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Abstract—Cataract is a major cause of blindness. Due to the lack of protein turnover, lens proteins accumulate age-related
and environmental modifications that alter their native conformation, leading to the formation of aggregation-prone inter-
mediates, as well as insoluble and light-scattering aggregates, thus compromising lens transparency. The lens protein,
a-crystallin, is a molecular chaperone that prevents protein aggregation, thereby maintaining lens transparency. However,
mutations or post-translational modifications, such as oxidation, deamidation, truncation and crosslinking, can render
a-crystallins ineffective and lead to the disease exacerbation. Here, we describe such mutations and alterations, as well as
their consequences. Age-related modifications in a.-crystallins affect their structure, oligomerization, and chaperone func-
tion. Mutations in a-crystallins can lead to the aggregation/intracellular inclusions attributable to the perturbation of
structure and oligomeric assembly and resulting in the rearrangement of aggregation-prone regions. Such rearrangements
can lead to the exposure of hitherto buried aggregation-prone regions, thereby populating aggregation-prone state(s) and
facilitating amorphous/amyloid aggregation and/or inappropriate interactions with cellular components. Investigations of
the mutation-induced changes in the structure, oligomer assembly, aggregation mechanisms, and interactomes of o.-crys-

tallins will be useful in fighting protein aggregation-related diseases.
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INTRODUCTION

Protein misfolding due to mutations, covalent mod-
ifications, or environmental factors, leads to the loss of
function and protein aggregation, which are detrimental
to cells. Cells have therefore evolved various quality con-
trol mechanisms to prevent aggregation (chaperones) or
to remove protein aggregates (proteasome and auto-
phagosome). However, the failure of quality control
mechanisms due to aging or mutations results in progres-
sive accumulation of protein aggregates and might cause
protein misfolding diseases, such as neurodegenerative

Abbreviations: ACD, alpha crystallin domain; CTE, C-terminal
extension; NTD, N-terminal domain; sHsp, small heat shock
protein.
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disorders (Alzheimer’s, Parkinson’s, Huntington’s dis-
eases), amyotrophic lateral sclerosis, cystic fibrosis,
Gaucher’s disease, and cataract.

CATARACT AND PROTEIN AGGREGATION

Cataract is one of the leading causes of blind-
ness [1]. Cataract is a result of pathological opacity of
crystalline lens, brought about by changes in its trans-
parency and refractive index. Eye lens, together with
cornea, focus the incident light on the retina for image
formation. The lens needs to be transparent, with a high
refractive index and appropriate refractive index gradi-
ent, for an aberration-free image. The lens has evolved a
unique structure and composition to meet these require-
ments. It is avascular. Further, fiber cells present in the
central region of the lens (nucleus) lose organelles such
as nuclei, mitochondria, endoplasmic reticulum, and
ribosomes. Moreover, tight organization of fiber cells
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reduces the intercellular space. These strategies remove
or decrease the content of light-scattering structures and
enable lens transparency [2].

Lens is made mostly of proteins. Lens fiber cells have
a very high protein content (over 70% w/v). Crystallins
are highly upregulated during fiber cell differentiation
and constitute ~90% of the total protein. Vertebrate lens-
es contain three groups of crystallins viz. — a-, -, and
v [2]. Crystallins are commonly considered as structural
proteins. However, a-crystallin is not only a structural
protein but also has molecular chaperone activity. Lens
transparency and high refraction index are achieved by
dense and short-ranged systematic packing of crystallins
at high concentrations with a gradient of protein concen-
tration of about 250-400 mg/ml from the outer cortex to
the core [2, 3]. The refractive index is high in the nuclear
region and decreases at periphery, averaging to ~1.4 [2].
Separation of the protein matrix into protein-rich and
low protein phases can result in light scattering. This is
avoided by the presence of a-crystallin in eye lenses,
which forms short-range contacts with other crystallin
proteins [2]. The probability of protein crystallization
among crystallin components is also reduced due to the
highly polydisperse nature of o-crystallins [2]. Since,
there is no protein turnover in lenses, crystallins synthe-
sized in utero remain until death. Therefore, there is a
need for a chaperone system to retain lens proteins in
their native conformation and to prevent phase separa-
tion/precipitation. o.-Crystallins serve as molecular chap-
erones that bind to partially unfolded proteins and pre-
vent their misfolding and aggregation.

Many theories have been proposed to explain cataract
formation. From the physicochemical point of view, spatial
variations in the protein density that cause lens opacifica-
tion, can be due to effects of osmotic pressure at the cellu-
lar level. Benedek and co-workers proposed phase separa-
tion to explain the molecular mechanisms of cataract
development [4]. At high concentrations, crystallins and
other proteins undergo spontaneous phase separation into
coexisting protein-rich and protein-poor phases. Phase
separation also depends on changes in temperature and
thus can be induced in intact lenses by decreasing the tem-
perature, giving rise to cold cataracts [2]. Oxidative dam-
age, which is caused by multiple factors including exposure
to UV radiation, can induce formation of non-native disul-
fide bonds between protein subunits, leading to the forma-
tion of large, irreversible aggregates causing cataract [5].
Over the lifetime, crystallins endure various irreversible
covalent modifications, such as those caused by UV irradi-
ation, deamidation, oxidation, proteolysis, and Maillard
reaction [6]. These covalent modifications destabilize the
native structure of crystallins, thus decreasing the chaper-
one activity of a-crystallin and promoting partial unfold-
ing of Py-crystallins, leading to the development of age-
related cataract [5, 6]. There is also evidence of amyloid
type aggregation in cataractous lenses [7-9].
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a-CRYSTALLIN: CHAPERONE FUNCTION
AND STRUCTURAL ASPECTS

