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The lens is a transparent, biconvex structure in the eye that, along with the cornea, helps to refract light to be focused on
the retina. Crystallins are water-soluble proteins that compose over 90% of the protein within the lens. The three main crys-
tallin proteins found in the human eye lens are o-, - and y-crystallins. Crystallins tend to form soluble, high-molecular weight
aggregates that pack tightly in lens fibers. a-Crystallin is the major structural protein and plays a dominant role in maintain-
ing the transparency and refractive properties of the eye lens. It consists of two highly homologous subunits olA- and o.B-
crystallin, having molecular mass ~20 kDa each. a-Crystallin belongs to the family of small heat shock proteins and acts as
molecular chaperone by preventing stress-induced protein aggregation. With age, o-crystallin forms large aggregates and its
ability to prevent aggregation is lost. So transparency of the lens is disturbed and cataract may result. Cataract is the opa-
city or clouding of lens in the eye which leads to a decrease in vision. Cataracts usually develop as the aging lens becomes
more and more opaque, but cataracts can also form congenitally or after injury to the lens. Diabetes is a risk factor for cata-
ract. Cataract is still one of the major causes of adult blindness. Extensive research is going on to prevent cataract. The de-
velopment of nonsurgical treatments is crucial for preventing or reversing cataract. The research on nanotechnology can provide
suitable methodology for drug delivery to the eye.
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1. Introduction

The lens is composed of transparent, flexible tissue and
is located directly behind the iris. It is the second part of our
eye, after the cornea that helps to focus light and images on
our retina’. The retina helps to transform these light rays
into electric impulses which travel down the optic nerve and
to the brain, the brain then formulates an image based on
these impulses?. Eye lens is composed of 65% water and
35% proteins®. The main constituents of the mammalian eye
lens fiber cells are crystallin proteins namely a-, 3- and vy-
crystallin®. In the eye lens of vertebrates crystallins consti-
tute ~90% of lens protein mass®. Among all the crystallins,
a-crystallin is the major structural protein and plays a domi-
nantrole in maintaining the transparency and refractive prop-
erties of the eye lens’%7. Birds and reptiles contain another
major lens protein called 8-crystallin®®. o-Crystallin alone is
~45% of total protein.

o-Crystallin consists of two highly homologous subunits
oA- and aB-crystallin, having molecular mass ~20 kDa
each38. In humans, oA-crystallin has 173 and oB-crystallin

has 175 amino acid residues'”. o-Crystallin is a large oligo-
mer of 800 kDa average molecular weight having oA and
oiB in approx 3:1 ratio in human lens®. There is about 57%
amino acid sequence homology between oA- and a.B-crys-
tallin™". ai-Crystallin belongs to the family of small heat shock
proteins (SHSPs) and is evolutionarily conserved from bac-
teria to humans'%:12-15_1t is the major protein of vertebrate
eye lens, althoughits presence in other organs such as brain,
heart, kidney, spleen, thymus etc. is known16-19,

oB-Crystallin has a heat shock element and is induced
by various stress conditions such as heat shock or oxidative
stress'320_ It is also implicated in a number of neurological
disorders such as Alzheimer’s disease, Parkinson’s disease
etc.16-18_ oA-Crystallin, on the other hand, is not stress in-
ducible though both atA- and a.B-crystallin can confer cellu-
lar thermoreistance?!22. Subunit masses of other members
of the sHSP family range from 12-43 kDa'. sHSPs from
prokaryotes and plants differ significantly from their mam-
malian counterparts'!. Sequence analysis of sSHSPs shows
the presence of a highly conserved ‘a-crystallin domain’ of
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about 100 amino acids. The sequence and length of the N-
and C-terminal regions vary considerably from species to
species?3:24,

While sHSPs are abundant in both eukaryotic and prokary-
otic organisms, no obvious function of these proteins were
known, till recently, when it has been shown that all SHSPs
including o-crystallin are molecular chaperones®25-31 These
proteins prevent the aggregation of other proteins affected
by heat or other stress conditions. o-Crystallin is known to
prevent thermal aggregation?8:32, disulphide bond cleavage
induced aggregation?’:33, and UV-ray induced aggregation
of substrate proteins®%:34. This function of oi-crystallin is be-
lieved to play a significant role in the prevention of cataract
in the ocular lens. Function of sHSPs in the non-lenticular
tissues is not clear, but it is believed to play an important
damage control function by maintaining substrate proteins
in a folding competent environment33. Not much is known
about the molecular structure of these proteins.

A known but striking feature common to most sHSPs and
other molecular chaperones is their ability to assemble into
large micelle-like oligomeric complexes'%:36-39, n lens, olA-
and aB-crystallin exist as polydisperse heteroaggregates of
average molecular mass of ~800 kDa3628. Homoaggregates
of recombinant aA- and aB-crystallins grow up to ~650
kDa*0. HSP 16.5, whose crystal structure is known, formed
a 24-subunit assembly of approximately 400 kDa*!. Elec-
tron micrographic images of HSP 26 and HSP 27 revealed
spherical multisubunit assembly#243. Many other known
molecular chaperones such as GroEL, TriC also have large
oligomeric structure®”:44. Based on this information, oligo-
merization is thought to be prerequisite for chaperone func-
tion. However mechanistic details of such a correlation are
poorly understood.

o-Crystallin plays a major role in maintaining the trans-
parency of the lens by preventing stress-induced protein
aggregation. With age, a-crystallin forms large aggregates
and its ability to prevent aggregation is lost. So transparency
of the lens is disturbed and cataract may result. Cataract
can have many causes. Cataract is still one of the major
causes of adult blindness. Extensive research is ongoing to
prevent blindness.

