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Cataract is an eye disease in which crystallin proteins 
lose their native structure and aggregate in the lens fiber 
cells [1]. Mature lens fiber cells do not possess any protein 
synthesis and degradation machinery. Therefore, crystallins 
must be maintained in the native conformation for their long-
term functioning in the lens [2]. Human γD-crystallin is an 
important protein in the context of cataract disease. Proteins 
such as γD-crystallin [3,4], lysozyme [5,6], and bovine serum 
albumin (BSA) [7] may require incubation with acidic pH, 
high temperature, or the presence of denaturants to form 
amyloid fibrils in vitro. The pH of an eye lens of a healthy 
individual is in the range of 6.8 to 7.2 [8,9]. γD-crystallin does 
not aggregate under this pH range. However, it is suggested 
that in diabetic conditions, increased glucose level leads to 
anaerobic conversion of glucose to lactic acid in the lens 
tissue, which may result in acidic pH [10]. The presence of a 
low level of oxygen in the lens nucleus may create anaerobic 

conditions and leads to the accumulation of lactic acid [10]. 
Second, an acidic environment in lysosomes may also play 
an important role in the formation of amyloid fibrils during 
degradation of improperly folded γD-crystallin protein 
in early stages of lens development. These amyloid fibrils 
may act as seeds for sequestering γD-crystallin protein in 
the matured lens fiber cells to start the aggregation pathway 
toward cataract formation [11].

Although the detailed mechanism of aggregation of 
γD-crystallin protein is still not known, earlier reports have 
shown that γD-crystallin and its N-terminal domain (NTD) 
and C-terminal domain (CTD) form amyloid fibrils under 
acidic conditions [11]. By using two-dimensional infrared (IR) 
spectroscopy, Moran et al. have reported that under acidic 
conditions, CTD of the γD-crystallin protein is an important 
region for nucleation and elongation of fibril growth [12]. The 
same group in a subsequent study has stated that CTD forms 
the amyloid core of the γD-crystallin fibrils under acidic pH 
[13]. However, the presence of intermediate aggregate species 
on the aggregation pathway to amyloid formation and their 
structural details are not known. In many amyloid-forming 
proteins and polypeptides, oligomers are initial intermediate 
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species on the pathway of amyloid fibril formation [14,15]. 
Moreover, in some neurodegenerative diseases, oligomers 
were more toxic than amyloid fibrils [15,16]. Also, these 
initial aggregates may act as the template for the growth of 
higher-order aggregate species. In some amyloid diseases, it 
was observed that different oligomers’ sizes, conformation, 
and concentrations have different effects on the cells. For 
example, in the case of Alzheimer’s disease, Aβ oligomers 
were reported to have an affinity for cell membranes, synaptic 
contacts, and the activation of the mitochondrial apoptotic 
death pathway [17]. Similarly, in Parkinson’s disease, it was 
observed that different oligomer species of α-synuclein have 
different effects on cells. For example, one type of oligomers 
increases cell permeability and causes cell death while others 
enter through the cell membrane and act as a seed to form 
amyloid fibrils [18]. Thus, the same might be possible in the 
case of cataract formation. Although the toxicity of oligo-
mers may not be as important as that of neurodegenerative 
diseases, their interactions with cell membranes or effect on 
different cell pathways during lens development could have 
a role in the progression of cataract. Due to the heteroge-
neity of the aggregating system and the transient nature of 
intermediate species in the aggregation pathway, it is chal-
lenging to study these intermediate species. However, recent 
advances in single-molecule detection techniques, like fluo-
rescence correlation spectroscopy (FCS), allow researchers to 
determine size and oligomer species formed during protein 
aggregation. Hence, in this study, aggregation behavior of 
γD-crystallin protein was monitored under acidic conditions 
to study the aggregation mechanism, with an emphasis on 
intermediate species formation during amyloid formation.

METHOD

Mate r ia l s  and  che mica l s:  I sopropyl  β -D -1-
thiogalactopyranoside (IPTG) and trifluoroacetic acid (TFA) 
were purchased from Sisco Research Laboratories (Mumbai, 
Maharashtra, India). Sodium chloride, sodium monobasic 
phosphate, sodium dibasic phosphate, and acetonitrile were 
purchased from Merck (Rahway, NJ). Thioflavin T (ThT) 
and 7-Diethylamino-3-(4'-Maleimidylphenyl)-4-Methyl-
coumarin (CPM) were purchased from Sigma-Aldrich (St. 
Louis, MO). Lysogeny broth (LB) media and the dialysis bag 
were purchased from Himedia (Maharashtra, India), and a 
100-kDa centrifugal filter was purchased from Amicon Milli-
pore (Bedford, MA).