Crystallins are known for more than 100 years.
Morener, in the year 1894, showed that lens contains four
protein fractions — an insoluble form that he called albu-
minoid and three water-soluble fractions, a-, -, and y-
crystallins [10]. a.-Crystallin is isolated from the eye lens
as a large polydisperse oligomer of two closely related
proteins aA- and aB-crystallins. Roy and Spector
observed that the low-molecular-weight fraction of o-
crystallin disappears from the nuclear region of older
human lenses [11], while it is present there in younger
lenses. Subsequent studies found that such water-insolu-
ble fractions consisted of a-crystallin complexes with
other crystallins [12]. In retrospect, these observations
could be taken as indications for the interactions of a-
crystallins with other proteins and, perhaps, their role in
age-related changes, including loss of lens transparency.
In mammalian cells, a-crystallin exists as large oligomers
composed of two gene products, aA- and a.B-crystallins,
ata 3: I ratio in most vertebrate lenses. However, the ratio
of alA- to aB-crystallin varies depending on a species and
age [2, 12]. a-Crystallin is a member of the small heat
shock protein (sHsp) family. It has the characteristic o.-
crystallin domain (ACD, ~80-100 conserved amino
acids) flanked by the variable N-terminal domain (NTD)
and C-terminal extension (CTE) [13, 14]. aA- and aB-
crystallins share ~58% sequence homology with each
other and ~45% with the other human sHsps, such as
HspB6 [13, 14].

a.-Crystallins were first recognized as members of the
sHsp family in early 1980s, when their sequence homolo-
gy with sHsps from Drosophila was observed [15].
Surprisingly, no experimental verification of this observa-
tion had been obtained for a decade. The first experimen-
tal evidence that a-crystallin functions as a sHsp/molec-
ular chaperone came in 1992 from in vitro studies by
Horwitz, who showed that a.-crystallin prevented thermal
aggregation of Py-crystallins and alcohol dehydroge-
nase [16]. The studies from our laboratory demonstrated
that eye lens a.-crystallin prevents photo-aggregation of y-
crystallin [17], as well as heat-induced aggregation of (-
crystallin and carbonic anhydrase [18], DTT-induced
aggregation of ai-lactalbumin [19], and refolding-induced
aggregation of B-crystallin [20]. Homooligomers of aA-
and aB-crystallins were found to exhibit the chaperone
activity against different target proteins, albeit to different
extent [21, 22]. Our laboratory showed for the first time
that the chaperone activity of a-crystallin is temperature-
dependent, as it is very low below 30°C and steeply
increases at temperatures above 30°C [17]. Such temper-
ature-dependent activity appears to be a general phenom-
enon among Hsps, since these proteins need to function
at non-permissible temperatures. The solubility of the
hydrophobic dye pyrene increased in the presence of a-
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crystallin as a function of temperature, indicating that the
temperature increase promoted exposure of hydrophobic
surfaces in a-crystallin [17]. The temperature-induced
increase in the chaperone-like activity of a-crystallin is
attributable to various factors, including changes in the
quaternary structure, increase in the content or reorgani-
zation of hydrophobic surfaces, and increase in the sub-
unit exchange rate [18, 20]. The studies from our labora-
tory have also shown that a-crystallin binds to the molten
globule state of target proteins [19] and helps the refold-
ing of early intermediates [23].

Homooligomers of aA- and aB-crystallins showed
differences in the temperature-dependent activity, as the
structure of aB-crystallin is more sensitive to temperature
than the structures of aA-crystallin or a-crystallin het-
erooligomer isolated from lens [21]. The mechanism of
a.-crystallin chaperone activity against target proteins has
been intensively investigated by our laboratory and other
research groups. Our studies have shown that aA- and
aB-crystallins interact with the heat-induced unfolding
intermediates of citrate synthase in two modes: (i) weakly
with early unfolding intermediates, which facilitates
enzyme refolding to its active state, and (ii) strongly and
irreversibly with late unfolding intermediates with the for-
mation of soluble complexes, thus preventing protein
aggregation [22]. Both aA- and aB-crystallins bind with
low-affinity to the compact native-like states and with
high affinity to more unfolded states. The studies from
other laboratories using model aggregation proteins such
as P-crystallin, T4 lysozyme and its mutants suggested
that both atA- and aB-crystallins bind to the substrates
with both low and high affinity [24, 25]. The transition to
the high-affinity mode can be induced by temperature,
pH, or phosphorylation [26]. a-Crystallin also prevents
amyloid aggregation of apolipoprotein C-II and serpin by
interacting with partially structured intermediates, sug-
gesting that a-crystallin inhibits the nucleation step of
amyloidogenesis [27, 28]. We have shown that aB-crys-
tallin prevents AB,, and AB,, fibril formation by interact-
ing with AB40 fibril seeds [29]. The studies using quartz
crystal microbalance, analytical ultracentrifugation, and
single molecule detection systems, such as confocal two-
color coincidence detection and total internal reflection
microscopy, revealed that aB-crystallin prevents AP fib-
rillation by binding to AP oligomeric and fibrillar nucleus
[30, 31]. The studies from several laboratories including
ours have demonstrated that aB-crystallin also prevents
a-synuclein fibrillation [13].

