
Cataract, an eye disease, causes opacification of the 
eye lens and is the foremost cause of blindness throughout 
the world [1,2]. Aggregation of crystallin proteins, mainly 
beta or gamma crystallins, is the primary cause of cataract 
formation. Surgical replacement of cataract lens with an 
artificial lens is the only treatment available for this disease 
[3,4]. However, in underdeveloped and developing countries, 
due to population load, the low number of ophthalmologists 
and insufficient surgical infrastructure hinder treatment [4,5]. 
Like other protein aggregation diseases, understanding the 
fundamental mechanism of crystallin protein aggregation 
will help in designing therapeutic molecules to suppress cata-
ract formation. This will provide an alternative approach for 
treatment or delay the need for surgery. Thus, to understand 
the aggregation process in detail, it is critical to study the 
aggregation of γD-crystallin, a major component of cataract.

Humans are exposed inadvertently to either one or more 
types of ultraviolet (UV) light (UV-A, UV-B, and UV-C). 
They are often associated with the formation of crystallin 
protein aggregates. Several modifications, such as deamida-
tion [6,7], oxidation [8], glycosylation [9], racemization [10], 
and truncation [10,11], were found in crystallin proteins 
isolated from cataract lens tissue. It was suggested that these 

modifications have a significant role to play in the aggre-
gation of γD-crystallin protein in cataract disease. Existing 
literature indicates that γD-crystallin proteins form aggre-
gates when exposed to UV-B light [12], low pH [13], heating 
at 80 °C [14], and guanidinium hydrochloride [15]. Further, 
Fourier transform infrared spectroscopy (FTIR) of porcine 
lenses induced with cataract by UV-B light indicates the 
signature of the amyloid structure in the lenses [16]. Proteol-
ysis study of the fibrils formed in the presence of UV-B light 
showed that the C-terminal domain (84–174) of γD-crystallin 
protein is responsible for forming the amyloid core of the 
fibril [12]. Similarly, UV-C light also induces aggregation of 
γD-crystallin protein in vitro [17]. Although the ozone layer 
absorbs most of the UV-C rays from the sun, people living at 
high altitudes might be exposed to these rays. Artificial UV-C 
light is also used in houses and industrial appliances, making 
people prone to UV-C light. Therefore, along with UV-B 
light, it is equally important to study the effect of UV-C light 
on the aggregation of γD-crystallin proteins. Proteins have a 
generic nature of aggregation by forming various interme-
diate species [18,19]. These intermediates were structurally 
and morphologically different from the fibrillar structure 
formed at the end of the aggregation [18,19]. It is important 
to examine these intermediates, as many small molecules 
were reported to have a specific binding affinity for these 
intermediates species, potentially slowing the aggregation 
process [20,21].
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Interactions such as hydrogen bonding, hydrophobic 
interactions, electrostatic interactions, and disulfide bonds 
play a vital role in protein aggregation [22-24]. Among these 
interactions, the importance of disulfide bonds was reported 
in prion-related diseases, aggregates of tau proteins in 
Alzheimer disease, and cataract [25,26]. Aggregates isolated 
from cataract lens tissue were rich in disulfide bonds [27,28]. 
A high concentration of glutathione (GSH) maintains a 
reducing environment that prevents the formation of disulfide 
bonds of crystallin protein in lens cells. This keeps the lens 
away from opacity and provides a high transparency level 
for normal clear vision. However, as age increases, the GSH 
level drops in the lens fiber cells, leading to the formation of 
inter- and intra-disulfide bonds and loss of protein stability 
[29,30]. A recent study of γD-crystallin mutants stated that 
cys32 and cys41 are involved in disulfide bond formation when 
aggregated at 37 °C, pH 7 [31].

In this paper, we present the aggregation mechanism of 
γD-crystallin protein. We report the characterization of the 
intermediate species formed during the aggregation pathway 
of γD-crystallin under UV-C light. The quantification of 
free cysteines in monomers and aggregates is presented, 
suggesting the role of disulfide bonds in the aggregation.

METHOD

Mate r ia l s  and  che mica l s:  I sopropyl  β -D -1-
thiogalactopyranoside (IPTG), TFA (trif luoroacetic acid 
(TFA), and Ellman’s reagent [5,5′-dithiobis-(2-nitrobenzoic 
acid)] were purchased from Sisco Research Laboratories 
(Mumbai, India). Sodium chloride, monobasic sodium 
phosphate, sodium dibasic phosphate, and acetonitrile were 
purchased from Merck (Mumbai, India). ThT, 8-anilino-
1-naphthalene-sulfonic acid (ANS), and trypsin were 
purchased from Sigma-Aldrich (Mumbai, India). Luria-
Bertani (LB) broth and dialysis bags were purchased from 
Hi-media (Mumbai, India).

