
37

Blindness is one of the most significant disabilities in 
the developing world. According to the World Health Orga-
nization (WHO) estimates of 2004, nearly 37 million people 
around the world were blind, including 1.36 million children. 
Cataract is one of the major causes of blindness, accounting 
for 47.8%, followed by glaucoma (12.3%), age-related macular 
degeneration (8.7%), and diabetic retinopathy (4.8%) [1]. The 
occurrence of congenital cataract in the most underdeveloped 
regions of the world is 5 to 15 per 10,000 children [2]; every 
year, 20,000 to 40,000 children are born with developmental 
bilateral cataracts [3].

Cataract is commonly referred to as protein condensation 
disease, which causes opacification of the eye lens. Protein 
condensation diseases develop from the loss of protein 
solubility, which leads to the formation of a condensed 

phase, such as a dense liquid or solid phase, a gel phase, a 
distribution of globular protein aggregates, or a distribution 
of protein fibrils of varied lengths [4]. Pathological studies 
of cataractous lenses reveal that cataracts are composed 
of protein aggregates that precipitate in eye lens cells [5]. 
Insoluble proteins obstruct the passage of light through the 
lens, thereby blocking light from reaching photoreceptor cells 
in the retina.

Crystallins are the most abundant proteins present in the 
vertebrate eye lens. Crystallins comprise 90% of the total lens 
protein content, and their higher concentrations and short-
range spatial order provide the necessary refractive index 
and transparency to the eye lens [6,7]. Greek key motifs in 
crystallins produce much greater refractive increments, more 
salt bridges, and particular amino acid substitutions, such as 
lysine and glutamic acid residues are switched out for argi-
nine and aspartic acid, respectively, causing the refractive 
increment to rise [8]. Additionally, structural elements such 
as hydration, short-range interactions, and π-π interactions 
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affect the protein refractive index [9]. Crystallins, which are 
highly stable and water-soluble, are classified into three major 
subgroups based on their molecular weights (α, β, and γ). The 
transparency of the eye lens is primarily caused by the regular 
arrangement of crystallins in lens fiber cells. The following 
crystallins are developmentally expressed in mammalian lens 
tissue: αA, αB, βB1, βB2, βB3, βA1/A3, βA2, βA4, γA, γB, 
γC, γD, γE, γF, and γS [10,11]. Among the γ-crystallins, γC 
and γD-crystallins are enriched in the lens nucleus [12].

Human γD crystallin is a β-sheet rich, 174 amino acid 
(initial methionine is counted), two domain protein. Each 
domain is made up of two Greek keys, and each Greek key 
comprises four β-pleated sheets that are arranged in an 
antiparallel pattern. Each linear four-stranded motif in the 
double Greek key motif domain exchanges its third β-strand 
for the first β-sheet that belongs to its partner motif, giving 
the domain a complex topology [13]. Greek key motif 1 spans 
residues 1–40, motif 2 covers sequence 42–83, motif 3 is in 
the residues between 88 and 128, and the final Greek key 
is in the stretch of 129–171 [14]. The N-terminal domain of 
γD-crystallin is less stable than the C-terminal and full-length 
proteins [15]. In contrast, the isolated N-terminal domain is 
more stable than the C-terminal domain in βA3-crystallin and 
γS-crystallin [15,16].

A nonsense mutation in the human γD-crystallin gene at 
the c.418C>A nucleotide level is reported in a Danish infant, 
leading to the premature stop codon at the 134th position, 
causing loss of the last 39 amino acids of the protein and 
associated with congenital cataract microcornea (CCMC) 
[17]. This truncated protein may lead to cataract by acting in a 
dominant–negative manner; the exact mechanisms by which 
protein abnormalities result in a decrease in lens transparency 
are currently unknown. The present study was designed to 
understand the structural basis of a Y134X mutant human 
γD-crystallin molecule associated with congenital cataract. 
In addition, further evidence for the importance of the 
fourth Greek key motif to the structural properties of human 
γD-crystallin and the maintenance of lens transparency 
was provided. An in-depth structural analysis of the mutant 
protein in vitro in aqueous solution is presented, in which 
the Y134X mutant was compared with that of the wild-type 
molecule. The loss of the last 39 residues in the C-terminal 
domain of human γD-crystallin affects the fourth Greek 
key motif, altering the structure, stability, and aggregation 
properties and resulting in the formation of light-scattering 
particles, potentially leading to cataract.

METHODS

Cloning and site-directed mutagenesis: Wild-type cDNA 
(NM_006891.3) was cloned into the pET-21a vector, as 
described earlier [18]. The Y134X mutant clone was generated 
by site-directed mutagenesis using the following primers: 
forward 5′ CTG GGT CCT CTA AGA GCT GTC CAA CTA 
CCG AGG ACG G 3′ and reverse 5′ GTA GTT GGA CAG 
CTC TTA GAG GAC CCA GGA GCC CTC C 3′. Methyl-
ated wild-type DNA was cleaved into fragments by the DpnI 
restriction enzyme, and the remaining intact plasmid with the 
desired mutation was transformed into E. coli DH5α cells. 
Plasmids were isolated and sequenced for the respective 
changes using a genetic analyzer (ABI 3130; Thermo Fisher 
Scientific, Waltham, MA).

