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Abstract The study of protein conformational changes in the
presence of surfactants and lipids is important in the context of
protein folding and misfolding. In the present study, we have
investigated the mechanism of the protein conformational
change coupled with aggregation leading to size growth of
Hen Egg White Lysozyme (HEWL) in the presence of an
anionic detergent such as sodium dodecyl sulphate (SDS) in
alkaline pH. We have utilized intrinsic protein fluorescence
(tryptophan) and extrinsic fluorescent reporters such as 8-
anilinonaphthalene-1-sulfonic acid (ANS), dansyl and fluo-
rescein to follow the protein conformational change in real-
time. By analyzing the kinetics of fluorescence intensity and
anisotropy of multiple fluorescent reporters, we have been
able to delineate the mechanism of surfactant-induced
aggregation of lysozyme. The kinetic parameters reveal that
aggregation proceeds with an initial fast-phase (conforma-
tional change) followed by a slow-phase (self-assembly). Our
results indicate that SDS, below critical micelle concentration,
induces conformational expansion that triggers the aggrega-
tion process at a micromolar protein concentration range.

Keywords Fluorescence spectroscopy . Fluorescence
anisotropy . Protein aggregation . Lysozyme

Introduction

Protein aggregation refers to abnormal self-association of
protein molecules and is implicated in a range of fatal

neurodegenerative diseases like Parkinson’s and Alzheimer’s,
systemic amyloidosis etc. [1–3]. Partial unfolding of protein
results in the formation of certain critical intermediates which
may rearrange by themselves to form oligomeric aggregates
that are finally transformed into ordered amyloid fibrils [4].
The striking feature of all the proteins involved in aggregate
formation is that they share certain common oligomeric
structure and mechanism of toxicity [5]. Studies have been
conducted to gain insights into the mechanism of formation
of soluble oligomers of various proteins under various in
vitro solution conditions like high temperature and low pH
[6], agitation [7] and pressure [8]. It has been suggested that
the critical and oligomeric intermediates formed during fibril
formation are more cytotoxic than matured amyloid fibrils
[9]. Therefore, it is necessary to unravel the kinetics of
protein aggregation to understand how the protein confor-
mational change is coupled with the growth of aggregate size
during aggregation. Highly sensitive time-dependent techni-
ques are required to study aggregation to interrogate the
intermediates and to illuminate the mechanistic pathway of
protein aggregation. Many techniques have been employed
to study and characterize aggregation [10], among these
fluorescence spectroscopy is an attractive tool [11, 12] that
has been utilized to study aggregation of a few model
proteins like lactoferrin [13], β2-microglobulin [14], insulin
[15], islet amyloid polypeptide [16] and barstar [17]. The
major advantages of fluorescence-based methods in protein
aggregation kinetic studies are as follows: (i) Fluorescence
observables are very sensitive, and therefore, it is possible to
monitor initiation of the aggregation process at a very low
protein concentration (ii) Depending on the probe location,
fluorescence can report both local and global structural
change in proteins (iii) Fluorescence offers a very useful
window to probe both conformational change (fluorescence
intensity) and size growth (fluorescence polarization/anisot-
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ropy) during the protein conformational change driven
aggregation process.

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 [18–21]. It is an attractive protein to use as a
model because (i) it is a small single-domain protein with
129 amino acids and molecular weight of 14.6 kDa (ii) it
contains diverse secondary structural elements such as α-
helix, β-sheet and random coil (Fig. 1) and (iii) it has a
high degree of sequence and structural homology with
human lysozyme that has been implicated in human
amyloidosis [22, 23]. Lysozyme forms fibrils under
different conditions like high temperature and low pH
[24], mutations [25], proteolytic cleavage [26] and chemical
modification [27]. It has been reported that aggregates of
HEWL are toxic to cell cultures [28, 29]. Aggregation of
HEWL is shown to be a nucleation-dependent phenomenon
which gives rise to a lag-phase and an assembly phase [30].
Lysozyme also interacts with surfactants [31, 32] and
denaturants [33] to form amyloid fibrils under carefully-
controlled in vitro conditions. The most commonly used
surfactant is sodium dodecyl sulfate (SDS) which is an
anionic detergent and mimics many features of biological
membranes. SDS can bind to a variety of proteins and
depending on its concentration, it may either induce or
inhibit the aggregation [34, 35]. The lysozyme-SDS
complex has been studied in the context of biopolymer-

surfactant interaction [36, 37]. At pH lower than isoelectric
point (pI 11), SDS interacts with positively charged exterior
surface of HEWL and causes turbidity which is reduced
with an increase in pH [38]. It was also shown that HEWL
behaves differently in the presence of SDS at pH 9.2, where
it leads to the formation of amyloid-like fibrils [31].