Protein purification: Plasmids containing a human γD crys-
tallin gene were received as gifts from Prof. Martin Zanni 
(Department of Chemistry, University of Wisconsin-Madison, 
WI). The gene was cloned in pET-16b expression vector 
[32,33]. For protein expression, the recombinant plasmid was 
transformed in the BL21DE3 (pLys) bacterial strain. The 
recombinant bacteria were streaked on an LB-agar-ampicillin 
plate and incubated overnight at 37 °C. Next, a single colony 
from the plate was cultured in 10 ml LB-amp broth at 37 °C 
and 175 rpm overnight. This culture was added in 1 liter 
LB amp broth and incubated until 0.6 optical density (OD) 
was reached at 37 °C and 175 rpm. The culture was then 
induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) 

and incubated further for 4 h. The cells were pelleted with 
centrifugation at 3,470 rcf, 4 °C for 15 min (Sorvall Lynx 
6000, Thermo Scientific) and resuspended in binding buffer 
(20 mM phosphate buffer, 100 mM NaCl, 0.01% sodium 
azide, 10 mM imidazole, pH 7). The resuspended cells were 
lysed with probe sonication (repeated cycle of 20 s on, 40 s 
off for 30 min). The soluble proteins were separated from 
the cell debris by collecting the supernatant after centrifuga-
tion at 10,400 rcf at 4 °C for 30 min (Sorvall Lynx 6000, 
Thermo Scientific). The supernatant was applied to Ni-NTA 
(5 ml; Qiagen, Hilden, Germany) column followed by linear 
gradient elution with elution buffer (20 mM phosphate buffer, 
100 mM NaCl, 0.01% sodium azide, and 500 mM imidazole, 
pH 7). The protein was further purified with dialysis using 
a dialysis buffer (20 mM phosphate buffer, 100 mM NaCl, 
2 mM EDTA, and 0.01% sodium azide, pH 7) for 12 h at 
room temperature, replacing with fresh buffer every 3 h. The 
purified protein was then centrifuged at 139,600 rcf (Sorvall 
MTX 150, Thermo Scientific) at 4 °C before it was used for 
the experiments. The nucleotide sequence of the γD-crystallin 
gene was confirmed with plasmid sequencing (SciGenom, 
Kochi, India).

Determination of the concentration of the protein: Stock 
protein concentration was determined by taking O.D. at 
280 nm using the extinction coefficient of 42,860 M−1cm−1. 
A standard curve was generated by injecting different 
concentrations of γD-crystallin protein in reversed-phase 
high-performance liquid chromatography (RP-HPLC). Then 
the area under the curve was calculated and plotted against 
different protein concentrations. The RP-HPLC-derived 
standard curve equation was used to determine the concen-
tration of γD-crystallin for RP-HPLC sedimentation assay, 
light scattering, ThT binding assay, and atomic force micros-
copy (AFM). For analytical ultracentrifugation, the protein 
concentration was determined by taking O.D. at 280 nm using 
extinction coefficient 42,860 M−1cm−1 (calculated by using 
ExPASy at 280 nm). For other assays, the bicinchoninic acid 
(BCA) method was used to determine the concentration of 
γD-crystallin monomers, oligomers, and fibrils. For Ellman’s 
assay, the aggregates collected at different time points of 
aggregation reaction were added in 8 M urea buffer (20 mM 
phosphate buffer + 100 mM NaCl, pH 7) and heated at 70 °C 
for 1 h until dissolved. Similarly, 8 M urea was added in the 
monomers at 0 h, the monomers were collected at different 
time points of the aggregation reaction, and the samples were 
heated at 70 °C for 1 h. The standard curve was prepared 
by using the BSA protein in the presence of 8 M urea, and 
the standard curve equation was used to determine the 
concentration of monomers and fibrils. The concentration of 
monomers, purified oligomers, and aggregates for tryptophan 
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fluorescence assay, ANS binding assay, and FTIR was also 
determined with the BCA method.