The polydisperse nature of a-crystallins has made
their crystallization and structural studies difficult.
However, the a-crystallin domain (ACD) alone could be
crystallized and have been investigated in the X-ray dif-
fraction studies. It was found that the ACDs (~80 amino
acids) of both crystallins are characterized by the pres-
ence of B-strands. A total of seven B-strands ($3-9) are
arranged into the immunoglobulin-like 3-sandwich fold,
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with three strands ($3-$9-38) arranged in the anti-paral-
lel manner with other four B-strands (B4-B5-p6+p7)
connected by a short loop [13, 32]. Biochemical studies
have shown expression of the alA- or aB-crystallin ACDs
resulted in the formation of dimers and loss of higher-
molecular-weight oligomers [13, 32]. NTD is ~65 amino
acids long in both oA and aB-crystallins; it is enriched
with hydrophobic amino acids and disordered. Studies
involving either truncation of the NTD or deletion of
conserved motifs SRLFDQFFG and FLRAPSWF affect-
ed the oligomer assembly in aB-crystallin, giving rise to
the dimers to hexamers or smaller oligomers [33, 34].
Solid-state NMR studies provided insights into the struc-
ture of the N-terminal region, which contains two short
a-helices (residues 14-17 and 27-31) and a two-stranded
antiparallel B-sheet (residues 48-50 and 61-63) connect-
ed by a long loop [35]. CTE in aA- and aB-crystallins is
~20 amino acids long, flexible, polar, and has a highly
conserved IXI motif which facilitates oligomer formation
by acting as an “anchor point”, thereby contributing to
the polydispersity of a-crystallin [13]. Several studies
have shown that deletion of the CTE in aA- and aB-crys-
tallins affects the quaternary structure and distribution of
oligomers. Deletions or mutations in the CTE of aB-
crystallin decrease the size of the oligomers and affect sol-
ubilization of the substrates [36, 37]. Since it has been
shown that the loss of chaperone activity is associated
with pathology, we have attempted to increase this activi-
ty, prompted by our observation that it can be upregulat-
ed by the temperature-dependent structural perturba-
tions. We have produced genetically engineered chimeric
proteins with a significantly higher chaperone activity,
thus demonstrating that the structural organization and
chaperone activity of sHsps depend on the sequence and
length of the CTE, NTD, and conserved motifs [36, 38].

Based on the data of solid-state NMR, SAXS (small
angle X-ray scattering), and EM (electron microscopy), a
model was proposed for the full-length aB-crystallin as a
symmetric multimer of 24 subunits associated through a
hierarchy of interactions involving the ACD, CTE, and
NTD: two ACDs bind to form a dimer. Three dimers
associate with each other to form a hexamer through
interactions of the conserved IXI motif of the C-terminus
in one dimer with the hydrophobic pockets (4 and 38
strands) in the other dimer [32, 39]. The hexamers asso-
ciate into higher-order multimers through various inter-
actions involving the NTD [35, 39]. This model is consis-
tent with the structural data; however, the polydispersity
often reported for aB-crystallin needs to be reconciled
with the symmetric 24-mer.

In human lenses, aA-crystallin exists in both oxi-
dized and reduced forms due to the presence of two cys-
teine residues. Kaiser et al. [40] studied the structure of
aA-crystallin oligomers in both reduced and oxidized
form using a combination of cryo-EM, crosslinking/
mass-spectrometry, NMR spectroscopy, molecular mod-
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eling. They showed that aA-crystallin oligomers exist
mainly in 12-, 16-, and 20-meric assemblies that were
interconvertible via addition or subtraction of tetramers.
The assembly proceeds through the tetramer formation,
wherein two 7-interface dimers associate through their
N-terminal fragments. The tetrameric units link through
further N-terminal interactions into higher-order assem-
blies. An enhanced dynamics of the CTE leads to the
cross-dimer domain swapping and is a determinant of
oligomer heterogeneity. Although aA- and aB-crystallins
demonstrate high sequence similarity with a similar
sequence length, they form different oligomeric assem-
blies using similar type of interactions. The dimerization
is mediated by the 7 interface, whereas oligomerization
is mediated by the N-terminal interactions and IXI bind-
ing to a nearby protomer. However, the CTE of aB-crys-
tallin is involved in the formation of hexameric species,
whereas the CTE of aA-crystallin is involved in a higher-
order oligomeric assembly in the 3D domain-swapped
form. Hence, the N-terminal interactions are important
for oligomer formation in aA-crystallin [40].

AGE-RELATED MODIFICATIONS
IN a-CRYSTALLIN AND CATARACT

Crystallins, including o-crystallin, are long-lived
lens proteins and thus are subjects of age-related modifi-
cations. Epidemiological studies showed that environ-
mental and occupational factors increase the risk of age-
related cataracts [41]. A large number of studies have
demonstrated that the water-insoluble fraction of lens
increases in aged and cataract lenses [42, 43]. Many post-
translational modifications, such as deamidation, oxida-
tion, acetylation, methylation, isomerization, carbamyla-
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tion, and phosphorylation, have been observed in both
oA- and aB-crystallins from aged and cataract lenses
(Table 1).

UV irradiation promotes the development of age-
related cataracts [47]. Lens has tryptophan-derived UV
filters, such as kynurenine, 3-hydroxykynurenine, and 3-
hydroxykynurenine glucoside, which absorb UV radia-
tion. However, UV-induced photoexcitation of these UV
filters leads to the production of free radicals and reactive
oxygen species, which oxidize methionine, tryptophan,
and cysteine residues of a-crystallin and lead to the non-
disulfide covalent crosslinking and oligomerization
[48, 49]. Exposure to UV irradiation causes significant
secondary and tertiary structural changes and impairs the
chaperone-like activity of a.-crystallin [50].

Oxidation is one of the most common causes of post-
translational modification observed in the lens, where it
commonly affects methionine, tryptophan, tyrosine, cys-
teine, and histidine residues in o.-crystallin (Table 1). In
the UV-exposed bovine lenses, oxidation occurred at M1
and M 168 residues in aA-crystallin and at M1, W9, W60,
and M68 residues in aB-crystallin [48]. In vitro studies
also showed that oxidation of aA- and aB-crystallins
resulted in significant changes in their secondary and ter-
tiary structure and formation of low-molecular-weight
species lacking chaperone activity [51].