The mechanism of the interaction of HEWL with SDS
leading to oligomerization and aggregate formation is poorly
understood. In the present investigation, we aimed at probing
the mechanism of early conformational- and size changes
during the course of aggregation in HEWL at pH 9.2 in the
presence of SDS using fluorescence spectroscopy. We have
utilized various reporters to shed light into the aggregation
mechanism. Steady-state fluorescence intensity and anisotro-
py of different fluorescent reporters were used to extract
information about the protein conformational change and the
overall size growth that lead to the formation of soluble
aggregates. The kinetic parameters recovered from the
fluorescence kinetics have been used to suggest a mechanistic
model of surfactant-induced aggregation of lysozyme.

Materials and Methods

Materials

Hen Egg White Lysozyme (HEWL), 8-anilinonaphthalene-
1-sulfonic acid ammonium salt (ANS) and Fluorescein-5-
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Fig. 1 a Structure of Hen Egg
White Lysozyme (HEWL; pro-
tein data bank ID: 1GWD;
drawn using PyMol) showing
tryptophans (red) and disulfide
bonds (green) b Distribution
of surface charge on HEWL
(positive: blue and negative:
red) c The amino acid
sequence of HEWL
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(6)-isothiocyanate (FITC) were purchased from Sigma-
Aldrich. 5-Dimethylaminonaphthalene-1-sulfonyl chloride
(Dansyl Chloride) was obtained from Molecular Probes
(Invitrogen). All other chemicals were of analytical grade
and were used as received.

Sample Preparation

HEWL with a concentration of 1 mM was prepared in
Milli-Q water and stored at 4 °C. Protein concentration was
determined by measuring the absorbance at 280 nm using
Perkin Elmer Lambda 25 UV-Vis Spectrophotometer. The
extinction coefficient of HEWL is 38,000 M−1cm−1 [39].
For all the experiments, a final concentration of 5 μM
HEWL was used except for concentration dependence
studies, where it ranged from 1 μM to 5 μM. Buffers with
stock of 500 mM were prepared in Milli-Q water: Sodium
Phosphate (pH 7–8) and Glycine-NaOH (pH 9, 9.2, and 10)
and stored at 4 °C. Buffers were diluted 10-fold to yield a
final concentration of 50 mM. pH of each buffer was
adjusted using Cyberscan 510 pH meter procured from
Eutech Pvt. Ltd with an accuracy of ±0.02. A stock of
100 mM Sodium Dodecyl Sulphate (SDS) was prepared in
Milli-Q water. SDS was stored at room temperature (~ 24 °C).
FITC solution was prepared in DMSO (dimethyl sulfoxide)
and Dansyl chloride solution was prepared in DMF (dimethyl
formamide) with a concentration of 5 mM. All probes were
freshly dissolved in the required solvent and used in the
labeling reaction immediately.

Fluorescence Labeling of HEWL with Different
Fluorophores

Surface labeling of HEWL was performed with Fluorescein
isothiocyanate that reacts with the accessible amino groups
of proteins. The procedure recommended by Molecular
Probes was followed with slight modifications. Labeling
was performed in freshly prepared 0.1 M Na2CO3−
NaHCO3 buffer of pH 9 with equimolar proportions of
HEWL and probe. The reaction was stirred on a stirrer in
dark for 90 min at room temperature. Once the reaction was
over, free dye was removed from labeled protein by
transferring it into MICROCON YM 3 (cutoff 3,000 Da;
procured from Millipore) and centrifuging at 11,000 rpm.
The absorbance of filtrates and concentrated labeled protein
were measured as a ratio at 280 nm and 488 nm for FITC
labeled HEWL. Finally, the degree of labeling was
determined using the molar extinction coefficient of
64,000 M−1cm−1 for FITC [40]. The protein was also
labeled separately with dansyl chloride which covalently
reacts with the amino groups of the surface residues of
protein. Equimolar concentration of HEWL and dansyl
chloride (500 μM) was taken in 0.1 M Na2CO3-NaHCO3

buffer (pH 9). The reaction mixture was allowed to stand
for 2 h at room temperature in the dark with intermittent
mixing. After the reaction was over, it was stored at 4 °C in
the dark.