Protein purification: We received plasmids containing the 
human γD-crystallin gene from Prof. Martin Zanni (Depart-
ment of Chemistry, University of Wisconsin-Madison, 
WI) as a gift. The human γD-crystallin gene was cloned in 

expression vector pET-16b [12,13]. Recombinant plasmid was 
transformed in the BL21DE3 (pLys) strain. Next, recombinant 
bacteria were streaked on an LB-agar plate containing ampi-
cillin and incubated at 37 °C overnight. The next day, a single 
colony from the plate was picked and added to 10 ml LB 
broth containing ampicillin. This was incubated at 37 °C with 
shaking at 175 rpm overnight. Then, this culture was added to 
1 liter LB broth containing ampicillin and incubated at 37 °C 
with shaking at 175 rpm until optical density (OD) reached 
0.6. Culture was induced with 1 mM IPTG and allowed to 
grow for the next 4 h. Cells were collected by centrifugation 
at 3,470 rcf, 4 °C for 15 min (Sorvall Lynx 6000 ×g centri-
fuge, Thermo Fisher, Waltham, MA). Next, the cell pellet 
was suspended in binding buffer (20 mM phosphate buffer, 
100 mM NaCl, 0.01% sodium azide, 10 mM imidazole, pH 7) 
and lysed by probe sonication (repeated cycle of 20 s on, 40 
s off for 30 min). Cell debris was separated by centrifugation 
at 10,400 rcf at 4 °C for 30 min (Sorvall Lynx 6000 ×g centri-
fuge). Supernatant containing soluble protein was applied on 
a Ni-NTA (QIAGEN, Hilden, Germany; 5 ml) column by 
using a peristaltic pump. Then, protein was eluted with a 
linear gradient of elution buffer (20 mM phosphate buffer, 
100 mM NaCl, 0.01% sodium azide, 500 mM imidazole, pH 
7). Next, the protein was dialyzed with dialysis buffer (20 mM 
phosphate buffer, 100 mM NaCl, 2 mM EDTA, 0.01% sodium 
azide, pH 7) for 12 h at room temperature, replacing the old 
buffer with the new buffer every 3 h. After dialysis, protein 
was centrifuged at 139,600 rcf (Sorvall MTX 150) at 4 °C 
for 1 h before using. The protein purity was checked using 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(Appendix 1). Nucleotide sequence of the γD-crystallin gene 
was confirmed by plasmid sequencing (SciGenom Labs, 
Kochi, Kerala, India).

Determination of protein concentration: The concentration 
of γD-crystallin protein was determined by taking OD at 
280 nm on a NanoDrop (ND-100, Themo Fisher) spectro-
photometer. Protein concentration was calculated by the Beer-
Lambert law for which the extinction coefficient of 42,860 
M−1cm−1 at 280 nm (calculated by using ExPASy’s ProtParam 
tool) was used. For the 8-anilino-1-naphthalenesulfonic acid 
(ANS) binding assay and tryptophan fluorescence assay, the 
concentration of γD-crystallin protein, oligomers, and fibrils 
was determined by the BCA method. Each species was solu-
bilized in 8 M urea and heated at 70 °C until dissolved before 
performing the BCA method.

Spontaneous aggregation kinetics by reversed-phase high-
performance liquid chromatography sedimentation assay, 
light scattering, and thioflavin binding assay: Reversed-
phase high-performance liquid chromatography (RP-HPLC) 
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sedimentation, light scattering, and thioflavin (ThT) binding 
assays were performed to understand aggregation kinetics 
of γD-crystallin protein in pH 2.5. RP-HPLC was used to 
calculate percent monomers at different time points of 
aggregation reaction. Percent monomer was calculated by 
dividing the area under the peak at respective time points 
with the peak area at the zero time point, and the obtained 
value was multiplied by 100 [19]. A curve was generated by 
plotting percent monomers versus time. From this curve, 
information on different phases of aggregation reaction was 
derived [19]. Sedimentation assay was performed using the 
RP-HPLC system (Agilent Technologies, Santa Clara, CA; 
1260 Infinity system) connected with the reverse-phase C18 
column (Eclipse plus, 3.5 µM, 4.6 × 100 mm; Agilent Tech-
nologies). The γD-crystallin protein at 30 µM was incubated 
at 37 °C in dialysis buffer (20 mM phosphate buffer, 100 mM 
NaCl, 2 mM EDTA, 0.01% sodium azide) in pH 2.5. From the 
reaction mixture, an 80 µl sample was taken at different time 
points and centrifuged at 139,600 rcf (Sorvall MTX 150) at 
4 °C for 30 min. Then, 40 µl of supernatant was collected 
and mixed with 10 µl of dialysis buffer (pH 7), and 2 µl of it 
was injected in the RP-HPLC. Protein was eluted by using 
an increasing gradient of acetonitrile containing 0.05% TFA. 
The absorbance of the protein was monitored at 215 nm.

