
As a member of small heat shock protein family

(sHsps), α-crystallin (α-Cry) prevents precipitation and

aggregation of partially unfolded proteins in lenticular

tissues, maintaining transparency of the eye lens

throughout the lifespan [1]. This chaperone comprises

up to 40% of total soluble lens proteins and is made up of

αA- (173 residues) and αB-Cry (175 residues) in a 3 : 1

ratio [2, 3]. In addition to the lenticular tissues, αA- and

αB-Cry are expressed in other tissues; for instance, αB-

Cry is significantly expressed in tissues such as heart,

muscle, kidney, and brain, and trace expression of αA-

Cry has been detected in spleen and thymus [4].

Numerous studies have noted the development of age-

related cataract due to the reduction in chaperone activ-

ity of α-Cry [5, 6]. Both mutations in α-Cry genes and

accumulation of posttranslational modifications are

known as the major causes for deteriorating protein

chaperone activity during aging [7]. Moreover, upregula-

tion of αB-Cry has been already reported in pathological

states such as ischemic heart, multiple sclerosis,

Alzheimer’s, Parkinson’s, and Alexander’s diseases [8].

Additionally, αB-Cry has been recently considered as a

significant therapeutic target, particularly in cancer

pathology [9]. The quaternary structure of αB-Cry is

sensitive to environmental factors such as pH, tempera-

ture, ionic strength, and calcium ions, which alter the

oligomeric assembly, domain dynamics, and intrinsic

subunit exchange; accordingly, all of these environmen-

tal and molecular events are critical for chaperone activ-

ity of this protein [10, 11].
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Abstract—The current study was performed with the aim to evaluate the chaperoning ability, structural features, and aggre-

gation propensity of wild-type and R12C mutant αB-crystallins (αB-Cry) under thermal stress and in the presence of cal-

cium ion. The results of different spectroscopic analyses suggest that wild-type and mutant αB-Cry have dissimilar second-

ary and tertiary structures. Moreover, αB-Cry indicates slightly improved chaperone activity upon the R12C mutation.

Thermal stress and calcium, respectively, enhance and reduce the extent of solvent-exposed hydrophobic surfaces accom-

panying formation of ordered and non-ordered aggregate entities in both proteins. Compared to the wild-type protein, the

R12C mutant counterpart shows significant resistance against thermal and calcium-induced aggregation. In addition, in the

presence of calcium, significant structural variation was accompanied by reduction in the solvent-exposed hydrophobic

patches and attenuation of chaperone activity in both proteins. Additionally, gel mobility shift assay indicates the intrinsic

propensity of R12C mutant αB-Cry for disulfide bridge-mediated protein dimerization. Overall, the results of this study are

of high significance for understanding the molecular details of different factors that are involved in the pathomechanism of

cataract disorders.
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As reported earlier, bivalent metal ions such as calci-

um have significant impact on both structure and chaper-

one activity of α-Cry [4, 10]. Additionally, the induction

of αB-Cry by bivalent metal ions has been reported [8].

In addition, calcium has long been known to play a role

in cataract development, and its concentration in

cataractous lenses ranged from 0.1 to 64 mM [12]. The

intracellular calcium/sodium levels in the lens of 70% of

human cataracts are dramatically elevated [13]. The cal-

cium concentration in the lens cytoplasm is 100-1000

times lower than its level in the surrounding aqueous

humor; accordingly, permeability of this metal ion occurs

by passive transport through calcium channels and diffu-

sion across the lipid bilayer [13]. On the other hand, cal-

cium pumps, by extruding calcium out of the cell, play an

essential function for maintaining low physiological levels

of intracellular calcium [14]. Under pathological condi-

tions such as diabetes and during aging, membrane

defects lead to significant reduction in calcium ATPase

activity and increase calcium inward leak (scheme).

The eye lens consists of a layer of epithelial cells,

overlaying a series of differentiating fiber cells, which

upon maturation lose their organelles [13]. Therefore, the

alteration in plasma membrane of lens fiber cells may

have important consequences on their cytoplasmic calci-

um levels. The cytoplasmic accumulation of lenticular

calcium to pathological levels produces lens opacity and

light scattering in a number of ways. For instance, high

level of cytoplasmic calcium, as indicated in the scheme,

results in activation of calpain, which subsequently par-

ticipates in the hydrolysis of lens crystallin, leading to

development of lens opacification [15]. Additionally, cal-

cium reduces chaperone defense ability of α-Cry, which is

important to prevent aggregation of other proteins in

lenticular tissues [5, 16]. In addition, this bivalent metal

ion induces aggregation of lens crystallin, and its pro-

longed elevation in cytoplasm results in increased pro-

duction of reactive oxygen species (ROS), which can sub-

sequently modify lens proteins [17]. Overall, all of the

calcium-induced changes mentioned above are known as

important contributory factors in development of lens

opacity and cataract diseases. Arginine 12 (R12) is a con-

served residue in αB- and αA-Crys, as well as in Hsp27.