Overexpression of recombinant proteins: The recombinant 
constructs pET21-a-γD and pET21-a-γD-Y134X were trans-
formed into E. coli BL21 (DE3) pLysS cells. A single colony 
containing the pET21-a-recombinant plasmid was picked 
and inoculated into 15 ml of Luria-Bertani (LB) medium 
containing 50 μg/ml ampicillin and 34 μg/ml chloram-
phenicol. It was then grown for 12 h by shaking at 225 rpm 
at 37 °C. Ten mL of this grown culture was then transferred 
into 1 liter of the above medium with the same concentra-
tion of antibiotics. The cultures were grown at 37 °C to an 
absorbance value of 0.6–0.8 at 600 nm. Recombinant protein 
synthesis was induced by the addition of isopropyl-β-D thio-
galactopyranoside (IPTG) at a final concentration of 1 mM at 
37 °C, and the culture was grown for an additional 3.5 h. Cells 
were pelleted down from the 1 liter culture by centrifugation 
at 6000 ×g for 10 min at 4 °C.

The pellets were suspended in 40 ml of lysis buffer 
containing 50 mM Tris-Cl (pH 7.3), 150 mM NaCl, 5 mM 
dithiothreitol (DTT), 100 mM phenyl methyl sulfonyl fluoride 
(PMSF), and 1 mM ethylenediaminetetraacetic acid (EDTA). 
The cell suspension was extensively sonicated for 16 cycles, 
each cycle comprising 30 s pulse on at 35% amplitude and 30 
s pulse off at 4 °C using a high-intensity ultrasonic processor 
(Sonics Vibra Cell; Sonics and Materials Inc., Newton, MA). 
The cell lysate was centrifuged at 30,000 ×g for 20 min at 4 
°C. The supernatant and pellet were checked for the presence 
of the protein on 14% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). The wild-type protein was 
found in the soluble fraction, and the Y134X mutant was 
predominantly found in the insoluble fraction; therefore, the 
insoluble fraction was chosen as a source to purify the mutant 
protein.

Purification of the wild-type and Y134X mutant proteins: 
The wild-type human γD-crystallin protein was purified 
as described earlier [19]. The mutant was purified from the 
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insoluble pellet. The insoluble pellet was resuspended in 
9 ml of washing buffer-1 (25 mM Tris-Cl (pH 8.0), 100 mM 
KCl, 0.1% Triton X 100, 1.5 M urea, and 2 mM DTT) and 
washed 4 times by centrifugation at 30,000 g for 20 min at 4 
°C until a clear supernatant was obtained. The pellet was then 
washed with buffer lacking urea and Triton X 100 (buffer-2), 
dissolved in the buffer containing 50 mM Tris (pH 7.3) and 
8 M urea (buffer 3), and stirred continuously to solubilize 
the protein at 4°C for 12 h. The urea was removed slowly 
using the stepwise dialysis method. The purity of the protein 
was assessed by SDS–PAGE (Appendix 1). The concentration 
of the protein was measured by absorbance at 280 nm and 
calculated by its molar extinction coefficient.

Structural analysis: The secondary structures of the wild-
type and Y134X mutant proteins were analyzed far-ultraviolet 
circular dichroism (far-UV CD) spectra in the 250–190 nm 
range. The protein concentration used to determine the 
far-UV CD spectra was 0.1 mg/ml in 10 mM Na2HPO4/
NaH2PO4 (pH 7.3). Spectra were recorded with 2 mm path-
length quartz cells at 100 nm/min speed using a dichrograph 
instrument (J-810; Jasco, Easton, MD) at room temperature 
(27 °C). At least three independent runs of three separate 
samples were measured and averaged, and the blank values of 
the corresponding buffer were subtracted from those of each 
protein. Ellipticity was normalized and presented.

The tertiary structure was assessed with tryptophan 
emission fluorescence. The spectra were recorded using a 
fluorescence spectrophotometer (F-2500; Hitachi, Yokohama, 
Japan) in the range of 305–400 nm using an excitation wave-
length of 295 nm, with 5 nm excitation and emission slits. The 
protein concentration used for determining the tryptophan 
emission fluorescence spectra was 6 μM in 50 mM Tris-Cl 
(pH 7.3), 150 mM NaCl, 5 mM DTT, and 1 mM EDTA.