To perform light scattering and ThT binding assays, 
γD-crystallin protein at 30 µM was incubated in dialysis 
buffer (20 mM phosphate buffer, 100 mM NaCl, 2 mM 
EDTA, 0.01% sodium azide, pH 2.5) at 37 °C. Then, 140 µl 
of the sample was collected at each time point, and light 
scattering was monitored on the LS-55 spectrofluorometer 
(Perkin Elmer, Waltham, MA) at 450 nm (excitation and 
emission slit width 5 nm). To this solution, ThT (52 µM) was 
added, and fluorescence was monitored on the same instru-
ment at a 450 nm excitation and 489 nm emission wavelength 
using the excitation and emission slit width of 5 nm and 10 
nm, respectively.

Fluore scence  cor re la t ion  spec t roscopy:  T he 
γD-crystallin protein was tagged with a f luorescent 
molecule CPM (7-diethylamino-3-(4′-maleimidylphenyl)-4-
methylcoumarin). CPM binds covalently with the solvent-
exposed free cysteine residue of the protein. Tagging was 
performed by mixing γD-crystallin protein (60 µM) in dial-
ysis buffer (20 mM phosphate buffer, 100 mM NaCl, 2 mM 
EDTA, 0.01% sodium azide, pH 7) [20,21] with CPM dye 
(48 µM) at a 1:0.8 ratio in the dark under continuous stirring 
conditions for 12 h. Volume of reaction was 5 ml. After 12 h 
of stirring, CPM-tagged protein was centrifuged at 139,600 
rcf (Sorvall MTX 150) at 25 °C for 1 h and immediately used 
to study aggregation kinetics. Tagged protein can be stored at 

−20 °C after flash freezing in liquid nitrogen. Tagged protein 
was diluted to 30 µM in dialysis buffer (pH 7). The pH of the 
sample was lowered to 2.5 by adding HCl, and aggregation 
was induced by incubating the reaction mixture at 37 °C. 
Samples were collected at different time points of ongoing 
aggregation reaction, diluted to 40 nM, and placed on a cover-
slip on the sample platform of the FCS setup. FCS setup is 
based on an inverted optical microscope (IX-71; Olympus, 
Tokyo, Japan) equipped with 60X water immersion objective 
with 1.2 NA. A 5-mW, 405-nm laser source 19T was used to 
excite the sample. The detailed description of the setup can 
be found in our previous publications [22,23]. Focal point 
distance was kept at 40 µm from the upper surface of a cover-
slip. The emitted photons were collected and autocorrelated 
using the correlator card and displayed using the laboratory 
view program on a computer. The measured fluorescence 
intensity autocorrelation data, , can be expressed as [24]:
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where  is the average fluorescence intensity, and and  are 
the fluctuations in the fluorescence intensity around the mean 
value at time  and , respectively, and are given by  and . The 
Autocorrelation function arising from the diffusion is given 
by [24]:
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In the above equation, is the number of particles in the 
observation volume and  (i.e., the ratio of the radial and axial 
radii of the three-dimensional Gaussian volume). Here,  is the 
time component of any additional process than the diffusion, 
and  is its amplitude. In the case of a two-component system 
(protein monomers and oligomers) governing the diffusion, 
the above equation will be modified as
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The translational diffusion coefficient and the hydrody-
namic radius can be calculated from the measured diffusion 
time  and the radius of the observation volume () [25].
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Radius (r) of the observation volume was estimated from 
the diffusion time () of rhodamine 6G in water (= 4.14 *10−6 
cm2 s−1) at 298 K following the standard procedure [25]. The 
transverse radius and the observation volume were calculated 
to be 292 nm and 0.6 fl, respectively. The hydrodynamic 
radius (rH) of the protein was determined from the diffusion 
coefficient () using the Stokes-Einstein equation as
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where  is the Boltzmann constant,  is the absolute 
temperature (298 K in the present study), and  is the viscosity 
of the medium.

Transmission electron microscopy: The γD-crystallin protein 
(30 µM) was incubated at 37 °C in dialysis buffer (20 mM 
phosphate buffer, 100 mM NaCl, 2 mM EDTA, 0.01% sodium 
azide, pH 2.5). Then, 5 μl of the sample was collected at each 
time point of the ongoing aggregation reaction and adsorbed 
for 2 min on the carbon-coated 200-mesh copper grids (elec-
tron microscopy). Grids were washed with MQ water, and 
samples were stained with 2% uranyl acetate and viewed on 
a TECNAI 200 kV TEM (FEI; Electron Optics, West Orange, 
NJ) instrument. Dimensional analysis of oligomer and fibrils 
was done using ImageJ software version 1.47 (National Insti-
tutes of Health, Bethesda, MD) from different grids imaged. 
For fibrils, the width of fibrils was measured at three different 
positions, and the average width was reported for one fibril.