Deamidation is another typical post-translational
modification, which is higher in the water-insoluble frac-
tion of both normal and cataract lenses. Deamidation
converts amide in the side chain of asparagine and gluta-
mine residues to the carboxylic acid residue and intro-
duces a negative charge to the protein, thus destabilizing
protein structure. Mass spectrometry studies revealed that
deamidation occurs at Q6, Q50, Q90, N101, Q104,
N123, and Q147 in aA-crystallin and at N78, Q108,

Table 1. Post-translational/age-related modifications in a-crystallins

Post-translational modifications Amino acid residues affected References

Deamidation Q6, Q50, Q90, N101, Q104, N123, Q147 in aA-crystallin [44, 45]
N78, Q108, N146 in a.B-crystallin

Oxidation M1, W9, Y18, Y34, M138, C142 in aA-crystallin [44, 45]
M1, H7, W9, Y48, W60, M68 in aB-crystallin

Acetylation M1, K70, K78, K88, K145 in aA-crystallin [44, 45]
M1, K92 in a.B-crystallin

Methylation R21, K88 in aA-crystallin [44, 45]
R22, R50 in aB-crystallin

Isomerization/epimerization S20, D58, S59, S62, D151, S162 in aA-crystallin [45]
S19, S21, S53, S59, D62, S85, D109 in aB-crystallin

Phosphorylation T13, S45, S122, T140 in alA-crystallin [44, 45]
S19, S21, S43, S45, S53, S59, S76 in aB-crystallin

Carbamylation K92 in aB-crystallin [45, 46]
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N146 in aB-crystallin (Table 1). It was found that a-crys-
tallin in cataract lenses is highly deamidated in compari-
son to the proteins in normal lenses. The effect of age-
related deamidation on the structural and functional
properties of a-crystallin was studied using different
deamidation-mimicking mutants of oA-crystallin
(N101D, N123D, and N101D/N123D) and aB-crys-
tallin (N78D, N146D, and N78D/N146D) [52]. aA-
crystallin mutants showed altered secondary structure
and microenvironment; the homomers with deamidation
at N123 exhibited a significant decrease in the chaperone
activity [52, 53]. Deamidation at N146 affected both
structural and functional properties of aB-crystallin [54].
Another post-translational modification that occurs
in aged and cataractous lenses is phosphorylation of o.-
crystallin (Table 1). The studies of a-crystallin in human
lenses and its modification as a function of age and
cataract development using MALDI-MS revealed an
increased amount of phosphorylated a.B-crystallin in the
cortical regions of older lenses [55]. Proteomic analysis of
congenital cataractous lenses demonstrated that phos-
phorylation occurs at residues T13, S45, S122, T140 in
aA-crystallin and at S19, S21, S43, S45, S53, S59, S76 in
aB-crystallin [56]. Phosphoproteomics characterization
of normal and cataractous lenses followed by the quanti-
tative analysis indicated higher phosphorylation levels of
a-crystallin (T153 in aA-crystallin and S19, S76 in aB-
crystallin) in cataractous lenses [57]. Phosphorylation of
aB-crystallin increases with aging and is promoted by
stress and disease [58]. Several studies have been carried
out to determine the levels of aB-crystallin phosphoryla-
tion. The extent of aB-crystallin phosphorylation in cul-
tured rat lenses was approximately 0.25 mol phosphate
per mol protein [59]. The level of aB-crystallin phospho-
rylation in bovine lenses increases up to 0.25 mol phos-
phate per mol protein during the first three years of life
and remains unchanged thereafter [59, 60]. aA-crys-
tallin, on the other hand, can get phosphorylated up to
0.5 mol phosphate per mol protein [59, 60].
Phosphorylation in aB-crystallin commonly occurs at
S19, S45, and S59. Phosphorylation of aB-crystallin can
be beneficial or deleterious, depending on its level.
Phosphorylation at a single site, either at S45 or S59,
increases the chaperone activity of this protein, whereas
hyperphosphorylation at two residues (S45 and S59)
increases its partition to the insoluble fraction [58]. The
R120G mutant of aB-crystallin undergoes hyperphos-
phorylation and partitions into insoluble fractions
[61, 62]. Earlier investigation from our laboratory using
phosphomimicking mutants indicated that hyperphos-
phorylation of R120G aB-crystallin (S19D/S45D/
S59D-R120G aB-crystallin or 3D-R120G aB-crys-
tallin) increases its propensity to aggregation [58].
Another commonly observed post-translational
modification in aged lenses is racemization/isomeriza-
tion, when the L-forms of serine and aspartic acid change

BIOCHEMISTRY (Moscow) Vol. 87 No. 3 2022

229

to their D-forms. Amino acid residues that undergo iso-
merization in aA- and a.B-crystallins are listed in Table 1.
aA-crystallin is more susceptible to isomerization than
aB-crystallin due to a high content of aspartic acid
residues [63]. The D58 and S59/62 residues in aA-crys-
tallin undergo racemization/isomerization during aging
and their D-isoforms are more common in cataractous
lenses than in normal lenses [64, 65]. Isomerization alters
the structure of a.-crystallin. Thus, isomerization of D58,
D84, and D151 residues of aA-crystallin observed in aged
lenses results in the disruption of its higher-order het-
eropolymeric structure and decreased solubility, eventu-
ally leading to the cataract development [64]. In a.B-crys-
tallin, isomerization of D109 residue disrupts the crucial
salt bridge with R120 at the dimer interface, leading to
aberrant oligomerization. Residues S59 and D62 are
involved in the interface generation by forming a salt
bridge cluster with R163 and E165 of the adjacent
monomer [66]. Isomerization at D62 affects phosphory-
lation of S59, thus perturbing formation of the salt bridge
and disrupting the interface, which alters the oligomer-
ization dynamics [66]. Epimerization of S162 significant-
ly weakens the intersubunit binding [66]. In diabetes,
hyperglycemia promotes non-enzymatic reactions, such
as glycation and oxidation, that result in the formation of
advanced glycation end-products (AGEs) and accelerate
Maillard reactions in lens crystallins, leading to the age-
related cataract [67, 68].