Quenching experiments were performed using potassium 
iodide (KI) as a surface quencher. Protein samples of 15 μM 
in 50 mM Tris-Cl (pH 7.3), 150 mM NaCl, 5 mM DTT, and 
1 mM EDTA were incubated with 0–1 M KI in the dark for 
15 min, and the spectra were recorded between 310 and 400 
nm by exciting at 295 nm. Excitation and emission slits were 
kept at 10 nm, while the spectra were recorded. The results 
were analyzed using the Stern–Volmer approach [20].

Extrinsic fluorescence spectra of proteins were recorded 
using probes, namely 4,4- dianilino-1,1- binaphthyl-5,5-disul-
fonate (bis-ANS), 8-anilino-1-naphthalene-sulfonate (ANS), 
and 9-diethylamino- 5H-benzo[alpha]phenoxazin-5-one (Nile 
red). Protein samples of 6 μM in 50 mM Tris-Cl (pH 7.3), 
150 mM NaCl, 5 mM DTT, and 1 mM EDTA were incubated 
with 0–120 μM of bis-ANS or Nile red or 0–160 μM of ANS 

in the dark for 30 min, and spectra were recorded between 
400–600 nm with bis-ANS and ANS, and 570–700 nm for 
Nile red by exciting at 390 and 540 nm, respectively. The 
excitation and emission slits for bis-ANS were 2.5 nm, for 
ANS 5 nm, and for Nile red 10 nm.

Stability: Equilibrium unfolding experiments using  
guanidium hydrochloride (GuHCl) were conducted to check 
the stability of the mutant protein. Purified proteins were 
diluted to 0.1 mg/ml in a series of solutions ranging from 0 to 
4.5 M GuHCl with 0.1 increments in a buffer containing 50 
mM Tris, 150 mM NaCl, 1 mM EDTA, and 5 mM DTT. 
Protein samples were incubated at 37 °C for 24 h. Fluores-
cence emission spectra were recorded in the range of 310 to 
400 nm using an excitation wavelength of 295 nm, with 10 
nm excitation and emission slits. The values of ΔG° were 
calculated using the following Equation [21]:

ΔG°=-RTlnK

Aggregational properties: The formation of amyloid-type 
fibrils was monitored at room temperature (27 °C) using a 
2-[4-(Dimethylamino)phenyl]-3,6-dimethyl-1,3-benzothiazol-
3-ium chloride (Thioflavin-T) probe. Protein samples of 9 
µM in 50 mM Tris, 150 mM NaCl, and 1 mM EDTA was 
incubated with 20 μM of Thioflavin-T for 30 min in the dark 
and excited at a 444 nm wavelength light. The spectra were 
recorded in the range of 465 nm to 570 nm with 10 nm excita-
tion and emission slits. To find the optimum concentration of 
Thioflavin-T, 6 μM protein samples in 50 mM Tris, 150 mM 
NaCl, 1 mM EDTA, and 5 mM DTT were incubated with 
0–120 μM of dye in the dark for 30 min, and the spectra were 
recorded using the same parameters as above. The amyloid 
fibril formation was further confirmed using Congo red 
dye and a ultraviolet visible (UV-VIS) spectrophotometer. 
The same protein concentration and buffer strength used in 
recording the Thioflavin-T assay were maintained, and the 
absorption spectra were recorded in the range of 450–600 nm 
using 1 μM Congo red dye. These two assays were performed 
at buffers of different pH levels 3, 4, 5, 7.3, 9, and 11.

Thermal aggregation: Time-dependent light scattering was 
measured for both the wild-type and mutant proteins by 
heating the 3 μM protein samples in 50 mM Tris-Cl, and 
150 mM NaCl at 48.6 °C. Light scattering was measured for 
900 s at 600 nm with 2.5 nm slits using a spectrofluorometer. 
The amount of 300 μl of the heated samples were incubated 
in the dark for 30 min with 160 μM of ANS, and spectra were 
recorded using the above-mentioned parameters and settings.

All fluorescence studies were measured three times with 
three separate samples. These were averaged, and the corre-
sponding buffers were subtracted for each protein.
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RESULTS

Mutation alters secondary and tertiary structures: Backbone 
conformation was assessed using the far-UV CD spectra. 
Spectra were not identical, and a significant change was 
observed in the β-sheet (218 nm) and α-helix (206 nm) confor-
mation of the mutant compared to the wild type (Figure 1A). 
CDPro analysis further confirmed that mutant α-helical 
content was increased by 4.4%, and the β-sheet component 
was decreased by 5.5% compared to the wild type, indicating 
that the secondary structure is altered significantly (Table 1).

The tertiary structure was analyzed using the tryptophan 
emission fluorescence spectra. Mutant showed an emission 
maximum of 336 nm, and the wild type exhibited an emission 
maximum at 326.5 nm (Figure 1B). This red shift confirms 
that the tryptophan microenvironment in the mutant is 
changed compared to the wild type.