Purification of oligomeric species volume of reaction: The 
γD-crystallin protein (30 µM) was incubated at 37 °C in 
dialysis buffer (20 mM phosphate buffer, 100 mM NaCl, 
2 mM EDTA, 0.01% sodium azide, pH 2.5) for 1.5 h to form 
oligomers. Then, samples were divided equally into three 1.5 
ml Eppendorf tubes and incubated at 37 °C, 25 °C, and 10 °C, 
respectively. Here, we wanted to slow down the aggregation 
reaction after 1.5 h, that is, after oligomer formation (result 
of transmission electron microscopy [TEM] analysis) so that 
oligomers could be purified without converting to aggregates. 
As explained below, maximum time required for oligomer 
purification is 2 h at 25 °C or 10 °C. Thus, aggregation reac-
tion was monitored by the RP-HPLC sedimentation assay 
for 2 h. For oligomer purification, γD-crystallin protein 
(30 µM, 5 ml) was incubated at 37 °C in dialysis buffer, 
pH 2.5, for 1.5 h to generate oligomers. We performed all 

oligomer purification steps at 10 °C. This reaction mixture 
was then loaded on a 100-kDa centrifugal filter at 10 °C to 
retain species more than 100 kDa. Then, species retained 
above the centrifugal filter (300 µl) were washed by passing 
a 5 ml dialysis buffer (pH 2.5) three times through the same 
centrifugal filter. Further, these purified species were centri-
fuged at 16,000 ×g (Eppendorf 5417R) for 20 min at 10 °C to 
remove higher aggregates if any. The concentration of puri-
fied oligomers obtained after purification was 3 µM.

ANS and tryptophan fluorescence assay: ANS dye at 35 µM 
was incubated with γD-crystallin monomers, oligomers, 
and fibrils at room temperature for 10 min in the dark. The 
concentration of each of these species was 0.65 µM. Fluo-
rescence of dye was monitored from 400 to 700 nm using an 
excitation wavelength of 380 nm. Excitation and emission slit 
width was 10 nm. For tryptophan fluorescence, γD-crystallin 
monomers, oligomers, and fibrils at 0.68 µM each in dialysis 
buffer (20 mM phosphate buffer, 100 mM NaCl, 2 mM 
EDTA, 0.01% sodium azide, pH 2.5) were used to monitor 
change in tryptophan fluorescence. Tryptophan was excited 
at 295 nm, and emission was monitored from 300 to 500 
nm with an excitation and emission slit width of 10 nm. The 
volume of sample used in both assays was 140 µl.

Fourier transform infrared spectroscopy: Fourier transform 
infrared spectroscopy (FTIR) spectra were recorded on a 
Bruker Tensor 27 FTIR instrument (Bruker Optics, Billerica, 
MA). Measurements were done by loading 30 µl γD-crystallin 
protein (25 µM) in dialysis buffer (20 mM phosphate buffer, 
100 mM NaCl, 0.01% azide, 2 mM EDTA) on a BioATR II cell 
equipped with an mercury cadmium telluride (MCT) detector 
under continuous purging of nitrogen gas. For a good signal-
to-noise ratio, 120 scans were collected at 4 cm−1 resolution. 
Baseline correction from wavenumber 1,600 to 1,700 cm−1 
was done by using the rubber band correction method [26]. 
The number of baseline points used was 64. The secondary 
derivative was calculated using 9 smoothing points, and all 
peaks from wavenumber 1,600 to 1,700 cm−1 were considered 
for secondary structure quantification. Further, deconvolu-
tion of the original absorbance spectra was done by using the 
Levenberg-Marquardt method in the curve fit option of OPUS 
version 7 software [26]. All peaks corresponding to different 
secondary structure wavenumbers were set to peak maxima 
of original absorbance spectra. Width for all the peaks was 
set to 10. Further, an autofit tab was used to get integral 
values for each peak. Percentage of secondary structures was 
calculated by dividing integral values of the wavenumber that 
corresponded to a particular secondary structure to the sum 
integral values of all these wavenumbers.
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RESULTS

Aggregation kinetics of γD-crystallin protein: RP-HPLC 
sedimentation assay, light scattering, and ThT binding assay 
were performed simultaneously with ongoing aggregation 
reaction. A decrease in percent monomers and therefore an 
increase in aggregation was observed in the RP-HPLC sedi-
mentation assay; this signifies γD-crystallin protein under-
goes aggregation under the experimental conditions (Figure 
1, black line). An increase in the light scattering was observed 
as the aggregation progressed, indicating the appearance of 
larger-size assembly formation during the aggregation reac-
tion (Figure 1, blue line). Simultaneously, an increase in ThT 
binding indicates that an amyloid-like structure is present in 
the aggregates of γD-crystallin formed at pH 2.5 (Figure 1, 

red line) from the beginning and throughout the aggregation 
reaction. The detection of oligomers of γD-crystallin protein 
has revealed the existence of cross-β sheet structures. Conse-
quently, ThT exclusively interacts with these structures when 
they are in the oligomeric state, leading to its binding being 
evident from the early stages of the aggregation process. 
Further, methods like FCS and analytical ultracentrifugation 
(AUC) are used to determine the size of aggregates formed 
at different time points of the ongoing aggregation reaction.

