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Abstract

aB-crystallin (heat shock protein 5/HSPB5) is a member of the family of small heat shock
proteins that is expressed in various organs of the human body including eye lenses and
muscles. Therefore, mutations in the gene of this protein (CRYAB) might have many patho-
logical consequences. A new mutation has recently been discovered in the a-crystallin
domain of this chaperone protein which replaces aspartate 109 with alanine (D109A). This
mutation can cause myofibrillar myopathy (MFM), cataracts, and cardiomyopathy. In the
current study, several spectroscopic and microscopic analyses, as well as gel electrophore-
sis assessment were applied to elucidate the pathogenic contribution of human aB-crystallin
bearing D109A mutation in development of eye lens cataract and myopathies. The protein
oligomerization, chaperone-like activity and chemical/thermal stabilities of the mutant and
wild-type protein were also investigated in the comparative assessments. Our results sug-
gested that the D109A mutation has a significant impact on the important features of human
aB-crystallin, including its structure, size of the protein oligomers, tendency to form amyloid
fibrils, stability, and chaperone-like activity. Given the importance of aspartate 109 in main-
taining the proper structure of the a-crystallin domain, its role in the dimerization and chaper-
one-like activity, as well as preserving protein stability through the formation of salt bridges;
mutation at this important site might have critical consequences and can explain the genesis
of myopathy and cataract disorders. Also, the formation of large light-scattering aggregates
and disruption of the chaperone-like activity by D109A mutation might be considered as
important contributing factors in development of the eye lens opacity.
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Introduction

The heat shock proteins (Hsps) are produced by cells in response to a variety of stressful condi-
tions such as heat, ultraviolet (UV) radiation, cold, and wound, and many members of this
family have chaperone-like activity. A distinguished class of Hsp family, small heat shock pro-
teins (sHsp), is consisting of proteins with molecular weights up to 43 kDa [1, 2]. The common
feature of all sHsps is the existence of a conserved sequence of 80-100 amino acid residues,
forming the a-crystallin domain. Despite this central domain, the marginal N-terminal and C-
terminal domains are less conserved in sequence and more variable in structure [3]. The func-
tion of sHsps is to interact with unfolded or misfolded proteins in order to prevent aggregate
formation and keep them refoldable [1].

o-crystallin is an important member of sHsps expressed in some of the vertebrate’s tissues
and has structural roles, as well as chaperone-like activity [4, 5]. This protein exists in the mul-
timeric forms consisting of two homologous proteins, oA and aB-crystallins, having an
approximate homology of 57% [5-7]. CRYAA, the responsible gene for encoding the 173
amino acid residues of human o:A-crystallin, exists on chromosome 21 while its counterpart
protein, oB-crystallin, with 175 amino acids is coded by CRYAB gene on chromosome 11 [6].
oA-crystallin, known as HSPB4, is almost exclusively expressed in the eye lens where its inter-
action with oB-crystallin in a ratio of 3:1 allocates 40% of the whole protein combination to
itself [8-10]. However, HSPB5 (oB-crystallin) can be found in a wide range of the body organs
and tissues such as heart, brain, muscle, kidney and liver [8, 11, 12]. This wide expression of
oB-crystallin explains why mutations in this protein can cause disorders in different parts of
human body such as muscle or heart, while mutations in 0tA-crystallin are mostly limited to
the cataract development in eye lenses [13, 14].

Mutations in o-crystallin proteins were under investigation during the past decades, and
the outcome of these studies is the discovery of the several pathogenic ones, especially missense
mutations. Missense mutations in human oB-crystallin can occur in all three regions of this
protein, for instance, R11H, P20S and R56W are three cataractogenic mutations in the N-ter-
minal region. Also, mutations as D109H and R120G locating in the o-crystallin domain cause
both myopathy and cataract [15-19], while those such as G154S and R157H occurring in the
C-terminal extension lead to the myopathy. Aspartate 109 is an important residue in the for-
mation of aB-crystallin dimers as it forms a salt bridge with the arginine 120 in the adjacent
monomer. Any missense mutation which results in the elimination of the negative charge of
aspartate 109 will disrupt oB-crystallin dimer structure and all its features relying on it [14,
20].

A recently reported mutation in human oB-crystallin has been identified in patients with
myofibrillar myopathy involving aspartate 109 (D109A mutation). The three-domain struc-
tural organization and position of this mutation in the protein structure are shown as Fig 1.

In this mutation, the negatively charged aspartate residue is substituted with a neutral ala-
nine and this replacement is expected to have important impacts on the chaperone structure
and its anti-aggregation function [21]. In this research, both D109A mutant a:B-crystallin and
its wild-type counterpart were over-expressed, purified and studied in several experiments
using different spectroscopic methods, as well as other techniques in order to gain further
complementary information on their structural and functional differences.

Materials and methods

1-Anilino-8-naphthalene sulfonic acid (ANS), thioflavin T (ThT), bovine pancreatic insulin,
bovine liver catalase, chicken egg white lysozyme, o-glucosidase (o.-Gls), dithiothreitol (DTT),
isopropyl B-D-1-thiogalactopyranoside (IPTG) and kanamycin were purchased from Sigma.
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Fig 1. The domain organization of human aB-crystallin and position of D109A mutation in structure of this
protein (PDB ID: 3J07).

https://doi.org/10.1371/journal.pone.0260306.9001

The TEM grid was made of copper and provided by Agar Scientific. B-mercaptoethanol (B-
ME), ethylenediaminetetraacetic acid (EDTA) and other chemicals were provided by the
Merck Company.

