanol, and 2-propanol, was seen on the preformed CBB-
induced HEWL aggregates.
Field Emission Scanning Electron Microscopy

(FESEM). Samples were prepared as per the protocol in the
“sample preparation” section above. Then, they were kept in
the −80 °C deep freezer for 24 h. Then, 0.5 mL of samples
were freeze-dried in a freeze-dryer (Christ Freeze-Dryer, beta
1−8 LD plus) for 24 h to remove all of the moisture. A

FESEM (Thermo Fisher FEI QUANTA 250 FEG) at VIT
Vellore central facility, with an achievable resolution of 1.2 nm
at 30 kV and 2.3 nm at 1 kV with beam deceleration in high
vacuum using the in-column detector, has been used to study
samples. The magnification was 10,000×, and the voltage was
20 kV.
Transmission Electron Microscopy (TEM). The JEOL

electron microscope (JEM-1011 model) was used for
capturing TEM images of CBB-treated HEWL samples in
the presence and absence of 50% ethanol while operating at an
accelerating voltage of 80 kV. The effect of CBB on the
morphology of HEWL aggregates in the absence and presence
of ethanol was investigated using ten microliter samples of 0.2
mg/mL HEWL. The samples were put on a 200-mesh copper
grid. After a 2 min incubation period, the grids were cleansed
of leftover buffer and negatively stained with 2% uranyl acetate.
After being air-dried, the samples on the grids were analyzed
under the TEM.

■ RESULTS
Aggregation Reaction in Microcentrifuge Tubes.

Figure 1B,C depicts the blank (CBB without HEWL) and
visible clumps formed when HEWL was incubated with CBB
in microcentrifuge tubes. Figure 1B shows the different
concentrations of CBB at pH 7.4 without HEWL. CBB was
not aggregating and remained soluble in the buffer at pH 7.4.
However, Figure 1C shows the development of visible
aggregates of HEWL in the presence of different concen-
trations of CBB at pH 7.4. In the control experiment, ThT dye
did not bind with HEWL at pH 7.4, indicating that HEWL was
soluble in the absence of CBB.
Turbidity Measurements of CBB-Induced HEWL

Aggregation. The turbidity at 800 nm was used to evaluate
the extent of HEWL aggregation in the presence of CBB dye at
pH 7.4. As shown in Figure 2, there was no turbidity in the
HEWL solution without CBB, demonstrating that HEWL does
not aggregate at physiological pH. However, HEWL treated
with 0.1 to 0.5 mM CBB dye showed an increase in turbidity,
confirming that HEWL was aggregated in the presence of CBB
dye. Moreover, HEWL incubated with below 0.1 mM dye
concentration demonstrated no turbidity, suggesting that

Figure 2. Effects of CBB on HEWL aggregation at pH 7.4 and 13.
The turbidity of HEWL at pH 7.4 (■) and pH 13 (▲) with different
CBB concentrations in millimolars was recorded at 800 nm. The
turbidity of CBB without HEWL (•) was also recorded at 800 nm at
pH 7.4. HEWL concentrations were fixed at 0.2 mg/mL in all of the
samples.
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HEWL did not form aggregates at these concentrations.
Notably, the turbidity progressively increased from 0.1 to 0.5
mM dye concentrations, which signified that the HEWL
formed aggregates in response to dye concentrations. We could
not measure turbidity for further (>0.5 mM) dye concen-
trations because the dye starts absorbing at this wavelength.
The turbidity results suggest that HEWL forms aggregates in
the presence of concentrations above 0.1 mM dye concen-
trations, and HEWL remains soluble below 0.1 mM dye
concentrations at physiological pH.
Kinetics for CBB-Induced HEWL Aggregation. Rayleigh

scattering is extensively used to study the kinetics and extent of
protein aggregation in solution. The light scattering of the
solution was found to be significantly very high when the
protein became aggregated.34 To test the kinetics of HEWL
aggregation in response to different doses of CBB at pH 7.4,
the kinetics of HEWL aggregation were examined by
monitoring time-dependent changes in light scattering
intensity, and data are presented in Figure 3. This figure

