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Abstract
Background—Lens cataract is associated with protein oxidation and aggregation. Two proteins
that cause cataract when deleted from the lens are methionine sulfoxide reductase A (MsrA) that
repairs protein methionine sulfoxide (PMSO) oxidized proteins and α-crystallin which is a two
subunit (αA and αB) chaperone. Here, we tested whether PMSO formation damages α-crystallin
chaperone function and whether MsrA could repair PMSO-α-crystallin.

Methods—Total α-crystallin was oxidized to PMSO and evaluated by CNBr-cleavage and mass
spectrometry. Chaperone activity was measured by light scattering using lysozyme as target. PMSO-
α-crystallin was treated with MsrA, and repair was assessed by CNBr cleavage, mass spectrometry
and recovery of chaperone function. The levels of α-crystallin-PMSO in the lenses of MsrA-knockout
relative to wild-type mice were determined.

Results—PMSO oxidation of total α-crystallin (met 138 of αA and met 68 of αB) resulted in loss
of α-crystallin chaperone activity. MsrA treatment of PMSO-α-crystallin repaired its chaperone
activity through reduction of PMSO. Deletion of MsrA in mice resulted in increased levels of PMSO-
α-crystallin.

Conclusions—Methionine oxidation damages α-crystallin chaperone function and MsrA can
repair PMSO-α-crystallin restoring its chaperone function. MsrA is required for maintaining the
reduced state of α-crystallin methionines in the lens.

Significance—Methionine oxidation of α-crystallin in combination with loss of MsrA repair causes
loss of α-crystallin chaperone function. Since increased PMSO levels and loss of α-crystallin function
are hallmarks of cataract, these results provide insight into the mechanisms of cataract development
and likely those of other age-related diseases.
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Introduction
α-crystallin is a major structural eye lens protein representing as much as 50% of total soluble
lens protein [1]. In addition to its structural and refractive role in the lens, α-crystallin is a
molecular chaperone [2–3] that functions to prevent protein aggregation [1]. α-crystallin has
also been implicated in apoptotic control and cell survival [4]. In its native state in the lens,
α-crystallin consists of two subunits called αA- and αB-crystallin that consist of 173 and 175
amino acids respectively. αA- and αB-crystallin share as much as 57% homology and exist in
the lens in a 3:1 ratio [5]. Importantly, deletion of αA-crystallin results in cataract formation
in mice [6] and mutation of αA-crystallin (R116C) causes cataract in humans [7]. Mutation of
αB-crystallin (R120G) causes cataract and desmin-related myopathy in humans [8].

A key oxidation that is also associated with a multitude of age-related diseases is oxidation of
protein methionines to protein methionine sulfoxide (PMSO). Methionine and cysteine
residues are some of the most susceptible protein amino acids to oxidation and are the first to
be oxidized by almost all forms of reactive oxygen species (ROS) under oxidative stress
conditions. Formation of PMSO can lead to significant changes in protein structure, loss of
regulatory function and loss of or in some cases increased activity [9]. Since the chaperone
function of α-crystallin is lost upon oxidative conditions [10–11], specific oxidation of α-
crystallin methionines to PMSO could result in loss of chaperone function thereby contributing
to protein aggregation and ultimately the development of cataract and other α-crystallin-
associated diseases. One unique feature of methionine oxidation is that, unlike many
irreversible protein oxidations, PMSO formation can be repaired by a novel class of enzymes
called methionine sulfoxide reductases (Msrs) [12]. The Msr family consists of two specific
enzyme activities and four separate enzymes called MsrA and MsrB1, B2 and B3. MsrA is
believed to be selective for the reduction of S-epimers of PMSO while the MsrBs are believed
to be selective for the R-epimers that arise from random symmetrical oxidation of methionine
[12]. MsrA acts as a powerful antioxidant by catalyzing the thioredoxin-dependent reduction
of free and protein bound methionine sulfoxide back to reduced methionine. Thioredoxin is
recycled by NADPH and thioredoxin reductase [13].

In the eye lens, MsrA has been localized to the lens epithelium and fiber cells [14]. Its over-
expression protects lens epithelial cells against oxidative stress [14]. Conversely, its deletion
makes lens cells more sensitive to oxidative stress [14], results in increased lens ROS levels,
loss of mitochondrial function [15] and lens cataract in hyperbaric oxygen-treated mice [16].

Accumulation of methionine oxidized lens proteins increases in the human lens with age and
is a key characteristic of age-related cataract where as much as 60% of total protein methionine
is found as PMSO [17–18]. These results suggest that loss of Msr activity plays a major role
in lens aging and cataract formation.