Spontaneous aggregation kinetics with RP-HPLC sedi-
mentation assay, light scattering, and ThT binding assay: 
Aggregation of γD-crystallin protein was examined in a 4 ml 
quartz cuvette in a UV crosslinker chamber (Vilber Lourmat, 
Marne-la-Vallée, France) equipped with one UV-C lamp (8 
W and 12 inches in length). The γD-crystallin protein at the 
concentration of 3 µM was incubated under UV-C light in 
dialysis buffer (20 mM phosphate buffer, 100 mM NaCl, 
0.01% sodium azide, and 2 mM EDTA) at pH 7. Next, a 60 µl 
sample was collected at different time points and centrifuged 
at 139,600 rcf (Sorvall MTX 150, Thermo Scientific) for 30 
min at 4 °C; then, 30 µl of supernatant was injected in the 
RP-HPLC (1260 Infinity system; Agilent Technologies, 
Santa Clara, CA) connected with a reverse phase C18 column 
(Eclipse plus, 3.5 µM, 4.6 × 100 mm, Agilent Technologies). 
The protein was eluted by increasing the linear gradient of 
acetonitrile (Solvent B) containing 0.05% TFA. Solvent A was 
composed of Milli-Q water, with 0.05% TFA. The absorbance 
of the protein was monitored at 215 nm. Then, from the area 
under the curve, percent monomers at the different time 
points were calculated [34]. Similarly, for light scattering 
and ThT binding assay, 150 µl of the sample was collected 
at each time point, and light scattering was monitored at 450 
nm on the LS-55 fluorescence spectrometer (Perkin Elmer, 
Waltham, MA). Further, to know the presence of the amyloid 
structure, 25 µM ThT was added in the samples, which were 
used for light scattering. The ThT fluorescence intensity was 
measured at 450 nm excitation and 489 nm emission wave-
lengths. Emission and excitation slit widths were kept at 10 
nm and 5 nm, respectively.

Analytical ultracentrifugation: Optima XL-I analytical 
ultracentrifuge (Beckman Inc., Indianapolis, IN) with an 
An-50Ti8 place rotor was used to perform sedimentation 
velocity experiments. γD-crystallin protein (40 µM) was 
incubated in 20 mM phosphate buffer and 100 mM NaCl, 
pH 7 under UV-C light for 1 h. Then, the samples were 
centrifuged at 19,000 rcf for 30 min to remove aggregated 
species, and supernatant was examined with analytical 
ultracentrifugation (AUC). For AUC, γD crystallin protein 
(25 µM) was centrifuged at 129,048 rcf and 20 °C by using 
a two-channel charcoal-filled centerpiece with Sapphire 
glass windows. The absorbance was monitored at 280 nm at 
each step, and an average of three scans was recorded. Using 
SEDFIT software (Bethesda, MD), a continuous distribution 
c(s) model was used to fit the data. The test Z values were 
below 20, and the root mean square deviation (RMSD) values 
of the fit data were in the range of 0.005 to 0.006. The partial 

specific volume value used was 0.71141, which was calculated 
from the primary protein sequence. The buffer density (ρ) 
and the buffer viscosity (η) were 1.00363 g/ml and 0.00906 
poise, respectively. All these values were calculated by using 
SEDNTERP software.

Atomic force microscopy: Morphology of the intermediate 
aggregate species and fibrils was monitored under a multi-
mode VIII Scanning Probe Microscope (Bruker, Billerica, 
MA) using the Peak Force-QNM mode. γD-crystallin protein 
(3 µM) was incubated under UV-C light. Then, a 3 µl sample 
was collected at different time points of the ongoing aggrega-
tion reaction and adsorbed on a freshly cleaved mica sheet. 
Further, the mica sheet containing the sample was washed 
three times with Milli-Q water and dried under a continuous 
nitrogen gas stream. The spherical particle diameter in the 
AFM images was measured in the x-axis direction using 
Nanoscope analysis software (Billerica, MA). That can give 
the exact size of a single sphere compared to the y- or z-axis 
[35,36]. The diameter of at least 60 particles was measured, 
and the average diameter of each time point was reported.

Purification of oligomers: γD-crystallin protein at 3 µM was 
incubated under UV-C light for 1 h to form oligomers. Then, 
the reaction mixture was centrifuged at 19,000 rcf for 20 min 
at 25 °C (Eppendorf 5417R). The pellet was washed three 
times with dialysis buffer (20 mM phosphate buffer, 100 mM 
NaCl, 0.01% sodium azide, and 2 mM EDTA, pH 7). Twenty 
milliliters of reaction mixture gives about 0.5 µM of oligomer 
species.