Mutagenesis, expression and purification

The mutagenesis procedure was done using the QuikChange II XL Site-Directed Mutagenesis
Kit (Stratagene) in order to substitute adenine 326 with cytosine (326 A>C) in the cDNA of
wild-type oB-crystallin which has been cloned in pET-28b(+) to construct the D109A muta-
tion [21, 22]. The validity of the created mutation was confirmed by sequencing. The plasmid
containing the wild-type and D109A aB-crystallin cDNA were transformed into the BL21
(DE3) Escherichia coli cells. The expression process was done according to the previously
applied approach [22]. After protein expression the obtained cell pellets were lysed with three-
fold volumes of 40 mM Tris buffer (containing 8 M urea and 10 mM B-ME at pH 8 and 8.2 for
the wild-type and mutant proteins, respectively). Then, the final lysate underwent a centrifuga-
tion at 10,000 x g for 45 minutes. Also, both supernatant and pellet of these proteins were
assessed by SDS-PAGE analysis in order to evaluate their solubility. The purification of the
wild-type and mutant proteins were done using a DEAE-cellulose anion exchange column (1.5
cm x 12 cm) with a flow rate of 1 mL.min™". The column was equilibrated with 20 mM Tris
buffer (containing 4 M urea and 5 mM B-ME). The used pH of buffer for the wild-type and
mutant proteins was 8 and 8.2, respectively. The eluted flow through fractions with the highest
protein concentration were pooled [23]. This procedure was repeated two-three times. Finally,
the purified proteins which were confirmed by SDS-PAGE analyses (gel 12%) dialyzed against
double distilled water. The extinction coefficients (€559 nm) of 0.693 for 1 mg.mL ™" human oB-
crystallin and D109A mutant protein were used to estimate their concentrations.
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Fluorescence spectroscopic assessments

All samples for fluorescence studies were prepared in 50 mM sodium phosphate buffer, pH
7.4, mentioned as buffer A, with a concentration of 0.15 mg.mL". Fluorescence spectra were
collected at three different temperatures. Also, Trp fluorescence experiment was performed
continuously in the temperature range of 25-80 °C using a Varian Cary Eclipse fluorescence
spectrophotometer (Australia). For recording Tyr and Trp emission spectra, the excitation
wavelength was set at 280 nm and 295 nm, respectively, while the emission spectrum was col-
lected between 300-500 nm. The excitation/emission band passes for Tyr and Trp fluorescence
were set at 5/10 nm [22]. The synchronous fluorescence spectra were recorded between 200-
350 nm with excitation wavelength steps of 15 nm and 60 nm for Tyr and Trp, respectively
[23].

The surface hydrophobicity of the wild-type and D109A oB-crystallins was studied using
ANS probe. After a 30 minutes incubation of protein samples (0.15 mg.mL™") with 100 uM
ANS in the dark, the ANS fluorescence spectra were collected between 400-600 nm with an
excitation wavelength of 365 nm and an excitation and emission bandpass of 10 nm [24]. The
concentration of ANS solution was determined at A = 350 nm using an extinction coefficient
of 4950 M em’".

To assess the fibrillogenic features of the proteins, the protein samples (2 mg.mL™) were
incubated under thermochemical stress (1 M guanidine hydrochloride (GdnHCI) at 60 °C for
4 days) [25]. At the end of incubation, a 20 uM ThT was added to the protein samples and
incubated for 5 minutes in the dark. After that, the protein samples were excited at 440 nm,
with an excitation and emission slit of 10 nm. The emission spectra were recorded between
450-600 nm. Also, the concentration of ThT solution was determined by measuring the absor-
bance at 420 nm, considering a molar extinction coefficient of 24420 M™' cm™

Circular dichroism (CD) spectroscopy

The far and near UV-CD spectra of both wild-type and mutant protein samples, prepared in
buffer A, were collected at 25 °C using a JASCO J-810 spectropolarimeter instrument as
described earlier [22]. The concentration of protein samples was fixed at 0.2 mg.mL'1 and 1.5
mg.mL™" for the far and near UV-CD assessments, respectively. The path length for far
UV-CD was 0.1 cm, while it was 1 cm for the near UV-CD study. The data were analyzed
using the DICHROWEB server with the CONTIN algorithm and were reported as molar ellip-
ticity [26].

Near-infrared (NIR), Fourier-transform infrared (FTIR) and Raman
spectroscopic studies

The NIR and FTIR spectroscopies were also used for further structural analyses. For both stud-
ies, 5 mg of homogeneous protein powder was used. The NIR spectra were collected using a
NIRS XDS series Vis-NIR spectrometer (Metrohm, Switzerland) with the reflectance mode, in
the range of 8,000 to 4,000 cm ™" and a resolution of 8 cm™ at room temperature [27]. The
FTIR spectra of wild-type and mutant protein were recorded between 1700 to 1600 cm™ with
a resolution of 4 cm ™ and the accumulation of 256 scans using a Tensor II, Bruker-Germany
which was equipped with a diamond attenuated total reflectance (ATR) [23, 28]. Also, the
Raman spectra were measured using Raman spectrometer Lab Ram HR (Horiba, Japan)
equipped with a confocal microscope using a 532 nm red laser excitation as described previ-
ously [23]. The spectra were recorded with acquisition time of 240 s, at 17 mW power laser
and optical microscope objective 50x. The estimation of the secondary structural content in
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amide I region (1700-1600 cm') were carried out for both FTIR and Raman spectra. The
Gaussian function was used for deconvolution analysis which was done using the five peak
positions: 1600-1615 cm™* (side chain), 1615-1635 cm™ (B-sheet), 1635-1650 cm™* (disor-
dered), 1650-1665 cm™ (0-helix), and 1665-1700 cm™ (turn) [29, 30].

Dynamic light scattering

To investigate the effect of temperature on the size of wild-type and mutant protein oligomers,
protein samples were prepared in buffer A with a concentration of 1 mg. mL™". The experiment
was carried out using a nanoparticle analyzer SZ-100 (Horiba, Japan) with a laser wavelength
set at 532 nm and a scattering angle of 173" [31].

Analytical ultracentrifugation

The samples were dialyzed before the run during 15 hours against 40 mM sodium phosphate
buffer, 100 mM NaCl, 1 mM EDTA, 3 mM NaNj, pH 7.0, at 4 °C. Sedimentation velocity
experiments were carried out at 20 °C in a Model E analytical ultracentrifuge (Beckman),
equipped with absorbance optics, a photoelectric scanner, a monochromator and a computer
on-line. A four-hole rotor An-F Ti and 12 mm double sector cells were used. The rotor speed
was 40,000 rpm. Sedimentation profiles of the proteins were recorded by measuring the absor-
bance at 280 nm and all cells were scanned simultaneously. The time interval between scans
was 2.5 minutes. The concentration of human oB-crystallin and the D109A mutant protein
was fixed at 1.0 mg.mL™" and 0.5 mg.mL ", respectively. The differential sedimentation coeffi-
cient distributions [Is-g*(s) versus s and c(s) versus s] were determined using the SEDFIT pro-
gram [32]. The c¢(s) analysis was performed with regularisation at the confidence level of 0.68
and a floating frictional ratio. The Is-g*(s) analysis was performed with regularization at the
confidence level of 0.9. Weight-average sedimentation coefficients were obtained by integra-
tion of the Is-g*(s) distribution. The first experiment was performed after dialysis at 20 °C and
the second experiment was done after the samples were incubated at 20 °C for 24 hours [32].