The R12C mutation in the αA-Cry gene has been report-

ed to be associated with development of congenital

cataract [18]. The objective in the current study was to

compare structure, chaperone activity, and aggregation

propensity of wild-type and R12C mutant αB-Cry in the

presence of calcium ion.

MATERIALS AND METHODS

Sephacryl S-300 HR, Q-Sepharose anion-exchange

column, thioflavin T (ThT), 1-anilino-8-naphthalene

sulfonate (ANS), bovine pancreatic insulin, isopropyl β-

Effect of diabetes and aging on intracellular calcium level and downstream pathological consequences in lenticular tissues. The biochemical

pathways leading to pathological elevation of lenticular calcium levels are indicated in diabetes and during aging. In addition, the downstream

pathomechanisms that are involved in calcium-induced lens opacification and cataract development are shown

Scheme

Ca+2-ATPase
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D-thiogalactopyranoside (IPTG), CaCl2, and other

chemicals were purchased from Sigma Chemical

Company (USA).

Cloning and purification of wild-type and mutant aB-

Cry. Site directed mutagenesis was generated using the

QuikChange Lightning Multi Site-Directed Mutagenesis

Kit. The cDNA of human αB-Cry was constructed in

pET-28b(+) expression vector. To construct αB mutant,

Arg12 was replaced by Cys (R12C), and the resulting

PCR product was digested with methylation sensitive

restriction enzyme DpnI and then transformed into E.

coli XL10-Gold cells. A mutant plasmid from the result-

ing colonies was sequenced to confirm the mutation

occurred. For expression and purification of the recombi-

nant proteins, plasmid of human wild-type and mutant

αB-Cry were transformed into E. coli BL21(DE3) [19].

Then the transformants were grown in Luria broth (LB)

medium containing kanamycin (50 µg/ml) at 37°C. When

the optical density at 600 nm reached ∼0.6, expression

was induced by addition of IPTG (250 µM) to the LB

medium, and the incubation was continued for another

12 h at 37°C. Cell pellet was obtained by centrifugation of

the LB medium at 6000 rpm for 20 min, and it was resus-

pended in lysis buffer A (25 mM Tris (pH 8.0), 100 mM

NaCl, 0.5 mM EDTA, 10 mM β-mercaptoethanol (β-

ME), and 0.01% NaN3) at a ratio of 3 ml of buffer to 1 g

(w/w) of cells. The cells in the suspension were lysed by

sonication, and the bacterial lysate was centrifuged at

8000 rpm for 40 min at 4°C. The resulting supernatant

was applied onto a Q-Sepharose anion-exchange column

that was equilibrated with buffer B (25 mM Tris, 0.5 mM

EDTA, 10 mM β-ME, and 0.01% NaN3 with pH 7.2)

[20-22]. The flow rate was fixed at 1 ml/min in the pres-

ence of a 0-0.5 M NaCl gradient. Purity was assessed by

SDS-PAGE, and the highly pure fractions were collected

and dialyzed overnight against buffer A at 4°C. The con-

centrated protein sample was then applied onto a

Sephacryl S-300 HR (100 × 1.5 cm) gel filtration column

that had been pre-equilibrated with the same buffer at 4°C

[23, 24]. Protein fractions were taken with a flow rate and

fraction size of 0.25 ml/min and 2 ml, respectively. As

purity of human αB-Cry was judged on SDS-PAGE (gel

12%), the highly purified fractions were collected and

dialyzed against distilled water. Then the purified protein

was lyophilized and stored at –20°C. In addition, lens γ-

Cry was purified according to a previously published pro-

tocol [25]. In brief, bovine lenses were obtained from a

local slaughterhouse and dissected from the eyeballs.

Then lens homogenate (10% w/v) was prepared in buffer

A and centrifuged at 14,000 rpm for 30 min at 4°C. The

supernatant of total soluble lens proteins (TSPs) was col-

lected and applied on a Sephacryl S-300 HR (100 ×

1.5 cm) gel filtration column that was pre-equilibrated

with the same buffer at 4°C [26]. The flow rate and frac-

tion size were adjusted to 0.25 ml/min and 2 ml, respec-

tively, and purity of γ-Cry was assessed on SDS-PAGE. At

the end, highly pure fractions were collected, lyophilized,

and stored at –20°C until use.