In vitro studies in bovine and rat lenses showed that
glycation, which occurs at lysine side chains, increases
the susceptibility of crystallins to sulfhydryl oxidation and
leads to the formation of high-molecular-weight aggre-
gates with disulfide crosslinks [69]. Although glycation
does not noticeably alter the structure of a-crystallin, it
significantly decreases its chaperone activity [70].
Truncation is one of the most common modifications
occurring in lens, wherein removal of a part of protein
sequence either from the N- or C-terminus results in sev-
eral peptide fragments. Modifications, such as deamida-
tion and isomerization, increase the probability of protein
truncation. a-Crystallins undergo several truncations,
mostly at the C-terminus: truncation sites include S172,
S162, N101, D58, and L40 in aA-crystallin and K174,
T170, T40, and E34 in aB crystallin (see [43, 55] and
review [71]). It was found that in aged lenses, the N-ter-
minal region of aA-crystallin is truncated by 3 residues,
while the N-terminal region of a.B-crystallin can be trun-
cated by 1 or 6 residues [72]. The studies from our labo-
ratory in collaboration with the Garland group revealed a
truncated form of aB-crystallin with the loss of the C-ter-
minal lysine in human cataract lenses [73]. This truncat-
ed form, designated as oB,, was more acidic and migrat-
ed slightly lower than the full-size protein in SDS-PAGE.
The amount of aB, varied from 10-90% of total aB-crys-
tallin. In vitro studies showed that the chaperone activity
of aB, was comparable to that of the normal a.B-crys-
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tallin [73]. Removal of the C-terminal residues in the
recombinant truncated (151 residues) oA-crystallin
affected its oligomerization and subunit exchange [44].
Mutants of aA- and a.B-crystallins with truncation of 16
C-terminal amino acids exhibit decreased chaperone
activity [74]. Truncation of o-crystallin also generates
several low-molecular-weight peptides, which are
observed in aging human lens and associated with lens
opacity and cataract [75, 76]. The aA66-80 peptide from
aA-crystallin was shown to bind to soluble a-crystallin,
impair its chaperone activity, and induce its aggrega-
tion [77]. o A66-80 also formed amyloid fibrils, promoted
generation of hydrogen peroxide, and induced apopto-
sis [78].

Other modifications in a-crystallin are acetylation
and carbamylation of lysine residues (Table 1). In human
lenses, acetylation occurs at K70 and K99 in aA-crys-
tallin and K92 and K166 in a.B-crystallin [44]. The assays
of the chaperone activity of the acetylation-mimicking
mutant K70Q of a-crystallin revealed both altered struc-
ture and varying chaperone activity of this protein that
depended on the client protein [79]. Carbamylation of
lens proteins, which is believed to be an age-dependent
process, was found to be increased in the lens nucleus
compared to the cortex region [71]. Carbamylation of
K92 residue in aB-crystallin was observed in cataractous
lenses [46].

Protein—protein crosslinking is associated with the
aggregation process taking place during cataract develop-
ment. Truncation and post-translational modifications,
such as oxidation, deamidation, and isomerization, trig-
ger protein—protein crosslinking of crystallins that can
proceed through different mechanisms [via dehydroala-
nine (DHA), Asn succinimide intermediate and trunca-
tion, or C-terminal succinic anhydride intermediate] (see
review [71]). Proteomic studies revealed that o.-crystallin
undergoes protein—protein crosslinking that involves
reaction of lysine residues of the non-enzymatically trun-
cated protein to the C-terminal aspartate residues
[71, 80]. This biphasic mechanism includes two sponta-
neous events — protein cleavage and crosslinking. Protein
cleavage can take place at pH 5-7.4 and involves peptide
cleavage at the C-terminal side of aspartate residue,
which then undergoes spontaneous cyclization to form
C-terminal aspartate anhydride intermediate. The next
step is crosslinking, when the C-terminal Asp anhydride
intermediate either reacts with water to form aspartate or
with a nucleophile such as lysine e-amino group or N-ter-
minal amine group to form a covalent protein—protein
crosslink [80]. Proteomic analysis of cataract lenses iden-
tified different crosslinks in aA-crystallin, aB-crystallin,
yC/D-crystallin, and yS-crystallin. The identified
crosslinks were aA-crystallin K78—oaA-crystallin D58,
aA-crystallin D151—aB-crystallin K82, oA-crystallin
DI151—aB-crystallin K150, aB-crystallin D129—aB-
crystallin K82, aB-crystallin D129—aB-crystallin K90,
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aB-crystallin D129—aB-crystallin K121, aA-crystallin
D151—yC- or yD-crystallin G2 [71, 80]. Most of the
crosslinks were amide bonds between the lysine side chain
of one peptide and C-terminal aspartate residue of anoth-
er peptide. Interestingly, the aA-crystallin D151—yC/yD-
crystallin G2 crosslink involved an amide bond formed by
the N-terminal group of yC/D-crystallin with the C-ter-
minal aspartate (D151) of aA-crystallin [71, 80].

Therefore, during aging, lens proteins, including o.-
crystallin, undergo multiple covalent modifications, trun-
cations, and crosslinks. These modifications can occur
simultaneously or independently and affect the structure,
oligomerization, and chaperone function of a.-crystallin,
leading to the decreased solubility and increased protein
aggregation and making the lens prone to the develop-
ment of age-related cataract.

MUTATIONS IN a-CRYSTALLIN AND CATARACT

Mutations in aA- and aB-crystallins can lead to the
development of autosomal congenital cataracts of differ-
ent phenotypes (Tables 2 and 3). Cataract-associated
mutations in a-crystallin can be missense, frameshift, or
nonsense mutations. Most of these mutations are autoso-
mal dominant and cause congenital cataracts, whereas a
few mutations are recessive (Tables 2 and 3). The first
reported cataract-causing mutation in o.-crystallin was a
single missense mutation, R116C, in aA-crystallin,
which induced autosomal dominant cataract [81].
Vicart et al. reported the second case, in which cataract
and desmin-related myopathy were caused by the mis-
sense R120G mutation in aB-crystallin.

