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TXNL6 Is a Novel Oxidative Stress-Induced Reducing
System for Methionine Sulfoxide Reductase A Repair of
a-Crystallin and Cytochrome C in the Eye Lens
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Abstract

A key feature of many age-related diseases is the oxidative stress-induced accumulation of protein methionine sulfoxide
(PMSO) which causes lost protein function and cell death. Proteins whose functions are lost upon PMSO formation can be
repaired by the enzyme methionine sulfoxide reductase A (MsrA) which is a key regulator of longevity. One disease
intimately associated with PMSO formation and loss of MsrA activity is age-related human cataract. PMSO levels increase in
the eye lens upon aging and in age-related human cataract as much as 70% of total lens protein is converted to PMSO. MsrA
is required for lens cell maintenance, defense against oxidative stress damage, mitochondrial function and prevention of
lens cataract formation. Essential for MsrA action in the lens and other tissues is the availability of a reducing system
sufficient to catalytically regenerate active MsrA. To date, the lens reducing system(s) required for MsrA activity has not been
defined. Here, we provide evidence that a novel thioredoxin-like protein called thioredoxin-like 6 (TXNL6) can serve as a
reducing system for MsrA repair of the essential lens chaperone a-crystallin/sHSP and mitochondrial cytochrome c. We also
show that TXNL6 is induced at high levels in human lens epithelial cells exposed to H,0,-induced oxidative stress.
Collectively, these data suggest a critical role for TXNL6 in MsrA repair of essential lens proteins under oxidative stress
conditions and that TXNL6 is important for MsrA defense protection against cataract. They also suggest that MsrA uses
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multiple reducing systems for its repair activity that may augment its function under different cellular conditions.
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Introduction

Significant evidence points to a major role for protein oxidations
in the etiology of many age-related human degenerative disorders
including Alzheimer’s disease [1-2], Parkinson’s disease [3-5], and
age-related cataract of the eye lens [6]. Protein oxidation can
result in altered conformation, activity, sub-cellular localization
patterns, and aggregation states which are associated with loss of
cellular functions, apoptosis, and cell death [7]. Proteins become
oxidized upon exposure to reactive oxygen species (ROS).
Exogenous sources of ROS include environmental oxidants,
radiation and drugs [8]. Endogenous ROS can arise as a by-
product of mitochondrial respiration through inefficient electron
coupling at complexes I and III of the electron transport chain [9—
10]. ROS levels increase upon aging as a consequence of multiple
events including age-related accumulation of mitochondrial
mutations, resulting from exposure to endogenous ROS [11].
The two most common protein oxidations upon aging and disease
are oxidation of cysteines and methionines [7][12][13].

Protein methionines (mets) are rapidly oxidized to form
protein methionine sulfoxides (PMSO) upon exposure to
hydrogen peroxide, hydroxyl radical, and other sources of
ROS [13]. In the eye lens, PMSO levels increase upon aging
[14] and in human cataractous lenses 60%—70% of total lens
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protein is found as PMSO [15]. Age-related cataract, also called
mature onset cataract, is an opacity of the eye lens that occurs
relatively late in life, arising as a consequence of light scatter.
Oxidation of lens proteins is a key event in cataractogenesis
associated with loss of protein function, lens protein aggregation,
protein proteolysis, and ultimately cataract formation [8][16—
17]. Age-related cataract is an extremely prevalent disease that is
the leading cause of world blindness and the leading cost of
Medicare surgery in the US [18]. At present, surgery is the only
treatment for age-related cataract.

Unlike the majority of lens protein oxidations that are
irreversible, PMSO formation is repairable by a unique family
of enzymes called the methionine sulfoxide reductases (Msrs).
Oxidation of methionine generates a 50:50 mixture of S- and R-
forms of PMSO as a consequence of sulfur oxidation [19]. The
Msr family consists of a single enzyme, called MsrA, which
specifically repairs the S-form of PMSO and three separate
enzymes, called MsrBl, MsrB2 and MsrB3, which collectively
recognize the R-form of PMSO. Thus, statistically, 50% of PMSO
1s repaired by MsrA while the remainder is repaired by one or
more MsrBs. MsrA and the MsrBs have been shown to provide
oxidative stress resistance to mammalian cells including eye lens
cells [20-23]. Of the Msrs, MsrA is the best characterized. MsrA
has been reported to extend lifespan by up to 70% through its
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over-expression in Drosophila melanogaster [24], while deletion of
MsrA in mice was reported to decrease maximum lifespan by
about 40% compared to wild type mice [25].