Fluorescence measurements. Fluorescence was

measured using a Cary-100 fluorescence instrument

(Varian, Australia) equipped with a Peltier temperature

control unit. The fluorescence measurements were per-

formed to compare the impact of calcium and thermal

stress (incubation for 2 h at 60°C) on structure and amy-

loidogenic properties of wild-type and mutant αB-Cry.

Fluorescence was measured at 25°C in 50 mM Tris buffer,

pH 7.2, containing 100 mM NaCl (buffer C). The Trp

fluorescence spectra of αB-Cry (0.15 mg/ml) were

recorded with excitation wavelength 295 nm, and the

emission spectra were determined in the 300-500-nm

range [24, 27]. In addition, the surface hydrophobicity of

αB-Cry was studied using the fluorescence probe ANS

(emission 400-600 nm, excitation 365 nm) [24, 28]. Prior

to the measurements, αB-Cry (0.15 mg/ml) was incubat-

ed for 30 min with ANS (100 µM) at room temperature.

Moreover, the amyloidogenic activity of these recombi-

nant proteins was assessed in the presence of fluorescence

probe ThT [28]. Prior to the measurements, αB-Cry

(0.15 mg/ml) was incubated with 20 µM ThT for 5 min.

Then, the fluorescence spectra were taken between 450-

600 nm with excitation wavelength at 440 nm.

CD assessment. The far UV-CD spectra (190-

260 nm, 25°C) were recorded on a CD spectrophotome-

ter instrument (Model-215; Aviv, USA). The CD spectra

of αB-Cry (0.2 mg/ml) were collected in the wavelength

range 190-260 nm using a cylindrical quartz cell of

1-mm path length [24]. The results are expressed as

mean residue ellipticity at wavelength λ, [θ]mrw,λ

(deg·cm2·dmol–1), which is given by the following equa-

tion:

[θ]mrw,λ= MRW × θλ/10 × d × c,               (1)

where MRW stands for the mean residue weight of the

peptide bond, θλ is the observed ellipticity (degrees) at

wavelength λ, d is the pathlength (cm), and c is the pro-

tein concentration (g/ml) with 115 Da as residue molec-

ular weight [29, 30]. Also, MRW = M/(N – 1), where M

is the molecular mass of the polypeptide chain (Da) and

N is the number of amino acids in the chain. The spec-

trum of buffer C without protein was subtracted from

each recorded spectrum. The secondary structure content

of αB-Cry was calculated with the CDNN CD spectra

deconvolution software [24, 31].

Aggregation propensity of wild-type and mutant aB-

Crys. For this study, the aggregation propensity of wild-

type and mutant αB-Cry was evaluated in the presence of

calcium ion and under thermal stress. The αB-Cry

(1 mg/ml) was incubated in buffer C with different con-

centrations of calcium ion at 37°C for one week. In addi-

tion, the recombinant proteins were incubated under

thermal stress at 60°C for 2 h in buffer C. At the end of the
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incubation, the protein samples were diluted to final con-

centration 0.5 mg/ml, and absorption spectra were col-

lected in the wavelength range 200-700 nm [32]. In addi-

tion, protein aggregation was evaluated in a kinetic fash-

ion in the presence of calcium and under thermal stress.

Chaperone activity measurements. The chaperone

activity of wild-type and mutant αB-Cry was evaluated

under both chemical and thermal stresses in buffer C.

Insulin (0.3 mg/ml) and γ-Cry (0.3 mg/ml) were used as

the target proteins in the chemical and thermally induced

aggregation systems, respectively. While aggregation of

insulin was initiated by 20 mM dithiothreitol (DTT) at

40°C, that of γ-Cry was induced at 60°C [19]. The aggre-

gation of target proteins was monitored by following the

absorption increment at 360 nm on a T90+ UV-Vis spec-

trophotometer instrument (PG Instrument Ltd, UK)

equipped with a Peltier temperature controller (PCT-2

model). In addition, the impact of calcium was evaluated

on the chaperone activity of αB-Cry in both systems.

SDS-PAGE analysis. The SDS-PAGE experiments

were done on 12% gel using the standard Laemmli proto-

col. After electrophoresis, the protein bands were visual-

ized using the Coomassie brilliant blue (CBB) staining

method [24, 33].

Protein assay. The concentration of bovine pancre-

atic insulin, human αB-Cry, and bovine lens γ-Cry were

determined using their corresponding molar absorption

coefficients [24, 27]. In addition, the concentration of

crude lens protein sample was determined using a stan-

dard Bradford protocol [26, 27].

