
The major cause of cataract development is the accu-
mulation of posttranslational modifications (PTMs) in the 
lens proteins, specifically crystallins [1]. All crystallins are 
initially water soluble (WS). The protein turnover in the lens 
is very small, and PTMs in crystallins accumulate throughout 
the whole lifespan. PTMs can affect both the structure and 
functionality of proteins; they cause protein coloration, 
aggregation, and insolubilization. Eventually, the formation 
of large water-insoluble (WIS) protein aggregates leads to 
light scattering and lens clouding. The most common reported 
PTMs of crystallins are truncation, oxidation, deamidation, 
acetylation, phosphorylation, and glycosylation.

Previously, it was shown that C-terminal truncation 
of even five amino acids in the α-crystallin sequence may 
diminish its ability to act as chaperone [2-4]. β-Crystallins in 
the lens are also susceptible to N- and C-terminal cleavage, 
and this may affect subunit organization and higher order 
assembly [5-7]. The thiol-rich β- and γ-crystallins are most 
susceptible to oxidation; oxidation of αA- and αB-crystallins 

also occurs, leading to structural changes and loss of chap-
erone activity [1]. Deamidation is the major PTM that may 
lead to the insolubilization of α- and β-crystallins, changing 
their tertiary structure and encouraging unfolding.

It is important to note that numerous PTMs are found 
in both cataractous and healthy aged lenses. Cataract is so 
common a disease among elderly people that it is sometimes 
considered a part of the natural aging process. However, 
many people maintain clear vision up to a very old age, 
which suggests that there is a principal distinction between 
cataract and lens aging. The goal of the present work is to 
establish PTMs specific for cataractogenesis. It is common 
to divide lens proteins into the following three fractions: the 
WS fraction, which contains mostly intact or slightly modi-
fied proteins; the WIS urea-soluble (US) fraction representing 
moderately modified proteins; and the urea-insoluble fraction 
containing heavily damaged crystallins, whose structure is so 
strongly disrupted that they cannot be dissolved even in urea 
solution. In this work, we performed an analysis of the US 
protein fractions from the lenses of two rat strains—Wistar 
and senescence-accelerated OXYS rats.

The OXYS strain is a model of age-related cataract 
developed from the Wistar stock. The first signs of cataract 
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in OXYS rats appear at the age of 6 weeks; by the age of 12 
weeks, 90% of animals are affected by the lens opacifica-
tion. For comparison, the initial signs of cataract appear in 
the lenses of Wistar rats after 24 weeks. The characteristic 
feature of OXYS rats is the excessive generation of reactive 
oxygen species [8], which is responsible for the accelerated 
aging of the animals in general, and for the early cataract 
onset in particular. Thus, the comparative analysis of 
proteomic composition of OXYS and Wistar lenses of the 
same age, as well as of PTMs in the lens proteins, may help 
to separate age-related and cataract-specific changes in the 
lens proteome.

In our recent paper [9], we studied the age-related 
changes in the composition of WS protein fraction from 
OXYS and Wistar lenses. It has been shown that the most 
pronounced age-related changes in the protein composition 
of the rat lens are the increase of WIS/WS ratio with aging, 
the fast insolubilization of γ-crystallins, and the increase of 
the relative abundance of αB- and βB2-crystallins in the WS 
protein fraction during lens growth. The major observed 
differences between Wistar and OXYS lenses are the faster 
decay of the content of γ-crystallins in OXYS lenses, and the 
significant decrease of unmodified αA-crystallin abundance 
in old OXYS lenses. These differences have been attributed 
to cataract-specific changes in the protein composition of 
the lens. In the present work, we report the analysis of the 
proteomic composition and PTMs of the US protein fraction 
from OXYS and Wistar lenses.

METHODS

Materials and reagents: Phosphate buffer tablets (PBS: 
[0.02 M sodium phosphate, 0.274 M sodium chloride, 0.054 
M potassium chloride, pH 7.3], Biolot, Saint-Petersburg, 
Russia); urea and ampholytes (Bio-Lyte 3/10, Bio-Lyte 
5/8); CHAPS detergent, Tris-HCl, glycine, sodium dodecyl 
sulphate, agarose, iodoacetamide and bovine serum albumin 
standard (BSA) (Bio-Rad, Hercules, CA); acrylamide (4K, 
Medigen, Novosibirsk, Russia); acrylamide for isoelectric 
focusing (IEF, Amersham Biosciences, Uppsala, Sweden); 
bis-acrylamide (Amresco, Solon, OH); ammonium persul-
phate, tetramethylethylenediamine, bromophenol blue, 
dithiothreitol (Helicon, Moscow, Russia); NaOH and ortho-
phosphoric acid (Reachim, Moscow, Russia); glycerol and 
acetonitrile (Panreac, Barcelona, Spain); Coomassie bril-
liant blue R-250 and trifluoroacetic acid (Sigma, Steinheim, 
Germany); acetic acid (Chimreactiv, Moscow, Russia); 
ammonium bicarbonate (Fluka, Steinheim, Germany); 
sequencing grade modified trypsin (Promega, Madison, WI); 
Bradford reagent (Fermentas, Burlington, Ontario, Canada); 