displayed a single kinetic trace, demonstrating that experiments
were conducted in a 3 mL cuvette using various doses of the
CBB dye. A different dose of dye was added every 100 s, and
scattering at 800 nm was captured with respect to time in
seconds. From the kinetic trace, it was clear that the HEWL
without and with 0.01 mM CBB dye displayed no scattering
for up to 100 s, indicating that the HEWL does not aggregate
at these conditions. However, upon the addition of 0.05, 0.1,
and 0.2 mM of CBB, the light scattering progressively
increased many folds, and the reaction did not last for 400 s.
Afterward, 0.3 and 0.5 mM CBB were added to the same
sample, and the light scattering did not increase. Scattering was
found to be a little bit low, and the kinetic reaction was
saturated. The possibility of low light scattering at higher
concentrations of CBB dye may be the formation of bigger-
sized aggregates. The most interesting observation was that
HEWL immediately formed aggregates after mixing with dye
and that there was no lag phase in the kinetic reaction,
indicating that HEWL was converted to larger aggregates. This

kinetic data recommended that the HEWL aggregation was
dependent on CBB dose and thus did not have a lag phase.
Secondary Structure Modification Measurements by

Far-UV CD. To evaluate the modification in the secondary
structure of HEWL proteins in the presence of CBB dye at
physiological pH, Figure 4 shows the far-UV CD spectra of

HEWL without and with different concentrations of the CBB
dye at pH 7.4. The far-UV CD spectra of HEWL without dye
show two negative ellipticity at 208 and 222 nm. The negative
ellipticity at 208 nm was slightly higher than the negative
ellipticity at 222 nm, a typical characteristic of the α + β class
protein.35 The far-UV CD spectra of HEWL with 0.01 and
0.05 mM CBB showed that the negative ellipticity at 208 and
222 nm was slightly increased, confirming gain in the α-helical
structure (Table 1). However, with the addition of 0.1, 0.2, and

0.3 mM CBB, the negative ellipticity of far-UV CD has
drastically reduced, and the peak at 208 nm was shifted
slightly. Interestingly, the peak at 222 nm has not shifted, but
the negative peak ellipticity was reduced drastically. These
observations suggest that HEWL was aggregated in the
presence of 0.1, 0.2, and 0.3 mM CBB at pH 7.4.
Effect of Salts on CBB-Induced HEWL Aggregates.We

examined the effects of two salts (NaCl and (NH4)2SO4) on
the CBB-induced HEWL aggregation reaction. Figure 5A
shows the turbidity profile of HEWL with 0.2 mM CBB dye
and different concentrations of both salts. The turbidity profile
indicated that none of the salts affected the aggregation.
Similarly, the secondary structure of aggregated HEWL was
not affected by the salts as well (Figure 5B,C). The shape of

Figure 3. Aggregation kinetics of HEWL in the presence of different
doses of CBB were measured by light scattering measurements.
HEWL (0.2 mg/mL) treated without and with different concen-
trations of CBB in mM at pH 7.4 (black line) are plotted in the figure.
The light scattering of the sample containing different concentrations
of CBB without protein (red line) was also measured at pH 7.4. The
change in light scattering was measured with respect to time in
seconds.

Figure 4. HEWL secondary structure modifications were measured by
far-UV CD. HEWL (0.2 mg/mL) at pH 7.4 was incubated with
different concentrations of CBB dye. Far-UV CD spectra of HEWL
(0.2 mg/mL) in the absence of CBB (black line) and in the presence
of 0.01 (red line), 0.05 (blue line), 0.1 (pink line), 0.2 (green line),
and 0.3 (orange line) mM CBB at pH 7.4.