Chemical and thermal denaturation

The chemical stability of the mutant and wild-type human oB-crystallins was investigated to
measure the protein structural stability according to the previous study [22]. The protein sam-
ples (0.15 mg. mL™") were incubated with an increasing concentrations of urea (0-8 M) for 18
hours and the emission fluorescence of tryptophan residues was recorded. In order to quantify
the stability parameters, all profiles were analysed with the aid of a global three state fitting pro-
cedure, according to the following equation:

_ Bt Fiexp{(—AG) + m,[urea]) /RT} + F exp{(—AG) + m,[urea])/RT} )
1+ exp{(—AG? + m,[urea])/RT} + exp{(—AG) + m,[urea])/RT}

Moreover, the differential scanning calorimetry (DSC) analyses were carried out by a
Nano-Differential Scanning Calorimeter II (N-DSC II, Model 6100) with a heating rate of 2
°C/min and 2 atm pressure. The concentration of aB-crystallin and the D109A mutant protein
was adjusted at 1.0 mg. mL™". The analysis was done by CpCalc analysis software (CpCalc 2.1)
for data assessment [33]. Also, the following equations were used to calculate the
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thermodynamic parameters [34].

AH(T) = /T TAdeT (2)

AS(T) = TT%dT (3)

AG(T) = AH(T) — TAS(T) (4)

AG(T) = AH(T'”T; T) —AC, [Tm ~THT 1n(T—Tm) (5)

Proteolytic study

To study the stability of different aB-crystallin samples against the proteolytic activity of o-
chymotrypsin, 1 mg.mL™" of each protein sample, prepared in buffer A, was incubated with
0.01 mg.mL™" of a-chymotrypsin (the enzyme and its substrate must be used in a ratio of 1 to
100 w/w, respectively) for 0, 5, 10 and 15 minutes at 37 “C. Then, 15 ug of each protein sample
was loaded into an SDS-PAGE wells [22].

Fluorescence microscopy

Fluorescence microscopy was used to investigate the fiber plaque of the protein samples (2 mg.
mL") in buffer A before and after incubation at 60 °C in the presence of 1 M GdnHCl for 4
days. After incubation of the protein samples (0.15 mg.mL ") with 20 uM ThT for 5 minutes,
they were studied with a Lionheart FX fluorescence microscope (Biotek-USA). The green filter
(GPF) was used with an excitation and emission wavelength of 469 nm and 525 nm, respec-
tively [35].

Transmission electron microscopy (TEM)

The microscopic studies were performed to assess the amyloidogenic propensity of the mutant
protein under thermochemical stress. To study the morphology of amyloid fibers, 2 mg.mL™"
of protein samples in the presence of 1 M GdnHCI were incubated at 60 °C for 4 days. Then,
15 pL of each sample with a concentration of 1 mg.mL™" was fixed on electron microscopy
grids (made of copper) followed by washing with water and 1% uranyl acetate staining.

Imaging was then carried out at 100 kV excitation voltages, using a Philips 906E transmis-
sion electron microscope, and the micrographs were analyzed by a MegaView G2 Soft imaging
system [25].

Chaperone-like activity assay

The chaperone like activity of D109A mutant and wild-type oB-crystallins, prepared in buffer
A, was studied in two different concentrations (0.1 mg.mL™" and 0.2 mg.mL™"), using different
client proteins. Bovine pancreatic insulin (0.3 mg.mL™") and chicken egg white lysozyme (0.2
mg.mL ") were used as client proteins which their aggregation was induced using 20 mM DTT
at 40 °C. The aggregation of bovine liver catalase (0.3 mg.mL™") was induced at 60 °C [22].
This assay was carried out by recording the light scattering spectra at 400 nm as a function of
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time (20 minutes, 30 minutes and 60 minutes for bovine pancreatic insulin, chicken egg white
lysozyme and bovine liver catalase, respectively) using a T90" UV-Vis spectrophotometer. The
chaperone-like activity of protein samples was quantified using Eq 6 in which A, and A, rep-
resents the area under curve of the aggregation of target proteins in the presence and absence
of chaperone, respectively.

% Protection = (1 — A, /A,,) x 100 (6)

Enzyme thermal inactivation analysis and refolding assessment

In order to study the ability of different aB-crystallin samples in preventing the thermal inacti-
vation of a-Gls, 0.2 unit/mL (16.5 nM) of this enzyme was incubated with and without 0.05
mg.mL™" (2.5 uM) of wild-type and D109A oB-crystallins at 46°C. The enzyme activity was
studied using an ELx 808 ELISA reader after 0, 5, 10, 15, 20, 25 and 30 minutes of incubation.
The related enzyme activity was measured using p-nitrophenyl o.-D-glucoside as substrate
(OD =405 nm). To evaluate the refolding activity of aB-crystallin, the enzyme (80 unit/ml)
was incubated with 8 M urea in 100 mM phosphate buffer (containing 20 mM DTT, 1 mM
EDTA, pH 7.0) for 90 minutes. To reach the proper final concentration of 12 uM, the incu-
bated solution was diluted 100-fold in phosphate buffer with the presence of oB-crystallin (260
nM) and without adding the chaperone protein. For this assay, the enzyme activity was mea-
sured for 60 minutes in 10 minutes’ intervals [22, 36, 37]. The procedure of evaluating the
enzyme activity was just as mentioned above.

Cell functional analysis by in vivo chaperone activity assessment

The in vivo chaperone activity was assessed by measuring the cell survival response of the bac-
teria-producing either wild-type or mutant oB-crystallin following a protocol reported in our
previous study [22].

Estimation of hydrophobic index

The surface hydrophobicity in the environment of substituted amino acid was estimated using
the Kyte-Doolittle hydrophobicity scale in ProtScale at EXPASY server (http://web.expasy.org/
protscale).