Characterization of initial aggregating species: FCS was 
performed to know the size of aggregates formed during 
the initial stages of the aggregation reaction. Autocorrela-
tion curves were recorded at different time points of tagged 
γD-crystallin protein, and diffusion times were calculated 

Figure 1. Aggregation kinetics of γD-crystallin protein at pH 2.5. The black line represents the RP-HPLC sedimentation assay, the red line 
represents the Thioflavin-T (ThT) binding assay, and the blue line represents the light scattering of γD-crystallin. In the RP-HPLC sedimenta-
tion assay, the percentage of monomers was converted into the percentage of aggregates, while the intensity values of light scattering and 
the ThT binding assay were normalized, considering the intensity value at 18 h as 100%.
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using equations (2) and (3) (Methods). Before conducting 
an experiment, it was important to ensure the monomeric 
state of γD-crystallin protein at pH 2.5. Therefore, size of the 
γD-crystallin protein (hydrodynamic radius) in the beginning 
of the aggregation reaction (Figure 2) was compared with the 
value obtained at pH 7 (Appendix 1). Size of the γD-crystallin 
protein obtained at pH 2.5 was slightly more than pH 7. This 
might be due to change in the conformation of protein under 
acidic conditions. Next, molecular weight was calculated 
from analytical ultracentrifugation analysis of γD-crystallin 
protein at pH 7 and found to be 22.96 kDa, which corresponds 
to monomeric mass of the protein. To know the approximate 
number of monomeric species present at pH 2.5 before the 
reaction starts, volume (v=4/3πr3) as calculated from the 
size considering spherical shape of the protein. Then the 
volume obtained was divided by the one found at pH 7. After 
these calculations, a value of 1.32 was obtained (Appendix 
1), which indicates CPM-tagged γD-crystallin protein is 
present as a monomer before the start of the aggregation 
reaction. Therefore, a one-state component equation (equa-
tion (2), Methods) was used to determine the diffusion time 
of the monomers at 0 h before the start of the aggregation 
reaction. For all other time points, a two-state component 
equation was used (equation (3), Methods). The radius of the 
intermediate species formed during the aggregation reaction 
was observed to be gradually increasing as the aggregation 
progressed (Figure 2A). To know the approximate number of 
monomers in the aggregates formed at different time points 

of the aggregation reaction, the volume of aggregates was 
divided by the volume of the monomer at 0 h obtained at pH 
2.5. At 0 h, only monomers are present; therefore, we used 
a single-component equation (equation (2)) to determine the 
radius. However, from 3 min onward, aggregate assemblies 
start forming; hence, we used a two-state component equa-
tion (equation (3)) to determine the diffusion time of inter-
mediate species. FCS data indicate that on the aggregation 
pathway of γD-crystallin protein under pH 2.5, an aggregate 
species constituting approximately 5 ± 0.66 monomers 
was formed after 3 min (Appendix 1). As the aggregation 
reaction progressed, the aggregates gradually grew by the 
addition of more monomeric units or association of lower 
aggregate species. At 6 min, aggregate species constituted 
approximately 25 monomers. At 12 min, aggregate species 
containing approximately 110 ± 82 monomers were observed. 
At later time points, as the aggregation progressed, higher 
oligomer species were formed (Figure 2A).

Characterization of aggregates by TEM: Morphology of the 
aggregates formed during aggregation of γD-crystallin was 
studied by TEM. Spherical particles (oligomers) having a 
diameter of ~10 nm were observed after 1.5 h of the aggrega-
tion reaction. More images showing the presence of oligomers 
are given in (Appendix 2). No fibril like structures were seen 
at this time point. Predominantly, protofibrils having a width 
of ~7 nm were observed after 3 h of aggregation reaction. 
After 5 and 30 h, fibrils like structures having a width of ~15 
nm and ~35 nm were observed (Figure 3).