2. Structure of o-crystallin

Crystallization attempts of both the natural and recombi-
nant o.-crystallin of vertebrate were not fruitful so far because
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of the polydispersed nature of the protein oligomer. The de-
tailed 3D structure of the subunit and also the topology of
the oligomeric assembly are not known. Cryo-electron mi-
croscopic data indicates that recombinant human o.B-crys-
tallin assembly consists mainly of protein shells of ~19 nm
diameter with a diameter of ~8 nm in central cavity*°.

2.1. Primary structure

Primary structure of oi-crystallin is known for many years.
There is about 75% amino acid sequence homology between
human and bovine o-crystallin*647. Many other mammalian
species have been identified with amino acid sequence ho-
mology of o-crystallin A-chain®8-%0, The amino acid sequence
homology of a.-crystallin A- and B-chain of different species
is shown in Fig. 1. The sequence of a-crystallin is divided
into three regions. (1) N-termianl region, containing ~1-60,
(2) a-crystallin domain containing ~61-145 and (3) C-termi-
nal extension containing ~146-173 (for atA-crystallin) or
~146-175 (for oB-crystallin) amino acid residues. The term
“o-HSP” is meant for the small heat shock proteins (SHSPs)
that contain the characteristic o-crystallin domain®?. A com-
mon feature of all a-HSPs is the presence of o-crystallin
domain which is the conserved sequence of about 80 amino
acids®2. o-Crystallin is known to be ubiquitous protein and it
exists in many lower organisms also. From the amino acid
alignment of bacterial and archaeal oi-crystallin, it is observed
thatthe oi-crystallin domain is almost identical, although there
is difference in N-terminal and C-terminal region.

2.2. Secondary and tertiary structure

The secondary and tertiary structures of a-crystallin is
not well known due to its large size and non-availability of
crystallographic or high resolution data. Circular dichroism
measurements showed that o.-crystallin has predominantly
B-sheet structure with very little o-helices®3-56. Early stud-
ies showed that calf lens contained 49% [-sheet and 3%
helix®. Later estimates by Fourier-Transform Infra-Red (FT-
IR) spectroscopy largely supported the above data indicat-
ing mostly B-sheet (40-50%) with some ci-helical (5-10%)
structure®’. Since o-crystallin is a mixture of oA- and oB-
crystallin, FTIR study was also done with recombinant o.A-
and oB-crystallin. atA-Crystallin was found to have 43% B-
sheet and 18% o-helix compared to 48% [-sheet and 12%
or-helix for aiB-crystallin®. It was found that -, B-, y-crys-
tallin are major 3-sheet protein with small but varying amount
of o-helix content?®.
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o-Crystallin A-chain

50
MDVTLOHPWE KRTLGPFYPS RLFUDUFFGHEG LEEYDLLPEL 33T 15PYYRO
Rovine MDTATOHPWE KRTT.GPFYPS RLFNQFFGRG T.FEVDLIPFT, SSTTSPYYRQ
Rabit MDVTICHPWE KRTLGPFYPS RLFDOFFGEG LFEYDLLPFL SSTISPYYRQ
Rat MDVTTQITPWT KRAT.GPFYPS RLINQITFGRG TEVDLLPTT, 83TTSPYYRQ

Human

Mousc MDVITQHPWE KRMGPFYPS RLFDQFFGEG LFEYDLLPFL SSTISPYYRQ
Chicken MDITIQHPWE KRALGPLIPS RLFDQFFGEG LLEYDLLPLF SSTISPYYRQ
KR oREERKK KK KKK KK KAFRKAKKAK Ko KKKRRK - - KEKFAKKEKR

100
Human SLFRTVEDSG 15 YRED RNKFYTFLIV
Bovine SLFRTVLDSG ISE-----== ———====——= —————- VRSD RDXFVIFLDV
Rabit SLFRTVLDSG ISE-———-——— —————————— —————— VRSD EDXFVIFLDV
Rat SLFRTVLDSG ISELMTHMWF VMHQFHAGNZ KNNPGKVESD RDKFVIFLDOV
Mouse SLFRIVLDSG 1SELMIHMWE VMHOPHAGNE KNNPVKVRSD RDKEVIFLOV
Chicken SLFRSVLESG ISE------- ---—-—---= —————- VRSD RDXFTIMLDV
dkkk o kkokk kK Fkkh khkk _kodkkd

150
Human KAFSPENTLTY KVONNFVRETH GRKHNFRQDNH GYTSREFHRR YRT.PSNVNQS
EBovine KHFSPEDLTV KVQOEDFVETH CKHNERQDDH CYISREFZERR YRLPSNVDJS
Rabit KHFSPEDLTV KVCEDFVETH GKHNERDDDH GYISREFZRR YRLPSNVDQS
Rat KHFSPEDLTV KVLEDFVETH GKHNERQDDH GYISREFZRR YRLPSNVDOS
Monse KNFSPENTLTV KVTENFVTTIT GETTNFRQDNDIT GYTSRTETTTRR  YRT.PESNVNQS

Chicken KHFSPEDLSV KIIDDFVEIH GEHSERQDDH GYISREFIRR YRLPANVDOS
FEKKEE KKK k1 s kARRFR KKE RERAAE RAAKAKARAE KKK RANEA
196
Iuman ALSCSLSADG MLTTCGPEIQ TGLDATIIAER ATPVSELEKP TSAPSS
Bovine ALSCSLSADG MLTFSGPEIP SGVDI.GHSER AIPVSEEEEP SSNPSS
Rabit ALSCSL5SADG MLTTSGPEVQ SGLDAGIISER ATPVSREEKP S5VPSS
Rat ALSCSLSADG MLTFSGPEVQ SGLDAGHSER ATIPVSREEKP SSAPSS
Mousc MLSCSLSADG MLTFSGPEVQ SGLDMGHSER ATPVSREEKP SSAPSS
Chicken ALTCSLS5DG MUIFSGPEVE SNMUPSHSER PLPVSREEKP 'I'SAPSS