Statistical analyses

Data were statistically analysed by two-way ANOVA using GraphPad Prism 6.0 software. Sta-
tistical significance among the groups was determined using analyses of variance, and p < 0.05
was considered significant.

Results

Human oB-crystallin undergoes structural alteration due to the pathogenic
D109A mutation

The validity of the created mutation (D109A) in the intended position was confirmed by DNA
sequencing (S1A Fig). The solubility of wild-type and D109A mutant proteins and their purity
were examined by SDS-PAGE analysis (S1B and S1C Fig). As indicated in S1C Fig, both pro-
teins were soluble and only a small fraction of them appeared in the pellet. Subsequently, the
supernatant of these proteins was used for their purification. The effect of this mutation on the
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intrinsic fluorescence emission of human oB-crystallin was tested at the physiological temper-
ature (37 °C), as well as at 27 °C and 47 °C.

According to the data in S2 Fig, increasing the temperature reduces the fluorescence emis-
sion of both aromatic residues, Tyr and Trp, in the mutant protein and in its wild-type protein
counterpart. The temperature-dependent intensity reduction in their fluorescence emission
spectra suggests the exposure of tyrosine and tryptophan residues to the aqueous environment
occurring as a consequence of thermal denaturation. Only at some temperatures, as indicated
in S2 Fig, there is a slight difference in the fluorescence emission intensity of these two pro-
teins. In fact, this finding suggests a minimal structural difference between the wild-type and
mutant proteins. The synchronous fluorescence spectra further indicated the occurrence of
similar structural events as a result of this mutation.

Also, the increased ANS fluorescence intensity of the mutant protein indicates both struc-
tural changes and an increase in the solvent-exposed hydrophobic surface compared to the
native protein (S3A Fig). Using Kyte-Doolittle hydropathy plot, we also predicted that the
hydrophobicity of the protein sequence is locally increased at the site of this mutation (S3B
Fig).

The CD analyses were also applied to assess the tertiary structural alteration of human oB-
crystallin as a result of D109A mutation. As shown in Fig 2B, while the related ellipticity at 295
nm, characteristic of Trp residue, shows no difference between the two proteins, this mutation
has an effect on the protein folding around Phe and Tyr residues.

The NIR spectroscopy analysis was also suggested some degree of structural changes in
human oB-crystallin after D109A mutation (S4 Fig). Overall, various fluorescence, CD and
NIR studies suggest that D109A mutation causes slight changes in the tertiary structure of
human aB-crystallin.

Far UV-CD B Near UV-CD

2000 400
Of 200}
= -2000f -
S 2 0
_i -4000} _i
a =200
"2 -6000} =
© Q
0 -8000F gb -400
= =
©-10000} T 600
-12000f
-800
_140 0 2 2 2 2 2 2 i i i 2 L
200 210 220 230 240 250 260 260 280 300 320 340
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Fig 2. The secondary and tertiary structure studies of different aB-crystallins using UV-CD spectroscopy. A) Far UV-CD and B) Near UV-CD
spectra of wild-type and mutant aB-crystallins were done in buffer A at 25 °C.

https://doi.org/10.1371/journal.pone.0260306.g002
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Table 1. The percentage of secondary structure content of different aB-crystallins obtained by the CD studies.

aB-crystallin a-helix B-sheet B-turn Random coil
wild-type 12.4 £ 0.07 33.4 +£0.07 19.0 35.2+0.08
D109A 15.4 £ 0.06 28.1 £0.05 19.8 £ 0.01 36.6 = 0.06

https://doi.org/10.1371/journal.pone.0260306.t001

Additionally, CD analyses in the far region were applied to estimate the recombinant pro-
tein secondary structural contents (Fig 2A). Quantitative analysis of the far UV-CD spectra, as
indicated in Table 1, suggests that this mutation causes an evident reduction in the content of
the B-sheet structure along with its conversion mainly to a-helix and to a lesser extent to the
other secondary structures.

FTIR as another absorption technique was also applied to further study the protein second-
ary structures. In our study, the FTIR analysis in the region of amide band 1 was used (Fig 3),
and the amount of secondary structures presented in Table 2.

According to Table 2 (results of FTIR analysis), the decrease in B-sheet content of D109A
oB-crystallin is accompanied by an increase in the amount of o-helix in the mutant protein.

The Raman spectra of D109A mutant protein and wild-type counterpart in the 1800-600
cm’’ region were also collected (Fig 4).

Overall, with a slight difference that can be attributed to the sample preparation methods,
types of instrument used and applied deconvolution methods, the data obtained by these three
methods of the secondary structural assessments largely confirm each other.

The environment around aromatic residues can also be studied by evaluation of Trp dou-
blet (1360/1340 cm ™), Tyr doublet (850/830 cm™), Phe (624 cm™), Tyr (644 cm™) and Trp
(757 em™) 38, 39].

Wt Mut

0.25 - . 0.25
Side chain » « « TFitted data

= PB-Sheet
Unordered

0.20f o-Helix

om— Turn

=
)
S

&
.
N

.O

ju—

(=]
Absorbance

Absorbance

1700 1675 1650 1625 1600 1675 1650 1625 1600
Wavenumber (cm'l) Wavenumber (cm'l)

Fig 3. Protein secondary structural analysis using FTIR deconvoluted spectra. Wild-type and D109A mutant aB-crystallins spectra were recorded in
the range of 1700-1600 cm™ with a resolution of 4 cm™.

https://doi.org/10.1371/journal.pone.0260306.9003
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Table 2. The percentage of secondary structure content of different aB-crystallins obtained by FTIR analysis.