MsrA has been shown to play an important role in protection of
lens cells against oxidative damage and it has been shown to be
required for the maintenance of lens transparency  vivo [20—
21][26-27]. Gene silencing of MsrA decreases the resistance of lens
epithelial cells to HyOg-induced oxidative stress resulting in
increased mitochondrial ROS levels in human lens cells [20] and
loss of lens cell mitochondrial function [21]. Deletion of the MsrA
gene in mice leads to oxidative stress-induced cataract [26]. By
contrast, over-expression of MsrA in human lens cells protects
against oxidative stress and preserves mitochondrial function [20].
Recently, both cytochrome c (cyt ¢) [26] and o-crystallin/sHSP [27]
have been identified as key targets of MsrA function in the lens.
Both proteins are critical for lens function. Cyt c is essential for
mitochondrial electron transfer and is a key initiator of apoptosis in
mammalian cells [28]. a-crystallin/sHSP is a molecular chaperone
that is essential for the maintenance of lens transparency whose
deletion has been shown to result in cataract formation [29-33]. a-
crystallin/sHSP is composed of two polypeptide subunits called oA-
and aB-crystallin [30]. Analysis of MsrA knockout mouse lenses
revealed oxidation of aB-crystallin/sHSP at methionine 68 [27].
Oxidation of a-crystallin/sHSP in wvitro resulted in the specific
oxidation of oA at methionine 138 and the specific oxidation of aB-
crystallin at methionine 68 [27]. These oxidations resulted in a 50%
loss of chaperone activity. Treatment of methionine oxidized o-
crystallin/sHSP with MsrA in the presence of dithiothreitol (DTT)
resulted in complete repair of the oxidized methionines and the
restoration of o-crystallin/sHSP chaperone activity [27]. Further
analysis of the MsrA knockout mouse lenses revealed oxidation of
cyt ¢ at met 80 [26]. In vitro analysis of met 80 oxidized cyt ¢ showed
loss of cyt ¢ oxidase activity and gain of cyt ¢ peroxidase activity
[26]. Treatment of cyt ¢ oxidized at met 80 with MsrA in the
presence of D'TT resulted in repair of oxidized met 80, restoration
of cyt ¢ oxidase activity, and decreased cyt ¢ peroxidase activity [26].
In all of these studies DTT was used as an MsrA reducing system
since the actual lens reducing system is not known. Since MsrA
knockout mice exposed to hyperbaric oxygen develop late-onset
cataract in association with methionine oxidation of essential lens
proteins, understanding the reducing requirements for MsrA action
on these proteins in the lens is an essential step towards
understanding the etiology of human cataract and the potential
development of therapies to prevent cataract development and
possibly other oxidative stress associated diseases.

MsrA repair of PMSO proceeds in three steps. First,
nucleophilic attack by the catalytic cysteine (Cys 51) on the target
PMSO releases 1 mol of protein methionine per mol of enzyme
and results in the transient formation of a sulfenic acid
mtermediate within the MsrA molecule. The recycling cysteine
(Cys 198) then attacks the sulfenic acid intermediate forming an
intramonomeric disulfide bond with the concomitant release of
I mol HyO. A key step in this reaction is reduction of the
intramonomeric disulfide bond making the action of MsrA
dependent on the availability of a reducing system to catalytically
reactivate the enzyme [34]. In E.coli and Saccharomyces cerevisiae
MsrA was shown to be able to use thioredoxin (Trx) as its reducing
system [35-36]. More recently, it has been shown that thionein
could also serve as a reducing system for E.coli MsrA and human
MsrB3 [37], suggesting that multiple reducing components can be
utilized for MsrA activity. Given the important role for MsrA in
lens function and the maintenance of key lens proteins, we sought
to identify additional lens reducing systems for the MsrA function.
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One novel protein that could serve as a reducing agent for MsrA
repair activity is thioredoxin-like 6 protein (TXNL6), which is
called rod derived cone viability factor (RACVYF) in mice. TXNL6
has recently been discovered to confer viability to retinal cones
[38] and its deletion shown to decrease resistance to oxidative
stress in retinal cells of mice [39]. TXNL6 shares the catalytic
CXXC domain of Trx as well as the characteristic thioredoxin
fold [39]. Based on the recent report suggesting that thionein in
addition to Trx could serve to activate MsrA activity, we
hypothesized that TXNL6 might act as a reducing system for
MsrA repair of the essential lens proteins o-crystallin/sHSP and
cyt c¢. We also hypothesized that altered levels of TXNL6 upon
oxidative stress exposure of lens cells could augment the ability of
MsrA to repair essential lens proteins under oxidative conditions
and regulate MsrA activity through competition between different
reducing systems.