Koo RRKEIRK RKKR KAR: ok KRk KRKKKRKKKE o F HRK

u-Crystallin B-chain

50
MDIATHHPWI RRFFFPFHEP SRLFDQFFGE HLLESDLFPT STSLSPFYLE
Eovine MDTATHHPWI RRPFFPFHSP SRLFDQFFGE HLLESDLFPA STSLSPFYLR
Rahit MDIATHHPWT RREFFPRHEP SRLFDOFFGHE HLLESILEPE S1S1LSPRYILH
Rat MDIATHHPWI RREFFPFHSP SRLFDQFFGE HLLESDLFST ATSLSPFYLR

Human

Mouse MDIATHHPWI RRPFFPFHSP SRLFDQFFGE HLLESDLFST ATSLSPFYLR
Chicken MDITTHNPLI RRELFSWLTP SRIFDQIFGE HLOESELLET SPSLSPFLME
KRKaKhoE K KEASx 2 E KkekwkskAE KE KEsks o 1 KEkRE o3

100

Human PPSFLEAPSW FDTGLSEMRL, EKDRFSVNLD VKHFSPEELK VEVLGDVIEV
Bovine PPSFLEAPSW 1DIGLSEMRL, EKDRFSVNLD VKHESPESLK VEVLGDV1EV
Rabit PPSFTRARSW TDTGL.SRMRT, RENRFSUNID VKHFSPERIK VKVT.GDVTRY

Rat PPSFLEAPSW IDTGLSEMRM EKDRFSVNLD VKHFSPEELK VEVLGDVIEV
Mouse PPSIFLEAPSW IDTGLSEMRL LEKDRI'SVNLD VKIIFSPEELK VEVLGDVILV

Chicken SP-FFRMPSW LETGLSEMRL EKDKFSVNLD VKHFSPEELK VEVLGDMIEI
Lk Rk KKK s okkRkREE: KEFoNKRKRE REERKERAKE RAKFRRK - Kk o
150
Human HCKHEERODE HCGFISREFHR KYRIPADVDD LTIT D GVLTWNGDRK
Bovine IIGKIIEERQDE IIGFISREFIIR KYRIPADVDP LAIT: D GVLTVNGERK
Rabit IIGKIIEERODE IIGFISREFIR KYRIPADVDP LTIT! D GVLTVNGPRK
Rat HGKHEERODE HGFISREFHR KYRIPADVDP LTITSSLSSD GVLTVNGERK
Mousc HGKHEERQDE HGFISREFHR KYRIPADVDP LTITSSLSSD GVLTVNGPRK
Chickern HGKHFERERQNE HGFTARFFSR KVRTPADVDP T.TTTSST.ST.ND GVL.TVSAPRK
.............................. LRER AR A AKAEA_AE
Fuman QVSGPRRTTP TTREEKPAVT ANPKK
Bovineo CASGPERTIP ITREEKPAVT ANPKK
Rabit QAPGPERTIP ITREEKPAVT AADKK

Rat CASGPERTIP ITRECKPAVT AAPKK
Mouse
Chicken

QVSGPERTIP ITREEKPAVA AAPKK

QSDVPERSIP ITREEKPATA GSQRK
* Bkko Rk kkkekkdKk DD 1 ik

Fig. 1. Primary amino acid sequence of alA- and a.B-crystallin.

Our knowledge about the tertiary structure of a-crystallin
is still limited. Early investigation about the tertiary structure
was done by using hydrophobic probes to find out the loca-
tion of hydrophobic sites®0. Absorption, fluorescence and near
UV-CD spectroscopy provided information about the tertiary
structure of lens o-, B- and y-crystallin8'-64_ It was estab-
lished that o-crystallin has both buried and exposed tryp-
tophan residues. It was reported that each monomer of -
crystallin has a distinct N-terminal hydrophobic and C-termi-

nal hydrophilic domain6%-67,

2.3. Quaternary structure

There are lots of controversies about the quaternary struc-
ture of a-crystallin. a-Crystallin exists in solution as high
molecular mass aggregate with molecular weight ranging
from 300,000 to over 1 million and it is polydisperse in na-
ture. To describe the quaternary structure of oa-crystallin,
mainly three models were proposed — the three-layer mod-
els, the micelle-like models and the models of tetrameric build-
ing blocks®85. Other models such as rhombododecahedral
structure, a two-layer structure composed of annuli of pep-
tides, pitted-flexiball model have also been proposed®8-70,
Crystal structure of oi-crystallin is not obtained due to its
polydisperse nature. By the study of cryo-electron micros-
copy, a.B-crystallin was found to have a variable quaternary
structure with a central cavity*?. Electron microscopic study
showed that a-crystallin consists of globular particles of di-
ameter 14-18 nm and it has a torus-like structure’!.72,

3. Stability of o-crystallin

Since the eye lens does not have significant protein turn-
over, it does not have any valid mechanism to dispose off
damaged proteins from the lens”-28. Since the protein must
survive for the life time of a person, the crystallins, mainly o-
crystallin is thought to be extremely stable protein. This no-
tion was supported by early work which reported that ci-crys-
tallin can survive near boiling condition’3. These conclusions
have however been challenged by a number of studies which
showed that o-crystallin do unfold completely at tempera-
tures above 62°C%8.74-77_Apart from the thermal stability stud-
ies, a number of studies focused on the denaturation pat-
terns of at-crystallin by various ionic and non-ionic chaotropic
agents, detergents etc.56.78-81 |t has been reported that de-
naturation and subsequent renaturation of ct-crystallin via
thermal or chemical denaturation resulted in different rena-
turation species depending on the temperature or concen-
tration of the chemical denaturant®283. Some of the rena-
tured ot-crystallin species were functionally found to be inca-
pable of protecting substrate protein from heat induced ag-
gregation. For maintaining the transparency of the eye lens,
high stability of ci-crystallin is necessary in absence of pro-
tein turnover. A detailed understanding of the stability of o-
crystallin is required to better understand the cataract prob-
lem.