Several studies have directly tied α-crystallin methionine oxidation to age-related cataract
formation. It has been demonstrated that methionine and tryptophan residues of α-crystallin
become oxidized following incubation with 3-hydroxykynurenine, a lens pigment and UV
filter, which increases with age [19]. It has also been shown that methionines of αA- and αB-
crystallins are oxidized in clear middle-aged (45–65) human lenses [20–21]. Importantly, αA-
crystallin is found to be oxidized to methionine sulfoxide in rat hereditary cataracts [22] and
interestingly, substitution of methionine 68 in αB-crystallin with a less hydrophobic residue
(Thr) leads to loss of chaperone activity [23]. These data provide evidence that methionine
oxidation plays a key role in cataract formation through loss of α-crystallin chaperone function.
Msr repair of methionine oxidized α-crystallin would therefore be expected to restore α-
crystallin chaperone function thereby maintaining lens clarity. Lens cataract could occur as a
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result of protein aggregation caused by loss of α-crystallin chaperone function arising from
age-dependent methionine oxidation with concomitant loss of MsrA repair.

Based on these previous studies we hypothesized that methionine oxidation of α-crystallin
could lead to loss of chaperone activity and that MsrA could restore the chaperone activity of
methionine oxidized α-crystallin. To test this hypothesis we oxidized α-crystallin at specific
methionines, we tested the chaperone activity of the methionine oxidized α-crystallin and we
evaluated the ability of MsrA to repair the methionine oxidized α-crystallin and restore its lost
chaperone activity. We also evaluated whether MsrA and α-crystallin d interact in lens cells
in vivo and we examined the presence of methionine oxidized α-crystallin in the lenses of MsrA
knockout relative to wild-type mice. Our data provide evidence that methionine oxidation
damages α-crystallin chaperone activity and that MsrA can repair oxidized α-crystallin
methionines and restore the chaperone function of α-crystallin. We also provide evidence that
MsrA and α-crystallin interact in lens cells and that at least methionine 68 of αB-crystallin is
oxidized to PMSO in the actual lens, upon deletion of MsrA in mice. These results are consistent
with an essential role for MsrA in the maintenance of lens α-crystallin chaperone function.
Loss of MsrA activity upon aging or environmental insult could, therefore, result in loss of α-
crystallin chaperone function and contribute to the development of cataract and other age-
related oxidative stress associated disorders involving α-crystallin including desmin-related
myopathy [8], age-related macular degeneration [24], Lewy body disease [25–26], Parkinson’s
disease [27] and Alzheimer’s disease [28].

Methods
HLE B3 cell culture

Human lens epithelial cells (HLE B3) were grown and cultured in DMEM (Invitrogen)
supplemented with 15% FBS (Invitrogen), gentamicin (50 units/ml; Invitrogen), penicillin-
streptomycin antibiotic mix (50 units/ml; Invitrogen) and fungizone (5ul/ml; Invitrogen) at 37
°C in the presence of 5% CO2.

Immunoprecipitations
An MsrA specific antibody (Abcam, Cambridge, MA) was conjugated to NHS activated beads
(Covance Research Products, Princeton, NJ). 500 μg of mitochondrial fraction from HLE cells
was incubated overnight at 4 °C in a test tube rotator at a concentration of 1 mg total protein
per 100 μg antibody. Beads were collected by centrifugation at 1,000 × g for 1 minute and
washed 4 x with 1 x PBS 1 mM n-dodecyl-β-D-maltopyranoside (nDMP). Protein was eluted
by incubating for 10 minutes in 0.2 M Glycine 1 mM n-DMP buffer pH 2.5 with frequent
agitation. Elution was repeated 3 times prior to washing the beads and storing them in PBS
0.05% sodium azide for future use. Eluted protein was analyzed by SDS-PAGE and Western
blotting with an MsrA-specific antibody at 1:2,000 and an α-crystallin-specific antibody at
1:20,000.