ANS binding assay, tryptophan fluorescence assay, and 
trypsin digestion: ANS dye at 35 µM was incubated with 
γD-crystallin monomers, oligomers, and fibrils in the dark 
for 10 min. Next, emission was monitored on the LS-55 
spectrofluorometer (Perkin Elmer) instrument from wave-
length 400−700 nm by using an excitation wavelength at 380 
nm. Tryptophan fluorescence of γD-crystallin monomers, 
oligomers, and fibrils was also monitored on the same spec-
trofluorometer instrument. The concentration of monomers, 
oligomers, and fibrils was kept at 2.75 µM for the ANS and 
tryptophan assays. Tryptophan was excited at wavelength 295 
nm, and emission was monitored from 310−390 nm. Excita-
tion and emission slit width in both experiments was kept at 
10 nm. The volume of reaction mixture used for each assay 
was 150 µl. For trypsin digestion, monomers, oligomers, and 
fibrils were incubated with trypsin (protein to trypsin ratio 
10:1) for 16 h. Then, the samples (150 µl) were centrifuged at 
2,900 rcf for 8 min, and the (90 µl) supernatant was injected 
in RP-HPLC (Agilent Technologies 1260 Infinity system) 
connected with the reverse phase C18 column (Eclipse 
plus, 3.5 µM, 4.6 × 100 mm, Agilent Technologies). The 
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concentrations of oligomers and fibrils were 0.5 µM, and 
that of trypsin was 0.05 µM; the concentrations of monomers 
and trypsin were 2 µM and 0.2 µM, respectively. RP-HPLC 
chromatograms were monitored at 215 nm.

Fourier transform infrared spectroscopy: The Bruker Tensor 
27 FTIR instrument was used to record the spectra. With 
continuous nitrogen gas purging, 30 µl of γD-crystallin 
monomers, oligomers, and fibrils in 20 mM phosphate buffer 
containing 100 mM NaCl, 0.01% sodium azide, and 2 mM 
EDTA at pH 7 was loaded on a BIOATR II cell equipped 
with an mercury-cadmium-telluride (MCT ) detector. The 
concentration of each species was 5 µM. At a resolution of 4 
cm−1, 120 scans were recorded to get a good S/N ratio. FTIR 
analysis was performed with OPUS software version 7.2. 
Using the rubber band correction method, baseline correction 
was performed (1,600 cm−1 to 1,700 cm−1); 64 points were 
used. Next, the second derivative was calculated by using 
nine smoothening points. Using the Lavenberg Marquardt 
method, deconvolution of the original absorbance spectra 
was conducted from wavenumber 1,600 cm−1 to 1,700 cm−1. 
The peak width was set at ten, and all wavenumbers corre-
sponding to various secondary structures obtained from 
secondary derivative spectra were set to the maxima of the 
original absorbance spectra. For quantification, the integral 
value corresponding to each wavenumber was divided by the 
sum integral value of all wavenumbers to get a percent of 
secondary structures.

Ellman’s assay: γD-crystallin protein at 25 µM was incubated 
under UV-C light. About 150 µl of the sample was collected 
at different time points and centrifuged at 19,000 rcf for 30 
min. The supernatant containing protein monomers and 
the pellet containing aggregates were incubated separately 
with Ellman’s reagent (1.28 mM) in the dark for 40 min. Ten 
micromolar concentrations of monomers and aggregates were 
taken at each time point. The volume of monomers and aggre-
gates was 100 µl. Then, the yellow color intensity developed 
due to Ellman’s reagent reaction with free sulfhydryl groups 
was measured on a plate reader at 412 nm [37]. A standard 
curve was generated using different concentrations of amino 
acid cysteine and used to quantify free sulfhydryl groups.

RESULTS

Aggregation kinetics of γD-crystallin protein: Aggregation 
kinetics was monitored with RP-HPLC sedimentation assay, 
light scattering, and ThT binding assay. RP-HPLC sedimenta-
tion assay is a sensitive and reliable technique for examining 
different phases of protein aggregation [34,38,39]. ThT dye 
is used to detect the amyloid feature of protein aggregates 
[40]. RP-HPLC data showed a decrease in percent monomer 

and increased aggregation with time (Figure 1, blue line). In 
contrast, light scattering (Figure 1, red line) and ThT binding 
(Figure 1, black line) increased as the aggregation progressed. 
Binding of ThT showed the presence of an amyloid-like struc-
ture in the aggregates. However, negligible ThT binding was 
observed during the initial time points of the aggregation 
kinetics in the ThT binding assays (Figure 1, inset), while 
the increase in light scattering and decrease in monomers 
were observed from the initial time points of the aggregation 
reaction. (Figure 1, inset, red). Thus, these initial aggregates 
might be different from the aggregates formed in the later 
stages and could be intermediate species during the aggrega-
tion pathway of γD-crystallin protein. To understand more 
details about these initial aggregates, analytical ultracentri-
fugation was performed.