Tryptophan Fluorescence

Perkin Elmer LS 55 spectrofluorimeter was used to record
steady-state fluorescence in a cuvette having pathlength of
10 mm. Following parameters were adjusted to monitor
tryptophan intensity during aggregation: lex=280 nm with
an excitation bandpass of 2.5 nm; lem=350 nm with an
emission bandpass of 2.5 nm. The kinetic data were
collected at an interval of 10 s with an integration time of
5 s. For the equilibrium data, the emission spectra were
recorded after 30 min of incubation with a scan speed of
10 nm/min and averaged over five scans. Fluorescence
anisotropy [r=(Ill - I⊥.G)/(Ill+2I⊥.G)] was recorded (lex=
300 nm, bandpass 2.5 nm; lem=350 nm, bandpass 9 nm)
from the parallel (Ill) and perpendicular (I⊥) intensity
components with the G-factor correction. For anisotropy
measurements, an integration time of 30 s was used to
obtain a satisfactory signal-to-noise.

ANS Fluorescence

A stock of 10 mM ANS in Milli-Q water was prepared and
stored in the dark at 4 °C. For all the experiments, a 1,000-fold
dilution of the stock was used to yield the final concentration
of 10 μM ANS. The time-course of the ANS fluorescence
intensity was used to characterize the aggregation kinetics.
The following parameters were adjusted during the kinetic
runs: lex=350 nm with an excitation bandpass of 2.5 nm;
lem=475 nm with an emission bandpass of 5 nm. The
kinetic data were collected at an interval of 10 s with an
integration time of 5 s. For the equilibrium data, the emission
spectra were recorded after 30 min of incubation with a scan
speed of 10 nm/min and averaged over five scans. The ANS
fluorescence anisotropy was monitored with an excitation
and emission bandpass of 2.5 nm and 8 nm, respectively
with an integration time of 30 s. Perpendicular intensity
components were corrected using the G-factor.

Aggregation Conditions

Aggregation reaction with unlabeled protein was initiated
by adding 5 μM HEWL to 150 μM SDS at pH 9.2 with a
manual mixing deadtime of 10 s and the process was
monitored over a period of time. Concentration dependence
studies were performed as a function of (i) varying SDS
concentration from 25 μM–200 μM (ii) varying HEWL
concentration from 1 μM–5 μM. Control experiments were
performed at pH 7, 8, 9 and 10 under similar conditions.
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All the experiments were carried out at room temperature
(24–25 °C).

Aggregation with Fluorescein Labeled Protein

The fluorescein-labeled protein was mixed thoroughly with
the unlabeled protein under native non-aggregating condi-
tion at pH 7. The labeled protein concentration was 2% of
the total protein used in the reaction mixture. A total protein
concentration of 5 μM having 100 nM of the labeled
protein was used to monitor the changes in the fluorescence
intensity and anisotropy upon addition of SDS (150 μM) at
pH 9.2. The following parameters were used: lex=488 nm
with an excitation bandpass of 2.5 nm; lem=514 nm with
an emission bandpass of 4 nm (for intensity) and 7 nm (for
anisotropy). The integration time was 5 and 30 s for the
measurement of fluorescence intensity and anisotropy,
respectively. The error in fluorescence anisotropy was
below 0.01.

Aggregation with Dansyl Labeled Protein

The dansyl-labeled protein was mixed thoroughly with the
unlabeled protein under native non-aggregating condition at
pH 7. The labeled protein concentration was 20% of the
total protein used in the reaction mixture. A total protein
concentration of 5 μM having 1 μM of the labeled protein
was used to monitor the changes in the fluorescence
intensity and anisotropy upon addition of SDS (150 μM)
at pH 9.2. The following parameters were used: lex=
340 nm with an excitation bandpass of 2.5 nm; lem=
500 nm with an emission bandpass of 5 nm (for intensity)
and 8 nm (for anisotropy). The integration time was 5 and
30 s for the measurement of fluorescence intensity and
anisotropy, respectively.