241



J. Indian Chem. Soc., Vol. 96, February 2019

4. Molecular chaperone function of a-crystallin

In 1992, Horwitz reported that ct-crystallin has molecular
chaperone-like properties. It prevents the heat-induced ag-
gregation of several proteins including 3- and y-crystallin.
Later, it was shown that a-crystallin also prevents disulphide
bond cleavage and UV-light exposure-induced aggregation
of proteins. This is a physiological function of c.-crystallin,
which plays vital role in maintaining the transparency of the
lens in vivo. The functional models of chaperone function of
a-crystallin have been suggested4.69.84.85

When proteins in the lens are damaged due to various
reasons such as oxidative stress, ultraviolet radiation or any
other kind of stress, they may aggregate forming large in-
soluble particles. o-Crystallin binds these denatured proteins
and maintains the transparency of the lens. The aggregation
of insulin occurs due to cleavage of disulphide bond in pres-
ence of DTT. In this case, insulin B-chain gets aggregated
and oc-crystallin prevents this aggregation indicating that in-
sulin B-chain is bound by a-crystallin. o-Crystallin does not
bind any substrate in its native state, it binds substrate when
it tends to aggregate. a-Crystallin prevents the heat induced
aggregation of many enzymes such as alcohol dehydroge-
nase, carbonic anhydrase, citrate synthase, lactate dehydro-
genase, aldolase, a-glucosidase etc. The aggregation of the
natural substrates of oi-crystallin, such as B-crystallin, y-crys-
tallin, aldose reductase etc. is also prevented by o-crystal-
[in28:30-32 34,86-89 The heat-induced aggregation of recom-
binant human aldose reductase was suppressed by recom-
binant human o.A-crystallin®’. When wild type (WT) otA-crys-
tallin was added to aldose reductase solutions, apparently
complete suppression was observed by the addition of ap-
proximately stoichiometric amounts of oA subunits relative
to aldose reductase (Fig. 2A). The protection of aggregation
in presence of the W9F mutant showed that there was no
alteration of chaperone-like activity (Fig. 2B). On the other
hand, only partial suppression of aggregation was observed
in presence of R157STOP mutant, even with addition of an
almost 2-fold molar excess of the truncated subunits (Fig.
2C). aA-Crystallin and its mutants in different concentrations
were taken to assess the chaperone activity.

Proteins contain both hydrophilic and hydrophobic side
chain residues. Individual protein has its own folding pattern
in which they arrange hydrophobic residues in such a way
that some hydrophobic residues may be buried in the inte-

242

WT
1.0L A 1
2
0.5]
0.0k 345
1 1 1 L
WIF
o 10} B ]
£
)
2
@2
2 o5t
£=
& 3
4
0.0k o
1 1 1 1 1
R157sT0P|
10 C ;
2,3
4
0.5]
0.0F 5
i L i 1 L 1 L
0 10 20 30

Time {min)

Fig. 2. Aggregation of human aldose reductase in presence of olA-
crystallin and its mutants. Aggregation curves of aldose re-
ductase (0.6 uM, 22 pg/ml) in presence of alA-crystallins were
obtained by measuring Asgq of protein solutions of total vol-
ume of 0.5 ml. In all cases, absorbance of samples containing
aldose reductase alone (curves 1) and o-crystallin subunits
alone (~1 uM, curves 5) was measured. A: aggregation in
presence of WT atA-crystallin incorporated to a final concen-
tration of 5, 10 and 20 pg/ml (curves 2-4, respectively) corre-
sponding to 0.25, 0.5 and 1 uM. B: aggregation in presence
of the WIF otA mutant incorporated to a final concentration of
5, 10 and 20 pg/ml (curves 24, respectively) corresponding
to 0.25,0.5and 1 uM. C: aggregation presence of R157STOP
oA mutant incorporated to a final concentration of 5, 10 and
20 pg/ml (curves 2-4, respectively) corresponding to 0.28,
0.56 and 1.11 uM (Reproduced with permission from J. Biol.
Chem., 1996, 271, 31973. © the American Society for Bio-
chemistry and Molecular Biology. Ref. 87).

rior and others may be exposed at the surface. The several
properties of protein like conformation, solubility, ligand bind-
ing, aggregation etc. are largely determined by hydrophobic
interactions. Relationship between the hydrophobicity and



Saha: Eye lens protein a-crystallin and cataract — A Review

physico-chemical properties of proteins has been the sub-
ject of interest®®-92. Several experiments have been done
for determination of hydrophobicity of protein. One of these
methods is fluorescent probe method®. oi-Crystallin is known
to have significant amount of exposed surface hydrophobic
sites that can bind to various hydrophobic probes such as
ANS and bis-ANS27:40.60.8283 The exposed hydrophobic
sites were also thought to be involved in the binding of target
substrate proteins to o.-crystallin during its chaperone activ-
ity30.:58 74.94.95 Several workers have shown a direct corre-
lation between chaperone activity and exposed hydropho-
bicity of o-crystallin7-33.75.96

The chaperone activity of a-crystallin was enhanced with
increase of temperature?’-98.97.98 The conformational
change of a-crystallin due to heating lacked reversibility?” .
It was seen that in presence of 3 M urea, quaternary struc-
ture of oi-crystallin was perturbed and its chaperone activity
against photoaggregation of y-crystallin was enhanced30.
Thus not only the thermotropic changes, quaternary struc-
tural perturbation of oa-crystallin by nonthermal mode also
results in enhancement of chaperone activity. It was seen
that thermal assay required less oi-crystallin for protection
than non-thermal assay2%:%°. The mechanism of chaperone
activity is still unknown.