Most cataract-causing mutations in the oA-crys-
tallin NTD are dominant missense mutations of con-
served arginine residues. One nonsense mutation (W9X)
results in a truncated form of aA-crystallin, giving rise to
a recessive congenital cataract (Table 2). Similarly,
cataract-causing mutations in the NTD of aB-crystallin
are also missense mutations of conserved arginine
residues (R11H, R12C, R56W) and proline residue
(P20R), resulting in either dominant or recessive congen-
ital cataract. Biophysical studies of the N-terminal
cataract-causing mutants (R11H, P20S, R56W) showed
that the R11H mutant formed smaller oligomers, where-
as P20S and R56W mutants formed larger oligomers than
those generated by the wild-type aB-crystallin. The P20S
mutant showed lower thermal stability than the wild-type
protein. Both P20S and R56W mutants exhibited lower
chaperone activity than the wild-type aB-crystallin when
tested against UV-irradiated [, -crystallin as a sub-
strate [123]. In both aA- and aB-crystallins, the ACD is
involved in the dimer formation and is composed of con-
served residues that make up the B-sandwich domain.
Cataract-causing mutations in the ACD of aA-crystallin
occur at the conserved glycine and arginine residues
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Table 2. Cataract-causing mutations in aA-crystallin (CRYAA)
Domain Mutation Disease Cataract morphology References
NTD W9X CC (AR) nuclear [82]
R12C CC (AD) posterior polar, nuclear and lamellar [83, 84]
RI2L CC(AD) nuclear [85]
R21L CC (AD) central posterior [83, 86]
R21W CC (AD) laminar nuclear, polar, anterior polar [83, 84, 87]
R21Q CC (AD) lamellar [88]
R49C CC (AD) nuclear, lamellar [89]
R54C CC (AR/AD) total, nuclear [84, 90]
R54P CC (AD) Y-suture opacities involving nucleus [91]
R54L CC (AD) nuclear [92]
R65Q ARC unknown [93]
F71L ARC (AR) unknown [94]
GI98R PC (AD) peripheral, ring-like opacity [95]
ACD R116C CC (AD) zonular central nuclear, nuclear [81, 96, 97]
R116H CC (AD) punctate, nuclear, total [83, 98, 99]
p.116_118del CC (AD) unknown [100]
R117H/Y118del CC (AD) unknown [101]
R117del CC (AD) unknown [102]
R119H ARC unknown [93]
CTE Al152del CC unknown [103]

Notes. Designations. NTD, N-terminal domain; ACD, a-crystallin domain; CTE, C-terminal extension; CC, congenital cataract; ARC, age-relat-
ed cataract; PC, presenile cataract (AD, autosomal dominant; AR, autosomal recessive); n/a, not applicable.

(G98R and R116C, respectively) (Table 2). The recombi-
nant aA-crystallin with the R116C mutation shows struc-
tural alterations leading to increase in polydispersity and
decrease in the protein subunit exchange and chaperone
activity [124, 125]. The G98R mutation in aA-crystallin
causes pre-senile cataract with the onset at the age of ~18
years [95]. The studies from our laboratory demonstrated
that the G98R mutant undergoes impaired folding and
forms inclusion bodies [126]. When solubilized and
refolded, the mutant protein exhibited changes in the sec-
ondary, tertiary, and quaternary structure, and formed
larger oligomers lacking the chaperone activity [126]. In
aB-crystallin, cataract- and/or myopathy-causing muta-
tions occur in the ACD at the arginine and aspartate
residues (R69C, D109H, R120G, and D140N) (Table 3).
Biophysical and biochemical studies of the R120GaB
mutant showed changes in the secondary and tertiary
structure of this protein along with the reduced chaper-
one activity [125, 127]. The R120G mutant of aB-crys-
tallin interacted abnormally with cellular components
(e.g., desmin) resulting in the generation of aggregates
leading to the cell toxicity [128]. The studies of the R69C
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and D109H mutants revealed their altered structure (sec-
ondary, tertiary, and quaternary), increased amyloido-
genic propensity, and decreased chaperone-like activity
[129]. The D140N mutation affected the tertiary/quater-
nary structure of aB-crystallin, resulting in larger aggre-
gates and decreased thermal stability [114]. The D140N
mutant lacked the chaperone-like activity and inhibited
the chaperone function of the wild-type aB-crystallin,
thus behaving as a dominant negative mutant [114].
Residues D109, R120, and D140 are highly conserved
and form a crucial part of the B-sandwich domain: the
dimer interface forms the base of the shared groove with
the R120 residues present at either end interacting with
D109 to form a salt bridge that helps to generate a shared
interface groove in aB-crystallin [130]. Dominant muta-
tions, such as R120G or D109G, disturb this salt bridge,
thereby disturbing the groove and conformation of the
extended B-sandwich domain [112, 130]. Similarly, D140
residue situated on the hairpin loop connecting (8-9
forms a salt bridge with H83 situated on the 33/34 arch in
the B-sandwich domain [114, 130]. Therefore, all three
mutations could be expected to affect the ion-pair inter-
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Table 3. Disease-causing mutations in aB-crystallin (CRYAB)

Domain Mutation Disease Cataract morphology References
NTD RI11H CC (AD) nuclear [104]
R11C CC (AR) nuclear [105]
R12C CC (AR) nuclear [105]
P20S CC (AD) posterior polar [106]
P20R CC (AD) posterior polar [107]
60delC (S21AfsX24) MFM (AR) n/a [108]
R56W CC (AR) dense complete white [109]
ACD R69C CC (AD) unknown [101]
D109A CC, MFM(AD) unknown [110]
D109G AxM/RCM (AD) unknown [111]
DI109H CC, MFM (AD) posterior polar [112]
RI120G DRM, CC (AD) unknown [113]
D140N CC (AD) lamellar [114]
CTE Q151X MFM (AD) n/a [115]
G154S DM n/a [116]
R157H DCM (AD) n/a [117]
Al171T CC (AD) lamellar [84]
450delA (K150NfsX35) CC (AD) posterior polar [118]
464delCT (P155Rfs9) MFM (AD) n/a [115]
343delT (S115£5129X) MFM (AR; infantile onset) n/a [119]
514delG (Alal72ProfsTer14) CC, MFM (AD) n/a [120]
X176Wfs19 DCM, CC (AD) unknown [121]
X176Yfs19 CC (AD) posterior polar [122]

Notes. Designations: NTD, N-terminal domain; ACD, a-crystallin domain; CTE, C-terminal extension; CC, congenital cataract; DCM, dilated
cardiomyopathy; DRM, desmin-related myopathy; AxM/DM/MFM, axial/distal/myofibrillar myopathy; RCM, restrictive cardiomyopathy

(AD, autosomal dominant; AR, autosomal recessive); n/a, not applicable.

actions occurring in the loop and the arch connected to
the shape of the extended dimer bottom sheet.