Circular Dichroism (CD) Spectroscopy

The far-UV CD spectra of the protein samples were recorded
on an Applied PhotoPhysics Chirascan CD spectrometer at
room temperature. For the acquisition of CD spectra, the
protein sample solutions were taken in a quartz cuvette of
2 mm pathlength and the secondary structural changes were
recorded in the range of 190–260 nm. The scan rate was 1 nm/
s and the final spectrum was the average of four scans. The
spectra were corrected with buffer baseline subtraction and
were smoothened using the Chirascan software. For kinetic
experiments, HEWL at pH 9.2 was taken in a quartz cuvette of
10 mm pathlength and SDS was added with a manual mixing
deadtime of 10 s. The loss of helicity was monitored by
ellipticity at 222 nm.

Data Analysis

The data were plotted and analyzed with non-linear curve
fitting method using commercially available OriginPro
Version 8.0 Software. All the plots were fitted to more
than one function and the best fit was used to explain the
kinetics of the process. The goodness of the fit was
determined by the adjusted R2 and residual analysis.

Results

Intrinsic and Extrinsic Fluorescence of Lysozyme
in the Presence of SDS

The native monomeric form of hen egg white lysozyme
(HEWL) converts into insoluble amyloid-like aggregates
upon incubation with sodium dodecyl sulfate (SDS) at pH
9.2 at room temperature [31]. Our interest in the mechanism
of protein aggregation led us to investigate the early events
of the protein conformational change and aggregation that
converts the monomeric protein into soluble oligomers. We
have used three different fluorescent reporters namely
tryptophan (intrinsic fluorophore), ANS (non-covalently
bound fluorophore) and dansyl and fluorescein (covalently
attached fluorophore) to observe the structural changes of
HEWL in the presence of SDS at pH 9.2. Figure 2 shows
the fluorescence emission spectra and the steady-state
anisotropy plots of different fluorescent reporters in HEWL
under different solution conditions at equilibrium. Upon
addition of SDS, there was a substantial increase in the
tryptophan, ANS and dansyl fluorescence intensity with a
concomitant blue shift in the emission wavelength. Since
protein aggregation in water is largely driven by hydropho-
bic interaction of exposed hydrophobic patches, ANS-
fluorescence provides a useful readout of the aggregation
process. Our results indicate that under the aggregating
condition, HEWL may undergo a conformational transition
to partially unfolded ‘molten globule’-like state comprising
hydrophobic binding pockets for ANS. This expanded
conformer associates to form oligomeric aggregates as
evident from the increase in the steady-state fluorescence
anisotropy for all three probes for the protein at pH 9.2 in
the presence of SDS. Large fluorescence anisotropy
revealed the increase in overall size due to protein
aggregation leading to soluble oligomer formation. Upon
prolonged incubation, aggregates further grew in size and
could be visually seen from the increase in the turbidity.
These observations prompted us to devise fluorescence-
based kinetic experiments to investigate the mechanism of
lysozyme aggregation in the presence of SDS.
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Dependence of pH, Surfactant Concentration and Protein
Concentration

In order to ascertain the emergence of hydrophobic regions
as a result of conformational changes during the course of
HEWL aggregation, we used ANS that is widely used to
characterize partially unfolded ‘molten-globule’ states of
the protein [41]. It is an environment-sensitive dye which is
weakly fluorescent in aqueous solution but fluoresces

strongly when it is non-covalently bound to a hydrophobic
microenvironment. ANS has also been used previously as a
reporter to probe protein aggregation [42]. In order to
investigate whether HEWL aggregation occurs at other pH
where negatively charged SDS can interact with positively
charged Lysozyme (Fig. 1b), the change in ANS fluores-
cence intensity in the presence of HEWL and SDS
(150 μM) was monitored over a period of time at several
pH ranging from the neutral to alkaline (Fig. 3a). In the
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presence of HEWL at pH 9.2, ANS fluorescence was very
low. A 10-fold increase in the fluorescence was observed
within a few minutes of addition of SDS which reached
saturation after 40 min whereas at other pHs (7, 8, 9 and
10) the extent and the rate of increase in the ANS
fluorescence was much less significant. To identify the
optimal concentration of SDS required for HEWL aggre-
gation, we performed concentration dependent studies
whereby the concentration of SDS was varied from
50 μM to 200 μM. Figure 3b shows an increase in the
ANS fluorescence intensity with an increase in SDS
concentration. At higher SDS concentrations (viz.
500 μM), ANS fluorescence initially increased as observed
at lower SDS concentrations and then it decreased. Our
further studies were made at the range of SDS concentra-
tion from 50 μM to 200 μM. It is worth mentioning here
that the concentration of SDS used for the aggregation
experiments is significantly lower than its critical micelle
concentration (~ 8 mM) [43]. Additionally, we performed
protein concentration dependent studies to identify the
optimal concentration of HEWL for aggregation since
protein concentration plays a crucial role in the aggregation
processes. In this set of experiments, ANS fluorescence
intensity was monitored at various HEWL concentrations
(from 1–5 μM) in the presence of 150 μM SDS at pH 9.2
(Fig. 3c). At higher protein concentrations, the solutions
turned turbid immediately and therefore, reliable fluores-
cence measurements could not be performed. Therefore, the
optimal condition for aggregation experiments was set at
150 μM of SDS with 5 μM of HEWL at pH 9.2. To