Side chain
aB-crystallin Peak Area
(cm™) %
wild-type 1609 11
DI109A - -

https://doi.org/10.1371/journal.pone.0260306.t002

B-Sheet Unordered a-Helix Turn
Peak Area Peak Area Peak Area Peak Area
(cm™) % (cm™) % (cm™) % (cm™) %
1627 37.1 1649 32 1658 6.1 1676 24.8
1632 31.1 1650 37 1663 10.7 1678 21.2

The Fermi doublet intensity ratio of Trp residue remained largely unchanged upon the
D109A mutation (0.46) in human oB-crystallin (0.55). These values suggested a hydrophilic
environment for this residue in the protein structure (I;350/I1340 < 1). The Tyr Fermi doublet
intensity ratio (Igso/Ig30) of wild-type and D109A mutant proteins was 0.98 and 1.2, respec-
tively. This ratio can be influenced by the hydrogen bonding state of the Tyr phenolic hydroxyl
group, and it is varying from 0.3 (phenolic OH is a strong hydrogen bond donor) to 2.5 (strong

Amidel AmideIl Amide ITI
100F £ 0: 0 5 : bl
g : £ : 2
E: @ B : B
~ S _
SR N
3 s = 5. H
< ke 3 s. 5
: 60 \' 5 § = %: 3
B . T F S Q
E :E' ’I“\ E: ) ;
B . ' — = = )
= B sdreey - - 5
S aoF [lggs||e2a & i g F&
= B e 2 =llggn
o of 0 ~ ] 0 X ® - @
. O\ Q ' =) > f
20f // . Y AR A
: P\ 88 zg 38
0 L 1 i1 1
100F & : Mut
Lo . 2
. %)
T 80 o : g
< CSIE : )
= R SR
L . . ] . -
g O0F 2o % £ 2
iz & & F & 0
= g a2 = 5 % o2z z
<P] 40" 3: = = = :"\ 2. h"q"ua o ] 5,
- e s E 8 /s SiosE E|E EE
= Ee o2 28 d1E52 I "
- I TR 8o 2 \ 5 £
20F : MUt =k < 8! g3
= - « ' ® <
Lr\ = Vljs s €8
G o | 1 L | 1 ]
1800 1600 1400 1200 1000 800 600

Raman shift (cm'l)

Fig 4. Raman spectra of human wild-type and D109A mutant aB-crystallin proteins. Similar to FTIR study, the
curve fitting and deconvolution analysis of Raman spectra in amide I region was carried out and the secondary
structural contents of aB-crystallin proteins were obtained. The results of both Raman and FTIR studies exhibited a
reduction in B-sheet and turn contents of the D109A mutant protein, as well as the enhancement in the o-helical and
unordered structures when compared with the secondary structural contents of wild-type protein counterpart (S5 Fig)
[23].

https://doi.org/10.1371/journal.pone.0260306.g004
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mL™) was initiated at 60 °C. The light scattering spectra were recorded at 400 nm in the presence and absence of 0.1 mg.mL™" and 0.2 mg.mL™" of wild-
type and D109A oB-crystallins, respectively. B) The bars represent the SD of three independent repeats and the significant difference in the percentage
of protection which is marked with star (* p < 0.05, ** p < 0.01, *** p < 0.001).

https://doi.org/10.1371/journal.pone.0260306.9005

hydrogen acceptor) [38, 39]. According to the obtained ratio, D109A mutant o.B-crystallin dis-
played a different hydrogen binding state when compared with the wild-type protein.

The D109A mutation severely disrupts the chaperone-like activity of
human aB-crystallin

As the most important activity known for the lens a-crystallin protein, the chaperone power of
the mutant protein was tested in comparison with its wild-type counterpart. The anti-aggrega-
tion ability was studied in the presence of different client proteins. The percentage of protec-
tion was reported as a ratio of area under the aggregation curve of each client protein in the
presence of the chaperones to the similar area in their absence (Fig 5).

As indicated in this figure, a remarkable difference between wild-type and D109A mutant
protein in protecting aggregation of insulin and lysozyme was seen. However, there is no sig-
nificant difference in their activity when catalase was used as the client protein. This finding
can be explained by the dependence of the chaperone-like activity of aB-crystallin on the type
of its substrate (client) protein. Another important example of chaperone activity is the ability
of chaperone to maintain the activity of a target protein or enzyme under environmental stress.
To test this chaperone ability, the half inactivated o-Gls after 15 min at 46 °C, was used as the
target enzyme. The abilities of mutant and wild-type oB-crystallin proteins on protecting o-
Gls against thermal inactivation are shown as Fig 6A.

As indicated in this figure, the mutant protein revealed a lower ability to maintain the
enzyme activity of o-Gls under thermal stress. This finding, in agreement with the anti-
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Fig 6. Restoring enzyme activity and refolding ability of different aB-crystallin samples against thermal and urea induced denaturation of a-Gls.
A) The enzyme activity of a-Gls at 45 °C in the presence and absence of wild-type and D109A aB-crystallins. Thermal unfolding and inactivation of o
Gls was assessed by measuring the o-Gls activity for 30 minutes with 5 minutes interval. The inset histogram shows the relative enzyme activity at 5 and
10 minutes. B) The refolding of a-Gls occurred after its incubation in the refolding buffer (containing urea 8 M) at 25 °C in the presence and absence of
the chaperones. The enzyme activity was measured for 60 minutes with a 10-minute interval between each evaluation.

https://doi.org/10.1371/journal.pone.0260306.g006

aggregation ability of the mutant protein, indicates that D109A mutation significantly reduces
chaperone activity of human oB-crystallin.

Chaperones such as o-crystallin have the ability to participate in the refolding of other pro-
teins. Therefore, in the current study, the refolding of o-Gls enzyme in the presence of D109A
mutant and wild-type proteins was investigated and compared. As shown in Fig 6B, after incu-
bation for one hour with the refolding buffer in the absence of chaperone, a-Gls shows an
activity of 39% of its original level. While after adding the wild-type and mutant chaperones,
the activity of this enzyme was increased to 74.8% and 59.6%, respectively. The results of this
study clearly suggested that the refolding ability, as one of the most important examples of
chaperone activity, in human oB-crystallin is greatly reduced by this pathogenic mutation.

The effect of DI09A mutation on the survival of the bacterial host cells was investigated
under heat stress (Fig 7). The effect of chaperone on the survival of the host cells was deter-
mined as an indicator of the cell function by counting the number of colonies and determining
their ratio at 50 “C to 37 °C.

Compared to the cells bearing basal vector, the bacteria expressing wild-type aB-crystallin
indicated a significantly higher survival ability under the heat shock. Also, the D109A mutant
oB-crystallin was indicated a weaker survival effect compared to the wild-type protein coun-
terpart. As shown in Fig 7C, the changes in the survival response at 50 °C are not related to
variation in the expression level of these proteins in the host cells (Fig 7C). Overall, the results
of our study suggested that various bioactivities related to the chaperone action of this ocular
lens protective protein may also be damaged by the occurrence of D109A mutation.