RESULTS AND DISCUSSION

Importance of Arg-to-Cys mutation in a-Cry. The

Arg-to-Cys mutation is of high importance because the

positive charge and long side chain of Arg is converted to

a polar and non-charged residue in Cys. Moreover, the

incorporation of an additional Cys residue may have

pathological consequence because Cys has ability to form

both inter- and intramolecular disulfide bonds, which has

been already shown to contribute in the pathogenesis of

cataract disorders [34, 35]. In addition, a disulfide cross-

link has already been shown to alter the mass of α-Cry

oligomers. Therefore, the size distribution of this protein

is highly significant in both protein chaperone activity

and the ability of lens to refract or focus light sharply on

the retina. As reported, Arg12 is a conserved residue

amongst sHSPs, particularly in HSP27, αA-Cry, and αB-

Cry. The R12C mutation in αA-Cry has been shown to

cause a congenital cataract disorder [36, 37]. Accordingly,

we sought to determine if this mutation could cause any

change in structure, aggregation, and functional proper-

ties of αB-Cry, as this protein has wide distribution in var-

ious tissues in addition to the ocular system. To express

the recombinant proteins, plasmid of human wild-type

and mutant αB-Cry was transformed into E. coli

BL21(DE3).

After successful expression, the protein was purified

using sequential chromatographic methods (anion-

exchange and gel-filtration chromatography). Then, the

purification quality was judged using SDS-PAGE analy-

sis. As shown in Fig. 1, the pure sample of both wild-type

(lane 3) and R12C αB-Cry (lane 4) were used for further

studies. Additionally, γ-Cry from bovine lens was purified

by gel filtration chromatography (lane 5) and used as a

client protein for the assessment of chaperone activity of

the recombinant αB-Crys in a thermally induced aggre-

gation system.

Structural characterization of wild-type and mutant

R12C aB-Cry. The fluorescence of Trp along with far

UV-CD was used to determine possible changes in terti-

ary and secondary structure of αB-Cry after the R12C

mutation. As shown in Fig. 2a, the mutant αB-Cry has

significantly lower Trp fluorescence intensity than wild-

type protein counterpart does. This result suggests that

the Trp residue in R12C αB-Cry is located in a polar

environment, and the two proteins have dissimilar tertiary

structures. These results are in contrast to those reported

for the R12A mutation [18]. This contradiction can be

explained with the specific impact of the newly incorpo-

Fig. 1. SDS-PAGE analysis of purified Cry samples. An aliquot

(12 µg) of each protein sample was taken and subjected to SDS-

PAGE analysis (12% gel), under reducing condition. The protein

bands were visualized by an appropriate CBB staining procedure.

Lanes 1-5, respectively, stand for molecular mass markers, crude pro-

tein sample, wild-type αB-Cry, R12C mutant αB-Cry, and γ-Cry.
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rated Cys residue on the structure of αB-Cry. The sol-

vent-exposed hydrophobic patches play a significant role

in chaperone activity of α-Cry [34].

Accordingly, ANS fluorescence was studied to com-

pare these two recombinant proteins in the terms of their

exposed hydrophobic surfaces. As indicated in Fig. 2b,

the R12C mutant protein shows lower ANS fluorescence

intensity than wild-type protein counterpart, suggesting

that this mutation can reduce the solvent exposed

hydrophobic patches of the mutant protein. In fact, the

wild-type protein displays more solvent exposed

hydrophobic surfaces than the mutant protein counter-

part does. Far UV-CD analysis indicates that these two

proteins have different secondary structural contents

(Fig. 2c). Quantitative analysis of the far UV-CD data

using the CDNN CD spectra deconvolution software

showed that the majority of secondary structures of these

proteins were β-sheet (table). Moreover, because of the

R12C mutation, an increment in α-helix/random coil

contents with reduction in the percentage of β-sheet

structure was observed (table). Overall, the R12C muta-

tion results in both secondary and tertiary structural alter-

ation of αB-Cry.

Chaperone activity of wild-type and mutant R12C

aB-Cry. It is believed that lens opacification and cataract

formation are the results of loss of chaperone efficiency of

α-Cry, which can be due to either gene mutation or accu-

mulation of various posttranslational modifications of

this protein [7]. The chaperone activity is quantified by

estimation of three different parameters including Alim

(the limiting value of absorbance at t → ∞), the product

kIAlim (the initial rate of aggregation, where kI is the rate

constant of the first order [38]), and tonset (the lag time

before initiation of aggregation). For quantification of

chaperone activity, these parametes can be used either

alone or in combination [39].