There were lots of work to know the substrate binding
sites of ac-crystallin. The chaperone activity of a-crystallin
was reduced after binding with bis-ANS98.74.82.83,100-105 Ag
the glycation of o-crystallin reduces its chaperone activity,
to determine whether it is due to an alteration of the hydro-
phobic chaperone site in a-crystallin, the interaction of
glycated o.-crystallin with hydrophobic probe ANS was mea-
sured®. Glycation of a-crystallin was carried out in 0.1 M
phosphate buffer, pH 7.0, using 10 mg/ml protein and 20
mM L-ascorbic acid. After incubation at 37°C for 4 weeks,
the reaction mixture was dialyzed and the glycated protein
was treated with 3, -crystallin for chaperone activity. The in-
teraction of glycated a-crystallin (0.25 uM) with ANS was
examined by fluorescence measurement taking excitation
wave length at 390 nm and the emission wave length at 490
nm. The ratio of protein to probe was approximately 1:50. o
Crystallin incubated without ascorbic acid and processed simi-
larly was used as the control. Glycation of o-crystallin de-
creased ANS binding. Effect of glycation on chaperone ac-
tivity of oi-crystallin was shown taking B -crystallin as sub-

strate. The chaperone activity of o-crystallin was reduced
for glycated protein (Fig. 3). This study suggests that the
glycation-induced loss of chaperone activity may be due to
the common binding site of the hydrophobic probes and sub-
strate proteins to the o-crystallin. There were other reports
thatindicate hydrophobic probes and substrate proteins have
common binding site06.107,
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Fig. 3. Effect of glycation on chaperone activity of oc-crystallin. 200
ug of B -crystallin and 30 ug of a-crystallin or glycated o.-
crystallin were used in this study. squares: [3, -crystallin,
circles: B -crystallin + a-crystallin, triangles: B, -crystallin +
glycated o.-crystallin (Reproduced with permission from J. Biol.
Chem., 1998, 273, 15474, © the American Society for Bio-
chemistry and Molecular Biology. Ref. 83).

It was observed that bis-ANS was bound to the N-termi-
nal region of ouB-crystallin in rat'® and also to the N-termi-
nal region of bovine oiA-crystallin'3. It reveals that N-termi-
nal region of a-crystallin contributes to substrate binding. -
Crystallin domain has also contribution to the substrate bind-
ing83.197_ Cross-linking studies with denatured alcohol dehy-
drogenase (ADH) to bovine oA- and oB-crystallin showed
that two binding sites were located between residues 57 and
69 and residues 93 and 1071%6:197 The same studies with
denatured mellitin, a 2.8 kDa hydrophobic polypeptide,
showed the single binding site between residues 75 and
82106.107_ A synthetic 19-residue peptide from the o-crystal-
lin domain (residues 70-88) of human aA-crystallin prevented
thermal aggregation of ADH'97. Thus multiple regions are
involved in substrate binding. The thiol-containing region of
oA-crystallin (at positions 131 and 141) is involved in chap-
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erone activity. Thiol residues may serve as markers to probe
possible substrate binding sites or substrate induced changes
in this region08.

5. Oligomeric structure and chaperone activity

It is known that all SHSPs including oi-crystallin are mo-
lecular chaperones®29. Formation of large oligomeric com-
plexes is the hallmark of sHSPs. There was a notion that
large oligomeric structure of a-crystallin or other SHSPs is
responsible for their chaperone-like activity'9-14. The reason
of this belief is that both naturally occurring o-crystallin and
mutated variants, that do not form oligomers, are poor chap-
erones'0%-1" |t has been reported that for bacterial o-heat
shock proteins, the chaperone activity was strongly coupled
to multimerization'12-114. Cleavage of any region of the se-
quence from B. japonicum HSP proteins that reduced oligo-
merization also reduced chaperone activity''4. A monomeric
form of HSP 12.6 from Caenorhabdlitis elegans had no chap-
erone activity!'. Tetrameric SHSP members of the same
family were devoid of the chaperone activity'%%. Again HSP
20 from rat assembled into a dimer and had very little chap-
erone activity'". Although lenticular oi-crystallins from higher
organisms have many properties different from that of lower
organisms, correlation between oligomerization and chaper-
one activity has been generally assumed. All these data indi-
cate that there is a great deal of controversy regarding the
relationship between the oligomeric size and chaperone ac-
tivity of a-crystallin.

6. Cataract

The lens is a unique organ. It continues to grow through-
out life yet lacks a blood supply and exhibits no protein turn-
over. The crystallin proteins in its centre are as old as the
individual. To maintain lens transparency and the high re-
fractive index necessary for vision, the crystallins must re-
main stable. With age, extensive modification occurs to the
crystallins, i.e. mutation, deamidation, racemisation, phos-
phorylation, truncation, glycation etc. which collectively af-
fect their structure, solubility and potentially lead to precipi-
tation, lens opacification and finally cataract formation. Cata-
ract can have many causes.

6.1. Causes of cataract

Mutation: Various mutations in the oc-crystallin genes
have been indicated to cause cataract diseases in human.
Mutation in one of the lenticular proteins can cause cata-
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ract!'5-118 Mutation (R116C) that generated high polydis-
persity and increased membrane affinity of olA-crystallin,
showed lower chaperone activity and caused congenital cata-
ract!!®117_ The oA R49C mutant protein showed autosomal
dominant cataract!'8. The mutation V124E in mouse oA-
crystallin also caused dominant cataract!'6.