Potassium iodide (KI) was used to check the surface 
quenching properties of the proteins. The emission inten-
sity of the Y134X mutant protein decreased and was more 
pronounced in the mutant with the increasing concentration 
of a surface quencher KI (Appendix 2) compared to the wild 
type (Appendix 2). The intensity drop was greater in the 
mutant compared to the wild type. The emission maxima in 
the wild type were around 325 nm, and for the mutant, they 
were around 335 nm. The emission max is redshifted 10 nm 
in the mutant, which is probably due to a change in the trypto-
phan microenvironment. The Stern–Volmer plot (Figure 1C) 
shows that the wild-type and mutant Stern–Volmer values 
(Ksv) are 0.1765 ± 0.013 and 0.6761 ± 0.019, respectively. This 
demonstrates that mutant tryptophans are quenched more 
efficiently than the wild type.

Mutant exposes its hydrophobic core: The surface hydropho-
bicities of the wild type and mutant were measured using 
bis-ANS, ANS, and Nile red dyes. The extrinsic fluores-
cence of the mutant upon binding to bis-ANS was 13-fold 
higher at 120 μM of bis-ANS dye compared to the wild type, 
suggesting a higher degree of surface hydrophobicity in the 
mutant protein (Figure 2A). ANS was also used, and it was 
found that the mutant showed more surface hydrophobicity 
(Appendix 3). Figure 2B confirms this with another dye, 
Nile red. The fluorescence intensity is 11 times higher in 
the mutant compared to the wild type, with Nile red dye at 
120 μM declaring that the mutant has a higher self-aggre-
gating propensity.

Mutant is less stable: GuHCl, a chemical denaturant, was 
used to study the stability of the mutant and wild-type mole-
cules. Figure 3 shows the unfolding curves of the wild type 

and Y134X mutant. The fluorescence intensity ratio 350/330 
was plotted against the GuHCl concentration. Both the wild-
type and mutant proteins exhibited two-state transitions with 
single intermediates. The wild type displayed an unfolding 
transition around 1.6–3.6 M GuHCl, but for the mutant, it 
lay between 0.6–3.2 M GuHCl. The transition midpoints 
(CM) for the wild-type and mutant unfolding curves were 
2.5 and 1.5 M, respectively. The ΔG values were calculated 
from the unfolding curves and are presented in Appendix 4. 
The Y134X mutant and wild-type ΔG plots crossed the zero 
line at 1.55 M and 2.6 M GuHCl concentration. The ΔG° 
values calculated from the unfolding curves for the wild type 
and the mutant were 7.56 K.cal.mol-1 and 2.375 K.cal.mol-1, 
respectively (Table 2). These results prove that the mutant is 
less stable compared to the wild type. The residuals deviating 
from fitted line were within the limits, confirming that the 
two-state fitting was appropriate for the unfolding curves 
(Appendix 4).

Mutant is not capable of forming amyloid fibrils: The forma-
tion of amyloid fibrils was checked by incubating the protein 
samples with Thioflavin-T at acidic, physiologic, and basic pH 
levels. The protein samples were incubated with 0–120 μM 
of Thioflavin-T to determine the appropriate concentration 
of the dye. It was found that 20 μM dye is optimal for the 
spectra, and the same concentration was maintained in 
further experiments (Appendix 5). The mutant emitted a 
fluorescence intensity that was 9.6 times higher at pH 7.3 
and at emission maxima compared to the wild type when 
20 μM of Thioflavin-T was bound (Figure 4A). To ensure 
these were amyloid fibrils, a kinetic assay was performed 
and found a little decrease in the fluorescence after 72 h 
for the mutant and a slight increase in the fluorescence for 
the wild type. (Figure 4B). The Thioflavin-T fluorescence 
emission intensities were more pronounced in the mutant 
protein at pH 9 and 11 at emission maxima when 20 μM of 
Thioflavin-T was bound, whereas they were less pronounced 
in the wild type. The emission intensity was increased about 
six to eightfold (i.e., 8.4 and 6.5 at pH 9 and 11, respectively) 
in the mutant compared to the wild type (Appendix 6). The 
Thioflavin-T fluorescence in the mutant at acidic pH 3, 4, 
and 5 was only about 2.1-, 1.5-, and 1.8-fold, respectively, 
compared to the wild type (Appendix 6). The amyloid fibril 
formation was further checked with the absorbance spectra 
in the wavelength range of 450–600 nm by Congo red. The 
absorbance maximum of the mutant was slightly red-shifted 
at pH 7.3 and blue-shifted at pH 9 and 11, whereas these shifts 
were not prominent in the case of the wild type with Congo 
red dye (Appendix 7). These two assays confirm that the 
mutant did not form amyloid fibrils.
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Figure 1. Structural properties 
of wild-type (black squares) and 
Y134X mutant human γD- crys-
tallin (brown circles). A: Far-ultra-
violet circular dichroism spectra. 
Protein concentration: 0.1 mg/
ml; cell path length: 2 mm; scan-
ning speed: 100 nm/min. Vertical 
lines at 218, and 206 nm represent 
β-sheet and α-helix conformations 
respectively. Each spectrum is 
an average of three independent 
scans of three separate samples. 
B: Intrinsic fluorescence spectra. 
Protein concentration: 6 μM; λex: 
295 nm; excitation emission slits: 
5 nm. Vertical lines represent the 
emission maxima of the proteins. 
Each spectrum is an average of 
three independent scans of three 
separate samples. C: Stern–Volmer 
plots. Protein concentration: 15 μM; 
λex: 295 nm; excitation emission 
slits: 10 nm. The line indicates the 
fitted data, and the blocks stand for 
raw data. F0: fluorescence intensity 
of the protein; F: f luorescence 
intensity of the protein in the pres-
ence of a quencher. The data were 
acquired from three independent 
runs of three separate samples.
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Mutant self-aggregates at high temperatures: The light-
scattering properties of the wild-type and mutant proteins 
were evaluated by heating the proteins at 48.6°C for 900 s. 
The wild type did not scatter the light throughout the san, but 
the mutant started to show the light scattering particles imme-
diately and reached a maximum of around 800 s, demon-
strating that the mutant is prone to aggregation at elevated 
temperatures (Figure 5). The heated samples were further 
analyzed with the surface hydrophobicity-detecting dye ANS, 
and it was found that the heated Y134X mutant showed 1.7 
times more fluorescence with ANS compared to the unheated 
samples (Appendix 8).