The following equation can be used to express the

chaperone activity in terms of percentage of protection

with the use of the three important parameters mentioned

above:

% protection = (1 – Ar/Ar0) × 100.                (2)

In this equation, Ar and Ar0 are the areas under the

curves of optical density versus time in the presence and

absence of the chaperone, respectively. The area under

Fig. 2. Structural analysis of wild-type and R12C mutant αB-Crys. a) Trp fluorescence emission spectra of the recombinant proteins at con-

centration 0.15 mg/ml were recorded between 300-500 nm at 25°C with excitation wavelength 295 nm. b) Protein surface hydrophobicity was

investigated with ANS fluorescence measurements, as each protein sample (0.15 mg/ml) was incubated individually with ANS (100 µM) for

30 min at 25°C. The samples were excited at 365 nm, and the emission spectra were recorded in the range 400-600 nm. c) Far UV-CD spec-

tra of these proteins at concentration 0.2 mg/ml recorded at room temperature with cell pathlength 0.1 mm. The experiments were done in

50 mM Tris buffer, pH 7.2, containing 100 mM NaCl (buffer C).
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the aggregation curves reflects the combined action of the

three above-mentioned parameters, which are normally

used for quantification of chaperone activity. The values

of (1 – Ar/Ar0) varied between 0 and 1. In the absence of

chaperone, when the value of (Ar/Ar0) is 1, the percentage

of protection is zero. In the presence of a perfect chaper-

one, when the area under the aggregation curve (Ar) is

zero, the protection will approach 100%.

In this study, to characterize chaperone activity of

wild-type and mutant α-Cry, the test systems based on

DTT-induced aggregation of insulin and thermally

induced aggregation of γ-Cry were applied (Fig. 3). The

analysis was done based on the changes in optical density

at 360 nm, which was registered for 30 and 60 min in the

chemical and thermally induced aggregation systems,

respectively.

The aggregation progress of client proteins as a func-

tion of time is indicated in Fig. 3 (a, b) (for insulin) and

Fig. 3c (for γ-Cry). The percentages of protection

achieved by the chaperones in DTT-induced aggregation

of insulin and in the thermally induced aggregation of γ-

Cry (native molecular partner of lens α-Cry) are shown in

Fig. 3, d and e, respectively. The data in Fig. 3 suggest that

the mutant protein has stronger chaperone activity than

the wild-type protein counterpart. The higher chaperone

activity of mutant αB-Cry can be explained by its partial

resistance against heat-induced self-aggregation, as indi-

cated in Fig. 4.

Effect of thermal stress on structure and aggregation

of wild-type and R12C mutant aB-Crys. As a major cause

of visual impairment worldwide, cataract is the opacifica-

tion of the eye lens characterized by formation of light-

scattering protein aggregates in the lens and loss of vision

[5]. In this study, the conformational instability and

aggregation propensity of wild-type and mutant αB-Cry

were investigated under thermal stress. Both wild-type

Fig. 3. Comparison of chaperone activity of wild-type and R12C mutant αB-Cry. The chaperone activity was assessed under both chemical-

ly and thermally induced aggregation. In the chemically induced aggregation system, insulin (0.3 mg/ml) was used as target protein, and

aggregation was induced in the presence of 20 mM DTT at 37°C. a, b) Chaperone action of wild-type and mutant αB-Cry in this system; c)

chaperone activity of these proteins in heat-induced aggregation system at 60°C for 60 min, while γ-Cry (0.3 mg/ml) was used as the target

protein. These experiments were done in buffer C. d, e) The percentages of protection achieved by these chaperones in the DTT-induced

aggregation of insulin and in the thermally induced aggregation of γ-Cry, respectively.
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Fig. 4. Aggregation and fluorescence analysis of wild-type and mutant αB-Crys after treatment with thermal stress. a) Protein samples

(1 mg/ml) were incubated at 60°C for 2 h in buffer C. Then the samples were diluted in the same buffer to final concentration 0.5 mg/ml. After

that, their UV-Vis absorption spectra were recorded in the wavelength range 200-700 nm. The increment of absorbance in the visible region

is indication of protein aggregation. b) Protein samples (0.15 mg/ml) were subjected to ThT fluorescence study to evaluate possible formation

of ordered aggregate entities. The ThT fluorescence spectra were taken between 450-600 nm at excitation wavelength 440 nm. c) Protein sam-

ples (1 mg/ml) were heated at 60°C for 2 h. Then they were diluted to 0.15 mg/ml and subjected to ANS fluorescence analysis. For ANS flu-

orescence studies, the protein samples were excited at 365 nm, and the corresponding spectra were collected in the indicated ranges.
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and mutant protein (1 mg/ml) were incubated at 60°C for

2 h. Then, the protein samples were diluted to a final con-

centration of 0.5 mg/ml and their absorption spectra were

measured in the range 200-700 nm.