The C-terminal region in o-crystallin is important
for the protein flexibility and solubility. Dominant muta-
tions G154S and R157H in this region cause mild car-
diomyopathy without cataract development, whereas the
A171T mutation causes congenital lamellar cataract
(Table 3). The studies of the C-terminal mutants (G154S,
R157H, and A171T) showed that the RI157H mutant
formed smaller oligomers than the wild-type aB-crys-
tallin. The mutants showed lower thermostability and
formed aggregates at lower temperature than the wild-type
protein. They also differed in the formation of het-
erooligomeric complexes with HspB4 and HspB6. The
chaperone activity of G154S and A171T mutants was
lower than that of the wild-type aB-crystallin [131].
However, the nonsense mutation A152del in alA-crystallin

[103] and the frameshift mutations Alal72ProfsTer14,
X176Wfs19, and X176Yfs19 in aB-crystallin [121, 122]
are associated with the autosomal dominant congenital
cataracts. Recently a novel dominant frameshift mutation
c.514delG (p.Alal72ProfsTer14) was identified, which
causes a multisystem disorder characterized by congenital
cataracts, hypotonia, myopathy, respiratory failure, and
dysphagia [120]. This novel mutation results in the
frameshift at Alal72 leading to the addition of 12 new
amino acids and protein elongation to 184 residues.
Bioinformatic analysis indicated an increased hydropho-
bicity and decreased flexibility of the C-terminal domain
in the mutant protein, which eventually affects its solubil-
ity and chaperone activity [120]. The p.X176Y mutation
leads to the loss of the stop codon and results in the addi-
tion of 19 amino acids to the wild-type aB-crystallin
[122]. Bioinformatic analysis predicted that addition of 19
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amino acids causes formation of novel secondary struc-
tures (a-helix and random coil) and generates an extend-
ed strand in the tertiary structure, making the mutant pro-
tein pathogenic due to the increased hydrophobicity and

MUTATIONS IN a-CRYSTALLIN AND THEIR
EFFECT ON PROTEIN AGGREGATION

Most mutations in o-crystallins mentioned in

reduced protein stability [122].

Table 2 and 3 are autosomal dominant negative muta-

Table 4. Aggregates formed by different aA- and aB-crystallin mutants

Mutant Morphology of aggregates (expressed in bacteria/cell line) References
R12L aA-crystallin large cytoplasmic aggregates and aggresomes (HelLa cells) [132]
R12C aA-crystallin cytoplasmic aggregates and aggresomes (HeLa cells) [132]
R21L aA-crystallin cytoplasmic aggregates and aggresomes (HeLa cells) [132]
R21W oaA-crystallin cytoplasmic aggregates and aggresomes (HeLa cells) [132]
R49C aA-crystallin cytoplasmic aggregates and aggresomes (HeLa cells) [132]
nuclear speckles in human lens epithelial cells (HLE-B3) [89]
R54C aA-crystallin nuclear speckles in human lens epithelial cells (HLE-B3) [132]
nuclear aggregates in human lens epithelial cells (SRA 01/04) [133]
GI8R aA-crystallin inclusion bodies upon expression in bacterial cells [126]
aggregates in the ER upon expression in human lens epithelial cells (HLE-B3) [134]
R116C aA-crystallin cytoplasmic aggregates and aggresomes (HeLa cells) [132]
R116H aA-crystallin cytoplasmic aggregates and aggresomes (HeLa cells) [100]
p.116_118del aA-crystallin aggregates at the nuclear peripheral membrane and nucleus in human lens [100]
epithelial cells (HLEpiCs)
R11H aB-crystallin cytoplasmic aggregates in HeLa cells [135]
P20S aB-crystallin cytoplasmic aggregates in HeLa cells [135]
D109G aB-crystallin cytoplasmic aggregates in skeletal and cardiac myocytes [111]
DI109H aB-crystallin cytoplasmic aggregates in HeLa cells [135]
R120G aB-crystallin inclusion bodies (aggresomes) in PTK2, NIH-BT3, and CCL39 cells [136]
aggregates and aggresomes in rat neonatal cardiomyocytes [137]
cytoplasmic aggregates in cardiomyocytes and COS-7 cells [62]
cytoplasmic aggregates in HeLa cells [135]
D140N aB-crystallin cytoplasmic aggregates in HeLa cells [135]
Q151X aB-crystallin cytoplasmic aggregates in cardiomyocytes and COS-7 cells [62]
cytoplasmic aggregates in MCF7 cells [138]
G154S aB-crystallin cytoplasmic aggregates in HeLa cell [135]
R157H aB-crystallin cytoplasmic aggregates in HeLa cells [135]
A171T aB-crystallin cytoplasmic aggregates in HeLa cells [135]
343delT aB-crystallin inclusion bodies upon expression in bacterial cells [135]
cytoplasmic aggregates in muscle and non-muscle cells [139]
450delA aB-crystallin cytoplasmic aggregates in H9¢2 cells [140]
464delCT aB-crystallin cytoplasmic aggregates in cardiomyocytes and COS-7 cells [62]
cytoplasmic aggregates in H9¢2 cells [140]
cytoplasmic aggregates in MCF7 cells [138]
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tions. Mutations in a-crystallins might induce protein
unfolding and formation of homo- or hetero-aggregates
that can be toxic to cells. Different aA- and aB-crystallin
mutants form aggregates/inclusion bodies when
expressed in bacterial/cells (Table 4).

As shown in Table 4, various cataract-causing
mutants of aA-crystallin form inclusion bodies/aggre-
gates. Some mutants of aA-crystallins (e.g., R49C and
R54C) form nuclear aggregates. Studies in the knock-in
mouse model revealed that the R49C mutation decreases
solubility and increases protein hydrophobicity; the
mutant protein aggregates with the formation of cataract
likely due to the increased hydrophobicity and binding to
B- and y-crystallins [141].