500 μg of HLE protein mitochondrial fraction was incubated with 20 μg anti-αAB-crystallin
antibody (Stressgen) for 1 h at 4 °C while rotating. The mixture was then added to 25 μl packed
Protein A-agarose beads (Sigma-Aldrich, St Louis, MO) pre-equilibrated with RIPA buffer
(50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 1% Sodium
deoxycholate, 0.1% SDS) and mixed by rotation at 4 °C overnight. The beads were then
collected by centrifugation at 8000 rpm for 30 seconds in a microcentrifuge. The supernatant
was saved for further analysis. The beads were washed 3 times in 1 ml 1x PBS 1mM n-DMP
(Sigma-Aldrich). Protein was eluted by boiling for 10 minutes in 40 μl 2x SDS loading buffer.
Eluted protein was analyzed by SDS-PAGE and western blotting as described above.
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Identification of methionine oxidations of α-crystallin
Cyanogen bromide (CNBr) hydrolyzes peptide bonds at the C-terminus of methionine residues;
it does not recognize methionine sulfoxide, the oxidized form of methionine, resulting in lack
of cleavage at methionine sulfoxide residues. Thus, CNBr cleavage is a sensitive detection
method to identify methionine sulfoxide in proteins [29]. Bovine total α-crystallin (Sigma-
Aldrich) (800 μg) was incubated with hypochlorous acid (HOCl; Sigma-Aldrich) (1.2 mM) at
room temperature for 15 minutes to convert methionines to methionine sulfoxide. Where
indicated, methionine sulfoxide was repaired by MsrA using DTT as a reducing agent for the
enzyme. Briefly, DTT (15 mM) was added to the oxidized α-crystallin for 15 min followed by
MsrA (1.2 mM) for 1 h at 37 °C. Samples were dried on a vacuum centrifuge and then subjected
or not to CNBr cleavage. Incubation with DTT alone at these conditions did not reduce oxidized
methionines of α-crystallin (data not shown). Treated or untreated α-crystallin protein was then
diluted in 70% formic acid to 10–20 mg/ml as required by the standard CNBr protocol [29].
CNBr (Sigma-Aldrich) was added in a 2:1 w/w ratio and the reaction mixture incubated at
room temperature for 20 h in the dark. The reaction was terminated by addition of 5 volumes
ddH2O and 5 volumes 1 M ammonium bicarbonate. Samples were then concentrated using an
Amicon stirred ultrafiltration cell. 5 μg of treated or untreated α-crystallin protein was run on
a 17% SDS-PAGE gel. The gels were stained with Colloidal blue for 4 h and de-stained in
ddH2O overnight.

Chaperone function of oxidized and repaired α-crystallin
Chaperone activity was assayed by aggregation of lysozyme (Sigma-Aldrich) in the presence
or absence of wild type, oxidized and oxidized and repaired α-crystallin. The ability of α-
crystallin to prevent DTT-induced (20 mM) aggregation of lysozyme at 37 °C was monitored
by measuring light scattering at 360 nm as a function of time in a Shimadzu UV 1700
spectrophotometer (Columbia, MD) equipped with a temperature regulated cell holder.
Lysozyme is destabilized by reduction of its disulphide bonds using DTT [30]. The α-crystallin
target protein ratio was 1:1 for all samples. For oxidation of α-crystallin the protein was
incubated with HOCl in a 1:6 molar ratio at room temperature for 15 minutes. To terminate
the reaction, 5 volumes of 50 mM sodium phosphate buffer pH 7.3 were added and the samples
concentrated on an Amicon stirred ultrafiltration cell (Amicon, Millipore, Bedford, MA) to
remove HOCl. We compared pre and post ultrafiltration samples using the chaperone assays
and results indicate that post ultrafiltration most of the HOCl is removed although quantization
of HOCl levels was not possible. Oxidized α-crystallin (3.6 μM) was repaired using 60 nM
MsrA for 2 h at 37 °C. Oxidation and repair of α-crystallin was confirmed by mass spectrometry
by separating 2 μg of incubated α-crystallins on a C4 column, on-line analysis by electrospray
ionization mass spectrometry, and deconvolution of the resulting spectra was carried out as
previously described [31], except using 0.1% formic acid in the mobile phase and a 20 μl/min
flow rate.