The D109A mutant protein shows a larger oligomer sizes compared to the
wild-type protein counterpart

In this study, both DLS and analytical ultracentrifugation (AUC) were used to study the size of
oligomers in the mutated protein. The DLS studies revealed that the size of the oligomers in

PLOS ONE | https://doi.org/10.1371/journal.pone.0260306 November 29, 2021 12/24


https://doi.org/10.1371/journal.pone.0260306.g006
https://doi.org/10.1371/journal.pone.0260306

PLOS ONE Structural and functional studies of D109A human aB-crystallin

A B
120
F oo,
= 2 100 I
« A
s 0 I
Lo 80F e
g &
L 60k %
s Z Q
— <
S awf X g -
z g) b +H
= 20 a @ -
7] % : ) %
en +H
G i i
Vector Wt Mut

Fig 7. Effect of heat stress on the survival of Escherichia coli expressing the chaperone proteins. A) This figure indicates the colonies formed at 37
°Cand 50 °C. B) This figure shows the survival of Escherichia coli cells by measuring the ratio of colonies formed at 37 °C and 50 “C. The values are
reported as averages of three independent repeats (* p <0.05, ** p <0.01, *** p <0.001). C) SDS-PAGE gel shows a similar expression level of the wild-
type and mutant aB-crystallin proteins.

https://doi.org/10.1371/journal.pone.0260306.9007

D109A oB-crystallin is significantly larger than that of wild-type protein counterpart (Fig 8).
Moreover, the DLS assessments suggested that both proteins show a slight increase in the olig-
omeric size distribution with the temperature elevation. However, at all three different temper-
atures the mutant protein has a larger size distribution than the wild-type protein counterpart
(Fig 8).

The larger sedimentation coefficient (S) of the mutant oligomers (two populations of 29 S
and 24 S) in comparison with the wild-type oligomers (three populations of 15.5 S, 18.7 S and
21.2 S) was also observed during the AUC analyses (Fig 9).

In agreement with the DLS study, the AUC assessment also suggested larger molecular
mass for the mutant protein oligomers. As indicated in the comparison of c(s) distributions
between D109A mutant and wild-type oB-crystallins in panels A and B (Fig 9), the mutation
largely affects this distribution. Also, the c(s) distribution is shifted towards the larger sedimen-
tation coefficient values (s, ) in the region of 20-60 S (Fig 9B). This observation indicates
that the proportion of large oligomers in the c(s) distribution increases. It is also seen from the
comparison of the molecular mass distributions c¢(M) obtained from the ¢(s) distributions (Fig
9A and 9B) as presented in panels C and D. The majority of oligomers of the wild-type and
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Fig 8. Study of the oligomerization state of different aB-crystallin samples. Dynamic light scattering studies on the protein samples (1 mg. mL™")
prepared in buffer A, at three different temperatures. The relative intensity versus size is shown as the inset figures.

https://doi.org/10.1371/journal.pone.0260306.9008

mutant proteins were appeared about 650 and 1,060 kDa in size (Fig 9C and 9D). Additionally,
according to the c(M) versus molecular mass plots, the number of subunits in the oligomers of
wild-type and D109A mutant protein was calculated to be 32 and 53, respectively (Fig 9C and
9D). Also, there are higher molecular weight polydisperse ensembles with a mass in the range
of 1500-3000 kDa in panel D. It should be also noted that after 24 hours of incubation of sam-
ples at 20 °C the distribution of c(s) for wild-type oB-crystallin becomes more compact with
two populations of oligomers (16.3 and 19.2 S) and an average sedimentation coefficient of
(17.7 £2.0) S. At the same time, the distribution for the mutant protein becomes more polydis-
perse with an average sedimentation coefficient of (34.0 £ 4.6) S, which corresponds to signifi-
cantly larger oligomers. Based on the results of AUC study, it is suggested that D109A
mutation shifts the equilibrium between the oligomer and dimer states to the larger protein
mass, which in turn can participate in scattering of the light entering to the eye lenses.

The D109A mutation reduces the conformational stability of human aB-
crystallin

In the present study, the chemical stability of the mutant protein was studied and compared to
the wild-type protein counterpart in the presence of urea denaturing agent (Fig 10A and
Table 3).

As shown, denaturation of half of the mutant proteins occurs at the lower concentrations of
urea. Moreover, AG® of chemical unfolding of D109A protein was lower than that of the wild-
type protein counterpart (Table 3). The results of this study suggest that due to this mutation,
the chemical stability of human aB-crystallin is reduced by about half.

To further investigate the stability of D109A oB-crystallin, the heat capacity change (AC,,)
of wild-type and D109A mutant oB-crystallin was plotted under thermal unfolding condition
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Fig 9. Analytical ultracentrifugation (AUC) analyses of different human aB-crystallin samples. Differential sedimentation
coefficient distributions c(s) (A and B) and differential mass distribution ¢(M) (C and D) for aB-crystallin and D109A mutant at
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https://doi.org/10.1371/journal.pone.0260306.9009

(Fig 10B). The thermodynamic parameters, AH and AS, were also calculated, using Egs. (2)-(5)
and presented as Table 4. The area under each curve is equal to AH (overall enthalpy change),
which is a manifestation of the protein denaturation [34]. As shown in Fig 10B, the wild-type
oB-crystallin displayed unfolding transition midpoints (T,,) at 64.8°C when D109A mutant
protein indicated a lower value of Ty, (62.5°C) compared to the wild-type oB-crystallin, as well
as the AH and AS parameters [23, 40, 41]. Also, the Trp thermal unfolding fluorescence profile
indicated similar results to DSC analysis. However, the difference in unfolding temperature
between wild-type (T}, = 61°C) and mutant (T, = 52.6°C) proteins was larger than that
obtained by DSC. As indicated in Fig 10C, the T, of the mutant protein is significantly lower
compared to the wild-type protein, showing that the mutant protein is less stable than its wild-
type protein counterpart.
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Fig 10. The stability assessment of D109A mutant and wild-type human aB-crystallins. A) The stability of protein samples
against chemical denaturation. Protein samples were incubated with an increasing concentration of urea (0-8 M) for 18 hours and
the tryptophan fluorescence spectra of all samples were recorded. B) Thermal-stability of human o:B-crystallins was measured by
DSC. The plots display the heat capacity changes (AC,,) of the different aB-crystallin proteins against various temperatures. C)
Thermal stability assessment of a:B-crystallin proteins by Intrinsic Trp fluorescence assay. D) The stability of protein samples
against the proteolytic activity of a-chymotrypsin. The protein samples were incubated with the protease for 5, 10 and 15 minutes
at 37 °C.