Our results indicate that in addition to the retina [38], TXNLG6
is expressed in the human eye lens and multiple other human
tissues, that TXNLG co-localizes with MsrA in the cytosol and the
mitochondria of lens cells, that TXINL6 expression is inducible in
lens cells upon oxidative stress exposure, and most importantly,
that TXNLG6 acts as a novel reducing system for MsrA repair of cyt
¢ and a-crystallin/sHSP. These findings provide evidence that
TXNLE6 is critical for the action of MsrA under oxidative stress
conditions and that TXNLG is likely to play an important role in
cataract formation through its activation of MsrA.

Methods

Lens cell culture

A human lens epithelial cell line (HLE-B3) immortalized by
infection with adenovirus 12-SV40 [40] was grown and cultured in
DMEM (Invitrogen, Carlsbad, CA) supplemented with 15% FBS
(Invitrogen), gentamicin (50 units/ml; Invitrogen), penicillin-
streptomycin  antibiotic mix (50 units/ml; Invitrogen) and
fungizone (5 ul/ml; Invitrogen) at 37°C in the presence of 5%

CO,.

Isolation of cytosolic and mitochondrial proteins

HLE-B3 cells (harvested at approximately passage 15) were
washed once in PBS before freezing at —80°C to weaken the cell
membrane. Pellets were frozen and thawed prior to re-suspension
in Clami buffer (250 mM sucrose, ] mM EDTA, 70 mM KCI in
PBS) and lysed by Dounce homogenization. Lysates were
centrifuged at 700 g for 10 min at 4°C, the supernatant was
collected and centrifuged at 10,000 g for 15 min at 4°C. The
resulting supernatant contained the cytosolic protein. The pellet
containing the mitochondria was resuspended in 100 pl of
universal buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl,
2 mM EDTA, 2 mM EGTA, 0.2% Triton X-100, 0.3% NP-40),
and incubated on ice for 30 min. The mixture was centrifuged at
20,000 g for 30 min at 4°C. The supernatant containing the
mitochondrial protein was stored at —20°C until used. Protein
concentrations were determined by Bradford protein assay as
previously described [20].

Analysis of TXNL6, Trx 1 and Trx 2 transcripts in human
tissues

TXNLG, Trx 1, Trx 2 and GAPDH transcripts were evaluated by
semi-quantitative RT-PCR using the SuperScript® III one-step RT-
PCR system with Platinum Taq polymerase (Invitrogen) according to
the manufacturer’s instructions. 200 ng of total RNA was assayed
from indicated human tissues. RNA was isolated from microdissected
human lens epithelium and fiber cells as previously described [41].
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Lens epithelium was separated off and the cortical and nuclear fibers
harvested. The average age of clear lenses obtained from the West
Virginia Eye Bank was 63 years of age. All lenses were obtained
within 24 h post mortem. RNA from other tissues was purchased
from BD Biosciences (Franklin Lakes, NJ). GAPDH was amplified as
the internal control transcript for 30 PCR cycles with a 60°C
annealing temperature using forward primer — CCACCCATGG-
CAAATTCCATGGCA and reverse primer - TCTAGACGG-
CAGGTCAGGTCCACC. TXNL6 transcripts were amplified for
35 PCR cycles with a 59°C annealing temperature and the primer
sequences: Forward primer — GCCGCATCCTGATCCGCAA-
CAATA and reverse primer — CACTGAGAACTGGCGCCC-
GAGGTC. Trx | and Trx 2 transcripts were amplified for 35 cycles
with annealing temperatures of 55°C and primer sequences Trx 1 —
forward primer — CCTTTCTTTCATTCCCTCTCTGA and
reverse primer — GCAACATCCTGACAGTCATCCA, Trx 2 -
forward primer - CTGGTGGCCTGACTGTAACAC and reverse
primer - GTTGACCACTCGGTCTTGAAA.