and 2,5-dihydroxybenzoic acid (Bruker Daltonics, Bremen, 
Germany) were used as received. H2O was deionized using 
an ultra pure water system (SG water/Siemens, Alpharetta, 
GA) to 18.2 MOhm.

Animals and lens preparation: All animals were kept and 
treated according to the Association for Research in Vision 
and Ophthalmology Statement for the Use of Animals in 
Ophthalmic and Vision Research. The experimental rats 
were housed in groups of five animals per cage (57 cm×36 
cm×20 cm) and kept under standard laboratory conditions (at 
22±2 °C, 60% relative humidity, natural light), provided with 
a standard rodent diet PK120–1 (Laboratorsnab, Russia), and 
given water ad libitum. Animals were sacrificed by diethyl 
ester asphyxiation, the eyes were extracted, and the whole 
lenses removed. Lenses were obtained from senescence-
accelerated OXYS rats at 3, 12, and 62 weeks of age and from 
age-matched Wistar rats. The removed lenses were frozen in 
liquid nitrogen and stored at −70 °C until analysis.

Protein extraction: Each lens (with the exception of 3-week-
old rat lenses) was homogenized on ice in 700 μl of 0.02 M 
PBS, pH 7.3, containing protease inhibitor cocktail. Since the 
lenses of 3-week-old rats are small, five lenses were pooled 
for the homogenization in the same solution. The homog-
enate was separated into WS and US (pellet) fractions by 
centrifugation at 12,000g for 50 min at 4 °C. The pellet was 
resuspended twice in 300 μl and 200 μl of H2O and centri-
fuged at 12,000g for 30 min at 4 °C. After removing the 
WS proteins, the pellet was dissolved in a buffer containing 
50 mM Tris, 3 mM dithiothreitol, and 8 M urea, and sonicated 
in the ultrasonic bath for 20 min. The volume of the buffer 
solution added to the pellet of 3-week-old rats was 150 μl, and 
200 μl for the pellets of other ages. The dissolved samples 
were incubated with 20 μl of freshly prepared 10 mM iodo-
acetamide solution in a dark place for 30 min with occasional 
vortexing. The protein content in all samples was determined 
using Bradford reagent [10] and BSA standards following 
the manufacturer’s protocol: 250 µl of Bradford reagent was 
mixed with 5 µl of sample or BSA standard solution directly 
in a 96-well f lat-bottom plate (Greiner bio-one, Monroe, 
NC) and incubated for 2 minutes at room temperature. The 
absorption at 620 nm was measured for all samples. The total 
protein concentration in the sample was calculated using the 
calibration curve obtained for BSA standard solutions (250, 
500, 750, 1000, 1500, 2000 µg/ml).

Two-dimensional gel electrophoresis and protein quantifica-
tion and identification: Two-dimensional electrophoresis of 
US lens proteins and protein quantification and identifica-
tion were performed according to the procedure described 
previously [9]. Briefly, IEF was performed using a “tube gel” 
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system: The US protein mixture was loaded onto the top of 
the gels in glass tubes. After the IEF stage, the gels were 
extruded from the tubes into the tray with buffer solution, 
and then placed over the 12% sodium dodecyl sulfate poly-
acrylamide gels (20×20 cm, thickness 1.5 mm) for the second 
dimension. Images of Coomassie-stained gels were obtained 
using a VersaDoc Imaging System (4000 MP, Bio-Rad), 
and calculation of the protein percentage abundances was 
performed with a PDQuest Advanced 2D-analysis Software 
8.0.1. Protein in-gel digestion was performed with sequencing 
grade modified trypsin (12.5 ng/μl) in 40 mM ammonium 
bicarbonate for 16 h at 37 °C. Proteins from gels were iden-
tified by mass spectrometry (MS) analysis using a matrix-
assisted laser desorption ionization–time of flight MALDI-
TOF/TOF spectrometer Ultraflex III (Bruker Daltonics). The 
mass spectra of the protein tryptic digests were recorded in 
the reflective positive ion mode in the 500–4200 m/z range. 
Spectra were then analyzed using FlexAnalysis software 
3.0 (Bruker Daltonics, Germany), and peptide masses were 
entered into the local MASCOT server 2.2.04 (Matrix 
Science, UK) for the “peptide mass fingerprinting” protein 
identification method. The MALDI-TOF identities of proteins 
were established by using the SwissProt_2013 database (mass 
accuracy: 70 ppm; one missed cleavage; variable modifica-
tions: partial methionine oxidation, protein N-terminal 
acetylation, asparagine and glutamine deamidation, serine 
and threonine phosphorylation).