Characterization of initial aggregate species: A sedimen-
tation velocity (SV) experiment was performed to know 
heterogeneity, i.e., the presence of various aggregate species 
having different sizes in the reaction mixture [41,42]. Along 
with monomers, the presence of dimer, tetramer, octamer, 
and higher oligomer intermediates was observed (Table 1, 
Figure 2C,D). The abundance of dimers, tetramers, octamers, 
and higher oligomers was 6%, 4%, 5%, and 2%, respectively 
(Table 1). These values represent the significant amount of 
intermediate species present in the samples treated with 
UV-C for 1 h when compared with the abundance values of 
various species present without UV-C treatment (Table 1, 
Figure 2A,B). The molecular weights obtained from AUC 
may differ from the protein’s actual molecular weight. This 
may be due to slight variation in the shapes of the protein 
monomers and intermediate aggregate species, while math-
ematical equations used in the analysis of the AUC data are 
based on the spherical shape of protein molecules [43-47].

Formation of oligomers on the aggregation pathway: The 
sedimentation velocity experiment indicated the presence of 
various intermediate species on the aggregation pathway of 
γD-crystallin protein under UV-C light. AFM was performed 
to know the morphology and sizes of these species. 
γD-crystallin protein at 3 µM was incubated under UV-C 
light, and samples were collected at different time points and 
examined under AFM (Figure 3). Spherical oligomers were 
observed until 1 h of the aggregation reaction. Further, quan-
tification analysis showed an increase in size from monomers 
with 6±3 nm (n = 60) diameter at 0 h to 19±10 nm (n = 60) 
diameter after 0.6 h and then 63±18 nm (n = 60) diameter at 
1 h (Figure 3). Next, at 3 h, higher aggregates were observed, 
which might have appeared due to the association of oligo-
mers formed in the initial stages of aggregation reaction. 
AFM showed that the crystallin fibrils were formed after 
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8 h. For oligomer characterization, we purified oligomers 
formed at 1 h and used them for the protein conformational 
examination and FTIR.

Conformation of γD-crystallin protein in oligomers and 
fibrils: AFM showed the presence of morphologically 
different species on the aggregation pathway of γD-crystallin 
protein under UV-C light. ThT binding was negligible to the 

initial aggregates. Therefore, it was hypothesized that there 
might be a change in the conformation of γD-crystallin protein 
in these morphologically different species (The Assembly 
of Protein Oligomers) [48,50]. Intrinsic tryptophan fluores-
cence, ANS binding, and trypsin digestion were performed to 
recognize changes in the state of γD-crystallin in monomers, 
oligomers, and fibrils. The tryptophan fluorescence intensity 

Figure 1. Aggregation kinetics of 
γD-crystallin under UV-C light. 
Reversed-phase high-performance 
liquid chromatography (RP-HPLC) 
sedimentation assay (blue), light 
scattering (red), and ThT binding 
(black) of γD-crystallin protein 
(3 µM) under ultraviolet (UV)-C 
light. Inset shows the aggregation 
reaction up to 2 h. In case of the 
RP-HPLC sedimentation assay, 
% monomers were converted to 
% aggregates, while the intensity 
values of light scattering and ThT 
binding assay are normalized 
considering intensity value at 18 
h as 100%. n = 3 (n represents the 
number of times an experiment was 
repeated).

Table 1. Molecular weights (kDa) and abundance of intermediate species 
present in the aggregation reaction of γD-crystallin.

Peak number Protein species Molecular weights Abundance
Without UV−C

1 Monomer 22.96±0.14 97.91±0.04
2 Tetramer 90.69±6.20 0.92±0.47
3 Oligomer 360.31 0.28
4 Oligomer 601.53±32.89 0.23±0.15
5 Oligomer 1044.61±54.03 0.11±0.10

After UV−C treatment for 1 h
1 Monomer 23.01±0.31 79.44±11.89
2 Dimer 52.36±2.72 6.43±0.72
3 Tetramer 107.8±7.89 4.09±3.13
4 Octamer 196.31±5.64 4.99±1.31
5 Oligomer 450.63±57.38 1.15±0.11
6 Oligomer 861.52±19.67 0.42±0.35
7 Oligomer 1112.9±56.56 0.50±0.54

Note: Peak numbers correspond to Figure 2B,D. Experiment was repeated three times.
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of the γD-crystallin monomers, oligomers, and fibrils was 
examined. As shown in Figure 4A, a shift in the λmax was 
observed in the oligomers (348±0.57 nm, n = 3) and fibrils 
(353±1.00 nm, n = 3) when compared with the monomers 
(339±0.57 nm, n = 3). This shift might be due to a change in 
the tryptophan environment as a result of the unfolding of 
γD-crystallin protein during the formation of oligomers and 
fibrils [51]. ANS dye binds to exposed hydrophobic patches 
of unfolded protein and increases f luorescence intensity 
with a blue shift [51]. As shown in Figure 4B, a shift in the 
λmax was observed from 532±0.60 nm (n=3) in monomers to 
497±2.00 nm (n = 3) in oligomers and 500±0.60 nm (n = 3) 
in fibrils. Moreover, after binding of the dye to oligomers 
and fibrils, fluorescence intensity was increased compared 
to that of γD-crystallin monomers. This represents the expo-
sure of hydrophobic amino acids of γD-crystallin protein in 
oligomers and fibrils. Another assay to identify the changes 

