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Figure 4. Cyt ¢ in MsrA deficient mouse
lenses shows evidence of oxidation and
aggregation. A: SDS-PAGE and
immunoblotting of cyt ¢ (5 pug)
following CNBr cleavage of total lens
protein extract with a cyt c specific
antibody. Lens protein extracted from
wild-type and MsrA knockout mouse
lenses with no HBO treatment. Lane 1 —
wild type mouse lens, Lane 2 — MsrA
knockout mouse lens, Lane 3 — cyt ¢
standard. B: Colloidal blue staining of
the SDS-PAGE gel shown as a control
for protein loading. C: SDS-PAGE and
immunoblotting of cyt ¢ (5 pug)
following CNBr cleavage of total lens
protein extract with a cyt c specific
antibody. Lens proteins extracted from
wild-type and MsrA knockout mouse
lenses following HBO treatment. Lane
1 —wild type mouse lens, Lane 2 — MsrA
knockout mouse lens, Lane 3 — cyt ¢
standard. D: Colloidal blue staining of
the SDS-PAGE gel shown as a control
for protein loading.

methionine sulfoxide. There are two methionines in mouse cyt
¢ at positions 65 and 80. CNBr cleavage of methionines in
mouse cyt c therefore results in the production of three
peptides of molecular weights 7,146 kDa, 2,911 kDa, and
1,811 kDa. The 2,911 kDa peptide arises from cleavage at met
80 while the other two peptides result from cleavage at met
65 and met 80. CNBr cleavage of cyt ¢ containing met 80
sulfoxide without containing met 65 sulfoxide would result in
7,277 kDa and 4,573 kDa peptides; while oxidation of met 65
in the absence of oxidation at met 80 would yield 8,939 kDa
and 2,911 kDa peptides.

As expected, CNBr treatment of wild-type mouse lens
protein resulted in the detection of an approximate 7,146 kDa
band indicative of non-oxidized cyt ¢ as well as uncut
monomer and dimer forms of cyt ¢ (see western blot Figure
4A, lane 1 and coomassie stain Figure 4B lane 1). The smaller
predicted products of 2,911 and 1,811 required to determine
specific cleavage at met 80 relative to met 65 could not be
detected due to limitations in gel resolution. By contrast,
almost no 7,146 kDa cleavage product was apparent in the
MsrA knockout lens extracts as well as almost no monomer
form of cyt ¢ (western blot Figure 4A lane 2 and coomassie
Figure 4B lane 2). The dimer form of cyt ¢ was detected in
small amounts (western blot Figure 4A, lane 2). These results
suggest that cyt ¢ is oxidized and aggregated in the lenses of
the MsrA knockout mice consistent with previous studies
demonstrating aggregation of cyt ¢ upon oxidation in vitro
[26,27]. These results appeared to be augmented by HBO
treatment. Analysis of HBO treated wild-type lenses revealed
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similar monomer and CNBr cleaved forms (western blot
Figure 4C lane 2 and coomassie stain Figure 4D lane 2).
However, no monomer or dimer forms of cyt ¢ could be
detected in the HBO-treated MsrA knockout lenses (western
blot Figure 4C lane 3 and coomassie stain Figure 4D lane 3).