DISCUSSION

Three truncated proteins (Y134X, R140X, and W157X) and 
one frameshift mutation (G165fs) have been reported so far in 
the human γD-crystallin protein, affecting the fourth Greek 

key motif; they are associated with congenital cataracts. In 
the mutant R140X, the deleted region contains three β-strands 
corresponding to the two Greek key motifs that are essen-
tial components of the C-terminal domain's jellyroll fold. 
The loss of three β-strands in the fourth Greek key motif 
disturbs interdomain interactions and results in the loss of 
secondary and tertiary structures and a decrease in stability. 
Greater access of polar and nonpolar residues to the surface 
is expected to result in molecule aggregation [19]. In the other 
C-terminal truncated mutant W157X and frame shift mutant
G165fs, the last β-stand (166–170) corresponds to the fourth
Greek key motif that is lost or broken and leads to a situation
quite similar to R140X. The loss of the penultimate and last
β-strand in the W157X mutant affects the tertiary structure
and surface hydrophobicity, leading to weakening of the
molecule and forming homo aggregates at higher tempera-
tures [18]. G220X is one such nonsense mutation reported

Table 1. Deconvoluted CD spectra of wild-type and Y134X mutant human γD-crystallin.

Protein
% Helix 
(r) % Helix (d) % Helix (total) % β-Sheet (r) % β-Sheet (d)

% 
β-Sheet 
(total)

% 
turn % unordered

γD 1.7 6.5 8.2 31.6 21 52.6 22.8 15.6
γD-Y134X 2.5 10.1 12.6 24.1 23 47.1 21.4 19.3

Abbreviations: r: regular; d: denatured 

Figure 2. Surface hydrophobicity measurement of wild-type (black squares) and Y134X mutant human γD-crystallin (brown circles). A: 
bis-ANS spectra. Values represent the mean of three independent experiments; error bars indicate the standard deviation. Protein concentra-
tion: 6 μM; λex: 390 nm; λem: 510 nm; excitation emission slits: 2.5 nm. B: Nile red spectra. The data are the average of three independent 
experiments of three separate samples. Error bars indicate the standard deviation. Protein concentration: 6 μM; λex: 540 nm; λem: 605 nm; 
excitation emission slits: 10 nm. If: fluorescence intensity.
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in the βB1-crystallin. The mutation G220X is predicted to 
be a truncated protein, which lacks a partial fourth Greek 
key and complete c-terminal arm and severely affects solu-
bility, resulting in autosomal dominant  bilateral pulverulent 
congenital cataract [22].

In the present study, the change of tyrosine to stop codon 
at the 134th position leads to a truncated protein and causes 
a change in the structure, stability, and aggregational prop-
erties. γD-crystallin shows prominent bands at 218 and 206 
nm, which stand for β-sheet and α-helix conformation in the 
far-UV CD spectra. The wild type displayed distinguished 
bands at 218 and 206 nm, which align with the published 
results [15]. The mutant's ellipticity at 218 nm was -2857 
units, while the wild type had -3384 units. The decrease 
was -527 units; this could be due to the loss of the fourth 
Greek key motif's β-sheets due to truncation. CDPro analysis 
of secondary structures was performed with the CDSSTR 

program, with the SMP50 protein data set as a reference 
[23]. The wild type showed a β-sheet and α-helical contents 
of 52.6% and 8.2%, respectively, which is in close agreement 
with the published results [15]. The mutant exhibited a 4.4% 
higher proportion of α-helices and a 5.5% lower amount of 
β-sheets, indicating the secondary structure is significantly 
altered in the mutant due to the loss of 39 amino acids.