https://doi.org/10.1371/journal.pone.0260306.9010

Table 3. AG® and C,, values of different aB-crystallin samples which obtained from the equilibrium urea unfold-
ing assessment.

aB-crystallin AG® (kcal/mol) Cin (M)
wild-type 6.09 £ 0.99 2.61 £0.24
D109A 3.76 + 0.81* 1.41 £0.33
*p <0.05,
*p<0.01,
% p < 0.001

https://doi.org/10.1371/journal.pone.0260306.t003
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Table 4. Thermodynamic parameters of aB-crystallin protein samples by DSC assessment.

aB-crystallin AH (kcal/mol) AS (kcal/K-mol) Tm (°C)
wild-type 11.9+0.08 0.035 £ 0.003 64.8 + 0.07
D109A 5.1+0.12 0.015 £ 0.001 62.5 +0.06

https://doi.org/10.1371/journal.pone.0260306.1004

In addition to the chemical and thermal stabilities, the proteolytic stability of the mutant
protein was investigated in the presence of chymotrypsin. Our results suggested an important
decrease in the proteolytic stability of the mutant protein in comparison to the wild-type pro-
tein (Fig 10D). This result is in accordance with the obtained results of the chemical denatur-
ation studies as described above (Fig 10A-10C). Overall, this mutation has an important
conformational destabilizing effect on human oB-crystallin and this instability may play a role
in the pathogenesis of the mutant protein.

The D109A mutation alters the amyloidogenic feature of human aB-
crystallin

Fibrillation of the mutant and wild-type proteins was studied under thermal stress. For this
purpose, in addition to the ThT fluorescence spectroscopic method, two microscopic
approaches including fluorescence microscopy and transmission electron microscopy (TEM)
were applied.

The protein samples were incubated for 4 days at 60°C in the presence of 1 M guanidine
hydrochloride. The ThT fluorescence study is an important method for studying the formation
of protein amyloid fibrils, but sometimes its increase may be related to the rise of only beta-
sheet structural content in protein without fibril formation. Our data suggested an increase in
the ThT fluorescence intensity of both wild-type and mutant proteins after the thermal stress
(Fig 11A). However, the increase in ThT fluorescence emission of the protein samples after
incubation under thermochemical stress was not large enough to accurately attributed to the
formation of amyloid fibril as measured by this method. Protein aggregate formation was also
studied in the presence of ThT under a fluorescence microscope. The results of this study also
made it clear that thermochemical stress causes the formation of a significant amount of the
protein aggregates in both native and mutant proteins (shown as see S6 Fig). The formation of
the protein amyloid fibrils was also studied by TEM analyses (Fig 11B). The results of TEM
analysis suggested that both wild-type and mutant proteins were capable of forming amyloid
fibrils under thermochemical stress but as shown in Fig 11B the mutated protein has more
propensity to form fibril.

Discussion

oB-crystallin is expressed not only in the eye lenses but also in many other tissues such as
brain, heart, kidney and striated muscles [8, 11, 12]. Some mutations in this chaperone protein
indicate an important association with development of cataract, myofibrillar myopathy
(MFM) or both [15-19]. MFM is a muscular dystrophic disorder that primarily affects the
skeletal muscles moving the body and, in some cases, causes important problems with the car-
diac muscle [42]. Recently, an important mutation in the human oB-crystallin gene (CRYAB)
has been reported that, in addition to being involved in cataracts, it contributes to the develop-
ment of cardiomyopathy [21]. This mutation (D109A) occurs in an evolutionarily conserved
a-crystallin domain (ACD), playing a central role in structure and chaperone-like activity of
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the guardian protein of eye lenses (a-crystallin) [6, 21]. This mutation replaces a charged-polar
residue (aspartate) with a relatively small non-polar amino acid (alanine) that at physiological
pH has no negative charge. Under the physiological conditions, aspartate is also able to partici-
pate in the electrostatic interactions and hydrogen bonding while alanine lacks such important
features.

Therefore, D109A mutation is expected to have an important structural and functional
consequences in human oB-crystallin, which further explains its pathogenic role in develop-
ment of cataracts and cardiac myopathy. In the continuation of this section, we will try to
clarify how this mutation may cause the above-mentioned pathological states. As results of
performing D109A mutation, important changes were observed in the secondary structure
(as shown by CD, Raman, FTIR assessments), tertiary structure (as indicated by fluores-
cence, CD, Raman studies) and quaternary structure (as revealed by AUC and DLS) of
human oB-crystallin which may alter the strength and quality of its fine interactions with
different target proteins in the lenticular and muscular tissues [43-46]. It is well known that
a flexible dynamic structure is required for the functioning of aB-crystallin. The equilibrium
between oligomeric forms is very sensitive to changes in the cellular environment and
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crowding conditions [47, 48]. In the eye lenses, there is a very delicate pattern of interactions
among a-crystallin and its other natural partners, such as beta- and gamma-crystallin [49],
so that as a result of the structural alteration, a slightest change in these interactions is
expected to cause important optical focusing problem, leading to development of the visual
perturbation [43-46]. In a similar way, in muscular tissues, by causing significant structural
changes as indicated in this study, this mutation probably affects the interaction of human
oB-crystallin with its significant target protein (desmin), providing the basis for develop-
ment of the cardiomyopathy (Scheme 1).

Scheme 1. The pathomechanism underlying cataract and cardiomyopathy development
by D109A mutant aB-crystallin. As a result of D109A mutation, the native structure of
human oB-crystallin undergoes important changes that subsequently affect the interactions of
this protein with desmin and other intermediate filaments [43-46]. The end result of these
changes is a decrease in its cytoprotective ability in the cardiac muscle cells, resulting in the
development of cardiomyopathy [14, 19, 18, 44, 50]. Also, an important decrease in chaper-
one-like activity along with the formation of large oligomers [16, 44, 45] that scatter light
explains the role of the DI09A mutant protein in the occurrence of the cataract disorder.