MsrA repairs oxidized cytochrome c in vitro resulting in
cytochrome c de-aggregation: Since cyt c levels in the lens or
lens cells were too low for accurate analysis, purified horse
heart cyt ¢ was used to investigate whether purified MsrA
could actually repair methionine sulfoxide in cyt c.
Aggregation of cyt ¢ in the MsrA knockout lenses suggested
that lens MsrA could repair cyt ¢ methionine sulfoxide which
could restore oxidized cyt ¢ to a de-aggregated state. To test
this hypothesis, purified cyt ¢ (0.2mM; horse heart) was
treated with increasing amounts of HOCI (2:1, 4:1, and 6:1
molar ratios) which specifically converts methionines in cyt
¢ to methionine sulfoxide, and oxidized cyt ¢ was incubated
with or without MsrA with the addition of DTT as a reducing
system. The resulting samples were treated with CNBr and
run on tris-tricine gels. Cleavage of wild-type cyt c with CNBr
should result in three peptides of molecular weights 7,146
kDa, 2,911 kDa, and 1,811 kDa. If both methionines in cyt c
are oxidized no CNBr bands should be visualized. CNBr
cleavage at met 80 should result in a 2,911 kDa band. CNBr
cleavage of cyt ¢ with oxidation at met 80 in the absence of
oxidation at met 65 should result in 7,277 kDa and 4,573 kDa
peptides; while oxidation of met 65 in the absence of oxidation
at met 80 would yield 8,939 kDa and 2,911 kDa peptides.
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Figure 5. MsrA repairs oxidized
methionines in cyt ¢ and de-aggregates
oxidized cyt c. A: Colloidal blue
staining of a Tricine-SDS-PAGE gel
following CNBr cleavage of oxidized
cytc (5 pug). Lane 1 untreated cyt c, lane
2 - 0.4 mM HOCI (2:1 molar ratio), lane
3 -0.8 mM HOCI (4:1 molar ratio) and
lane 4 - 1.2 mM HOCI (6:1 molar ratio).
Lanes 5-7 are Cyt ¢ (with the same ratios
HOCI) repaired by 1.9 uM MsrA and 15
mM DTT. B: SDS-PAGE gel analysis
of cyt ¢ oxidized (5 pg) with high doses
of HOCI using colloidal blue staining.
Lanes 1 — 3, high doses of HOCI (5, 7.5
and 10 mM HOCI). Lane 4 contains the
cyt c¢ standard. C: Colloidal blue
staining of a Tricine-SDS-PAGE gel of
cyt ¢ (5 png) following CNBr cleavage.
Lane 1 — Untreated cyt ¢ cleaved with
CNBr. Lane 2 — Oxidized cyt ¢ (0.2 mM
cyt ¢ treated with 0.8 mM HOCI, 4:1
molar ratio) cleaved with CNBr. Lane 3
— Oxidized cyt ¢ (291 uM) treated with
MsrA (1.9 uM) and DTT (15 mM) for 2
h at 37 °C and cleaved with CNBr.
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Treatment of cyt ¢ with increasing amounts of HOCI for
15 min resulted in a dose dependent loss of CNBr cleavage
product at approximately 7,146 kDa signifying oxidation of
both methionines in cyt ¢ (Figure 5A, Lanes 2-4) upon
treatment with HOCL. As expected, there was also a
concentration dependent increase in aggregation of cyt ¢
(Figure S5A, lanes 2-4). The formation of dimers and oligomers
was observed with increasing concentrations of HOCI. The
two smaller cleavage products of 2,911 kDa and 1,811 kDa
were not visualized on this gel due to lack of resolution.
Incubation of the oxidized aggregated cyt ¢ (291 uM) with 1.9
uM MsrA for 2 h at 37 °C resulted in repair of oxidized
methionines in cyt ¢ as evidenced by the return of the 7,146
kDa product in all three samples (Figure SA, lanes 5-7). In
addition, decreases in dimer and oligomer forms (Figure 5A,
lanes 5-7) were also observed suggesting that the oxidation
state of methionines is important for the aggregation state of
cyt ¢. Increased levels of HOCI above 5 mM resulted in
complete loss of monomer and dimer forms (Figure 5B, lanes
1-3).

Considerable evidence indicates that met 80, which co-
ordinates the heme group in cyt c is essential for cyt ¢ function
in terms of electron transport [17] and may play a critical role
in the ability of cyt c to initiate apoptosis [28,29]. Considering
the potential importance of met 80, we wished to confirm met
80 oxidation upon HOCI treatment and the ability of MsrA to
specifically repair cyt ¢ met 80 sulfoxide. Incubation of 0.2
mM horse heart cyt ¢ protein with 0.8 mM HOCI (4:1 molar
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ratio) resulted in oxidation of methionines at positions 65 and
80 as evidenced by the reduction in intensity of the 7,146 kDa
band and non-detectable levels of the 2,911 kDa band
following CNBr treatment (Figure 5C, Lane 2). Oxidized
methionines in cytc (291 pM), including met 80 were repaired
by incubation with 1.9 uM MsrA for 2 h at 37 °C with 15 mM
DTT as evidenced by the increased intensity of the 7,146 kDa
band and the reappearance of the 2,911 kDa band (Figure 5C,
Lane 3) relative to the oxidized protein (Figure SA Lane 2).
In both cases, the 1,811 kDa band, consistent with oxidation
of both met 80 and met 65 was not visible using these
conditions. As a control, DTT alone had no effect on cyt ¢
repair (data not shown). This data confirms specific oxidation
of cyt ¢ met80 and its repair by MsrA.