Figure 2. Fluorescence correlation spectroscopy (FCS) analysis of γD-crystallin protein aggregation at pH 2.5. A: The radius of the aggrega-
tion intermediates formed during the aggregation pathway at pH 2.5, calculated using diffusion time with equations 4 and 5. B: Best-fit lines 
(black) of autocorrelation curves (circles) representing aggregate species at different time points. To avoid overcrowding of data, the FCS 
traces for 6 min, 27 min, and 35 min are not shown.
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Change in hydrophobic characteristics of the aggregates: 
FCS data showed that as the aggregation of γD-crystallin 
progressed, various intermediate species, with increasing 
radius, were formed at pH 2.5. TEM analysis represents 
morphology of the intermediate species formed at the 
different time points of the aggregation reaction differing 
in size and shape. It is possible that these aggregating inter-
mediates may have different biophysical characteristics than 
γD-crystallin monomers. Change in the conformation of 
γD-crystallin protein monomers, oligomers, and fibrils was 
studied by tryptophan fluorescence and the ANS binding 
assay. TEM analysis performed on the aggregation reaction 
in acidic pH showed that the oligomers were formed at 1.5 h 
of the aggregation reaction. At this point, ∼65−70% mono-
mers were present in the reaction mixture, as revealed by the 
RP-HPLC sedimentation assay (Figure 1). Hence, it might be 
challenging to perform a protein conformation study of oligo-
mers under these conditions since the presence of remaining 
γD-crystallin monomers in the aggregation reaction may 
interfere in the assay. Therefore, to characterize oligomers, 
remaining monomers after the formation of oligomers were 

removed. To achieve this, the aggregation reaction was slowed 
down with a lower temperature. The RP-HPLC sedimenta-
tion assay indicated the aggregation reaction had decelerated 
at 25 °C and 10 °C (Figure 4A). Oligomer purification was 
achieved as discussed in the Methods. A dynamic light scat-
tering (DLS) experiment suggested that the size of purified 
oligomers was 94 ± 1 nm (Appendix 2).

Tryptophan f luorescence is one of the measures to 
determine the structural dynamics of a protein molecule 
[27]. Tryptophan fluorescence intensity of γD-crystallin 
monomers, oligomers, and fibrils was examined. Red shift 
in the wavelength showing maximum fluorescence intensity 
was observed in oligomers (352 ± 2 nm) and fibrils (349 ± 
1nm) as compared to monomers (340 ± 2 nm; Figure 4B). 
This suggests that the environment of the tryptophan changes 
in oligomers and fibrils. Next, change in protein conforma-
tion was also studied by the ANS binding assay [28]. ANS 
dye binds to exposed hydrophobic patches of a protein and 
shows the increase in fluorescence intensity with a blue shift 
[28]. A blue shift was observed in the wavelength corre-
sponding to maximum fluorescence intensity after binding 

Figure 3. Transmission electron microscopy (TEM) images of γD-crystallin aggregation at different time points during the aggregation 
reaction. Oligomers were observed at 1.5 h (indicated by the black arrow), which grew to form protofibrils at 3 hours and fibrils at 5 h and 
30 h. The scale bar represents 100 nm.
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of the dye to oligomers (503 ± 1 nm) and fibrils (497 ± 1 
nm) as compared with γD-crystallin monomers (527 ± 1 nm; 
Figure 4C). This shows the exposure of hydrophobic residues 
of γD-crystallin protein in oligomers and fibrils. In protein 
aggregation, various species are formed at different times of 
the aggregation reaction by the addition of monomers and/or 
the association of lower species to form higher-order species. 
γD-crystallin is a globular protein, and in its native structure, 
hydrophobic patches are present inside the protein structure. 
But, as the aggregation progresses, γD-crystallin protein 
loses its native structure. This leads to change in tryptophan 
environment and exposure of more hydrophobic patches.

Secondary structure analysis of γD-crystallin aggregates: 
The secondary structures of γD-crystallin are studied 
using FTIR spectroscopy. In the monomeric state, the FTIR 
analysis has shown that monomers at pH 7 mostly consist of 
β-sheet (1,630–1,637 cm−1) and β-turn (1,662–1,678 cm−1 and 
1,689–1,699 cm−1 for β-turn type I and type II, respectively). 
As the pH is decreased to 2.5, the β-sheet (1,630–1,637 cm−1) 
remains as it is, whereas the β-turn changes its seems to 
form an α-helix (1,647–1,662 cm−1; Appendix 3). Separation 
of oligomers from the remaining monomers was performed 
as explained in the Methods. Further, we have used these 
purified oligomers to determine their secondary structures 
by FTIR spectroscopy. FTIR analysis showed that oligomers 
and fibrils of γD-crystallin consist of cross-β sheet (1,620 
cm−1 for oligomers, 1,618 cm−1 for fibrils), random coil (1,641 
cm−1 for oligomers, 1,642 cm−1 for fibrils), α-helix (1,659 
cm−1 for oligomers, 1,659 cm−1 for fibrils), and β-turn (1,675 
cm−1, 1,693 cm−1 for oligomers and 1,673 cm−1, 1,693 cm−1 

for fibrils) structures. However, structural contents varied in 
both species (Figure 5, Appendix 3). In oligomers, the main 
peak of the β-sheet present (1,630 cm−1) in the γD-crystallin 
protein monomers shifted to a lower wavenumber, which is 
characteristic of the cross-β sheet structure [29,30]. It can be 
inferred that oligomers are rich in the cross-β sheet structure. 
These results were corroborated with the binding of ThT 
dye to the aggregates (Figure 1, red). In addition, oligomers 
were found to contain more α-helix and approximately 
the same random coil and β-turn contents as compared to 
fibrils (Figure 5). Also, lesser content of the cross-β sheet 
was present in the oligomers than in the fibrils. Hence, FTIR 
analysis showed that oligomers, although small in size, have 
common structural features with fibrils but possess distinct 
secondary structural characteristics other than γD-crystallin 
monomers. A circular dichroism (CD) experiment suggested 
that oligomers were rich in β-sheet. However, CD could not 
differentiate between cross-β and β-sheets (Appendix 3).