Identification of posttranslational modifications: Tandem 
MS experiments were performed using the MALDI-TOF/
TOF spectrometer Ultraflex III. The signals in MS mode 
that were preliminary assigned to the modified crystallin 
peptides were chosen for the further MS/MS analysis. The 
high-energy collision-induced dissociation tandem mass 
spectra of fragments were recorded in the positive ion mode. 
Fragment ions were obtained using the Bruker LIFT method 
(TOF/TOF). Tandem spectra were then analyzed using 
FlexAnalysis software. A MASCOT MS/MS search using 
SwissProt_2013 database was performed with a peptide mass 
tolerance of 70 ppm and fragment mass tolerance of 0.4 Da. 
A maximum of one trypsin missed cleavage was tolerated. 
The database search for fragment ions was performed with 
the selection of modifications found for the parent peptides. 
The peptide identification was considered conclusive only if 
a MASCOT ion score indicating protein identity lower than 
0.05 was obtained.

Statistical analysis: All statistical calculations were carried 
out using the software package Statistica 6.0 (Statsoft, 
USA) using factor dispersion analysis (analysis of variance/

multivariate analysis of variance) and the Newman-Keuls 
post-hoc test for comparison of group mean values.

RESULTS

Composition of the urea-soluble protein fraction: Figure 1 
shows two-dimensional gel electrophoresis (2-DE) maps of 
the US protein fractions of 3-week-old, 12-week-old, and 
62-week-old Wistar and OXYS lenses. The spots containing 
proteins were excised, and after the in-gel tryptic diges-
tion, the identities of proteins were determined using MS 
analysis through the peptide mass fingerprinting method. 
Approximately 60% of spots in each gel were identified with 
a sequence coverage of 70–98%; the sequence coverage for 
the remaining 40% was about 50–70%. An example of the 
assignment of proteins from the US fraction of 12-week-old 
OXYS lens is given in Figure 2 and Table 1. The relative 
abundance of crystallins present in the gel was determined by 
the numerical integration of each spot. The values obtained 
for the spots attributed to the same crystallin were summa-
rized, and the percentage abundance of each crystallin was 
calculated. The same procedure was performed for four gels 
from each age and strain; the data obtained for the same age 
and strain were averaged. In some gels, the spots related 
to γA-, γB-, and γD-crystallins overlapped; therefore, the 
percentage abundances of these crystallins were combined. 
The obtained results are presented in Figure 3.

The proteomic profiles of the young Wistar and OXYS 
lenses (3-week-old) were similar: β-Crystallins provided the 
major contribution to the US fraction (above 50%), followed 
by γ-crystallins (approximately 27%). The contribution of 
α-crystallins was relatively small (8–12%). At the age of 
12 weeks, a significant growth in γ-crystallin content and 
a decrease of β-crystallin content was observed for both 
rat strains. At the same time, the relative abundance of 
α-crystallins in the US fraction of the Wistar lens decreased, 
and that of the OXYS lens increased. As a result, at this age, 
the γ-crystallins became the main constituents of the US 
protein fraction in both Wistar and OXYS lenses (50–60%), 
and the content of α-crystallins in the Wistar lens dropped 
to approximately 6%. The percentage of α-crystallins in the 
OXYS 12-week-old lens is almost threefold higher. Finally, 
in old lenses (62 weeks), the contributions from all three 
crystallin families level out for both strains at 22–25% for 
α-crystallins, 32–33% for β-crystallins, and 37–42% for 
γ-crystallins. In Figure 3, the crystallins whose percentage 
abundances in Wistar and OXYS lenses differ significantly 
(p<0.05) are marked by asterisk.

Posttranslational modifications: The comparison of 2-DE 
maps of the US protein fraction from Wistar and OXYS 
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lenses of different ages (Figure 1) shows that the maps 
obtained for Wistar and OXYS lenses at the age of 3 weeks 
are very similar. This confirms that genetically, these strains 
are very close, and during the first 3 weeks of life, no signifi-
cant difference in the proteomic composition of the lens has 
accumulated. The difference becomes noticeable at the age 
of 12 weeks: Some new spots appear in the proteomic map of 
the OXYS lens that are absent in the map of the Wistar lens, 
and some spots significantly differ in density. This differ-
ence becomes even more pronounced at the age of 62 weeks. 
Apparently, the observed difference should be attributed to 
the enhanced oxidative stress in OXYS rats, which results in 

the faster oxidative damage of the lens proteins. At the age 
of 12 weeks, most of the OXYS rats have the initial signs 
of cataract, while the lenses of the Wistar rats at this age 
are clear [11]. Therefore, we have chosen 12-week-old OXYS 
lenses for the detailed analysis of the oxidation-induced 
PTMs.