Detection of oxidized methionines in α-crystallin in vivo
MsrA knockout (C57 Black 6, C57BL/6) and wild type mice (B6129SF2/J strain) were
sacrificed at 6 months and the eyes enucleated. Lenses were microdissected and the cortical
and nuclear fractions frozen on liquid nitrogen prior to lyphilization. Lens proteins from each
fraction were isolated by reconstitution in PBS, fractions were centrifuged at 10,000 g for 30
min at 4 °C and the supernatant collected. Soluble lens protein extracted in this way was
subjected to CNBr cleavage and α-crystallin analyzed by western blotting. Lens protein was
diluted in 70% formic acid to 10–20 mg/ml as required by the standard CNBr protocol [29].
CNBr (Sigma-Aldrich) was added in a 2:1 w/w ratio and the reaction mix incubated at room
temperature for 20 hours in the dark. The reaction was terminated by addition of 5 volumes
ddH2O and 5 volumes 1 M ammonium bicarbonate. Samples were then concentrated using an
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Amicon stirred ultrafiltration cell. 5 μg of treated or untreated α-crystallin protein was run on
a 17% SDS-PAGE gel. SDS-PAGE and western blotting were carried out as previously
described [16]. Western blots of CNBr cleaved lens proteins were analyzed using a 1:20,000
dilution of anti-αAB -crystallin antibody (Stressgen).

Results
MsrA repairs methionine oxidized α-crystallin

Hypochlorous acid (HOCl) is an oxidant that preferentially targets methionine residues in
proteins [32]. HOCl has previously been shown to oxidize key methionine residues in
cytochrome c [16,33] as well as methionines of actin [34], myoglobin [35] and cathepsin G
[36]. To detect methionine sulfoxide residues in total α-crystallin, we used CNBr to specifically
cleave methionines and visualized the cleavage products by SDS-PAGE and colloidal blue
staining. CNBr hydrolyses peptide bonds at the COOH-terminus of methionine, but does not
cleave the oxidized methionine sulfoxide product of HOCl-treatment. To determine if HOCl-
treated α-crystallin could be repaired by MsrA, the samples were subsequently incubated in
the presence or absence of MsrA and DTT as a reducing system.

SDS-PAGE analysis of CNBr cleaved untreated α-crystallin (Figure 1, lane 1) produced 4
bands, the original parent αA-crystallin (19 kDa) and αB-crystallin (20 kDa) bands and two
CNBr cleavage products with molecular weights of approximately 16 kDa and 12 kDa. These
bands are consistent with CNBr cleavage at methionines 138 of αA- and 68 of αB-crystallin,
respectively. The two smaller predicted cleavage products of 3.7 kDa (αA-crystallin) and 7.8
kDa (αB-crystallin) were not detectable on the 17% SDS-PAGE gel as they were likely lost
during ultrafiltration on the 10 kDa cut off membrane. Oxidation of α-crystallin with HOCl
(1.2 mM for 15 min at room temperature) led to loss of cleavage by CNBr indicating the
presence of oxidized methionines and resulting in the detection of only αA-crystallin and αB-
crystallin parent bands (Figure 1, lane 2). Incubation of the oxidized α-crystallin with MsrA
(1.2 mM for 2 h at 37 °C) repaired the oxidized methionines as evidenced by the detection of
cleavage products missing in the oxidized form (Figure 1, lane 3). Based on the intensity of
the bands in the repaired samples (compare Figure 1, lanes 1 and 3), the repair of methionine
oxidized α-crystallin was not 100%. This is to be expected since at most 50% of oxidized
methionines would be expected to be in the S-form of PMSO that MsrA is believed to
selectively recognize, and the reaction is unlikely to be 100% efficient. No effect was detected
with DTT alone as shown in Figure 1B indicating that DTT at the concentration employed can
not reduce PMSO in the absence of MsrA.

As a secondary conformation, oxidation and repair of α-crystallin was further analyzed by mass
spectrometry (Figure 2A and Figure 2B). Total α-crystallin was separated into αA-crystallin
and αB-crystallin by reverse-phase chromatography. The deconvoluted electrospray mass
spectra of untreated bovine αA-crystallin contained proteins of average molecular weight
19,831 and 19,911, corresponding to the normal and phosphorylated forms of αA-crystallin,
respectively (Figure 2A, black spectra). The addition of one oxygen molecule to these species
yields molecular weights of 19,847 and 19,929 respectively. This indicated that in the native
untreated protein, some endogenously oxidized αA-crystallin occurs. Oxidation of α-crystallin
with a 1:6 molar ratio of HOCl for 15 min led to increased levels of methionine oxidation, as
evidenced by the increases in the peaks at 19,848 and 19,927 (Figure 2A, red spectra).
Incubation of the oxidized α-crystallin (3.6 μM) with 60 nM MsrA for 2 h at 37 °C resulted in
a reduction in the oxidized αA-crystallin peaks at 19,845 and 19,927 (Figure 2A, blue spectra).
Similar results were observed for αB-crystallin as shown in Figure 2B where the non-
phosphorylated and phosphorylated masses of bovine αB-crystallin were 20,076 and 20,158,
respectively. The addition of one oxygen molecule to these species yielded molecular weights
of 20,095 and 20,175, (Figure 2B, black spectra) respectively. Oxidation with HOCl increased
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the abundance of these oxidized forms at 20,093 and 20,174 (Figure 2B, red spectra), and
treatment MsrA resulted in their near absence (Figure 2B, blue spectra). In contrast, to the
approximately 50% repair detected following CNBr cleavage of MsrA repaired α-crystallin
(Figure 1A), almost 100% α-crystallin repair was detected for the mono-oxidized form of both
αA-crystallin and αB-crystallin repaired by MsrA. This is not predicted on the basis of the
previously reported S-PMSO preference of MsrA and we do not know the reason for this
disparity. It is possible that the specificity of mouse MsrA used in these studies is different
then E. coli or yeast MsrA specificity [12], alternatively this difference could be accounted for
by separation and/or detection differences inherent in the mass spec analysis between the two
enantiomers of α-crystallin-PMSO. The small differences in molecular weight reported for the
various α-crystallin species was due to instrumental error, which was approximately 0.01% of
the measured mass.