Four tryptophans at positions 43, 69, 131, and 157 are 
present in human γD-crystallin. Of the four tryptophans, 
two are well buried (W43 and W131), and the other two are 
exposed to the surface (W69 and W157) to some extent [24]. 
This property was taken into consideration, and the tertiary 
structure and tryptophan microenvironment were evaluated. 
The wild type showed an emission maximum of 326.5 nm, 
which aligns with earlier reports [15]. The tryptophan emis-
sion fluorescence was two fold higher at emission maximum 
and 9.5 nm red-shifted in the mutant, confirming that the 

Figure 3. Guanidine hydrochloride 
unfolding of wild-type (black 
squares) and Y134X mutant human 
γD-crystallin (brown circles). 
Protein samples were excited at 
295 nm, and the relative emission 
intensity of the 350 nm fluorescence 
(denatured form) was compared to 
that of the 330 nm (native protein) 
and recorded as a function of the 
denaturant concentration. The line 
indicates the fitted data, and the 
blocks stand for raw data. Protein 
concentration: 0.1 mg/ml; excita-
tion emission slits: 10 nm. The data 
were acquired from two indepen-
dent experiments of two separate 
sets of samples.

Table 2. Thermodynamic values calculated from the GuHCl unfolding curves shown in Figure 3.

Protein CM a ΔG0 b m c R2 P value
γD-WT (UF) 2.546 ± 0.01 7.560 ± 0.206 2.184 ± 0.079 0.9983 <0.0001
γD-Y134X (UF) 1.513 ± 0.03 2.375 ± 0.170 1.569 ± 0.093 0.9863 <0.0001

aMidpoint of GuHCl unfolding curve in M;b Free energy of unfolding in the absence of GuHCl in (K.cal.mol-1 ); c Slope of GuHCl versus 
fraction unfolded ratio in (Kcal.mol-1M-1); UF: unfolded. Abbreviations: CM: Concentration midpoint; GuHCl: Guanidium hydrochloride; 
RFU: Relative fluorescence units.
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microenvironment around the tryptophans is significantly 

altered. The mutant Y134X displayed an emission maximum 

of 336 nm. This is in agreement with the other mutants, 

R140X, W157X, and G165fs, affecting the fourth Greek 

key motif, which show their emission maxima at 337, 336, 

and 337 nm, respectively [18,19]. This further confirms that 

aromatic side chains in these mutants affecting the fourth 

Figure 4. Amyloid fibril detection of wild-type (black +) and Y134X mutant human γD-crystallin (brown circles) using Thioflavin-T. A: 
Thioflavin-T spectra at pH 7.3. Each spectrum is an average of three independent scans of three separate samples. B: Thioflavin-T fluores-
cence at pH 7.3 as a function of time. Values represent the mean of three independent experiments of three separate samples; error bars 
indicate the standard deviation. Protein concentration: 9 μM; λex: 444 nm; excitation and emission slits: 10 nm. If: Intensity of fluorescence.

Figure 5. Time-dependent light 
scattering of wild-type (black 
diamonds) and Y134X mutant 
human γD-crystallin (brown 
circles) at 48.6 °C. The data were 
acquired from three independent 
runs of three separate samples. 
Protein concentration: 3 μM; λex: 
600 nm; λem: 600 nm; excitation 
and emission slits: 2.5 nm. RFU: 
relative fluorescence units.
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Greek key motif are somewhat more exposed to the surface 
of the protein.

KI was used to study the surface quenching of the 
proteins [20]. Mutant fluorescence intensity did decrease 
and was more pronounced at emission maximum in the 0–1 
M KI range, whereas the wild-type intensity did decrease 
and become less pronounced when KI was used as a surface 
quencher. The greater accessibility of a surface quencher 
molecule to the exposed tryptophan residues in the protein 
could be the cause of the decrease in emission intensity. The 
wild type exhibited emission maxima around 325 nm, and for 
the mutant, they were around 335 nm. The mutant showed 10 
nm red shift with KI when compared to the wild type. Wild-
type tryptophans in this study were buried and not exposed 
to water (class 1), and mutant tryptophans were edge-exposed 
(class 2) [25]. This classification is based on the assump-
tion that tryptophan residues play a crucial role in protein 
stability and function. Class 1 tryptophans are typically 
found in the hydrophobic core of proteins shielded from the 
aqueous environment, while class 2 tryptophans are located 
at the protein surface, potentially interacting with solvent 
molecules or other proteins. The KI quenching Ksv values of 
the wild type and the mutant were 0.1765 ± 0.013 and 0.6761 
± 0.019, respectively. This demonstrates that tryptophans are 
quenched more in the mutant than in the wild type.