The relative abundance of each spot has been determined 
in the proteomic maps from four Wistar and four OXYS 
lenses, and the mean values have been calculated. The densi-
ties of 18 spots in the OXYS maps were more than 50% higher 
than those in the Wistar maps. One can presume that these 
spots contain proteins with PTMs formed under enhanced 

Figure 1. Two-dimensional electrophoresis maps of urea-soluble protein fractions from lenses of 3-, 12-, and 62-week-old Wistar and OXYS 
rats. Red circles mark cataract-specific spots of interest (SOIcs; spot intensity in OXYS maps are more than 50% higher than in Wistar maps); 
yellow circles mark age-related spots of interest (SOIar; spot intensity in OXYS maps are more than 50% lower than in Wistar maps).
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oxidative stress. These spots (cataract-specific spots of 
interest, SOIcs) are marked by red circles in Figure 1. Nine of 
the SOIcs (2–5, 9–11, 13, 21) correspond to αA-crystallin, four 
(24, 36, 46, 56) to αB-crystallin, two (8, 22) to βA4-crystallin, 
two (18, 32) to βB1-crystallin, and one (61) to βB2-crystallin. 
The other group of spots, one of which corresponds to 
βA4-crystallin (20) and four to γ-crystallins (73, 80, 84, 86), 
has a relative abundance in OXYS maps that is significantly 
lower than that in Wistar maps. The high relative abundance 
of these protein isoforms in the Wistar US fraction may indi-
cate that PTMs in these crystallins correspond to the natural 
aging process: In the absence of excessive oxidative stress, 
the relative abundance of proteins with natural age-related 
PTMs is higher than that in the OXYS lens. We have called 
these spots age-related spots of interest, SOIar. In Figure 
1, SOIar are marked by yellow circles. All SOIcs and SOIar 
have been excised from the gel, and after in-gel digestion, 
subjected to MS/MS analysis.

It should be noted that two artificial modifications were 
identified in all examined crystallins. Cysteine residues were 
modified with propionamide and carbamidomethyl; these 
modifications are well known to occur during the sample 
preparation. Besides these two modifications, our search 
included oxidation of methionines (Met, M), deamidation of 
asparagines (Asn, N) and glutamines (Gln, Q), phosphoryla-
tion, and N-terminal acetylation. If the peptides with masses 
corresponding to these modifications were found, the modi-
fications and their positions were validated with the use of 
MS/MS measurements.

Oxidation of methionine residues: The oxidation of methio-
nines was revealed in all isoforms of α-crystallins subjected 
to MS/MS analysis. Met-1 was oxidized in all SOIcs, 
corresponding to αA- (peptide M(Ox)DVTIQHPWFK) 
and αB-crystallins (peptide M(Ox)DIAIHHPWIR); more-
over, the oxidation of Met-138 in αA-crystallin (peptide 

Figure 2. Two-dimensional electro-
phoresis map of urea-soluble lens 
proteins of 12-week-old OXYS rats. 
The spot assignment is presented in 
Table 1.

Table 1. ProTeins idenTified in The Us fracTion of 12-week-old oXYs raT lens.

Protein Spot number Protein Spot number
αA 1–5, 9–14, 21 γA 65, 77, 80, 86

αAinsert 33, 38, 44 γB 45, 76, 79, 85
αB 17, 24, 36, 41, 46, 56 γC 78, 84

βA2 34 γD 57, 60, 63, 67, 70
βA3 29, 37, 39, 40, 43, 48, 50, 52, 55, 58 γE 66, 73
βA4 8, 15, 16, 20, 22, 23 γF 59, 64, 68, 74
βB1 7, 18, 19, 25–28, 30–32, 47, 49, 53 γN 35
βB2 42, 61 γS 54
βB3 51, 62, 69, 71, 72, 75, 81–83 Grifin 6