As shown in Fig. 4a, the significant increment in the

visible region of absorption spectrum of wild-type protein

is an indication of extensive protein aggregation under

thermal stress. In addition, the R12C mutant that was

subjected to similar thermal stress appreciably resisted

aggregation. Additionally, the protein samples were

assessed by ThT fluorescence analysis. As shown in Fig.

4b, both recombinant proteins demonstrate an increment

of fluorescence emission in comparison with their non-

heated protein counterparts. This dye has been used to

diagnose the existence of protein amyloid fibrils [28].

Therefore, the enhancement of ThT fluorescence emis-

sion suggests the possible formation of amyloid fibril enti-

ty during incubation of the recombinant proteins under

thermal stress. Figure 4c indicates ANS fluorescence

emission of these proteins. Both proteins indicate

enhancement in ANS fluorescence intensity, suggesting

that heat induces exposure to the solvent of hydrophobic

patches in these proteins. The exposure of hydrophobic

patches of these proteins because of heat stress can fur-

ther explain their heat-induced aggregation propensity as

discussed above.

Effect of calcium on structure and chaperone activity

of wild-type and mutant R12C. Calcium-induced activa-

tion of calpains has been implicated in the processing of

lens crystallins during lens maturation and cataract for-

mation [5, 10]. Moreover, a significant elevation of calci-

um level has been reported in both human and experi-

mental animal cataracts, and this elevation has been

implicated to contribute to cataractogenesis [4, 11, 16].

In this study, αB-Cry was incubated with different con-

centrations of calcium chloride (0, 1, and 5 mM) for one

week at 37°C. At the end, the protein samples were indi-

vidually diluted in the same buffer and used for structural

investigation by fluorescence spectroscopy (Fig. 5).

The Trp fluorescence emission spectra of both wild-

type and mutant protein indicate a gradual reduction

with further increase of calcium concentration (Fig. 5a).

These results suggest that calcium induces protein struc-

tural changes that are accompanied with the movement

Fig. 5. Structural analysis and chaperone activity assessment of wild-type and R12C αB-Crys in the presence of calcium ion. The recombi-

nant αB-Crys were incubated with different concentrations of calcium ions (0, 1, and 5 mM) for one week at 37°C. At the end of the incuba-

tion, the protein samples were diluted and used for structural investigation by fluorescence spectroscopy in buffer C at 25°C. a) Trp fluores-

cence measurements were done with protein samples (0.15 mg/ml) excited at 295 nm, and emission spectra were collected in the range 300-

500 nm. b) Protein samples (0.15 mg/ml) were incubated with ANS (100 µM) for 30 min and then excited at 365 nm, while their emission

spectra were recorded between 400 and 600 nm. c) Chaperone activity was assessed in buffer C in the presence of 5 mM calcium. Insulin

(0.3 mg/ml) was used as the target protein, while the induction of insulin aggregation was followed in the presence of 20 mM DTT. d)

Chaperone activity is expressed in terms of percentage of protection according to Eq. (2).
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Fig. 6. Aggregation and ThT fluorescence analysis of wild-type and R12C mutant αB-Crys in the presence of calcium. a) Both wild-type and

mutant αB-Crys (0.5 mg/ml) were incubated with calcium ion at 37°C for one week in buffer C. The protein samples were diluted in the same

buffer to final concentration 0.15 mg/ml. Then their UV-Vis absorption spectra were collected in the wavelength range 200-700 nm. The

increment of absorbance at 360 nm was used as indication of protein aggregation. b) Aggregation of recombinant αB-Crys was evaluated in

kinetic fashion under thermal stress and thermal stress with 5 mM calcium ion. While the concentration of protein samples was fixed at

0.5 mg/ml, the experiments were done in buffer C. c) Protein samples (0.15 mg/ml) were subjected to ThT fluorescence study to evaluate for-

mation of ordered aggregate entities. The ThT fluorescence spectra were taken between 450-600 nm with excitation wavelength 440 nm.
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of Trp residues to a polar environment. In addition, to

investigate the impact of calcium on hydrophobic sur-

face of these proteins, ANS fluorescence was studied. As

shown in Fig. 5b, significant reductions in ANS fluores-

cence intensity of both wild-type and mutant proteins

were observed. The results clearly indicate that the struc-

tural variations induced by calcium result in significant

reduction of hydrophobic surfaces in these proteins.