MsrA restores the chaperone activity of α-crystallin lost upon methionine oxidation
To examine the chaperone activity of total α-crystallin, we tested its ability to prevent chemical
denaturation of lysozyme as previously described [1]. Incubation of lysozyme with α-crystallin
in a 1:1 ratio protected lysozyme from chemically induced denaturation (Figure 3). Oxidation
of α-crystallin led to loss of chaperone activity as evidenced by an approximately 70% decrease
in lysozyme protection. Methionine-oxidized α-crystallin (the same 1:6 HOCl: α-crystallin
ratio preparations confirmed for methionine oxidation shown in Figure 2A and 2B) treated
with MsrA and DTT as a reducing system, exhibited restored chaperone activity to a level
approximately the same as untreated α-crystallin (Figure 3). This is consistent with the mass
spec data Figure 2A and 2B (black spectra) showing some percent endogenously oxidized
αA-crystallin and αB-crystallin in the untreated sample, indicating as predicted less than 100%
repair. These results indicate that oxidation of methionines in α-crystallin leads to loss of
chaperone activity and that MsrA can repair and restore the chaperone activity of methionine
oxidized α-crystallin.

MsrA interacts with α-crystallin in lens cells
To determine if a physical interaction between MsrA and α-crystallin takes place in lens
epithelial cells (HLEs), protein extracts were prepared from cultured human lens HLEB3 cells
and co-immunoprecipitation with α-crystallin-specific and MsrA-specific antibodies were
carried out. Western blot analysis of HLE cytosolic extracts immunoprecipitated with an α-
crystallin antibody and probed with an MsrA-specific antibody detected MsrA (Figure 4A).
Conversely, western analysis of HLE extracts immunoprecipitated with MsrA antibody and
probed with an α-crystallin-specific antibody detected α-crystallin (Figure 4B). It is likely that
MsrA preferentially binds oxidized α-crystallin because oxidation could cause a change in
exposed hydrophobic regions of the protein. Some endogenous α-crystallin oxidation is likely
under normal conditions facilitating MsrA binding detected here. These results provide
evidence that α-crystallin and MsrA interact in lens epithelial cells.

αB-crystallin is methionine-oxidized in the lenses of MsrA-knockout mice relative to wild-
type mice

To determine if MsrA is required for maintaining the reduced state of α-crystallin in vivo, lenses
from wild-type and MsrA-knockout mice were microdissected and proteins extracted from the
lens cortex. These were subjected to CNBr cleavage and the resulting proteins separated by
SDS-PAGE and visualized by western blotting with an anti-α-crystallin antibody. Two lenses
from each group were examined. In the wild-type mice, 4 bands were detected including the
parent αA- and αB-crystallin bands (Figure 5, lanes 1 and 2) and an αA-crystallin cleavage
product of about 16 kDa consistent with CNBr cleavage at methionine 138. Also detected was
an αB-crystallin CNBr cleavage product at approximately 12 kDa indicative of methionine 68
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cleavage (Figure 5, lanes 1 and 2). By contrast, the 12 kDa αB-crystallin cleavage product was
not detected in the MsrA-knockout preparation (Figure 5, lanes 3 and 4) suggesting that αB-
crystallin methionine 68 was oxidized to methionine sulfoxide in the lenses of the MsrA-
knockout mice. The 16 kDa band resulting from cleavage of methionine 138 of αA-crystallin
was unaffected in MsrA-knockout mice, therefore no oxidation was found at this methionine.
Increased non-reducible HMW aggregates of α-crystallin were also detected in the one of the
knockout mice (Figure 5, lane 3).