Spot numbers correspond to 2-DE map in Figure 2.
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LPSNVDQSALSCSLSADGM(Ox)LTFSGPK) was observed 
in spots 3, 4, 9, and 10 (Table 2), as well as the oxidation of 
Met-68 in αB-crystallin (spot 36). An example of the MS/MS 
confirmation of the modification position is shown in Figure 
4. The MS/MS spectrum was obtained for a peptide derived 
from the tryptic digestion of the αA-crystallin from spot 5. 
The parent ion with m/z 1459.7 corresponding to the N-acet-
ylated and singly oxidized αA1–11 peptide MDVTIQHPWFK 
was isolated and fragmented using the collision-induced 
dissociation technique. The ion with the most intensive 
peak in the spectrum (m/z 1395.8) was formed by the loss 
of methyl sulfenic acid (CH3SOH, 64 Da) from the parent 
ion, which testifies to the presence of oxidized methionine 
in the peptide [12,13]. The obtained y-type of fragment ions 
describes the peptide fragmentation from the carboxyl to the 
N-terminus of the peptide. It is presented with signals y2–y10 
and a parent ion. The amino acid sequence of αA1–11 peptide 
with acetylated and oxidized N-terminal methionine and the 
corresponding fragment ions are shown in the chart above 
the spectrum. The y10 ion with m/z 1270.7 corresponds to the 
αA1–11 peptide without the acetylated and oxidized N-terminal 
methionine (loss of 189 Da). The signals from y2–y8 refer to 
the αA1–11 peptide fragments cleaved by one amino acid from 
the C-terminus of the previous fragment.

The b-type of ions (b1–b10), showing the peptide frag-
ments from the amino to carboxyl terminus, is also present 
in the MS/MS spectrum. Due to the N-terminal modifica-
tions, the masses of all b-ions are higher than the predicted 
masses for the unmodified fragments by 58 Da. Three a-type 
ions were also found in the spectrum; however, since the 
signals from these species are weak, and only few a-ions 
were observed, these fragments were not included in the 
interpretation of MS/MS spectra. A similar identification 

of the N-terminal methionine oxidation and acetylation 
of αA-crystallin from the mouse lens has recently been 
published [14]. It is often difficult to determine whether the 
methionine oxidation occurred in vivo or it was artificially 
introduced during the sample preparation. However, the pres-
ence of unmodified Met-138 in spots 2, 5, 11, and 21 indicates 
that the reported methionine oxidation is a real PTM and not 
an artifact. This conclusion is supported by previous reports 
[14-17] stating that the oxidation of Met-1 and Met-138 in 
αA-crystallin and of Met-1 and Met-68 in αΒ-crystallin takes 
place in the tissue.

Two SOIcr corresponding to βB1-crystallin also contained 
oxidized methionines: Met-135 and Met-162 in spots 18 and 
32, and Met-224 in spot 18. The positions of the modifications 
were also confirmed by MS/MS analysis. It has been reported 
that the oxidized fragments of β-crystallins inhibit the ability 
of α-crystallin to prevent crystallin precipitation caused by 
heat denaturation, and these structural changes may lead 
to strong interactions among β-crystallins producing light-
scattering aggregates [18,19]. Thus, the observed oxidation 
of β-crystallins may be one of the reasons for the protein 
precipitation and transition into the WIS state.

The oxidized methionines were also found in the 
analyzed SOIar, specifically in βA4- (Met-132 in spot 20), 
γA- (Met-136 and Met-160 in spots 80, 86, and Met-124 in 
spot 86), γC- (Met-102 in spot 84), and γE- (Met-44, Met-102 
and Met-160 in spot 73) crystallins. The enhanced relative 
abundance of oxidized γ-crystallins in 12-week-old Wistar 
lenses in comparison with OXYS ones testifies that the oxida-
tion of γ-crystallins leading to their insolubilization is a part 
of the natural aging process.

N-terminal acetylation: The acetylation of N-terminus (the 
mass shift +42 Da) was found in all SOIs corresponding to 

Figure 3. Relative abundances of 
urea-soluble crystallins extracted 
from lenses of Wistar and OXYS 
rats. Solid bars show the values for 
3-week-old animals, open bars for 
12-week-old animals, and hatched 
bars for 62-week-old animals. 
The error bars show standard 
deviations. The asterisk indicates 
statistically significant (p<0.05) 
interstrain differences. 
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αA-crystallin (Table 2), both with and without oxidation of 
the N-terminal methionine. At the same time, this modifi-
cation was not revealed in other SOIs. In fact, N-terminal 
peptides were not observed in any SOI corresponding to 
βA4-, βB1-, βB2-, and γ-crystallins. The absence of the 
N-terminal peptide in the mass spectra of γ-crystallins could 
be attributed to the fact that the terminal peptide MGK has 
a low m/z value, so its signal might overlap with the signals 
from 2,5-dihydroxybenzoic acid matrix used in MALDI 
experiments. The N-terminal peptides of β-crystallins are 
significantly longer, and their absence probably indicates 
N-terminal truncation of the proteins in SOIs.