Homeostasis of intracellular calcium is crucial for lens

cytoarchitecture and transparency [5, 16]. In addition,

additional to the specific role of calcium in the activa-

tion of lenticular calpains, the structural alteration of α-

Cry in the presence of this metal ion is highly significant

in the development of lens opacification and cataract

disorders (scheme). As the major molecular chaperone

of eye lens, α-Cry functions to maintain transparency of

lenticular tissue [4, 10, 11]. In addition to the chaperone

activity, αB-Cry plays a role in several cellular processes,

such as signal transduction, protein degradation, stabi-

lization of cytoskeletal structures, and apoptosis [40].

Moreover, mutations in the αB-Cry gene can have detri-

mental effects leading to pathologies such as cataract

and cardiomyopathy [19]. In this study, the chaperone

activity of both wild-type and mutant αB-Cry were

assessed in the absence and presence of 5 mM calcium.

The chaperone activity was measured in a chemical-

induced aggregation system, as insulin was the target

protein (Fig. 5, c and d). As shown in these figures, cal-

cium reduces chaperone activity of both recombinant

proteins to a significant level. The reduction in chaper-

one activity can be explained by the lessening of surface

hydrophobicity of these proteins in the presence of cal-

cium, and the level of hydrophobic surfaces is known to

be a major determinant of chaperone activity in α-Cry

(Fig. 5b). In fact, the entropically driven hydrophobic

contacts between α-Cry-accessible hydrophobic sur-

faces and newly exposed hydrophobic sites of unfolding

substrates is one of the major forces implicated in the

mechanistic action of this protein. Overall, the changes

in structure and chaperone activity of these recombinant

proteins may offer molecular insight into the mechanism

of lens opacification.

Effect of calcium on aggregation of wild-type and

R12C mutant aB-Crys. The structural transformations

and aggregation of α-Cry underlie cataract formation and

cause clouding of the eye lens, leading to partial or total

loss of vision [24, 25]. On the other hand, calcium as a

cataractogenic metal ion has been indicated to induce

aggregation of α-Cry [11, 16]. To assess the impact of cal-

cium ion on aggregation of wild-type and mutant αB-

Cry, the recombinant proteins (1 mg/ml) were incubated

with different concentrations of this metal ion for one

week at 37°C. At the end of the incubation, the protein

samples were diluted in the same buffer to final concen-

tration 0.5 mg/ml and their UV-Vis absorption spectra

were measured in the range 200-700 nm (Fig. 6).

The increment of absorbance at 280 nm is an impor-

tant indication of protein unfolding, while the enhance-

ment of absorbance in the wavelength range above 320 nm

indicates protein aggregation [11, 24]. As shown in Fig. 6a,

at calcium concentration 5 mM, these recombinant pro-

teins display extensive unfolding and aggregation. In addi-

tion, the extent of aggregation was significantly higher in

the case of wild-type protein compared to the mutant pro-

tein counterpart. This finding is in good agreement with

the data of thermal-induced aggregation of these proteins

as indicated in Fig. 4a. Additionally, the combined effect of

both thermal stress (60°C) and calcium (5 mM) on aggre-

gation of these proteins was evaluated in kinetic fashion

(Fig. 6b). As shown in this figure, under thermal stress and

in the absence of calcium, the increment of optical density

at 360 nm as a function of time indicates aggregation of the

wild-type protein. Under similar condition, the mutant

protein counterpart resists aggregation. However, under

thermal stress and in the presence of 5 mM calcium, the

aggregation of wild-type protein lacks any lag time, show-

ing strong propensity of this protein for aggregation.

According to the slope of aggregation curves in the initial

stages, it can be suggested that the mutant protein demon-

strates significantly lower aggregation propensity than the

wild-type protein counterpart. The significant resistance of

R12C mutant αB-Cry against aggregation under either

thermal stress or in the presence of calcium ions provides

an important indication explaining the non-cataractogenic

nature of this mutation compared to the same mutation in

αA-Cry, which is linked to development of cataract dis-

eases. In addition, in this study, the proteins samples were

further analyzed by ThT fluorescence study (Fig. 6c). As

mentioned above, the ThT fluorescence probe has been

frequently used to diagnose the presence of protein amy-

loid fiber. As shown in Fig. 6c, the intensity of ThT emis-

sion of the protein samples incubated with calcium was sig-

nificantly lower than the protein sample incubated without

this metal ion. These results suggest that under the experi-

mental condition calcium did not induce the formation of

ordered aggregation in the recombinant proteins. Cataract,

the leading cause of blindness worldwide, is caused by pro-

tein aggregation within the protected lens environment.