Table 1. Percent Secondary Structural Changes were
Determined Using the K2D2 Method under Various
Conditions

s. no. conditions α-helix β-sheet
1 HEWL at pH 7.4 23.7 26.2
2 HEWL + 0.01 mM CBB 25.57 20.69
3 HEWL + 0.05 mM CBB 25.57 20.69
4 HEWL + 0.1 mM CBB 19.69 31.52
5 HEWL + 0.2 mM CBB 14.98 34.94
6 HEWL + 0.3 mM CBB 14.98 34.94
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the CD spectrum of HEWL incubated with 0.2 mM CBB
remained the same in the presence of NaCl (Figure 4B) and
(NH4)2SO4 (Figure 4C) with a marginal increase in ellipticities
with the salt concentrations. The turbidity and far-UV CD
results suggest that these salts did not disintegrate the CBB-
induced HEWL aggregates. However, a marginal change in the
secondary structure was evident.
Effects of Alcohols on CBB-Induced HEWL Aggrega-

tion. Alcohols are nonpolar. The effects of alcoholic
cosolvents, i.e., methanol, ethanol, and 2-propanol, on CBB-
induced HEWL aggregates have been studied. Figure 6A shows
the turbidity profile of HEWL incubated with 0.2 mM CBB
dye and different percentages of alcohols. The turbidity was

slightly increased in the presence of 10−30% alcohol.
However, in the presence of 50% alcohol, the light scattering
was found to be decreased, and maximum decrement was
found in the presence of ethanol and 2-propanol.
The aggregation kinetics of HEWL treated with 0.2 mM of

CBB dye was studied in the presence of 10−50% alcohols, and
data is shown in Figure 6B. The kinetic results suggest that the
presence of 50% ethanol and 2-propanol led to a rapid
disappearance of the preformed aggregates. However, when
50% methanol was added, the aggregates took a bit more time
to solubilize. The turbidity and the kinetic results suggest that
CBB-induced HEWL aggregates were solubilized in the

Figure 5. Effects of salts on the preformed aggregates (0.2 mg/mL HEWL + 0.2 mM CBB) at pH 7.4. (A) Turbidity profile of the aggregates at
different concentrations of NaCl (Red bar) and (NH4)2SO4 (Black bar). Secondary structure modifications of preformed HEWL aggregates in the
presence of NaCl (B) and (NH4)2SO4 (C) at pH 7.4.

Figure 6. Effects of methanol, ethanol, and 2-propanol on preformed HEWL aggregates at pH 7.4. (A) The light scattering profile of preformed
(HEWL (0.2 mg/mL) + 0.2 mM CBB dye) aggregates in the presence of different concentrations of alcohols at pH 7.4. (B) The light scattering
kinetics of preformed HEWL aggregates and exposure of different concentrations of alcohols at pH 7.4.
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presence of all three alcohols, but ethanol and 2-propanol were
more effective than methanol.
Effect of Alcohols on the Secondary Structures of

CBB-Induced HEWL Aggregates. The conformational
changes of CBB-induced HEWL aggregates were further
investigated in the presence of various concentrations of
alcohols by far-UV CD. The far-UV CD spectra of HEWL in
the absence and presence of dye and alcohols are shown in
Figure 7A−C. The HEWL without and with 0.2 mM CBB dye
were shown, and all three figures have similar spectra, as we
have discussed in Figure 4. However, the negative ellipticity
did not change much in the presence of 10% of all of the
alcohols. In the presence of 20% ethanol (Figure 7B) and 2-
propanol (Figure 7C), the dye-treated samples’ negative
ellipticity significantly increased and eventually reached the
negative ellipticity of the dye-free HEWL. Interestingly, it was
also seen that in the presence of 50% methanol (Figure 7A),
the negative ellipticity slightly increased but did not reach the

negative ellipticity of dye-free HEWL samples, which confirms
that the HEWL was still aggregated in the solution. Overall,
far-UV CD results also suggest that ethanol and 2-propanol
were more effective in dye-induced HEWL aggregate
solubilization than methanol. The solvent data suggest that
the observed solubilization of CBB-induced HEWL aggregates
may be caused by a hydrophobic interaction.
The θ222/θ208 ratio of the UV CD data mentioned above has

been registered in Supporting Table S1. If the ratio is <0.9, it
indicates isolated helices, as found in native HEWL, but if the
ratio is >1.0, it indicates coiled-coil formation. In the presence
of 0.2 mM CBB, the secondary structure HEWL becomes a
coiled coil instead of α + β. Interestingly, aggregates also
formed in the same stage. In the presence of salts, neither
aggregates disappear nor coiled coil. However, in the presence
of 50% (v/v) methanol and 30% (v/v) and 50% (v/v) ethanol
and 2-propanol, respectively, isolated helices reappear.
Interestingly, the disappearance of aggregates also occurs in