Deamidation of asparagine and glutamine residues: In our 
research, nine spots with αA-crystallin from the OXYS rat 
lens were analyzed, and deamidation was detected only in 
three spots—at Asn-123 (spots 5, 9, 11) and Gln-126 (spots 9, 
11). In αB-crystallin, the deamidation was found at Asn-146 
(spots 36, 46, 56).

Deamidated proteins were also found in SOIar. Among 
the γ-crystallins analyzed in the present work, only 
γE-crystallin from spot 73 contained two deamidated aspara-
gines—Asn-50 and Asn-161. In other γ-crystallins inspected 
in this work, no deamidation sites were detected. It should 
be noted that the sequence coverage for the examined γA-, 

γC- and γE-crystallins after MASCOT search was approxi-
mately 60%, which means that there is a probability of missed 
deamidation sites.

A high level of deamidation was observed in 
βA4-crystallin (SOIar 20). The deamidation sites were gluta-
mines at the 63, 65, 66, 112, 187, and 189 positions and aspara-
gine at the 114 position. Some of these modifications were also 
found in SOIcs, corresponding to βA4-crystallin: Deamidation 
of Gln-112 and Asn-114 was found in spots 8 and 22, while 
deamidation of Gln-187 and Gln-189 only in spot 22. Thus, 
the deamidation of asparagines and glutamines was observed 
in both SOIcr and SOIar corresponding to βA4-crystallin, so 
it is difficult to estimate the role of this modification in cata-
ractogenesis. Our results can be compared with previous data 
on human crystallins [18,20]. The homology of the amino 
acid sequences of the human and rat βA4-crystallin is about 
91% (Uniprot), so it is correct to make such a comparison. In 
human βA4-crystallin, deamidation was found for glutamines 
Gln-63, Gln-65, and Gln-66 and asparagines Asn-83 and 
Asn-114. To the best of our knowledge, this work represents 
the first time the deamidation of asparagines in the 187 and 
189 positions in βA4-crystallin from the rat lens has been 
identified.

F i g u r e  4 .  Ta n d e m  m a s s 
spect rum of the N-terminal 
peptide M*DVTIQHPWFK of 
αA-crystallin from spot 5 (m/z 
1459.7). M* corresponds to acety-
lated and oxidized methionine. The 
signals in the spectrum are assigned 
as follows: y- (blue), b- (red), and 
a- (green) ions. The identified frag-
ments are marked above the signals. 
The diagram of y- and b-ion forma-
tion is presented in the chart above 
the spectrum. 
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Phosphorylation of serine and threonine residues: In the 
present work, phosphorylated peptides were found in all 
SOIcs corresponding to αA-crystallin (spots 2–5, 9–11, 13, 
and 21) and in two SOIcs corresponding to αB-crystallin 
(spots 24 and 46). The phosphorylation of Thr-4 was found 
in the N-terminal peptide 1–11 (MDVTIQHPWFK) from 
αA-crystallin. The obtained result is in a good agreement 
with the previous data on the phosphorylation sites in 
αA-crystallin from the rat and mouse lenses [14,17,20,21]. It 
was noticed that the phosphorylation causes a shift of the 
spot position to the acidic region [14,22,23]. An acidic shift 
for the investigated αA-crystallin isoforms was observed 
in the 2-DE maps obtained in the present work (Figure 1), 
which also confirms the presence of phosphorylated residues 
in αA-crystallin.

DISCUSSION

In young lenses, crystallins are mostly present in the WS 
state. For example, the WIS fraction in the 3-week-old lens 
accounts to only 10% of the total protein content [9]. Oxida-
tive stress causes PTMs, which may result in the protein 
insolubilization. Therefore, the WIS/WS ratio increases with 
age to approximately 0.4 at 12 weeks and to 0.8 at 62 weeks 
[9]. The age-related variations of the US fraction content are 
determined by three major factors, specifically the suscep-
tibility of crystallins to PTMs that are able to affect their 
solubility, the rate of the crystallin’s final degradation, and 
the synthesis of new crystallins inside the lens during the 
lifespan. Previous studies have revealed that the expression 
of γ-crystallins drops within the first few months after birth 
[24,25], and these proteins undergo insolubilization faster 
than α- and β-crystallins [9,26-28]. These features explain the 
nonmonotonic changes of the γ-crystallin content in the US 
fraction of the rat lens. During the first 12 weeks, a signifi-
cant amount of the γ-crystallins undergoes PTMs and passes 
from the WS to US state, which leads to the increase of the 
γ-crystallin content in the US fraction of 12-week-old lenses. 
At older ages, the synthesis of new γ-crystallins in the lens 
outer cortex and epithelial layer stops [29,30], and after one 
year, the content of γ-crystallins in the WS fraction is almost 
completely depleted [9]. During the period between 12 weeks 
and 62 weeks, the final degradation of γ-crystallins occurs, 
so that at the age of 62 weeks, the percentage of γ-crystallins 
in the US fraction is lower than that at 12 weeks.