DISCUSSION

In the present work, we characterized intermediate aggre-
gate species formed on the aggregation pathway of human 
γD-crystallin protein under a low pH condition. The results 
indicate that γD-crystallin protein forms pentamer, 25-mer, 
and higher oligomer intermediates. FCS and FTIR showed 
that the human γD-crystallin protein undergoes unfolding to 
form intermediate aggregate species enriched in a random 
coil structure. The visualization of the same was done by 
TEM.

Figure 4. Biophysical characterization of γD-Crystallin aggregation. A: Aggregation kinetics of γD-crystallin at different temperatures in 
pH 2.5. B: Tryptophan fluorescence assay of monomers, oligomers, and fibrils. C) ANS binding assay of monomers, oligomers, and fibrils.
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The combination of RP-HPLC sedimentation, light 
scattering, and ThT binding assays yielded insightful results 
about the aggregation behavior of γD-crystallin under experi-
mental conditions. The absence of a distinguishable lag phase, 
a hallmark of conventional amyloid aggregation, suggests an 
intriguing departure from the norm. The amyloid aggrega-
tion process is generally described in three phases: lag phase, 
growth phase, and plateau phase. Lag phase represents the 
time required for formation of the nucleus, which further 
grows in the elongation phase [31]. A prominent lag phase was 
reported in aggregation kinetics of polyglutamine peptides 
[32] and insulin [33], whereas no lag phase was reported in 
N-terminus huntingtin [34] and IAPP [35] peptide fragment 
aggregation. Thus, γD-crystallin may represent the case of 
downhill aggregation reaction as observed in the N-terminus 

huntingtin protein fragment [34]. Further, FCS and analytical 
ultracentrifugation experiments showed the presence of 
various intermediate species on the aggregation pathway. 
From FCS data, it was observed that the radius of the inter-
mediate species formed during the aggregation reaction was 
gradually increasing as the aggregation progressed (Figure 
2A). This indicates the formation of higher-order aggregates 
as the aggregation time increased. FCS data indicate that 
on the aggregation pathway of γD-crystallin protein under 
pH 2.5, an aggregate species constituting approximately 5 ± 
0.66 monomers was formed after 3 min (Appendix 1). This 
might have formed due to the association of five monomeric 
γD-crystallin protein. However, dimers, trimers, or tetramers 
may also be present for a short time. Perhaps due to their 
transient nature, these species were not detected within the 

Figure 5. Curve fit fourier-transform infrared spectroscopy (FTIR) spectra of different aggregate species. A: Curve-fitted primary spectrum 
of monomers. B: Curve-fitted primary spectrum of oligomers. C: Curve-fitted primary spectrum of fibrils. The spectra of all three species 
differ from one another.
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time frame of the FCS experiment. In the process of interme-
diate aggregating species formation, γD-crystallin monomers 
are also present in the reaction mixture. Therefore, in the 
formation of 25-mer species, the possibility of an association 
of monomers with the 5 ± 0.66-mer species and similarly, 
for the 110 ± 82-mer species, an association of monomers 
with 25-mer species, cannot be ignored. Previously, FCS was 
also used to study the aggregation pathway of other amyloid 
proteins. In the case of Aβ peptide, the FCS study suggested 
that the aggregation process starts with the formation of 
dimer, and further higher aggregates were reported as the 
aggregation time progressed [36]. Similarly, the formation of 
early aggregates of α-synuclein protein was also monitored 
by FCS [37].

The morphologic examination of γD-crystallin aggrega-
tion via TEM has provided crucial insights into the progres-
sion of aggregate structures. The initial stage of aggregation, 
marked by the presence of spherical oligomers with a diam-
eter of 10 nm, showcases the early assembly events. Notably, 
the absence of fibril-like structures at this early stage of 
the aggregation process suggests that the oligomeric state 
predominates during this period. Subsequent to the oligo-
meric phase, the emergence of protofibrils with a width of 
approximately 7 nm at the 3 h time point signifies a transition 
toward more organized structures. The morphologic transi-
tion from spherical oligomers to these protofibrils suggests 
an intricate interplay of molecular interactions driving the 
aggregation process. As the reaction advances, the appear-
ance of larger fibril-like structures at the 5 h and 30 h time 
points, exhibiting widths of 15 nm and 35 nm, respectively, 
signifies the maturation of aggregates over time. The 
observed transformation from oligomers to protofibrils and 
ultimately to mature fibrils, as depicted in Figure 3, under-
scores the hierarchical nature of the aggregation process of 
γD-crystallin. This evolution of morphologic features high-
lights the progressive organization of the protein molecules 
into higher-order structures.