As a secondary conformation, oxidation of cyt ¢ was
further analyzed by mass spectrometry (Figure 6A-D). The
electrospray mass spectra of untreated cyt ¢ contained a parent
ion of average molecular weight — 12,359 (Figure 6A). The
addition of one oxygen molecule yields a molecular weight of
12,374 while the addition of two oxygens results in a
molecular weight of 12,391. Oxidation of cyt ¢ with a 4:1
molar ratio of HOCI for 15 min led to both a one and a two
oxygen addition (31% and 46% respectively of total cyt c).
About 22% of cyt c remained in the native form (Figure 6B).
Incubation of the oxidized cyt ¢ (291 uM) with 1.9 uM MsrA
for 2 h at 37 °C led to a reduction to 10% of the two oxygen
addition while the one oxygen addition went from 31% to 42%
and the native increased to 48% (Figure 6C). Oxidized cyt c
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was incubated for 2 h at 37 °C with repair buffer containing
15 mM DTT alone with no MsrA (Figure 6D). DTT alone had
some reducing effect on the two oxygen addition as seen in
Figure 5D with a reduction from 46% to 19% but not the one
oxygen addition. Similar amounts of native protein were
observed following DTT alone as seen with MsrA (49% and
48%). These results suggest that some reduction could be
attributed to DTT despite DTT having no effect on the repair
shown in Figure 5A and Figure 5C.

MsrA restores cytochrome c function lost upon methionine
oxidation: Previous work showed that cyt ¢ could be
preferentially oxidized on met 80 to met 80 sulfoxide in vitro
through HOCI treatment [17] and the data presented here
confirms oxidation of both methionines in cyt ¢ and confirms
met 80 oxidation. Chen et al. [17] also showed that met 80
oxidation inhibited the ability of cyt c to transfer electrons and
increased the peroxidase activity. To determine if MsrA could
repair cyt ¢ inactivated through the formation of met 80
sulfoxide, we examined the oxidase and peroxidase activities
of oxidized and repaired cyt c. Cyt c was oxidized and repaired
exactly as described for Figure 4C. Oxidation of cyt c by HOCl
resulted in a 92% loss of cytochrome c oxidase activity (Figure
7A) when compared to the wild type reduced cyt c. Treatment
of the oxidized cyt ¢ with MsrA restored about 58% of the
activity of reduced cytochrome c oxidase. This is in excess of
the 50% repair of cyt ¢ expected on the basis of the S-epimer
specificity of the enzyme and the predicted 50% S-epimer
formation of cyt ¢ met 80 sulfoxide resulting from HOCI
chemical oxidation. As a control, incubation with DTT alone
had no effect on cytochrome ¢ oxidase activity using oxidized
cyt ¢ (data not shown). Conversion of cyt ¢ to cyt ¢ met 80
sulfoxide is known to increase peroxidase activity of cyt ¢
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[17]. Oxidation of cyt ¢ resulted in increased peroxidase
activity compared to the wild type proteins — oxidized is
designated as 100% here, the wild type cyt ¢ has 9.5% activity
in comparison (Figure 7B). Consistently, treatment of
oxidized cyt ¢ with MsrA resulted in a 39% reduction in cyt
¢ peroxidase activity in excess of the effect of DTT alone
(Figure 7B).

DISCUSSION

Lens cataract is an oxidative stress disease associated with
protein methionine oxidation [2,3] and MsrA which repairs
oxidized methionines has been shown to be important for lens
cell viability [10] and interestingly, lens cell mitochondrial
function [11]. MsrA is also a major regulator of lifespan in
mice [6] and is linked to a multitude of diseases [30-34]
including the aging process itself [35,36].