Discussion
It is well accepted that protein oxidation plays a major role in cataract of the eye lens. The two
most prominent oxidations associated with lens aging and cataracts are oxidation of cysteine
to cysteine disulfide and oxidation of protein methionine to methionine sulfoxide [17–18].
Methionine sulfoxide formation leads to changes in protein structure, loss of regulatory
function and loss of enzyme activity [12], which could disrupt the lens homeostasis and result
in cataract formation [16].

Unlike many age-related protein oxidations, PMSO formation can be uniquely repaired by a
family of enzymes called the methionine sulfoxide reductases (Msrs) [13]. MsrA is specific
for the S-epimer of PMSO while three separate enzymes called MsrB1, B2 and B3 are specific
for the R-epimer [13]. All four of these enzymes have been shown to be important for resistance
of lens cells to oxidative stress [14–15,37].

In the lens, the best studied of these is MsrA. MsrA has been shown to be localized throughout
the human lens, particularly in the lens epithelium and posterior fiber cells [14]. Increased
expression of MsrA protects lens cells against oxidative stress while deletion of MsrA renders
lens cells more sensitive to oxidative stress [14]. Importantly, deletion of MsrA in mice exposed
to hyperbaric oxygen stress results in cataract formation [16] suggesting an essential role for
MsrA in lens cell protection and repair of oxidized protein methionines. To date, the only target
for MsrA action identified in the lens is cytochrome c, which was found to be oxidized at
methionine in the MsrA-knockout mouse lens and repairable by MsrA in vitro [16].

Consistent with a critical role for MsrA in defense of the human lens against aging and cataract,
it has been shown that levels of PMSO increase in the human lens with age [17] and that over
60% of total lens protein methionines are oxidized upon human cataract formation [17–18].
These data indicate that high abundance lens proteins are oxidized at methionines upon aging
and in cataract.

α-crystallin represents up to 50% of the soluble protein in the lens [1] making it a major
candidate for methionine oxidation. Moreover, it is a molecular chaperone believed to protect
other lens proteins by preventing aggregation and subsequent light scattering [1]. α-crystallin
is also important for a wide range of lens functions including cytoskeleton remodeling [38],
inhibition of apoptosis, and resistance of lens cells to stress [4]. Oxidation of α-crystallin has
been previously shown to decrease its chaperone function [39] and lead to its aggregation
[39–40]. There are two oxidizable methionines in each α-crystallin subunit that are conserved
between a multitude of species including humans. Methionine 68 of αB-crystallin (identified
here as oxidized in MsrA-deficient mouse lenses) is located in the putative substrate recognition
sequence [41]. These collective properties of α-crystallin make it a likely target for MsrA repair.
To date, the possible consequence of methionine oxidation on the function of α-crystallin
remains relatively unexplored. In the present report, we hypothesized that methionine oxidation
could reduce the chaperone function of α-crystallin and that MsrA could restore this function
through the repair of oxidized methionines.
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To test this hypothesis we specifically oxidized α-crystallin at methionines, confirmed this
oxidation by CNBr cleavage and mass spectroscopy analysis and tested the resulting
methionine sulfoxide α-crystallin for its chaperone activity using chemical denaturing
conditions. We then tested the ability of purified MsrA to repair the oxidized α-crystallin and
restore its chaperone function. Finally, we examined the possible interaction between α-
crystallin and MsrA in lens cells and examined α-crystallin for methionine oxidation in the
lenses of MsrA-knockout relative to wild-type mice.