Chaperone activity of both wild-type and R12C mutant
aB-crystallin was compared''®. Both wild-type and R12C
mutant a.B-crystallin were subjected to thermal stress and
also treated with calcium. The thermal and calcium-induced
aggregation was significantly prevented by mutant a.B-crys-
tallin compared to wild type a.B-crystallin. In the chemically
induced aggregation system, aggregation assay was per-
formed at 37°C taking insulin (0.3 mg/ml) as the target pro-
tein and chaperone activity of these proteins was also per-
formed in heat-induced aggregation system using y-crystal-
lin (0.3 mg/ml) at 60°C (Fig. 4). Structural analysis and chap-
erone activity assessment of wild-type and R12C a.B-crys-
tallin was also performed in presence of calcium ion (Fig. 5).
The recombinant a.B-crystallin was incubated with different
concentrations of calcium ions for one week at 37°C. At the
end of the incubation, the protein samples were diluted and
used for structural investigation by fluorescence spectros-
copy. Tryptophan fluorescence spectra were taken with pro-
tein samples of concentration 0.15 mg/ml (Fig. 5a). Protein
samples (0.15 mg/ml) were incubated with ANS (100 uM)
for 30 min and then emission spectra were recorded (Fig.
5b). Chaperone activity assay was performed in presence of
5 mM calcium using insulin (0.3 mg/ml) as the target protein
(Fig. 5¢). Chaperone activity was shown in terms of percent-
age of protection (Fig. 5d). This study indicates that chaper-
one activity of oB-crystallin is slightly enhanced due to mu-
tation and also explains the non-cataractogenic nature of
R12C mutation in a.B-crystallin. The same mutation was done
in olA-crystallin and in presence of calcium, both wild-type
and mutant R12C aA-crystallin showed reduced chaperone
activity'?0. The mutant R12C aiA-crystallin showed signifi-
cantly higher reduction of chaperone activity than wild-type
protein. It was suggested in presence of calcium and due to
mutation, some conformational changes occur in olA-crys-
tallin and it may play an importantrole in the pathomechanism
of the cataract development.

A highly reactive oxygen and nitrogen species,
peroxynitrite (PON), which is produced in eye, has signifi-
cant contributions to a variety of ocular disorders. The struc-
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Fig.4. Comparison of chaperone activity of wild-type and R12C mutant oB-crystallin. Insulin (0.3 mg/ml) was used as target protein and
aggregation was induced in presence of 20 mM DTT at 37°C. a, b: Chaperone activity of wild-type and mutant oB-crystallin. ¢: chaper-
one activity of these proteins when y-crystallin (0.3 mg/ml) was used as target protein at 60°C. These experiments were done in 50 mM
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aggregation of insulin and in the thermally induced aggregation of y-crystallin, respectively (Reproduced with permission from Biochem-
istry (Moscow), 2016, 81, 122. © Pleiades Publishing Ltd. Ref. 119).

tural characteristics, chaperone-like activity and conforma-
tional stability of R54C mutant atA-crystallin were studied
upon modification with PON and in presence of three anti-
oxidant compounds such as ascorbic acid (ASA), glutathione
(GSH) and N-acetylcysteine (NAC). The chaperone-like ac-
tivity of R54C mutant olA-crystallin was enhanced against
aggregation of y-crystallin and insulin upon modification with
PON. In addition, different antioxidant compounds took a
major role in neutralizing the PON damaging effects on struc-
tural integrity and stability of this protein. This study sug-
gests that for protection of lens crystallins against PON-me-
diated structural damages and cataract development, anti-
oxidant-rich foods or potent antioxidant can be used'2".

The solubility and stability against thermal and guanidine
hydrochloride-induced denaturation of BB2-crystallin, the frac-
tion of eye lens protein, was significantly decreased by two
mutations, W59C and W151C. In presence of UV light, these
two congenital cataract-causing mutated proteins form ag-

gregates. It was suggested that the conserved Tryptophan
residues might play a more important role in the correct fold-
ing and structural integrity of B-crystallin domains than in y-
crystallins?2. Congenital cataract is the leading cause of
childhood blindness and progressive neuro degeneration of
the optic nerve in glaucoma. A Triple Mutation of BB2-crys-
tallin leads to form aggregates and develops cataract and
glaucoma. It is associated with mislocalization to the mito-
chondria along with decreased mitochondrial function in reti-
nal neurons and lens epithelial cells'23,

The P94S mutation gives rise to a dominantlamellar cata-
ract. L69P is associated with microphthalmia with cataract!?4.
G64W is associated with congenital cataract and microcor-
nea'?>. The insertion of cytosine at position 1195 of CX46
cDNA is a novel mutation site that is associated with the
hereditary dominant cataracts in a Chinese family'26. Sev-
eral destabilizing mutations in crystallin genes are linked with
human autosomal dominant hereditary cataracts. The a-crys-
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of 5 mM calcium. Insulin (0.3 mg/ml) was used as the target protein in presence of 20 mM DTT. d: Chaperone activity is expressed in
terms of percentage of protection (Reproduced with permission from Biochemistry (Moscow), 2016, 81, 122. © Pleiades Publishing Ltd.

Ref. 119).

tallin mutations otA-R49C and o.B-R120G are associated with
autosomal dominant human cataracts'?’.

Deamidation: Aging of the lens of the eye is accompa-
nied by extensive deamidation of the lens specific proteins
named crystallins. Deamidation of proteins is one of the most
prevalent post-translational modifications found upon aging,
and in age-onset diseases. Specific asparagine and
glutamine residues are often selectively deamidated during
this process. Deamidated crystallins are increased in the in-
soluble proteins and may contribute to cataracts.