Loss of MsrA activity could account for increased levels
of PMSO found in cataract relative to clear lenses. We
hypothesized that cataract could be a cumulative event caused
at least in part by failure of MsrA to repair damaged proteins.
Since loss of mitochondrial function was detected in lens cells
upon silencing of the MsrA gene [11], we further
hypothesized that key mitochondrial proteins could be targets
for MsrA activity.

One key component for the maintenance of the lens is the
lens epithelium, which contains the highest levels of enzymes
and transport systems in the lens [37], it is essential for the
growth, differentiation and homeostasis of the entire lens
[38] and contains high levels of mitochondria. It has been
shown that damage to the lens epithelium and its enzyme
systems, can result in cataract formation [39-42]. Oxidative
damage to the lens epithelium is believed to be an initiating
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Figure 7. MsrA repairs the oxidase
activity and decreases the peroxidase
activity of cytochrome c. A:
Representative graph of cytochrome c
oxidase activity using oxidized and
repaired cyt c. Cytochrome ¢ oxidase
activity using reduced wild type cyt c
gives maximum activity in this assay.
When oxidized cyt ¢ (incubated for 15
min with a 4:1 molar ratio of HOCI) is
used as a substrate for cytochrome c
oxidase, the activity drops by 92% to
8.3% Treatment of the oxidized cyt ¢
(291 pM) with MsrA (1.9 uM for 2 h at
37°C)and 15 mM DTT leads to a seven
fold increase in cyt ¢ oxidase activity to
66% or 58% repair above the oxidized.
Activity shown here is as a percentage
activity of the oxidized form of cyt c.
B: Representative graph of cyt c
mediated peroxidase activity. The wild
type protein has 9.5% of the activity of
the oxidized protein. Oxidized cyt c
(incubated for 15 min with 4:1 molar
ratio of HOCI) gives maximal
peroxidase activity. Treatment of the
oxidized cyt ¢ (291 uM) with MsrA (1.9
uM for 2 h at 37 °C) and 15 mM DTT
leads to a 40% decrease in cyt c
peroxidase activity. Activity is shown
here as a percentage of the activity of the
oxidized form of cyt c.

Mouse MsrA

Mouse MsrA

factor in cataract formation [40], is associated with extensive
DNA damage, damage to membrane pump systems (Ca
ATPase, Na/K ATPase) and loss of reduced GSH.
Collectively all of these could cause damage to the underlying
fiber cells and result in cataract formation [40,42]. In addition,
damage to the mitochondria of lens epithelial cells may result
in apoptosis which has been associated with cataractogenesis
[23-25]. Many of these systems rely on ATP and reducing
systems provided through mitochondrial activity.

In the present report, we examined the lenses of HBO-
treated and aged-matched MsrA knockout mice relative to
wild-type mice and we detected increased light scattering in
the HBO-treated knockout mice. We do not know if further
aging of MsrA knockout mice would result in cataract and
therefore cannot on the basis of these findings determine
whether HBO treatment accelerates normal aging or stresses
the lens in excess of normal aging. However, it is believed that
HBO treatment results in changes similar to those found in
aged human lenses [12]. Nevertheless, these findings do
suggest that MsrA knockout lenses exhibit an increased
sensitivity towards exogenous oxidative stress (Figure 1B-E).
Light scattering in these lenses appeared to be localized to the
lens nucleus suggesting that light scattering is likely the result
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of oxidized and aggregated crystallins. The lens epithelium is
the first site of oxygen exposure and a large body of evidence
indicates that epithelial damage is an initiator of cataract.
Given that MsrA protein is mainly localized to the epithelium
[10] and is required for the maintenance of lens cell
mitochondrial function and epithelial resistance to oxidative
stress we focused on the mitochondria of the lens epithelium
as a likely site for the action of MsrA in preventing damage
to and/or repairing lens proteins that could be involved in
increased light scattering in HBO treated MsrA knockout
mice.