The attenuation of chaperone activity and aggregation of

αB-Cry in the presence of calcium ion can be of signifi-

cance to further understand the molecular details of differ-

ent factors that are involved in the pathogenesis of cataract

disorders. Moreover, αB-Cry has been detected in various

non-ocular tissues, and its upregulation has been indicated

before in pathological conditions such as neurodegenera-

tive diseases, cancers, diabetes, retinal diseases, cataracts,

ischemia/reperfusion, and aging [8, 9]. Therefore, the

deleterious impacts of calcium ion on αB-Cry are not lim-

ited to lenticular tissues and/or ocular disorders.

Gel mobility shift analysis of aB-Cry oligomerization.

SDS-PAGE under reducing and non-reducing condi-

tions has been frequently used for determination of pro-
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tein oligomerization state [41]. The αB-Cry samples sub-

jected to the thermal stress (60°C) for different incubation

times (0, 30, 60, and 120 min) were individually with-

drawn and analyzed by SDS-PAGE under non-reducing

(a) and reducing (a′) conditions (Fig. 7a). As shown in

this figure, the R12C mutant protein shows intrinsic abil-

ity for dimerization due to its newly incorporated Cys

residue. Thermal stress results in slight reduction of the

intensity of the band corresponding to the monomeric

form of this protein. Applying reducing condition, the

bands corresponding to dimeric the form of the mutant

protein completely disappeared, suggesting involvement

of disulfide bridge-mediated dimerization of this protein.

The role of disulfide cross-linking among lens crystallins

Fig. 7. Gel mobility shift analysis of recombinant αB-Crys after heat treatment and in the presence of calcium. Protein samples (1 mg/ml)

were individually incubated under thermal stress (60°C) or thermal stress with calcium ion for 2 h. a, a′) Mobility shift analysis of recombinant

proteins are indicated after incubation with the thermal stress. Lanes 1-4, respectively, show the incubation of these proteins under stress con-

dition for 0, 30, 60, and 120 min. b, b′) Results of mobility shift analysis of protein samples that were incubated under thermal stress and in

the presence of 5 mM calcium. Lanes 1-3, respectively, show the incubation of these proteins with different concentrations of calcium ions as

0, 1, and 5 mM. At the end of the incubations, an aliquot (12 µg) of each protein sample was taken and subjected to SDS-PAGE analysis (12%

gel), under non-reducing (a, b) and reducing (a′, b′) conditions. Protein bands were visualized by CBB staining.
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has been already indicated in the pathogenesis of cataract

disorder [42].

Therefore, the intrinsic ability of this protein for

disulfide bridge-mediated oligomerization may explain

the pathomechanism of cataract diseases. As the protein

samples were incubated with different concentrations of

calcium ion (0, 1, and 5 mM) under thermal stress (60°C)

for 2 h, the electrophoretic mobility of the protein bands

was roughly similar to the results of a corresponding

experiment in the absence of calcium ion (Fig. 7b). In

addition, the protein samples were incubated with differ-

ent concentrations of calcium at 37°C for 24 h. At the end

of the incubations, as the mobility shift analysis was per-

formed on SDS-PAGE gel, similar results were obtained

(see figure in Supplement to this paper on the site of the

journal (http://protein.bio.msu.ru/biokhimiya) and on

Springer site (Link.springer.com)).

While αB-Cry is expressed in lenticular and several

other tissues, its upregulation has been already reported

in different pathological states. In this study both wild-

type and R12C mutant αB-Crys were subjected to ther-

mal stress and also treated with calcium, which is known

as an important cataractogenic element. The chaperone

activity and aggregation propensity of these proteins were

investigated in a comparative manner. These recombinant

proteins demonstrate dissimilar structures. Compared to

the wild-type αB-Cry, the mutant protein counterpart

significantly resists thermal and calcium-induced aggre-

gation. Additionally, upon mutation this protein indicat-

ed a slight improvement in its chaperone activity. These

results may explain to some extent the non-cataracto-

genic nature of R12C mutation in αB-Cry. Additionally,

in the presence of calcium ion, the chaperone activity of

these recombinant proteins was attenuated to a significant

level. In addition, the R12C mutant protein indicates sig-

nificant propensity for disulfide bridge-mediated self-

dimerization. Overall, the results of this study offer fur-

ther molecular insight into the pathomechanism of differ-

ent factors that contribute to development of cataract dis-

eases.
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