Various studies, including our recent results, indicate
that the R54C mutant exhibits only slight structural
changes and has a chaperone activity comparable to that
of the wild-type protein [133, 142]. We found that unlike
the diffused localization of the wild-type aA-crystallin in
the cytoplasm of SRAO01/04 lens epithelial cells, the
R54C mutant of aA-crystallin formed speckles in both
the cytoplasm and the nucleus. It also associated more
strongly with nucleosomal histones than the wild-type
protein and elicited stress-like response and apoptosis
[133]. The study on the congenital cataract-causing
mutations at R54 (R54C, R54L, R54P) showed that these
mutations resulted in the structural changes, decreased
thermal stability, lower chaperone-like activity, and
increased propensity to amyloidogenesis [143].

We showed earlier that G98R aA-crystallin under-
goes aggregation and forms inclusion bodies when pro-
duced in bacteria [126]. It also shows altered chaperone-
like activity, which is modulated by Cu?*
ion [126, 144, 145].

Similarly, different disease-causing mutations in o.B-
crystallin result in the formation of inclusion
bodies/aggregates (Table 4). The study by Raju and
Abraham [135] of different congenital cataract- and car-
diomyopathy-causing mutants of a.B-crystallin in mam-
malian cells showed that the D109H, R120G, D140N,
and R157H mutants formed more aggregates than other
mutants [135]. However, it should be noted that the
authors used yellow fluorescent protein (YFP) to tag the
mutants. Therefore, there is a possibility that the fused
fluorescent protein could affect aggregation of the mutant
proteins. Various studies performed in vitro, ex vivo, or
in vivo (in transgenic mice) showed aggregation and for-
mation of inclusion bodies by R120G a.B-crystallin inter-
acting with desmin [128, 137, 146].

There are two types of protein aggregations — amor-
phous and well-ordered amyloid fibrillar aggregation. As
mentioned earlier, amyloid aggregates have been found in
the cataract eye lens. In vitro studies have shown that crys-
tallins, including a-crystallin, form amyloid aggregates
under denaturing conditions [147]. This raises the ques-
tion whether amyloids are formed in cataract in addition
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to amorphous aggregation. The competition between
amorphous and ordered amyloid aggregation is observed
in protein aggregation [148]. The study of cataracts in
mouse showed that the recombinant murine yB"°® mutant
(truncated protein formed due to 11-base pair deletion in
the third exon at Ser138 followed by 4-base pair insertion)
formed amyloid fibrils in vitro (unlike the wild-type pro-
tein) [149]. Analysis of lenses by the 2D infrared spec-
troscopy (2DIR) identified amyloid p-sheet structures in
the UV-irradiated porcine lenses [7]. Similar studies in
the non-cataract and cataractous human lenses revealed
the presence of amyloid pB-sheet secondary structure in
mature and cataract lenses, whereas juvenile lenses lacked
any amyloid structure [8]. Mutant R120G aB-crystallin
tends to form higher amyloid fibrils in vifro compared to
the wild-type protein [150]. Recent study using 2DIR
spectroscopy showed the presence of amyloid-like struc-
ture in the Cryab-R120G knock-in mice lenses indicating
that mutant a-crystallin can indeed form amyloid aggre-
gates in vivo [9]. Anti-amyloid oligomer antibodies have
been shown to recognize the aggregates of R120G a.B-
crystallin in transgenic mice model [137]. These studies
indicate that both amyloid formation and amorphous
aggregation can take place during cataract development.
Therefore, it would be interesting to understand the
aggregation mechanisms of a-crystallins per se and the
effect of disease-causing mutations on the propensity to
and mechanisms of aggregation of a-crystallins.

Further studies are required to dissect the mecha-
nisms of a-crystallin aggregation induced by the disease-
causing mutations. It is possible that perturbation of the
native structure by mutations leads to the exposure of
already existing aggregation-prone regions which are oth-
erwise buried or masked in the folded structure, as these
regions are important contributing factors not only to
aggregation but also to inappropriate interactions of o.-
crystallin with cellular components. Therefore, studies
involving experimental crosslinking to identify protein
segments involved in intermolecular interactions, their
alterations caused by mutations, native oligomeric inter-
face sequences/regions, and protein fragments mediating
aggregation process, will contribute to our understanding
of the mechanism of o-crystallin aggregation in cataract
formation.

CONCLUSIONS

Studies conducted in recent years have shown that
a-crystallin maintains the crystalline nature and trans-
parency of eye lenses by participating in the packing of
By-crystallins and preventing their aggregation. The fig-
ure depicts how post-translational modifications and
mutations can lead to cataract. Different age-related
modifications and mutations in o-crystallins either per-
turb the structure of these proteins or decrease their
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Role of age-related modifications and mutations in a-crystallins in the development of cataract

chaperone function, which results in the aggregation of
target proteins, formation of aggregates (amyloid, amor-
phous, inclusions), and altered interactome. These
processes can occur simultaneously or independently,
leading to the cell toxicity and cataract development (fig-
ure). Mutations in aA-crystallin often result in the devel-
opment of congenital cataracts. Since expression of aB-
crystallin is ubiquitous, mutations in oB-crystallin can
lead not only to cataract but to other diseases, such as
myopathies. Therefore, development of strategies to pre-
vent aggregation or formation of inclusions due to the
age-related modifications or mutations is important for
treatment and prevention of cataract and protein aggre-
gation diseases. Some sterols have shown promising
effects in reversing cataract in experimental animals
[151, 152]. Interestingly, peptides derived from the chap-
erone sites of aA- and aB-crystallins (the so-called mini-
chaperones) exhibit therapeutic potential against cataract
and other protein aggregation diseases [153].
Identification of segments that participate in the inter-
molecular interactions (both native oligomer interfaces
and regions mediating aggregation) and elucidation of
effects of mutations on those interactions will be useful in
developing approaches to prevent the onset and/or pro-
gression of cataract.
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