confirm the decisive role of SDS in protein aggregation
further, a triggering experiment (Fig. 3d) was performed in
which no detectable fluorescence intensity was observed for
HEWL at pH 9.2 without ANS (initial part of Fig. 3d) and
with ANS (second part of Fig. 3d). These observations
indicate that there is no hydrophobic pocket available in the
monomeric HEWL to which ANS can bind. Then the
aggregation was triggered by adding a stock solution of
SDS (final trace in Fig. 3d). As soon as SDS was added and
mixed to the protein solution, there was a time-dependent
increase in the ANS fluorescence suggesting the formation
of aggregates containing hydrophobic-rich regions to which
ANS can bind. This set of experiments convincingly
demonstrated that the protein molecules aggregate at pH
9.2 which is mediated by negatively-charged SDS. Control
experiments showed that in the absence of HEWL, the ANS
fluorescence was negligible at all the SDS concentrations
used for the present study, thus, emphasizing the fact that
upon interaction with SDS, HEWL association occurs
which leads to the formation of aggregates driven by
hydrophobic association of conformationally altered
HEWL.

To investigate whether the negative charge on the SDS
molecules plays a crucial role in HEWL aggregation, we
performed similar experiments with cationic surfactants
such as, cetyl tetramethylammonium bromide (CTAB).
ANS-binding experiments revealed that CTAB did not
facilitate protein aggregation at pH 9.2 (data not shown)
which indicated that the negatively charged SDS indeed
promotes HEWL aggregation at pH 9.2. Interestingly,
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anionic bile salt surfactants (sodium cholate and sodium
deoxycholate) did not induce aggregation under identical
conditions. Next, we investigated the kinetics of a number
of fluorescence observables under identical aggregation
condition to shed light into the mechanism of surfactant-
induced lysozyme aggregation.

Kinetic Analysis of Lysozyme Aggregation Using Multiple
Fluorescent Reporters

First, we carried out kinetic experiments with ANS to
monitor the protein conformational change leading to a
partially unfolded ‘molten globule’-like state that associates
to form oligomers. In the presence of 10 μM ANS, HEWL
was mixed with SDS at pH 9.2 using manual mixing with a
deadtime of 10 s. The time-dependence of ANS fluores-
cence intensity exhibited a sharp rise during the aggregation
process. A single exponential kinetics was inadequate to
describe the processes as revealed by a considerable misfit
(Fig. 4a). A double exponential kinetics was able to
satisfactorily describe the time-dependent changes in the
fluorescence intensity (Fig. 4b). In all the experiments, the

absence of a lag phase was observed. The increase in ANS
fluorescence was fitted to a double exponential function
which suggests that the aggregation is a biphasic process
where a rapid-initial phase is followed by a slow phase
(Fig. 5a). The recovered rate constants obtained from the
ANS fluorescence kinetics were kfast~12×10

−3 s−1 and
kslow~1.2×10

−3 s−1. This may suggest that upon addition of
SDS, HEWL undergoes a fast conformational transition to a
partially unfolded ‘molten-globule’-like state that eventually
associates to form soluble aggregates in slower kinetics. The
decrease in the secondary structural contents during the time-
course was also evident by the loss of helicity from the circular
dichroism spectroscopy (Fig. 4c–d). Next, we performed the
kinetic experiments by monitoring the intrinsic tryptophan
fluorescence as a function of aggregation.