It is interesting to note that γS-crystallin was found 
in US fractions from 12-week-old and 62-week-old OXYS 
lenses, but not in Wistar lenses. This finding correlates with 
the recent paper by Wang et al. [22], where γS-crystallin 
spot was observed in the US fraction from lenses of 

naphthalene-treated rats, but not from lenses of normal 
rats. This gives strong evidence that the insolubilization of 
γS-crystallin occurs only under excessive oxidative stress.

In contrast to γ-crystallins, the production of both αA- 
and αB-crystallins in the rat lens is active even at the age 
of one year [24,25]. α-Crystallins are able to bind partially 
unfolded proteins, preventing their precipitation [20,26]. 
The chaperone activity of α-crystallins plays an important 
role in maintaining the homogeneous distribution of crys-
tallins inside the lens fiber cells, delaying the formation of 
large insoluble protein aggregates and the lens opacifica-
tion. Therefore, the large difference in α-crystallin content 
between Wistar and OXYS 12-week-old lenses can be attrib-
uted to two factors. First, the oxidation of proteins in OXYS 
lenses proceeds faster than that in Wistar lenses [8,9,11]. The 
characteristic feature of OXYS rats is the enhanced genera-
tion of reactive oxygen species [8], which is responsible for 
the early cataract onset. Oxidative damage may cause crys-
tallin insolubilization and precipitation; α-crystallins prevent 
protein precipitation through the formation of WS aggregates 
with the damaged crystallins.

Under further oxidation or other PTMs, these aggregates 
grow in size and lose their solubility, so the enhanced oxida-
tive stress in OXYS lenses might lead to the increased level 
of α-crystallins in the US protein fraction. Another expla-
nation is the compensatory response to the oxidative stress, 
which causes the enhanced expression of α-crystallins. The 
enhanced production of α-crystallins in OXYS lenses would 
result in the increase of their levels both in the WS and US 
fractions. This explanation is supported by the previously 
obtained data: The enhanced expression of α-crystallins and 
the increased level of αΑ-crystallin in the WS fraction from 
lenses of 12-week-old OXYS rats [9] and dexamethasone-
treated rats [31] have recently been reported. The increase 
of the α-crystallin level in the US protein fraction was also 
reported for rats with dexamethasone-induced cataract [22].

Among all β-crystallins, the percentage of only 
βB2-crystallin in the US fraction monotonously grows 
with age (Figure 3). βB2-Crystallin is one of the most long-
expressed crystallins [32]; its expression starts only in the 
postnatal period [25,33], and the amount of its mRNA in the 
1-year-old rat lens is comparable to that in the 1-month-old 
lens [25]. The increase of βB2-crystallin abundance also 
points to the high stability of this protein: It withstands the 
final degradation longer than other crystallins. Thus, the long 
production and the high stability of βB2-crystallin lead to its 
accumulation in both WS [9] and US protein fractions.

Among the PTMs studied in this work, N-terminal acety-
lation found for α-crystallin is unlikely to be related to the 
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lens aging and cataractogenesis. This modification protects 
proteins against proteolytic degradation by extracellular 
(aminopeptidases) or intracellular (cathepsin C) peptidases 
that are directed against certain free N-terminal residues 
[34,35]. In recent work [14], it was found that all isoforms of 
αA-crystallin in the mouse lenses of different ages, including 
embryos, are N-terminally acetylated. Similarly, N-terminal 
acetylation was found in all α-crystallins from lenses of both 
normal and naphthalene-treated rats [17]. It is very likely that 
the N-terminal acetylation of αA-crystallin occurs during or 
immediately after protein expression.

Three other types of PTM—oxidation, deamidation, and 
phosphorylation—develop during the lifespan. Protein oxida-
tion is often considered the key process leading to cataract 
development [36]. The most common amino acid that was 
found oxidized in the crystallin sequences is methionine 
residue. The increased level of oxidized methionine residue 
correlates with the enhanced surface hydrophobicity of 
proteins and causes conformational changes [37]. The oxida-
tion of αA- and αB-crystallins has been shown to lead to 
structural changes and loss of chaperone activity [38]. A 
direct link between the N-terminal methionine oxidation and 
the cataract formation has been proposed in previous work 
[16]. Thus, the oxidation of methionines in proteins found 
in SOIcr can be attributed to the following cataract-related 
modifications: Met-1 and Met-138 in αA- crystallin; Met-1 
and Met-68 in αB-crystallin; and Met-135, Met-162, and 
Met-224 in βB1-crystallin.