Oxidation of α-crystallin with HOCl oxidized methionine 138 of αA-crystallin and methionine
68 of αB-crystallin as shown by CNBr cleavage (Figure 1). MsrA was able to reduce the
methionine sulfoxide at these sites back to methionine. Oxidation of α-crystallin was confirmed
using mass spectroscopy analysis (Figures 2A and 2B). Consistent with the hypothesis that
MsrA repairs and restores the chaperone function of α-crystallin in the lens, we found that
methionine oxidation reduced the ability of α-crystallin to protect lysozyme against chemical
denaturation (Figure 3). These data provide strong evidence that the oxidation of methionines
in α-crystallin leads to loss of chaperone function that can be restored by MsrA. All data are
consistent with the fact that MsrA repairs α-crystallin PMSO and that this repair is independent
of the DTT reducing system. However, each method indicated a different level of MsrA repair,
ranging from approximately 50% by CNBr cleavage, to approximately 60% by chaperone
measurement to greater than 90% by mass spec analysis. Although the reason for this disparity
is not known these differences are most likely the result of inherent differences in sensitivity
between the three methods and all three methods confirm MsrA repair. MsrA and α-crystallin
were found to interact in human lens cells (Figure 4A and 4B), this interaction is not surprising
since α-crystallin acts as a molecular chaperone and therefore interacts with many proteins in
the cell but it nevertheless provides evidence that it interacts in vivo. The interaction does
suggest that α-crystallin could be a major target for MsrA in the lens. Finally we examined the
lenses of wild-type and MsrA knockout mice and found that αB-crystallin is oxidized at
methionine 68 in vivo (Figure 5, the 12 kDa band), suggesting that MsrA is required to maintain
the reduced and functioning state of α-crystallin in vivo. Further work is required to examine
the negative result with respect to αA-crystallin (Figure 5, the 16 kDa band). αA-crystallin may
be oxidized with further aging or oxidative stress treatment of the MsrA-knockout mice. Loss
of chaperone function in conjunction with loss of MsrA repair is likely to result in lens cataract
and be involved in other diseases associated with α-crystallin expression and oxidative stress.
Point mutations in both αA- and αB-crystallins have been shown to cause disease in humans.
For instance, the arginine 116 to cysteine conversion of αA-crystallin causes congenital cataract
[7] while an arginine 120 to glycine point mutation in αB-crystallin has been shown to cause
desmin-related myopathy as well as cataracts [8]. The R116C mutation leads to a highly
oligomerized αA-crystallin that is defective in chaperone function [42–43]. The R120G
mutation also results in irregular structure and decreased chaperone function of αB-crystallin
[8,43]. In addition, the G98R mutation in αA-crystallin leads to altered chaperone function and
changes in the secondary, tertiary and quaternary structure result in an aggregation prone
protein [44]. Oxidation by Fenton-type reaction of rat recombinant αA- and αB-crystallin was
shown to result in higher molecular weight proteins that lacked chaperone function [39]. This
same Fenton-type reaction was shown to result in modification of methionines with no other
oxidative modification [40]. This evidence suggests that single site mutations or methionine
oxidations of either αA- or αB-crystallin adversely alter protein structure leading to higher
molecular weight aggregates and decreased chaperone function resulting in a predisposition
to cataract formation.

The location of methionines in α-crystallin is consistent with their having major consequences
in structure and chaperone function. Recognition site 2 of αB-crystallin [41] contains the
methionine 68 of this protein and this site was shown to be important in the oligomerization
and exchange dynamics of αB-crystallin as well as the sequence specific interaction of the
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αA- and αB-crystallin subunits. Although site directed mutagenesis of three residues in this
sequence showed some effect on structure, no effect was seen on chaperone function. Mutation
of methionine 68 has yet to be studied and may provide insight into the role of methionines in
α-crystallin structure and chaperone function.

In summary this report examined the ability of MsrA to repair and restore the chaperone
function of α-crystallin lost upon methionine oxidation. We demonstrated that oxidation of
methionine leads to loss of chaperone function that can be restored by MsrA repair. In addition,
we determined that lenses of MsrA knockout mice contain higher levels of oxidized αB-
crystallin relative to wild-type. Our conclusion, that repair of oxidized methionines in α-
crystallin is necessary for the maintenance of chaperone function and therefore lens
transparency is summarized in Figure 6. The data collectively suggest that at least one
requirement for MsrA in lens and other tissues is likely maintenance and repair of α-crystallin
chaperone activity which is required for a multitude of important lens functions ranging from
refraction through cytoskeletal remodeling and apoptotic control. Loss of α-crystallin
chaperone function likely results in lens protein aggregation which may account for cataract
formation found in the absence of MsrA in mice. Since PMSO levels increase in the human
lens with age and upon cataract formation [17–18] it is likely that α-crystallin is oxidized in
the human lens as a consequence of decreased MsrA levels and/or activity with age. Indeed,
MsrA levels and activities have been shown to decrease with age in multiple rat tissues [45].
Such a decrease in the lens could result in α-crystallin oxidation, protein aggregation and
ultimately cataract formation. Given the role of MsrA and α-crystallin in the lens and other
tissues and diseases, these results are likely applicable to our understanding of these oxidative
stress associated and aging disease mechanisms and they may provide a basis for the
development of intelligently designed interventions for these conditions.
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Figure 1.
Figure 1A. MsrA repairs α-crystallin oxidized by HOCl in vitro.
Colloidal blue staining of SDS-PAGE of α-crystallin (5 μg) following CNBr cleavage. Lane
1 – untreated α-crystallin cleaved with CNBr. Lane 2 – oxidized α-crystallin (800 μg oxidized
with 1.2 mM HOCl) cleaved with CNBr. Lane 3 - oxidized α-crystallin incubated with MsrA
(1.2 mM) and DTT (5 mM) for 1 hr at 37 °C and cleaved with CNBr. Lane 4 - Total α-crystallin
standard.
Figure 1B. DTT alone has no effect on HOCl-induced oxidation of α-crystallin.
Colloidal blue staining of SDS-PAGE of α-crystallin (5 μg) following CNBr cleavage. Lane
1 – untreated α-crystallin cleaved with CNBr. Lane 2 – oxidized α-crystallin (800 μg oxidized
with 1.2 mM HOCl) cleaved with CNBr. Lane 3 - oxidized α-crystallin incubated with DTT
(5 mM) alone for 1 hr at 37 °C and cleaved with CNBr.
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Figure 2. Deconvoluted ESI mass spectra of HOCl-oxidized α-crystallin