Tryptophan is an intrinsic fluorophore whose emission
maximum depends on the polarity of its microenvironment.
The emission maximum of tryptophan, when exposed to an
aqueous medium, is ~350 nm whereas it exhibits a blue-
shift when buried inside a hydrophobic environment [11].
As mentioned earlier, at pH 9.2 and in the presence of SDS,
an increase in the tryptophan fluorescence intensity was
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fit for ANS-fluorescence
kinetics during aggregation of
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observed with a concomitant blue-shift to ~340 nm with a
simultaneous increase in the fluorescence anisotropy. Both
the observations suggest that the aggregation of HEWL
occurs in the presence of SDS whereby the tryptophans get
buried inside the hydrophobic interior formed upon
association. This prompted us to probe into the time-
dependent changes in the tryptophan fluorescence as a
function of aggregation. A sharp rise in the tryptophan
fluorescence was observed which reached a quasi-plateau
within 15 min and then attained saturation (Fig. 5b). Here
again, a double exponential kinetics was able to describe
the time-dependent changes in the tryptophan fluorescence
indicating a fast and a relatively slower kinetic components.
The observed rate constants for the changes in tryptophan
fluorescence intensity were found to be kfast~22×10

−3 s−1

and kslow~2×10
−3 s−1. The initial, rapid phase may indicate

the protein conformational changes to extended conformers
whereas the slower phase could be ascribed to the
aggregation process. HEWL contains six tryptophan resi-
dues (Fig. 1c) among which Trp 63 and 123 are non-
fluorescent due to the proximity of the tryptophans with the
sulfur atoms of the disulfides [19, 20, 44]. The initial
increase in the tryptophan fluorescence (kfast) is interpreted
as protein conformational expansion that diminishes the
quenching of non-fluorescent tryptophan residues by the
disulfides. The increase in the tryptophan fluorescence in

the latter phase (kslow) arises due to burial of the tryptophan
residues into the hydrophobic core of the aggregates.

Comparison of the fast component of the rate constants
obtained for the change in tryptophan and ANS fluorescence
reveals that the rate of change in tryptophan fluorescence
kinetics is~2-fold faster than the ANS fluorescence kinetics.

To further investigate the mechanism of aggregation, we
labeled the protein surface sparsely with different fluoro-
phores and monitored the changes in fluorescence proper-
ties during aggregation under identical condition. The
protein was labeled with dansyl chloride (for details, see
Materials and Methods) and the aggregation was monitored
by dansyl fluorescence. A rapid increase in dansyl
fluorescence intensity, similar to that of tryptophan and
ANS, was observed (Fig. 5c). A double exponential
function was again required to fit the kinetics of dansyl
fluorescence data. The recovered rate constants were
kfast~24×10

−3 s−1 and kslow~1×10
−3 s−1. It is interesting

to note that the fast component of rate constant of the
dansyl fluorescence is similar to that of tryptophan and both
tryptophan and dansyl fluorescence readouts probe the
conformational change of the polypeptide chain. Next, we
carried out the fluorescence anisotropy kinetics to follow
the size growth of the oligomers during aggregation.

In order to obtain the steady-state fluorescence anisotropy
as a function of HEWL aggregation, we labeled the protein
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Fig. 5 Time-course of aggrega-
tion of HEWL at pH 9.2 in
presence of SDS (150 μM)
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surface sparsely with another surface-modifying fluorophore,
namely, fluorescein isothiocyanate. The reason for choosing
fluorescein was that its fluorescence property is largely
environmental insensitive [11], and therefore, the change in
the steady-state fluorescence anisotropy is primarily domi-
nated by the change in the overall rotational correlation time.
The steady-state fluorescence anisotropy showed a steady
increase that could be satisfactorily described by single
exponential kinetics and the recovered rate constant (~ 1×
10−3 s−1, Fig. 5d.) is similar to the slower kinetic component
(kslow) obtained from the kinetics of ANS, tryptophan and
dansyl fluorescence. This also indicates that the slower
kinetic component (kslow) in other fluorescence observables
represents the aggregate growth.