Figure 7. Secondary structure modification of HEWL treated with 0.2 mM CBB in the presence of different percentages of methanol (A), ethanol
(B), and 2-propanol (C) at pH 7.4. Every spectrum was labeled in the inset. HEWL concentration was 0.2 mg/mL in all of the samples.

Figure 8. Field emission scanning electron micrograph of 0.2 mM CBB-treated HEWL aggregates in the absence (A) or presence (B) of 50%
ethanol at pH 7.4 and 298 K.
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the same range, but it seems that the disappearance of coiled
coil occurs first, followed by the disappearance of aggregates.
FESEM Results. The HEWL FESEM data matched

previously reported HEWL micrographs (data not
shown).36,37 The FESEM result (Figure 8) also supports the
results of far-UV CD. In the presence of CBB, some aggregated
structures were visible.38,39 But interestingly, in the presence of
50% ethanol, the structures disappear.
TEM Imaging. High-resolution imaging and direct

monitoring of aggregate morphology were performed through
transmission electron microscopy (TEM) imaging of the CBB-
induced aggregation of HEWL in the absence and presence of
ethanols. Aggregated structures were found in 0.2 mM CBB-
treated HEWL (Figure 9A), while disintegrated morphology of
CBB-treated HEWL aggregate was found in the presence of
50% ethanol (Figure 9B).

■ DISCUSSION
Coomassie brilliant blue G-250 is a well-known dye that binds
specifically to proteins and helps in protein quantification
through a method called the Bradford assay. Both CBB G-250
and R-250 were found to induce nonconventional self-
assembly in α-synuclein.13 Lysozyme is known for forming
aggregates under non-native conditions. Due to its compact
structure and disulfide bonds, its secondary structure remains
stable at pH 7 to 4. Although, at pH 2, it retains its secondary
structure, even in the presence of a small amount of alcohol, it
misfolds and forms insoluble aggregates. However, at high
concentrations of alcohols, it retains its native secondary
structure at pH 4 and 7.40

Lysozyme is a single-chain protein with 129 residues. It folds
into a compact structure with 5 α helices, one 3−10 helix, and
5 β strands. The α helices of lysozyme are spatially positioned
close to each other, which probably helps them arrange in a
coiled coil during aggregation. The θ222/θ208 ratio gives
information on the chance of the α helices being assembled
in a coiled-coil structure.41−44 A ratio of 0.9 or less indicates
that helices were isolated as in the native state of lysozyme. If
the ratio is greater than 1.0, it indicates that a coiled coil has
formed.41,45 The presence of heptad (seven-residue motif: a
repeated pattern hxxhcxc having h (hydrophobic amino acid)
and c (charged amino acid)) is the hallmark of coiled coils,
which is absent in HEWL.46 However, other studies suggested
that nonheptad motifs can assemble in a Coiled-coil
structure.47

Based on the dielectric constant, the relative polarity of 2-
propanol (0.546) is less than that of ethanol (0.654) and
methanol (0.762).48 At comparative volumes, 2-propanol and
ethanol show a better chance of reversal of aggregation and
native-like helicity than methanol. An increase in hydro-
phobicity in solvent disrupts intermolecular coiled coils in
HEWL that were bridged by CBB, hence increasing solubility.
Coiled coils are α-helical super secondary structures

mediating protein−protein interactions, oligomerization, and
other functions through the coiling belonging to the same or
different polypeptide chains.49 In principle, α-helical and β-
sheet structures in different protein domains could also act in
parallel to mediate aggregation.
Coiled-coil domains can mediate protein interactions and

multimerization. Mutations that disrupt coiled coils impair
aggregation, and mutations that enhance coiled-coil propensity
promote aggregation in Q/N-rich prions and polyQ proteins.45