A. Native αA-crystallin (black spectra), αA-crystallin oxidized by HOCl (1:6 total HOCl:
α-crystallin for 15 min) (red spectra), oxidized αA-crystallin repaired with MsrA (blue
spectra).

B. Native αB crystallin (black spectra), αB-crystallin oxidized by HOCl (1:6 total HOCl:
α-crystallin for 15 min) (red spectra), oxidized αB-crystallin repaired with MsrA (blue
spectra).
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Figure 3. MsrA restores the chaperone activity of total α-crystallin lost upon oxidation with HOCl
Chaperone activity of α-crystallin using lysozyme as a target. Lysozyme was chemically
denatured using 20 mM DTT. Incubation of lysozyme with α-crystallin in a 1:1 ratio protected
lysozyme from denaturation. Incubation of lysozyme with HOCl-oxidized α-crystallin in a 1:1
ratio did not protect lysozyme from denaturation. Incubation of HOCl-oxidized α-crystallin
with MsrA for 2 h at 37 °C restored the chaperone function of α-crystallin.
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Figure 4. MsrA and α-crystallin co-immunoprecipitate in human lens epithelial cell extracts
Mitochondrial extracts where prepared from cultured human lens epithelial cells and incubated
with either α-crystallin antibody and protein G agarose or MsrA antibodies conjugated to NHS-
activated beads. Both methods result in antibody complexes. After thorough washing to remove
un-conjugated proteins, conjugated protein complexes were eluted, run on SDS-PAGE gels
and probed with either crystallin antibody or MsrA antibodies. Thus MsrA specific antibodies
detect MsrA isolated using α-crystallin antibodies and conversely α-crystallin specific
antibodies detect α-crystallin using MsrA specific antibodies. Both confirm in vivo complexes
between MsrA and α-crystallin.

A. Immunoblotting of HLE extracts immunoprecipitated using an α-crystallin-specific
antibody and probed with MsrA-specific antibody. Lane 1 α-crystallin IP =
immunoprecipitate carried out using the α-crystallin-specific antibody.

B. Immunoblotting of HLE extracts immunoprecipitated using an MsrA-specific
antibody and probed with α-crystallin-specific antibody. Lane 1 MsrA IP =
immunoprecipitate carried out using the MsrA-specific antibody.
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Figure 5. Oxidation of α-crystallin in MsrA knockout mouse lens
Immunoblots of total lens protein from two wild type and two MsrA knockout lenses cleaved
with CNBr and probed with an α-crystallin specific antibody. Lanes 1–2 5 μg protein from
wild type untreated mouse lenses. Lanes 3–4 5 μg protein from untreated MsrA knockout
lenses.
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Figure 6. Possible mechanism of MsrA repair of α-crystallin and potential effect of chaperone
activity and cataract
Reduced α-crystallin (3:1 ratio αA-crystallin: αB-crystallin) may become oxidized upon aging
and other oxidative stress conditions, in this Figure reduced methionines (S) are shown as green
circles and oxidized methionines (SO) are shown as red circles. This may lead to loss of
chaperone function and potentially cataract in the absence of MsrA repair. If repaired by MsrA
the α-crystallin chaperone function would be restored and cataract formation would be averted.
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