Localization of TXNL6 to the mitochondria in human lens
cells

HLE-B3 lens cells were plated onto coverslips and incubated
overnight in complete media. Double immunofluoresence-simul-
taneous staining was conducted by fixing cells with 3.7%
formaldehyde in PBS, blocking with 1% BSA and permeabilizing
with 0.25% Triton X-100 in PBS. For co-localization of TXNL6,
Trx 1 and Trx 2 to the mitochondria, first HLE cells were stained
with Mitotracker Red CMXRos (Molecular Probes, Invitrogen)
for 45 min at 250 nM as indicated by the manufacturer’s protocol.
Following mitotracker red staining, rabbit polyclonal anti-TXNL6
(ProteinTech Group Inc, Chicago, IL) at 1:1000 or rabbit
polyclonal anti-Trx 1 at 1:1500 (Abcam, Cambridge, MA), or
primary anti-Trx 2 (ProteinTech Group Inc) at 1:1000 were
incubated overnight in 4°C. Cells were washed three times with
PBS, and subsequently incubated with Alexa Fluor 488 goat anti-
rabbit secondary (Invitrogen) for 1 h at room temperature at
1:1000 dilutions. HLE cells were washed with three times with
PBS, and mounted onto slides. Immunofluoresence staining was
visualized with a Zeiss LSM 700 Confocal microscope.

Preparation, purification of and activation of TXNL6

TXNL6 protein was expressed from the Origene (Rockville,
MD) Homo sapiens TXNL6 (nucleoredoxin-like 1, NXNLI gene)
vector which contains the TXNL6 cDNA under the control of the
T7 promoter. TXNLG6 protein was produced from the TXNL6
vector using the T7 promoter-based Quick TNT coupled
transcription/translation system according to the instructions
and conditions specified by the manufacturer (Promega, Madison,
WI). Crude protein preparations were subsequently purified by gel
filtration on a Superdex'™ 200 10/300 column. The resulting
TXNL6 protein was examined by SDS-PAGE and western blot
analysis using the ProteinTech rabbit polyclonal TXNL6-specific
antibody for purity and identity. TXNLG6 protein was activated by
reduction using a 5 molar excess of DTT (Sigma) and incubating
for 30 min at room temperature in Tris-HCI pH 7.4. DTT was
removed by ultrafiltration using an Amicon stirred ultrafiltration
cell with a 1000 kDa nominal molecular weight limit (NMWL)
membrane.

Analysis of TXNL6 transcript and protein in human lens
cells under oxidative stress conditions

HLE-B3 cells were plated in 6 well plates at a density of 4x10°
cells per well. Cells were incubated in serum free medium for 2 h
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and then exposed to 200 uM H50O5 (or PBS as a control) for 2 h in
serum free medium as previously described [42]. Cells were
washed once in PBS and returned to serum-supplemented
medium (15% serum) for recovery. Cells were harvested at the
times indicated and processed for RNA and protein. For protein
isolation, cells were washed with ice cold PBS and directly lysed on
the plate in lysis buffer (50 mM Tris-HCI ph 7.4, 150 mM NaCl,
I mM EDTA, 1% NP40, 0.25% sodium deoxycholate) containing
1:1000 protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO).
The lysates were sonicated for 10 secx2 and centrifuged at
10,000 g for 10 min; the supernatant contained the total cell
extract and was stored at —20°C until used. For RNA isolation
Trizol® reagent (Invitrogen) was used. Briefly, cells were washed in
1 ml of ice cold PBS, 1 ml of Trizol® reagent was added to the
plate and cells harvested using a cell scrapper. Phase separation
was performed by adding 0.2 ml of chloroform, vortexing for
15 sec and incubating at room temperature for 3 min. The
mixture was then centrifuged at 12,000 g for 15 min at 4°C. The
supernatant was removed into a fresh tube and precipitation of
RNA was achieved by adding 0.5 ml of isopropyl alcohol and
incubating at room temperature for 10 min. The precipitate was
centrifuged at 12,000 g for 10 min at 4°C and the resulting RNA
pellet washed twice in 75% alcohol. The washed pellet was air
dried and resuspended in RNAase/DNAase free water. RNA was
stored at —20°C until used. TXNL6, Trx1, Trx 2 and GAPDH
transcript levels were analyzed by semi-quantitative RT-PCR as
described above. TXNLG6 protein levels were analyzed by western
blot analysis as described below.