Bis-ANS is a negatively charged dye that has the ability to 
bind to the hydrophobic patches present on the surface of the 
protein and emit a fluorescence signal around 510 nm when 
excited at 390 nm [26]. Nile red is a neutral dye that detects 
the tendency of a protein to self-aggregate when excited at 
540 nm [27]. Mutant Y134X exhibited a greater amount of 
fluorescence with both dyes compared to the wild type; this 
is in agreement with the other mutants R140X, W157X, and 
G165fs affecting the fourth Greek key motif [18,19]. The 
extrinsic fluorescence analysis of the mutant Y134X using 
two probes reveal that the exposure of hydrophobic residues 
to the surface of the protein.

Highly conserved tryptophans are present in each 
domain of the human γD-crystallin. The unfolding and 
refolding progression of the protein was studied with the 
help of these tryptophans using fluorescence spectroscopy 
[28]. The denatured protein exhibits higher fluorescence 
and red-shifted compared to the native state due to trypto-
phan fluorescence quenching in the native state [29]. The 
ΔCM and ΔΔG for the mutant were 1.033 M and 5.185 K.cal.
mol-1, respectively. The other mutant, R140X, which is seen 
to disturb the fourth Greek key motif, shows ΔCM and ΔΔG 
values of 0.98 M and 5.11 Kcal.mol-1, respectively; this is in 
close agreement with the current study [19]. This states that 

the stability of the mutant to the GuHCl was found to be lower 
compared to the wild type.

The isolated N-terminal domain of γD-crystallin is 
less stable than the C-terminal domain, as well as the full-
length protein. This difference in stability suggests that the 
interdomain interface contributes ΔGH2O of 4.2 K.cal.mol-1 
and plays a crucial role in maintaining the overall structural 
integrity of γD-crystallin [15,30]. The isolated γD-crystallin 
N-terminal domain destabilizes with a CM of 1.2 M GuHCl,
while the C-terminal region displays a CM of 2.7 M GuHCl.
The γS-WT exhibits a CM value of 2.3 M GuHCl, while
equilibrium unfolding experiments of the individual γS-N
and γS-C-terminal domains yield CM values of 1.7 M and
2.3 M GuHCl, respectively [15,30]. In contrast, the isolated
N-terminal domain is more stable than the C-terminal
domain in βA3-crystallin and γS-crystallin [15,16]. In the
current study, mutant Y134X displayed a CM of 1.51 M. This
finding is consistent with a previous study that shows the
importance of the N-terminal domain in maintaining proper
protein folding [30]. Additionally, the high CM value indicates
that mutant Y134X may have a stable structure compared to
the isolated human γD-N-terminal domain.

Thioflavin-T is a benzothiazole dye commonly used 
to identify amyloid fibrils, both ex vivo and in vitro [31]. 
It shows enhanced fluorescence upon binding to amyloid 
fibrils and is typically used to monitor amyloid fibrils by 
f luorescence assay [32]. When 20 μM Thioflavin-T was 
bound, the mutant protein's Thioflavin-T fluorescence emis-
sion intensity at basic pHs was 6–8 times higher than that of 
the wild type, as previously reported in the mutants G61C, 
R140X, and G165fs of γD-crystallin and the V42M mutant 
of human γS-crystallin [19,33,34]. This significant increase 
in f luorescence intensity suggests that the mutant has a 
higher binding affinity for Thioflavin-T at a basic pH. The 
kinetic assay with Thioflavin-T did not follow the lag, log, 
and stationary phases, and significant shifts were not seen 
in Congo red spectra, as observed in the previous study [35]. 
This result suggests that the mutant is indeed not capable of 
forming amyloid fibrils. In the Thioflavin-T kinetic assay, 
the mutant showed a small decrease in fluorescence after 72 
h; a slight increase in fluorescence was seen with the wild 
type. Alternatively, the decrease in fluorescence in the mutant 
could be attributed to potential precipitation of the protein 
due to its weak stability over time, leading to a loss of the 
fluorescence signal. On the other hand, the slight increase in 
wild-type fluorescence could be an experimental variation 
or might suggest an enhanced binding affinity between the 
altered protein and its fluorophore. However, Thioflavin-T 
binds to extended β-sheet structures, the affinity of which 
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varies based on the individual protein and its surface chem-
istry. The fluorescent intensity observed in this study is prob-
ably from the fully or partially opened β-sheets of Greek key 
motifs 3 and 4.

The formation of light scattering particles is observed 
in cataracts. Aggregation occurred with the mutant protein 
immediately when placed at 48.6 °C, while the wild-type 
protein was scatter-free for 900 s. The mutant W157X also 
shows light scattering particles readily at 65 °C, which is 
quite similar to the observation found in this study [18]. This 
further illustrates that mutant Y134X is more prone to aggre-
gation at elevated temperatures. The Y134X-heated samples 
emitted more fluorescence when bound to ANS. This increase 
in fluorescence suggests that the Y134X mutation may have 
altered the surface hydrophobicity of the protein upon heating, 
leading to a higher affinity for ANS binding. The enhanced 
binding affinity for ANS could promote protein–protein 
interactions, triggering aggregation processes. It is worth 
remembering that aggregation in γS-crystallin is not directly 
linked to thermodynamic instability. Local unfolded states, 
protein dynamics, and hydration also play responsible roles in 
forming aggregates [36]. The basis for cataract formation is 
not only the ability of the mutant crystallins to aggregate but 
rather changes in protein composition and spatial structure 
that imbalance the lens proteome and alter crystallin interac-
tions [37].