Co-immunoprecipitation studies with lens epithelial cell
extracts and antibodies specific for the five major
mitochondrial complexes, cyt ¢ and MsrA revealed that MsrA
interacted with all of the above mitochondrial components
except for complex IV where a band size inconsistent with
complex IV was detected (Figure 2A). Since the
mitochondrial complexes consist of many proteins and given
the importance of cyt ¢ as both an electron carrier in the
respiratory chain and a modulator of apoptosis, we focused on
cyt ¢ as a possible target for MsrA. Oxidation of cyt ¢ in the
MsrA knockout lens and loss of its activity could damage the
lens epithelium through loss of electron transport, loss of
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cationic exchange and apoptotic induction, all of which could
ultimately contribute to increased light scattering and cataract
formation.

Consistent with a potential role for MsrA repair of cyt c
in the lens, analysis of the MsrA knockout lenses revealed
increased oxidation and aggregation of cyt c¢ that was not
found in wild-type lenses (Figure 4A) this was exacerbated
following HBO treatment where cyt ¢ was no longer detected
in the soluble protein (Figure 4C). Indeed, little soluble cyt c
could be detected at all in these lenses consistent with previous
studies showing that oxidized cyt ¢ forms higher molecular
weight aggregates and that oxidized cyt ¢ degrades in vitro
[17,26,27]. To further explore whether MsrA can repair
oxidized cyt c, the ability of MsrA to repair cyt c was evaluated
using purified cyt ¢ and MsrA. CNBr treatment, which
specifically cuts reduced but not oxidized methionine in cyt ¢
revealed specific methionine oxidation that could be repaired
by MsrA treatment (Figure 4A). Consistent with the
aggregation observed in the knockout lenses, high levels of
oxidant (HOCI) resulted in increased aggregation and
degradation of cyt c in vitro (Figure 5B). Further analysis of
the oxidized cyt ¢ protein by CNBr treatment revealed two
sites of methionine oxidation at met 80 and met 65 (Figure
5C). Oxidation levels were further confirmed by mass spec
analysis (Figure 6A-D). Consistent with these oxidations
being important for cyt ¢ function, methionine oxidation of
cyt c reduced its activity as an electron carrier by 92% (Figure
7A) and increased cyt ¢ peroxidase activity tenfold (Figure
7B) as previously reported [17]. MsrA treatment of oxidized
cyt ¢ restored cyt ¢ oxidase activity to 58% of the wild-type
reduced protein and reduced the oxidized cyt ¢ peroxidase
activity by 39% (Figure 7A,B). Repair by MsrA of cyt ¢
oxidase activity was in excess of the expected 50% based on
S-epimer specificity and the expected random 50-50
distribution of S- and R- epimers in the oxidized cyt ¢ while
for cyt ¢ peroxidase activity repair in terms of percent activity
was slightly lower than expected. In effect, the R- and S-
epimer distribution is unlikely to be strictly 50-50 and the
amount of repair found here reflects that situation. This data
indicates that MsrA efficiently repairs oxidized methionines
at low enzyme concentrations, here the ratio of oxidized
protein to enzyme was 153:1.

With this HBO model the levels of oxygen are likely to
be higher in the epithelial and periphery than in the center of
the lens through diffusion of oxygen through the cornea as
shown by Shui et al. [43], potentially targeting the cells of the
lens epithelium which as stated above can be the initiating site
for cataractogenesis. Damage following HBO treatment of
guinea pigs or rabbits involves disulfide formation, membrane
damage and loss of cytoskeletal proteins as well as decreased
GSH and ascorbate levels in the nucleus and cortex and - and
y-crystallin aggregation, all ultimately leading to nuclear
cataract [12,44-46]. HLE B3 cells treated with HBO showed
a30% decrease in ATP levels after 3 h of treatment consistent

996

© 2009 Molecular Vision

with loss of mitochondrial function. Indeed, transmission
electron microscopy analysis of those cells at 16 h indicated
a decrease in the total number of mitochondria [14]. Haung et
al. [13] cultured HLE B3 cells in hyperoxia conditions and
showed increased mitochondrial ROS (43%), decreased
mitochondrial membrane potential and loss of cardiolipin, a
key player in the regulation of the mitochondrial apoptosis
[47]. All of these studies point to loss of mitochondrial
function as an important characteristic of lens oxidation and
suggest that MsrA repair of oxidized lens mitochondrial
proteins is a key factor in lens maintenance.