Scheme 1
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} }

Formation of larger Loss of proper
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l |
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| |

Cataract Cardiomyopathy
development development

Lack of cytoprotective
function

In lenticular tissue
In myocardium

Decreased chaperone-like activity of this protein due to D109A mutation (Fig 5) largely
reduces the ability of human oB-crystallin to prevent the deposition of other denatured pro-
teins in the lenticular tissues and provides the basis for development of opacity and cataracts
in the eye lenses. Also, the tendency of the mutant oB-crystallin to form larger oligomeric mas-
ses (Figs 8 and 9) could potentially scatter light entering the eye lenses and reduce the quality
of vision.
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According to the results of the structural studies it can be suggested that the main difference
between the folding of the wild-type and D109A mutant proteins is not happening at micro
environmental levels (S2 Fig) but at the secondary structures (Figs 2A, 3 and 4, S4 and S5 Figs,
Tables 1 and 2), leading to tertiary structural alteration of the mutant protein (Figs 2B and 4)
which subsequently affects its solvent-exposed hydrophobic surface (S3 Fig). The increase in
the hydrophobic patches of the mutant protein (S3A Fig) may also explain the larger size of
oligomers in this protein as observed by DLS and AUC studies (Figs 8 and 9).

It can also be suggested that the structural alterations in D109A mutant protein will result
in the easier and further exposure of a-chymotrypsin cleavage sites, leading to its easier diges-
tion by this protease (Fig 10D). The lack of stability against proteolytic activity may be a result
of the instability in the overall structure of D109A human oB-crystallin as demonstrated by an
important decrease in AG® and C, ), (Fig 10A, Table 3). Moreover, it can be estimated that the
enhanced amyloidogenic properties of D109A oB-crystallin are because of the lack of stability
in its structure (Fig 11). The more hydrophobic nature of the mutant protein (S3 Fig) can be
considered as one of the important conditions facilitating its easer formation of amyloid fibrils
(Fig 11). The different chaperone-like activity of mutant and wild-type proteins in the presence
of each client protein is because of their substrate-dependent chaperoning function (Fig 5). It
is also obvious that our chaperone molecules have shown their best activity in the presence of
catalase as a target protein. This observation is due to the thermal-induced aggregation of cata-
lase improves the chaperone-like activity of these proteins under thermal stress (Fig 5). The
poor anti-aggregation ability, reduced refolding power and the attenuated ability in restoring
enzyme activity under thermal stress by D109A mutant oB-crystallin in comparison to the
wild-type protein counterpart (Figs 5 and 6) are perhaps linked to the structural alteration and
ability of the mutant protein for formation of larger oligomers. This suggestion may come true
because a-crystallin is in a state of equilibrium between the chaperone-active dimers and the
chaperone-inactive oligomers [51], and any factor that shifts this equilibrium to the oligomeric
state reduces its chaperone power.

Conclusion

The results of our study in different ways suggested that the substitution of conserved aspartate
residue at position 109 in the primary structure of human aB-crystallin with alanine has a seri-
ous consequence on the higher structural levels, from secondary to quaternary structures of
the mutated protein. Moreover, this mutation significantly reduces stability and chaperone-
like activity of the mutant protein and increases its tendency for both oligomerization and
aggregation. Overall, it can be suggested that the pathogenicity of D109A mutant oB-crystallin
has important links with its attenuated chaperone-like activity, less stable nature, formation of
the larger oligomers and the higher tendency to form amyloid fibrils under the thermochemi-
cal stress condition.

Supporting information

S1 Fig. Site-directed mutagenesis and protein purification studies. A) The D109A and wild-
type oB-crystallins cDNA sequencing results. B) The SDS-PAGE profile of purified mutant
and wild-type human aB- crystallins. C) The solubility of the proteins was evaluated by
SDS-PAGE analysis. Mut and Wt respectively stand for the mutant and wild-type proteins (S:
supernatant, P: pellet).

(TTF)
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S2 Fig. The fluorescence spectra of wild-type and mutant aB-crystallins. Tyr, Trp and syn-
chronous fluorescence spectra of the protein samples (0.15 mg.mL™") at 27 °C, 37 “C and 47 °C
were collected. The excitation wavelength was set at 280 nm for Tyr spectrum (A) and 295 nm
for Trp spectrum (B). The emission spectra were obtained between 300 and 500 nm. C) The
excitation wavelength in synchronous study for Tyr and Trp was set at 15 nm and 60 nm,
respectively and the emission spectra were scanned between 200 and 350 nm.

(TIF)

S3 Fig. The hydrophobicity assessment of wild-type and D109A aB-crystallins. A) The sur-
face hydrophobicity was studied using ANS probe. The protein samples with a concentration
of 0.15 mg. mL™" were excited at 365 nm, while the emission spectra were collected between
400-600 nm. B) The estimation of the changes in the hydrophobicity of human oB-crystallin
around D109A mutation using the Expasy server of Protoscale software.

(TIF)

$4 Fig. NIR spectroscopic analysis of the protein powders. The spectra were recorded at 25
°C in the range of 8,000 to 4,000 cm™ with a resolution of 8 cm™'. Mut and Wt respectively
stand for the mutant and wild-type proteins.

(TIF)

S5 Fig. Deconvolution analysis of Raman spectra and comparative calculation of the sec-
ondary structural contents of different aB-Cry proteins. A) Curve fitting and deconvolution
analysis of Raman spectra in amide I region were carried out using the peaks as described in
FTIR method section. B) Comparison of the secondary structural content of different protein
samples by FTIR and Raman spectroscopy. Mut and Wt respectively stand for the mutant and
wild-type proteins.

(TIF)

S6 Fig. The amyloidogenic properties study of D109A and wild-type human aB-crystallin
by fluorescence microscopy. Protein samples (2 mg.mL ™" prepared in buffer A) were incu-
bated at 60 °C for 4 days and after a 5 min incubation of each protein sample (0.15 mg.mL™")
with 20 uM ThT. The fluorescence microscopy studies were used to analyse the fiber plaques
of protein samples using the green filter (GFP) with an excitation and emission wavelength of
469 nm and 525 nm, respectively. Mut and Wt respectively stand for the mutant and wild-
type proteins.

(TIF)

S1 Raw images.
(ZIP)

S1 Graphical abstract.
(TIF)
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