in the conformation of the protein in oligomers and fibrils is 
the treatment with sequence-specific proteases. If the protein 
conformation changes, then there could be a variation in the 
digestion pattern of the monomers, oligomers, and fibrils. 
Three RP-HPLC peaks were observed after trypsin digestion 
of γD-crystallin monomers, while nine peaks were observed 
after oligomer digestion, and no peaks were observed when 
fibrils were digested (Appendix 1). These results show that 
conformation and exposure of γD-crystallin protein to trypsin 
for cleavage are different in monomers, oligomers, and fibrils.

Secondary structure of γD-crystallin monomers, oligomers, 
and fibrils: FTIR was conducted to know the secondary 
structural changes in oligomers and fibrils with respect to 
monomers. Quantitative analysis revealed that the secondary 
structures of the oligomers were different from that of the 
fibrils and monomers (Table 2, Figure 5). Oligomers were 

Figure 2. AUC of intermediate species of γD-crystallin aggregates formed under UV-C light. Raw sedimentation velocity centrifugation data 
of γD-crystallin protein without ultraviolet (UV)-C light (A) and after 1 h incubation under UV-C light (C). Molecular weight distribution 
of soluble species without UV-C light (B) and after 1 h incubation under UV-C light (D).
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found to be rich in random coil structure, while the percentage 

of α-helix was comparable to that of the fibrils. Further, oligo-

mers were found to contain less β-turn than the fibrils.

Implications of disulfide bonds in the aggregation of 

γD-crystallin protein: The role of disulfide bonds in the 

aggregation of γD-crystallin protein under UV-C light has 

been reported in the literature [27,28]. The free sulfhydryl 

content was quantified by using Ellman’s reagent. This 

reagent interacts with free sulfhydryl (−SH) groups and gives 
a yellow color [37]. The decrease in free sulfhydryl content 
was observed with the aggregates collected at different time 
points (Figure 6). The decrease in the free sulfhydryl groups 
was also observed in the supernatant containing protein 
monomers and other soluble aggregate species at different 
time points (Figure 6). The data suggest that disulfide bond 
formation upon UV-C exposure may be one of the drivers of 
γD-crystallin protein aggregation.

Figure 3. AFM images taken at different time points of the ongoing aggregation reaction of γD-crystallin in UV-C light. The upper panel 
shows a two-dimensional (2D) image of the samples collected from the ongoing aggregation reaction. The lower panel represents a three-
dimensional (3D) view of the samples at the corresponding time point. The height of the samples is represented by the color bar present on the 
right side of the upper panel. Atomic force microscopy (AFM) images represent monomers, oligomers, and beaded fibrils. Scale bar = 1 µm.

Figure 4. Protein conformational change study of monomers, oligomers, and fibrils. A: Tryptophan fluorescence assay. B: 8-anilino-1-naph-
thalene-sulfonic acid (ANS) binding assay of monomers, oligomers, and fibrils. The concentration of monomers, oligomers, and fibrils was 
2.75 µM in both experiments. n = 3 (n represents number of times an experiment was repeated).
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DISCUSSION

In the present work, we characterized intermediate aggre-
gate species formed on the aggregation pathway of human 
γD crystallin protein under UV-C light. The results indicate 
that γD crystallin protein forms dimer, tetramer, octamer, 
and higher oligomer intermediates. Protein conformation and 
FTIR showed that the human γD crystallin protein undergoes 
unfolding to form intermediate aggregate species rich in a 
random coil structure.

Kinetic assays showed a negligible lag phase in the aggre-
gation kinetics under UV-C light. The lag phase represents 
the time required for nuclei formation, which grows to reach 
an aggregate concentration that is readily detected [52]. The 
presence of a lag phase was reported in aggregation kinetics 
of polyglutamine peptides [39] and insulin [53]. In contrast, 
no significant lag phase was reported in human γD-crystallin 
protein under UV-B light [12], N-terminus huntingtin protein 
fragment [54], and IAPP [55] aggregation. We referred to 
aggregates or fibrils formed in UV-C light as amyloid-like 