In addition to serving as targets for MsrA, methionine
residues are thought to act as antioxidants by directly
scavenging ROS, lack of MsrA to reverse this process may
increase not only PMSO but endogenous ROS that can no
longer be scavenged. This may explain the oxidation and
aggregation of cyt ¢ in vivo even without HBO treatment.
These results correlate well with the findings of Marchetti et
al. [11] where loss of cell viability, decreased mitochondrial
membrane potential and increased ROS levels were found in
HLE B3 cells silenced for MsrA, even in the absence of
oxidative stress. Since HBO treatment results in changes
similar to aged human lens [12] the model used here could
reflect events in aged human lenses in the presence or absence
of MsrA, highlighting the importance of this enzyme as both
a repair system and antioxidant scavenger. Interestingly,
Shur-Perek and Avi-Dor [48] showed that the dimer form of
cyt ¢, found here in MsrA knockout mice, was relatively
ineffective as an electron carrier in the respiratory system.
Upon HBO treatment of MsrA knockout mice the cyt ¢ protein
appears to be completely degraded or aggregated to an
insoluble form which was also observed in Figure 4B with
high concentrations of HOCI (5-10 mM) and observed by
Chen et al. [17] when ratios of HOCl:cyt ¢ above 8:1 were
used. It could be that in the absence of MsrA activity, the
mitochondrial system is overwhelmed with ROS, damaging
not just cyt ¢ but other key mitochondrial proteins and
eventually causing lens epithelial cell apoptosis and
ultimately cataract.

It has been proposed that the main function of
mitochondria in the lens is to keep oxygen tension low [49].
Mitochondria consume about 90% of the oxygen entering the
cell and when uncoupled, the lens sharp focus is lost [50].
Without MsrA functioning as both an antioxidant and repair
system, oxygen consumption may decrease, leading to
mitochondrial dysfunction, increased ROS production and
ultimately apoptosis. In bovine lenses at least 30% of the
energy used in the form of ATP is derived from mitochondrial
respiration [51]. Loss of this energy is likely destructive to the
lens.

In this report, we show that one key protein likely to be
oxidized under these conditions is cyt c. In vitro methionine
oxidation in cyt ¢ led to decreased electron transport ability


http://www.molvis.org/molvis/v15/a104

Molecular Vision 2009; 15:985-999 <http://www.molvis.org/molvis/v15/a104> © 2009 Molecular Vision

®

1 (Msra)

(wild-type lenses)
Repair

@ 0,

1. Normal lens epithelial mitochondria ADP ATP GD) o
2

¢

Oxidized cyt ¢ @

HBO treatment

2. Stressed lens epithelial mitochondria T mitochondrial ROS production

Figure 8. Model of MsrA repair of cyt ¢ to maintain lens function and potential consequences on lens function of un-repaired oxidized
cytochrome c. During normal respiration in the lens cyt ¢ functions to transfer electrons from complex III to complex IV of the electron
transport chain (ETC) (1), superoxide is a by product of the ETC and mainly comes from complexes I and III. On exposure to HBO treatment
an increase in ROS can cause mitochondrial dysfunction, reduced or no electron transport and increased ROS production (2). Cyt ¢ may
become oxidized on its methionine residues as a consequence of oxidative stress (3). Cyt ¢ may be then released by the mitochondria to initiate
the internal pathway of apoptosis (4) or be repaired by MsrA (5) to restore normal function. Lack of MsrA repair of cyt ¢ could results in loss
of a multitude of lens functions and ultimately cataract.
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transport ability leads to mitochondrial dysfunction which is 8). Clearly cyt c is not the only lens protein acted upon by

seen in a number of studies using hyperoxia and cultured lens MsrA and its activity is likely one of the many important lens

epithelial cells. Previous studies have shown that only the functions damaged through methionine oxidation.

oxidized form of cyt ¢ has the ability to initiate apoptosis ~ Nevertheless, identification of cyt ¢ as oxidized in MsrA
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