A mutation that increases the length of PolyQ stretches results
in an enhanced coiled coil and aggregation. It results in
Huntington’s disease, an inherited disorder.50 Many peptides’
coiled coils were found to bind with polynucleotides also.51

Our earlier work showed that alkaline-denatured BSA
aggregates in the presence of trifluoroethanol with coiled-coil
formation.52 BSA, which is otherwise predominantly an α-
helical structure devoid of β-sheets, loses its secondary
structure and acquires random coil conformation at extreme
alkaline pH. But, in highly hydrophobic alcohol, the denatured
protein gets withdrawn from the alkaline solvent and
reacquires α-helical coils following Anfinsen’s dogma. How-
ever, the presence of a highly hydrophobic environment and a
non-native refolding results in intrapolypeptide and interpoly-
peptide coiled-coil formation and eventually aggregation.
CBB possesses a net (−1) charge at neutral pH, but HEWL

has a net positive charge due to high lysine content.53 The

Figure 9. Transmission electron microscopic image of 0.2 mM CBB-
treated HEWL aggregates in the absence (A) or presence (B) of 50%
ethanol at pH 7.4.
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surface of HEWL is relatively hydrophobic, and the CBB is
hydrophobic due to bulky aromatic groups. Previous studies
have shown that proteins like trypsin, which has basic residues
and is widely separated in its sequence, show lesser binding to
CBB in comparison to HEWL, which has basic amino acids
and patches in the vicinity of nonpolar residues. It seems the
charge interaction takes place first, proceeding by hydrophobic
interaction to form CBB-HEWL complexation.24 The FESEM
and TEM micrographs also supported the hypothesis. HEWL,
in the presence of CBB, forms aggregates. But interestingly, in
the presence of 50% ethanol, those structures disappear.

■ CONCLUSIONS
CBB is a Y-shaped dye made up of aromatic benzene rings and
two negatively charged sulfonic groups at pH 7.4 situated at
the edges. When it binds to HEWL, the sulfonic groups are
neutralized by Arg 112 and Arg 73 and become susceptible to
hydrophobic interactions with neighboring HEWL-CBB
complexes. Thus, this results in aggregation. HEWL is an α
+ β protein; its α-helices and β-sheets remain assembled apart
from each other. When CBB forms complexation with HEWL,
it engages with the β-rich domain, leaving the α-rich domain
away from the interaction. It liberates α-rich domains to form
interstrand coiled coils, as they are forced to ensemble together
due to the formation of aggregates. In the formation of coiled
coils, some role, although marginally, was played by charged
groups of the α-helices, as there was little loss of interactions in
the presence of high concentrations of salt. However, the major
blow to aggregates takes place in the presence of alcohol,
which disrupts the interaction of CBB- HEWL complexes by
dissolving hydrophobic interactions.
Nonamorphous aggregates mostly occur due to the

systematic cross-β sheet linkages, commonly called amyloid
formation. On the contrary, another systematic aggregation
takes place with coiled coils. Although they are fewer in
number in comparison to amyloids, their roles are significant.
Many connective tissues and transmembrane proteins form
coiled coils. The efficacy of many diseases depends on the
formation of coiled coils to penetrate cell membranes.
Recently, a lot of interest has emerged in exploiting the
coiled-coil structure in nanotechnology, specifically as a drug
delivery apparatus. Attempts are made to create coiled-coil IBs
to be used as nanobots. Coiled-coil HEWL aggregates have
potential applications due to their simple structure and well-
known background. Similarly, CBB is also a nontoxic and well-
studied stable molecule. This is the first report of a stable and
switchable coiled-coil aggregation of a simple protein that
remains stable in a large range of pH and that is induced by a
cost-effective dye with a good potential for clinical exploitation.
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