As it has been discussed, we can infer that under the
present set of experimental conditions, lysozyme aggrega-
tion is at least a two-step process as described by the double
exponential fitting analysis. Figure 6 depicts a comparison

between the recovered rate constants with standard devia-
tions obtained from the analysis. The rates of change in
tryptophan (kfast~22×10

−3 s−1) and dansyl fluorescence
intensities (kfast~24×10

−3 s−1) are similar and faster than
the rate constants extracted for ANS intensity (kfast~12×
10−3 s−1). Such a comparison reflects that the fluorophores
report two distinct aspects of aggregation. As tryptophan is
more sensitive to its environment, it reports any change that
affects the lysozyme native conformation whereas, ANS
reports the generation of hydrophobic sites as a conse-
quence of conformational change and oligomerization.
Fluorescence anisotropy showed a single component which
resembles with the slower components of other observables
demonstrating the aggregation process.

Discussion

Protein aggregation occurs through various mechanisms
and different methods have been used to delineate the
process [45]. In the present study, we have investigated the
conformational and size change during aggregation of
HEWL in the presence of SDS at alkaline pH. We have
used a variety of fluorescent markers to get insights into the
mechanism of aggregation. A sharp increase in the
fluorescence properties of all the probes under prevailing
conditions indicate the protein conformational change
coupled with aggregation of HEWL. In the native protein
and in the absence of SDS, these probes are either exposed
to the solvent or to certain residues which may quench their
fluorescence. Also, the probes have high degree of
rotational motion and thus contribute to low fluorescence
anisotropy. Upon addition of SDS at pH 9.2, conforma-
tional change in the HEWL brings them in an environment
where they exhibit high fluorescence intensity and the
overall rotational motion is restricted due to an increase in
the overall size as a result of aggregation, thus, giving high
fluorescence anisotropy. We suggest that SDS being
negatively charged interacts electrostatically with positively
charged surface of lysozyme (Fig. 1b) at pH 9.2 (pI~11).
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This interaction neutralizes surface charge on the protein
and increases hydrophobicity which is in accordance with a
previous study where similar mode of interaction was
observed by the formation of SDS-lysozyme complex [36].
Reduction of overall protein charge facilitates penetration
of negatively charged SDS into the protein-core leading to
the conformational change resulting in the formation of
extended conformers. It was also noticed that by changing
the non-polar linear, alkyl chain of SDS to a cyclic, fused
ring system such as, sodium cholate and sodium deoxy-
cholate did not foster the formation of HEWL aggregates.
We speculate that in addition to the negative charge on the
head group, the linear hydrocarbon tail might play an
important role in stabilizing the surfactant-protein interac-
tion, thus favoring the conformational expansion of the
lysozyme. Such conformational change may facilitate
intermolecular interactions driven by hydrophobic effects
and eventually lead to the aggregation of protein molecules
[31]. The remarkable feature of this aggregation is that it
requires protein and SDS in very low concentrations viz.
5 μM and 150 μM, respectively. This is in contrast to most
of the studies where a high concentration of protein is
required for protein aggregation [32, 33].

An increase in ANS fluorescence intensity during aggre-
gation reflects that the conformational expansion due to SDS-
lysozyme interaction creates some hydrophobic pockets to
which ANS can bind non-covalently and the number of
hydrophobic sites increases to a certain extent as aggregation
progresses. However, the initial increase in ANS intensity is
slower than that of tryptophan, suggesting that formation of
hydrophobic regions and hence oligomerization, occurs as a
consequence of the conformational change of the polypeptide
chain. The overall increase in the fluorescence anisotropy of
different probes also indicates that the conformational change
in the protein facilitates association of protein molecules
which restricts the rotational motion of the fluorophore, thus
exhibiting large fluorescence anisotropy. The overall finding
of this study involves an understanding of lysozyme aggre-
gation in the presence of an anionic surfactant. A plausible
mechanism of HEWL aggregation can be suggested based on
our observations (Fig. 7). Initially, the protein interacts with
SDS by virtue of electrostatic interaction that leads to a
conformational expansion in the protein. This in turn, directs
the formation of oligomers mediated by hydrophobic
interactions that subsequently lead to the formation of
lysozyme aggregates.

Conclusions

In the present study, we have attempted to understand the
basic mechanism of aggregation by providing insights into
the change in protein conformation and size using fluores-

cence spectroscopy. It is important to mention that the
protein concentrations used in our experiments are signif-
icantly lower than that in typical aggregation experiments
which are often carried out at the millimolar protein
concentration range. This type of surfactant-protein inter-
action may be relevant in certain critical interactions
between lipid membrane and proteins inside the cell leading
to aggregation. We believe that our fluorescence kinetics
analysis will find broad application in the area of protein
misfolding and aggregation.
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