because ThT binds to the fibrils and the presence of the 
β-sheet structure. Next, analytical ultracentrifugation experi-
ments showed the presence of dimer, tetramer, octamer, and 
higher oligomer intermediates on the aggregation pathway. 
In the literature, sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS–PAGE) showed dimers as an interme-
diate species on the aggregation pathway of γD-crystallin 
under UV-C and UV-B light [17,56]. As per the literature, 
two monomer units were linked with a disulfide bond to form 
a dimer [17,56]. However, there could be another possibility 
of dimer and higher oligomer formation due to non-covalent 
interactions and without the formation of a disulfide bond. 
As in SDS–PAGE heating and SDS can break non-covalent 
interactions, this possibility was not ruled out in the previous 
study. In this study, various intermediate species in solution 
were examined without using any denaturing agent. AUC also 
showed an abundance of octamers (Table 1). Higher-order 
species on the aggregation pathway were reported to have 
less energy and thus, more stability than lower-order species 

Table 2. Quantification of secondary structure content of the monomers, oligomers and fibrils.

Sr. no. Secondary structure Wavelength (cm−1) Secondary structure (%)
Monomers

1 β-sheet 
(1630–1637 cm−1) 1637±0.16 56±0.56

2 β-turn 
(1662–1678 cm-1 and 1689–1699 cm-1) 1665±0.21 35±1.19

3 Antiparallel β-sheet 
(1679–1688 cm−1) 1685±0.10 9±0.64

Oligomers

1 Cross-β 
(1611–1630 cm−1) 1615±3.54 7±4

2 Cross-β 
(1611–1630 cm−1) 1628±1.18 15±11

3 Random coil 
(1637–1647 cm−1) 1642±2.49 31±6

4 α-helix 
(1647–1662 cm−1) 1661±0.81 34±2

5 Antiparallel β-sheet 1680±0.5 10±2
6 β-turn 1692±0.26 2±0.3

Fibrils
1 Cross-β 1614±0.71 3±0.35
2 β-sheet 1632±0.49 27±1.34
3 Random coil 1643±0.17 14±1.95
4 α-helix 1659±0.51 32±1.84
5 β-turn 1677±0.52 21±2.05
6 β-turn 1690±0.20 3±0.13

Note: Secondary structure assignment was done as per literature [63]. Experiment was repeated three times.
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[57,58]. It was suggested that the formation of intermolecular 
interactions in higher-order species leads to more stability of 
these species over lower-order species [57,58].

In the amyloid protein aggregation pathway, initial 
aggregates species were reported to be oligomers, and to 
understand the aggregation mechanism of amyloid aggre-
gation, it is essential to characterize them. Therefore, we 
characterized the oligomers formed after 1 h of aggregation 
reaction as shown with AFM because these oligomers are 
bigger than that at 0.6 h (Figure 3). This difference in size 
at two different time points helps in the isolation of these 
bigger species from the remaining monomers. Data obtained 
from the aggregation kinetics, AUC, and AFM can be used 
to propose an aggregation pathway under UV-C light. In the 

aggregation process, γD-crystallin monomers may form a 
dimer, and then two dimers or one dimer with two mono-
mers may associate to form a tetramer (Figure 7). Next, an 
octamer would be formed by the association of two tetra-
mers or two dimers with one tetramer; or the association of 
four monomers with one tetramer. Further, these octamers 
grow to form higher oligomer species by associations of 
these initial species (dimer, tetramer, and octamer) and the 
addition of monomers to form fibrils (Figure 7). Next, ANS 
fluorescence intensity was observed to be higher in the case 
of oligomers and fibrils than in monomers (Figure 4 B). 
Among oligomers and fibrils, more fluorescence intensity 
was found in oligomers. This might be due to the exposure 
of more hydrophobic residues to solvent in oligomers than 

Figure 5. Fourier transform infrared spectroscopy (FTIR) of monomers, oligomers, and fibrils. Curve fit spectra of (A) monomers, (B) 
oligomers, and (C) fibrils. n = 3 (n represents number of times an experiment was repeated).
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fibrils. Therefore, the ANS experiment suggested that in the 
presence of UV-C light, γD-crystallin monomers first change 
their conformation to form oligomers containing more hydro-
phobic patches (Figure 7, shown in red). These oligomers 
then undergo another conformational change, where less 
hydrophobic residues are exposed to form fibrils (Figure 7). 
Trypsin digestion also represents a change in protein confor-
mation in oligomers. γD-crystallin has 21 arginines and one 
lysine residue in its primary sequence. Trypsin cleaves at 
the C-terminal end of arginine and lysine [59]. Therefore, 
theoretically, approximately 23 fragments should have been 
generated after trypsin digestion. However, considering all 
the known facts about trypsin digestion [59,60], 14 peptide 
fragments are expected to be generated after digestion 
(Appendix 2). In human γD-crystallin protein, all arginine 
and lysine residues are exposed to solvent Appendix 3 
panel A); however, because of the structural constraint of 
γD-crystallin monomers, only three digested fragments 
were observed. The structural constraints of protein include 
(a) the location of lysine and arginine at active site positions 
may have reduced the binding due to steric hindrance, and 
(b) the presence of the cleavage sites on various secondary 
structures also leads to less cleavage [60]. Cleavage sites 
present within the rigid secondary structures (α-helix and 
β-sheet) are more resistant to proteolysis than those present 
on disordered flexible structures [60]. γD-crystallin protein 
structure contains 15 arginine residues on the α-helix and 