Deamidation is one of the major modifications in the 
lens; its level significantly increases in aged and cataractous 
lenses [39]. Deamidation introduces a negative charge to the 
protein at physiological pH; it also may cause isomerization 
[40]. The deamidation of asparagine residues converts them 
into a mixture of isoaspartate and aspartate. Recently, it has 
been shown that deamidated sites may be found in all crys-
tallins, but β-crystallins are particularly susceptible to this 
modification [18,39]. The deamidation of β-crystallins can 
destabilize its dimers and disrupt their function in oligomer 
formation in the lens [41,42]. It has also been observed that 
several deamidation sites are more abundant in the WIS 
protein fraction than in the WS one [39,43], which suggests 
the structural instability of the modified proteins and the 
connection between deamidation and insolubilization. It is 
important to note that the intensities of α-crystallin spots with 
deamidated asparagines and glutamines in the OXYS maps 
are significantly higher than that in the Wistar maps; more-
over, some of these spots (5, 36) are among the densest spots 
corresponding to α-crystallins. Very likely, the deamidation 
of Asn-123 in αA-crystallin and Asn-146 in αB-crystallin are 

the cataract-specific modifications proceeding under oxida-
tive stress.

The deamidation of Asn-50 and Asn-161 in γE-crystallin 
found in the present work agrees with the data on deamida-
tion of the human γD-crystallin [39] (the homology between 
the human γD-crystallin and the rat γE-crystallin is approxi-
mately 80%), for which deamidation of asparagines at the 50 
and 161 positions and of glutamines at the 67 and 68 positions 
[39] has been reported. Our data show that in 12-week-old 
rat lenses, the deamidation occurs for asparagines and not 
for glutamines in γE-crystallin. This finding is in a good 
agreement with the previous reports that the deamidation of 
glutamine residues proceeds with much lower rate than that 
of asparagines [44].

Phosphorylation of serine (Ser, S), threonine (Thr, T), and 
tyrosine (Tyr, Y) residues proceeds by the transfer of phos-
phate group from adenosine triphosphate (ATP) catalyzed by 
kinases. The list of lens crystallins undergoing phosphory-
lation is summarized by Sharma and Santhoshkumar [20]. 
The most vulnerable to this modification are α-crystallins. 
The influence of phosphorylation on the chaperone activity 
of αA-crystallin is unclear: Some published data speak in 
favor of an enhancing effect of phosphorylation on the chap-
erone activity [45], while in the work of Wang et al. [46], no 
effect was found. It has been suggested that phosphorylation 
causes disassembling of α-crystallin multimers to tetramers 
[47], which leads to the reduction of their chaperone activity 
[47,48].

The most likely sites of bovine and rat αB-crystallin 
phosphorylation are serine residues at 19, 45, and 59 positions 
[21,48]. Similar phosphorylation sites have also been found 
in the human lenses [49,50]. It was shown that the chaperone 
activity of monophosphorylated αB-crystallin from bovine 
lenses decreases by about 30% [48]. In the present work, the 
phosphorylation in αB-crystallin was found in peptide 12–22 
(RPFFPFHSPSR, spots 24, 46). This peptide contains two 
serine residues which may be phosphorylated; from our data, 
we could not unambiguously identify the phosphorylation site. 
Therefore, the assignment of the phosphorylation position at 
Ser-19 was made based on the literature data [21,48,51]. It is 
important to note that spots 24 and 36 with phosphorylated 
isoforms of αB-crystallin are absent in the Wistar proteome. 
Thus, the phosphorylation of Ser-19 in αB-crystallin can be 
attributed to the cataract-specific modifications.

In conclusion, the analysis of US protein fractions from 
Wistar and OXYS lenses demonstrates distinct interstrain 
differences in the age-related changes of the lens proteomic 
composition. The most significant difference is the elevated 
level of α-crystallins in US fraction from 12-week-old OXYS 
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lenses. This effect should be attributed either to the faster 
insolubilization of α-crystallins under oxidative stress, or to 
the enhanced expression of α-crystallins in OXYS lenses. Our 
study revealed that some spots in the 2-DE maps of US protein 
fraction from the OXYS lens are significantly more intensive 
than those in maps from the Wistar lens of the same age. The 
MS analysis of these spots shows the following PTMs: oxida-
tion of methionine residues in most crystallins, N-terminal 
acetylation and phosphorylation of αΑ- and αΒ-crystallins, 
and deamidation of asparagine and glutamine residues in αΑ-, 
αΒ-, βA4-, and βB2-crystallins. Some of these modifications, 
such as oxidation, phosphorylation, and deamidation found in 
α-crystallins, very likely correspond to the cataract-specific 
modifications proceeding under oxidative stress.
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