The dynamic nature of aggregation intermediates, 
as revealed by FCS data and TEM analysis, highlights the 
complexity of the aggregation process and the formation of 
various species with distinct sizes and shapes. This heteroge-
neity likely corresponds to diverse biophysical characteristics 
that may play pivotal roles in the aggregation mechanism. 
The utilization of tryptophan fluorescence and ANS binding 
assays to probe conformational changes during aggregation 
yielded noteworthy results. The red shift in tryptophan fluo-
rescence wavelengths for oligomers and fibrils, accompanied 
by the blue shift in ANS binding wavelengths, collectively 
indicates alterations in the protein environment and exposure 

of previously sequestered hydrophobic regions. These confor-
mational changes are attributed to the transition from the 
native globular structure to the evolving conformations of 
oligomers and fibrils. Change in protein conformation was 
also reported in oligomers of Aβ, α-synuclein, lysozyme, 
and insulin proteins [38-40]. Change in conformation was 
also reported during aggregation of γD-crystallin in the pres-
ence of GuHCl [41] and UV-C light [42]. All these proteins 
follow different aggregation pathways and contain various 
aggregating intermediate structures. Therefore, change 
in γD-crystallin conformations is an important step in the 
aggregation pathway, and it may lead to the formation of 
various intermediate aggregating species.

The intricate interplay between secondary structural 
changes and the aggregation pathway of γD-crystallin is 
unveiled through the integration of FTIR spectroscopy and 
other complementary assays. The presence of cross-β sheet 
structures in both oligomers and fibrils signifies a common-
ality in their underlying arrangement, which aligns with the 
ThT binding assay results and suggests their involvement 
in amyloid-like aggregates. Oligomers of various amyloid 
proteins have been reported to possess different types of 
structural elements. Aβ oligomers in physiologic conditions 
are rich in β-sheet [40,43]. Similarly, lysozyme oligomers 
were reported with the presence of cross-β sheet and also 
rich in unstructured elements [38]. Oligomers of insulin [44] 
and α-synuclein [45] were reported to be rich in the α-helix 
structure. In our study, γD-crystallin oligomers were rich 
in cross-β sheet and unstructured elements, as shown in 
lysozyme oligomers. Further, it was found that γD-crystallin 
protein monomers had a different secondary structure at pH 
2.5 than at pH 7 (Appendix 3). Under acidic pH, γD-crystallin 
monomers were observed to be rich in α-helix (1,659 cm−1) 
rather than β-turn (1,665 cm−1), as reported in pH 7. This 
change in secondary structure of γD-crystallin protein in 
acidic pH corroborates with our FCS data, which represent 
an increase in the size of γD-crystallin protein in pH 2.5. 
Overall, γD-crystallin protein changes its conformation to 
form oligomers, which are rich in cross-β sheet, and then 
later, as the aggregation progresses, protofibrils (as observed 
in TEM) and fibrils with different secondary structural char-
acteristics are formed.

In this study, for the first time, we have reported the 
presence of various intermediate aggregate species of 
γD-crystallin that form at low pH. FCS study shows that 
aggregation starts with the formation of aggregate species 
constituting of five monomeric units, which further grow 
to form 25-mer, 110 ± 82-mer, and bigger oligomers (Figure 
6). TEM study indicates γD-crystallin monomers first form 
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oligomers, which further grow to form protofibrils and then 
fibrils. FTIR study shows oligomers are rich in cross-β sheet 
structure. Furthermore, to gain a thorough knowledge of the 
atomic-level structural features of the fibrils generated, high-
resolution techniques like cryo-electron microscopy could be 
used. This study will open new areas of research in under-
standing the detailed aggregation mechanism and aggregation 
hotspot within unfolded γD-crystallin monomers. This will 
eventually help in designing mechanism-based inhibitors of 
aggregation in cataract disease.

APPENDIX 1. FCS AUTOCORRELATION AND 
ANALYTICAL ULTRACENTRIFUGATION OF 
THE ΓD-CRYSTALLIN PROTEIN IN PH 7.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. TEM AND DLS ANALYSIS OF 
PROTEIN IN PH 2.5.

To access the data, click or select the words “Appendix 2.”

APPENDIX 3. CD SPECTRUM OF MONOMER 
AND OLIGOMER AT PH 2.5 AND FTIR ANALYSIS 
OF PROTEIN IN PH 7.

To access the data, click or select the words “Appendix 3.”
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