The primary limitation of this study was the need to 
investigate the relevance of these structural alterations to the 
lens proteome and α-crystallin interaction; further research 
is required to understand the implications of these structural 
changes on the refractive properties of the lens.

Greek key motif 3 covers residues from 88 to 128, while 
the fourth Greek key motif spans the range from 129 to 171. 
The mutation Y134X is thought to distort both motifs 3 and 
4 since it occurs in the first β-sheet of the fourth Greek key 
motif and exchanges for the third β-sheet, which is a part 
of its partner motif (third Greek key motif). This truncation 
is likely to disrupt the structural integrity of motifs 3 and 
4, as it affects the interaction between the two motifs. The 
distortion caused by the Y134X mutation highlights the intri-
cate relationship between motifs 3 and 4, emphasizing their 
interdependence in maintaining the overall stability of the 
protein. Loss of the last 39 residues in the C-terminal domain 
is seen to affect the third and fourth Greek key motifs, leading 
to altered structure, stability, and extensive exposure of 
normally buried nonpolar side chains to the surface, causing 
self-aggregation. We believe that it is these characteristics 
that manifest as cataract in the intact lens.

APPENDIX 1.

To access the data, click or select the words “Appendix 1.” 
SDS–PAGE analysis of purified wild-type and Y134X mutant 
human γD-crystallin proteins. Five μg of protein was loaded 
and run on 14% SDS–PAGE.

APPENDIX 2.

To access the data, click or select the words “Appendix 2.” 
Fluorescence quenching of wild-type and Y134X mutant 
human γD-crystallin using KI as a surface quencher. A) 
Wild-type B) Y134X mutant. Each spectrum is an average of 
3 independent scans of 3 separate samples. Protein concentra-
tion: 15 μM; λex: 295 nm; Excitation emission slits: 10 nm.

APPENDIX 3.

To access the data, click or select the words “Appendix 3.” 
Surface hydrophobicity measurement of wild-type (black 
squares) and Y134X mutant human γD-crystallin (brown 
circles) by ANS. Values represent the mean of three indepen-
dent experiments of 3 separate samples; error bars indicate 
the standard deviation. Protein concentration: 6 μM; λex: 390 
nm; λem: 510 nm; Excitation emission slits: 5 nm. If: Fluores-
cence intensity.

APPENDIX 4.

To access the data, click or select the words “Appendix 4.” A) 
ΔG plots of the GuHCl unfolding curves presented in Figure 
3. B) Residual plots of the unfolding curves presented in 
Figure 3 of wild-type (black squares) and mutant 134X human  
γD-crystalln (brown circles). The data was acquired from two 
independent experiments of 2 separate sets of samples.

APPENDIX 5.

To access the data, click or select the words “Appendix 5.” 
Thioflavin-T titration curves of wild-type (black squares) and 
Y134X mutant human  γD-crystallin (brown circles). Each 
spectrum is an average of 3 independent scans of 3 separate  
samples. Protein concentration: 6 μM; λex: 444 nm; Excitation 
and emission slits: 5 nm. If: Fluorescence intensity.

APPENDIX 6.

To access the data, click or select the words “Appendix 6.” 
Amyloid fibril detection of wild-type (black) and Y134X 
mutant human γD-crystallin (brown) using Thioflavin-T. 
Formation of amyloid fibrils at A) pH 9 B) pH 11 C) pH 3 D) 
pH 4 E) pH 5. Each spectrum is an average of 3 independent 
scans of 3 separate samples. Protein concentration: 9 μM; λex: 
444 nm; Excitation and emission slits: 10 nm.
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APPENDIX 7.

To access the data, click or select the words “Appendix 7.” 
Congo red absorption spectra of wild-type (black +) and 
Y134X mutant human γD- crystallin (brown circles). Congo 
red absorption spectra at A) pH 7.3 B) pH 9 C) pH 11. Each 
spectrum is an average of 3 independent scans of 3 separate 
samples. Protein concentration: 9 μM; Cuvette path length: 
1 cm.

APPENDIX 8.

To access the data, click or select the words “Appendix 8.” 
Surface hydrophobicity measurement of heated samples of 
wild-type and Y134X mutant human γD-crystallin by ANS 
spectra. The data was acquired from three independent 
experiments of 3 separate samples. Protein concentration: 
3 μM; λex: 390 nm; Excitation emission slits: 2.5 nm. If: Fluo-
rescence intensity.
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