β-sheet, and six arginine and one lysine are present on the 
β-turn (Appendix 3 panel B,C). Approximately nine frag-
ments were seen after the digestion of oligomers because 
of less structural constraint of γD-crystallin in oligomers 
than monomers Appendix 1). No digested peaks were 
observed after the digestion of fibrils. This might be due 
to the rigid structure of fibrils, thus providing structural 
constraints for protein digestion. Therefore, the proteolysis 
event depends on the specificity and the conformation of the 
target protein. Thus, it can be inferred that the conformation 
state of γD-crystallin protein and the secondary structure of 
monomers, oligomers, and fibrils are different. In literature, 
a similar proteolysis experiment was performed on lyso-
zyme oligomers [61]. Similar to γD-crystallin oligomers, 
more proteolysis fragments were reported after digestion 
with oligomers than lysozyme monomers [61]. Therefore, 
it may be concluded that proteolysis results obtained for 
γD-crystallin oligomers match other amyloid protein oligo-
mers reported in the literature. FTIR revealed that oligomers 
are rich in random coil structure (Table 2). This might be 
the reason for the increased number of digested fragments 
after trypsin digestion (Figure S1). Using Ellman’s assay, we 
showed that disulfide bonds are formed in protein monomers 
during aggregation (Figure 6). The presence of urea during 
the estimation of the protein concentration might have some 
interference in the BCA method [62]. However, this error in 
determining the protein concentration will be similar in all 

Figure 6. Ellman’s assay to deter-
mine free sulfhydryl groups (-SH) 
groups in monomers and aggregates 
collected at different time points. n 
= 3 (n represents number of times an 
experiment was repeated), *p<0.05, 
**p<0.0001 (unpaired Student t test 
was used to determine the level of 
significance).
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samples, i.e., monomers and fibrils. Next, this error will be 

compensated when comparing each species at different time 

points of the aggregation reaction. Additionally, the role of 

disulfide bonds in the aggregation is known in the literature 

[27,28]. In the present study, we showed that disulfide bonds 

are formed in the γD-crystallin protein monomer of ongoing 

aggregation reaction.

We reported the presence of various intermediate aggre-

gate species in UV-C light for the first time. The AUC showed 

that the aggregation starts with the formation of dimer, 

tetramer, octamer, and bigger oligomer intermediates (Figure 

7). AFM confirmed the presence of spherical oligomers on 

the aggregation pathway. FTIR indicated these oligomers are 

abundant in random coil structure, which is easily digested 

by trypsin compared to monomers. This study opens up new 

avenues for research to understand the detailed aggregation 

mechanism and the aggregation hotspot of γD-crystallin in 

cataract formation.

APPENDIX 1. RP-HPLC CHROMATOGRAMS 
OBTAINED AFTER DIGESTION OF MONOMERS, 
OLIGOMERS AND FIBRILS WITH TRYPSIN.

To access the data, click or select the words “Appendix 1.” 
(*Indicates peak of enzyme trypsin, in monomers (cyan), 
trypsin peak was not visible due to more peak area of the 
fragment obtained after digestion, at same R.T. of trypsin).

APPENDIX 2. POSSIBLE FRAGMENTS 
EXPECTED AFTER TRYPSIN DIGESTION.

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

APPENDIX 3. REPRESENTATION OF ARGININE 
AND LYSINE ON THE CRYSTAL STRUCTURE OF 
γD-CRYSTALLIN PROTEIN.

To access the data, click or select the words “Appendix 3.” 
(A) Mesh shows all the residues (arginine - red and lysine - 
cyan) in γD-crystallin protein are exposed to the solvent; (B) 
Fifteen arginine residues (red) are present on the α-helix and 
β-sheet; (C) Six arginine and one lysine residues are present 
on the β-turn (blue) (chimera, PDB ID 1HK0).

Figure 7. Proposed aggregation pathway for aggregation of γD-crystallin protein in UV-C light. Monomer PDB id is 1HK0; all other images 
are only for representative purposes. Red shows the hydrophobic patches in the protein.
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