The effect of deamidation on stability, formation of inter-
mediates and aggregation of BB2-crystallin was studied by
the techniques such as dynamic light scattering, differential
scanning calorimetry and small angle X-ray scattering. At
the interface of the BB2-dimer, unfolding and aggregation
occurred on heating due to deamidation. Deamidation had a
greater effect at Q70 in the N-terminal domain than at Q162
in the homologous C-terminal domain. It was observed that
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the native oi-crystallin was only able to partially rescue this
aggregate'28. The mechanism of deamidation altering inter-
actions between aA-crystallin and BB2-crystallin was inves-
tigated by detecting changes in solvent accessibility upon
complex formation during heating by using high-resolution
mass spectrometry. It was observed that deamidation did
not disrupt specific oA/BB2 interactions but favored aggre-
gation before complex formation with olA-crystallin. This study
suggests that deamidation contributes to cataract formation
through destabilization of crystallins before they can be res-
cued by o-crystallin12°,

Modification of Asn and Asp over time may contribute to
denaturation of proteins in the human lens. An accelerated
rate of deamidation or racemization at selected sites of yS-
crystallin may contribute to cataract formation%0, It was re-
ported that the secondary structure of the protein remained
intact, but minor changes occurred in the tertiary structure
due to deamidation of specific asparagine and glutamine
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residues in human recombinant yS-crystallin. The results
indicate that there was no significant change in either pro-
tein structure or stability'®!. Deamidation of N76 in human
¥S-crystallin promotes dimer formation32. The effect of
Glu147 deamidation on chaperone activity of alA-crystallin
was studied for a variety of aggregating proteins and it was
suggested that deamidation of Glu147 in human oA-crystal-
lin is common in aged cataractous lenses'3%. Deamidated
Q147E oA-crystallin was structurally characterized using
various techniques including NMR, circular dichroism and
fluorescence spectroscopy and dynamic light scattering.
Q147E oA-crystallin showed slightly reduced chaperone
activity than wild-type protein. As atA-crystallin is the major
lens protein, even a small loss of function could combine
with other sources of age-related damage to the crystallins
and play a crucial role in cataract formation3.

Other causes: There are other causes of cataract which
can be discussed briefly. It can be one of the symptoms of
systemic disease, for example, diabetes is a risk factor for
cataract!35-137. Aging can also contribute to cataract. It was
reported that during aging, o.-crystallin formed high molecu-
lar weight complexes with other proteins in lens'38-142 |t
was also reported that membrane-associated high molecu-
lar weight oc-crystallin complexes showed significantly re-
duced chaperone-like activity and formed cataract'3. Phos-
pholipid vesicles were used as the primary binding template
for measurement of chaperone-like activity of membrane-
associated complexes because Dipalmitoylphos-
phatidylcholine (DPPC) and sphingomyelin (SPH) vesicles
suspensions are essentially clear while fractionated lens
membranes cause significant light scattering. Two different
mixtures for each a-crystallin homocomplex were taken and
the chaperone-like activity was measured. First, DPPC
vesicles were incubated with and without a-crystallin
homocomplexes for 15 h at 37°C. As controls, o-crystallin
homocomplexes were incubated without vesicles under iden-
tical conditions. Then the sample containing a mixture of both
bound and unbound a-crystallin was used in heat-induced
chaperone assay with human aldose reductase (HAR) as
the substrate. For wild-type (WT) atA-crystallin, a molar ratio
of 1:0.5 (HAR to WT atA) was taken, whereas the ratio was
1:1 for WT aB-crystallin. A small difference in the chaper-
one-like activity was observed for WT oA mixtures as com-
pared to the vesicle-free a-crystallin controls, although the
total amount of HAR aggregation remained similar. For WT

oB, the mixture containing both bound and unbound protein
had indistinguishable chaperone-like activity compared to the
soluble protein alone. Crystallin-free reactions confirmed that
the presence of vesicles did not alter the amount of HAR
aggregation, while oi-crystallin-only controls showed no ag-
gregation in absence of HAR (Fig. 6). The aggregation and
cross-linking of crystallin fragments lead to cataract devel-
opment. Several post-translational modifications of crystal-
lin fragments form aggregates with water soluble high mo-
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Fig. 6. Chaperone-like activity of membrane-bound o-crystallin. (A)
WT aA-crystallin (1 nmol) and WT oB-crystallin (2 nmol) were
incubated with DPPC vesicles, the mixture of bound and
soluble o-crystallin was assayed by heat denaturation with
HAR (2 nmol). A small difference was observed between WT
oAin presence (A) and absence () of DPPC vesicles. There
was no appreciable difference in the curves with WT aB in
presence (0) and absence (e) of DPPC vesicles. For an ag-
gregation positive control, HAR was incubated with DPPC
vesicles but there was no a-crystallin (x). For an aggregation
negative control, c-crystallin was incubated with DPPC vesicles
but there was no HAR (O). (B) WT oA and WT oB were bound
to SPH vesicles and the purified vesicles with oi-crystallin
bound (2 nmol of ai-crystallin/assay) were used in assays as
before (with 2 nmol of HAR) with similar aggregation positive
(%) and negative (1) controls. A considerable difference was
noted between SPH-bound WT oA (A) and unbound WT oA
(). SPH-bound WT a.B (0) and unbound WT o.B () showed
a significant reduction in activity (Reproduced with permission
from Biochemistry, 2002, 41, 483. © American Chemical Soci-
ety. Ref. 143).
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lecular weight proteins and play a major role in development
of human cataract’44.

6.2. Prevention of cataract

Cataract is still one of the major causes of adult blind-
ness. Extensive research is ongoing to prevent blindness.
Currently the only available treatment for cataract is surgery,
surgical replacement of cataractous lens, which can not be
the acceptable solution in developing countries. In selenite-
induced cataract, it was suggested that hesperetin can pre-
vent the decreasing lens chaperone activity and o-crystallin
water solubility by administered of selenite 145, It was reported
that the differential loss of a-crystallin in the human lens
epithelium could be associated with the different mechanisms
of cataractogenesis in age-related versus congenital cata-
racts, subsequently resulting in different clinical presenta-
tions'46. To investigate the gene expression of a:A- and otB-
crystallin in the lens epithelium of age-related and congeni-
tal cataracts, the mRNA expression levels were detected by
real-time PCR assays. Total RNA was extracted from the
human lens epithelium specimens. The mRNA levels of alA-
and aB-crystallin were significantly reduced in case of age-
related and congenital cataracts. For olA-crystallin in the age-
related cataract group the gene expression was approxi-
mately 0.55 fold than that of the normal control, whereas
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oA-crystallin gene expression level in the congenital cata-
ract group was 0.25 fold than that of the normal control group
(Fig. 7A). On the other hand, the gene expression level in
the age-related cataract group was approximately 0.8 fold
than that of the normal control, but gene expression level in
the congenital cataract group was only 0.65 fold than that of
the normal control in case of aB-crystallin (Fig. 7B). The re-
duction of atA-crystallin gene expression in the congenital
cataract group was approximately 1.67 times greater than
that of the age-related cataract group (Fig. 7A), whereas the
reduction of oB-crystallin gene expression was about 1.75
times greater in the congenital cataract group than in the
age-related cataract group (Fig. 7B). These results indicated
that the reduction of both alA- and aB-crystallin transcripts
differed dramatically in the lens epithelium of the age-related
versus congenital cataracts. The two gene expression levels
were more significantly reduced in the congenital cataract
group.

Based on the gene expression changes of alA- and aB-
crystallin in age-related and congenital cataract lens epithe-
lium, the soluble protein levels of aA- and oB-crystallin were
assessed by western blots to know whether a similar trend
could be found for the protein levels. It was observed that
the protein levels of both soluble olA- and oB-crystallin were
significantly reduced in age-related and congenital cataracts
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Fig. 7. oA-and aB-crystallin relative gene expressions in age-related and congenital cataract lens epithelium. RNA was extracted from human
lens capsule epithelium specimens. Real-time PCR was performed for detecting the RNA levels of olA-crystallin (A) and oB-crystallin (B)
in each group. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control gene (mean + SD, n = 3). *P <
0.05, **P < 0.001 (Reproduced with permission from BMC Ophthalmology, 2016, 16, 67. © Springer Nature. Ref. 146).
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when compared with the normal control group. Soluble olA-
crystallin in the age-related cataract was approximately 0.75
fold than that of the normal control group and in the congeni-
tal cataract it was approximately 0.4 fold than that of the
normal control group (Fig. 8A). In age-related cataract, the
protein levels of soluble aB-crystallin were approximately
0.65 fold than that of the normal control group, and in the
congenital cataract group, the levels were approximately 0.45
fold than that of the normal control group (Fig. 8B). For soluble
oA-crystallin, the protein reduction level in the congenital
cataract group was approximately 2.4 fold greater than that
of the age-related cataract group. But for aB-crystallin, that
was approximately 1.57 fold greater than that of the age-
related cataract group. These results indicate that the reduc-
tion was more severe in the congenital cataract and the re-
duction level of soluble o-crystallin in the lens epithelium
might be one of the contributing factors that lead to the dif-
ferent appearances of age-related versus congenital cata-
ract. More comprehensive study is required to know the un-
derlying relationships between c.-crystallin expression and
cataract formation.
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The classical drug therapies for ocular diseases are ei-
ther systemic or topical. In both, the delivery and bioavailability
of the drug are limited because of the presence of numerous
barriers that isolate the eye from the external environment.
The normal corneal layer has several tight barriers, hydro-
phobic and hydrophilic. These layers generally prevent wa-
ter-soluble molecules and hydrophobic microparticles from
entering the eye through cornea due to their size.
Nanoparticles could easily penetrate the eye through the
cornea since these particles are very small and also hydro-
phobic. A new type of ophthalmic treatment used nowadays
is nano eye-drops which have increased strength and re-
duced side effects. Acommercially available glaucoma treat-
ment drug, brinzolamide formulated as micro-sized structures
is used in nano eye-drops. Fabrication of the nanoparticles
of brinzolamide increases the eye penetration rate and re-
sults in high drug efficiency compared to commercially avail-
able brinzolamide eye-drops. Also, the nano eye-drops are
non-toxic to the corneal epithelium after repeated adminis-
tration for 1 week 47,
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Fig. 8. Soluble olA- and oB-crystallin protein expressions in age-related and congenital cataract lens epithelium. Proteins were extracted from
human lens capsule epithelium specimens. Western blot assay was performed for detecting the atA-crystallin (A) and o.B-crystallin (B)
protein levels of each group. B-actin was used as the internal control. (mean + SD, n = 3). *P < 0.05, **P < 0.001 (Reproduced with
permission from BMC Ophthalmology, 2016, 16, 67. © Springer Nature. Ref. 146).
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The leading cause of cataract formation is glycation. An
alternative non-surgical approach for cataract can be the use
of a suitable chemical or biochemical agent that would either
prevent glycation of lens proteins or reverse the formation of
cataract. Glycation is a nonenzymatic interaction between
glucose and protein. The glycated protein may then react
with any other protein resulting cross-linking product. Cata-
ract is very much found in diabetic patients because of high
amount of sugar in their blood. Curcumin conjugated gold
nanoparticles show anti-cataract activity but further studies
are required to ensure its validity48. N-Acetyl-carnosine is
very well-known agent that reverses cataract formation, al-
though there is some reservation regarding the effectiveness
of N-acetyl-carnosine eye drops 4.

Concluding remarks

Cataract is the leading cause of vision loss worldwide.
The development of nonsurgical treatments is very much
essential for preventing or reversing cataract. The
nanotechnology offers a new settlement for ophthalmologi-
cal treatments and it plays a considerable role in the devel-
opment of biosensors, diagnostic labelling strategies, detec-
tion monitors in ophthalmology. The nanotechnology offers
the production of nanoparticles. Thus it can provide most
suitable solutions for drug delivery to the eye. The nano eye-
drops may have applications as a next generation ophthalmic
treatment. The prevention of glycation in presence of
curcumin nanoparticles could lead us to a possible treatment
procedure for cataract in future. Nanotechnology offers the
therapeutic solutions required to avoid physical barriers and
to increase bioavailability as well as persistent and controlled
delivery. None of the drug formulations will be approved for
use unless efficient delivery is promised.
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