SDS-PAGE and western blotting

SDS-PAGE and western blotting were carried out as previously
described [26], western blots were developed using ECL™
chemiluminescence reagents (GElifesciences, Buckinghamshire,
UK). Protein samples were mixed with 2x sample buffer at a 1:1
volume ratio and heated at 100°C for 5 min. Samples were
separated by electrophoresis on either 15% SDS-PAGE gels
(microdissected lens fractions, whole lens proteins, and HLE-B3
protein extracts) or 16% Tricine-SDS-PAGE gels for CNBr
cleaved proteins at room temperature for 1.5 h at 120 volts.
Tricine-SDS-PAGE gels were used for more complete separation
of low molecular weight CNBr products of cyt ¢ and a-crystallin.
For Tricine-SDS-PAGE gel electrophoresis the method of
Schagger, 2006 [43] was used.

The following antibody concentrations were used where
appropriate: primary anti-TXNL6 (ProteinTech) 1:1000, primary
anti-Trx 1 at 1:1000 (Abcam), primary anti-Trx 2 (ProteinTech)
1:1000, primary anti-MsrA (Abcam) 1:2000, and secondary anti-
rabbit 1:5000. Gels were also stained with Colloidal blue for 4 h
and de-stained overnight in ddH,O.

Cytochrome c peroxidase assay

Cyt ¢ (horse heart, Sigma-Aldrich) was treated with hypochlor-
ous acid (HOCI, Sigma-Aldrich) and subsequently MsrA/TXNLG6
as follows: cyt ¢ was incubated with HOCl in a 4:1 ratio for 15 min
at room temperature. After incubation, the excess HOCI was
removed from the oxidized cyt ¢ using ultrafiltration on an
Amicon cell. Oxidized cyt ¢ (291 pM) was incubated with MsrA
(1.9 uM) for 2 h at 37°C in the presence of TXNL6 (1.39 uM)
with rat liver thioredoxin reductase (T'xrR)(2.4 ug, Sigma-Aldrich)
and NADPH (500 uM, Sigma-Aldrich). Repair of oxidized cyt c
was also carried out using human Trx 1 (1.39 uM, Sigma-Aldrich)
with TxrR/NADPH or yeast Trx 2 (1.39 pM, Abcam) with the
same reducing system. As controls oxidized cyt ¢ was incubated
with MsrA with no reducing system, MsrA and TXNLG6 in the
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absence of TxrR/NADPH, and TXINL6 with TxrR/NADPH but
no MsrA. The enzymatic peroxidase activity was measured by
2,2"-azino-bis(3-cthylbenzothiazoline-6-sulfonic acid)diammonium
salt (ABTS) oxidation. The effect of oxidation on the peroxidatic
activity of cyt ¢ was assayed by adding 0.6 pM cyt ¢ to 1 ml of the
mixture containing 1.3 mM ABTS, 12 mM H,O,, and 100 uM
diethylenetriaminepentaacetic acid in 100 mM phosphate buffer
(pH 7.4) at 20°C, followed by measuring the increase in
absorbance at 420 nm [44]. Results from the cytochrome c
peroxidase assay are expressed as means * standard deviation
(SD). Differences among treatments of oxidized cyt ¢ were
determined using Tukey’s test following one-way ANOVA.
p<<0.05 was considered statistically significant.

Analysis of methionine oxidized and MsrA-repaired a-
crystallin and cytochrome ¢

Oxidation of a-crystallin/sHSP and cyt ¢ and MsrA repair of
oxidized mets in these proteins was analyzed as previously
described [26-27] except that TxrR/NADPH and either TXNLS,
Trx1 or Trx 2 were used instead of D'T'T as the reducing system
for MsrA. Cyanogen bromide (CNBr) hydrolyzes peptide bonds at
the C-terminus of met residues; it does not cleave mets converted
to PMSO and is therefore a sensitive detection method to identify
met sulfoxide in proteins [45]. For a-crystallin/sHSP, bovine total
a-crystallin (1.0 mg, Sigma-Aldrich) was incubated with HOCI
(909 pM; molar ratio 100:1) at room temperature for 15 min to
convert mets to met sulfoxide as previously described [27]. Excess
HOCI was removed from the oxidized o-crystallin using
ultrafiltration on an Amicon cell. Oxidized mets in o-crystallin/
sHSP were repaired by incubating oxidized o-crystallin/sHSP
(6.36 uM) with MsrA (100 nM) using either DTT (15 mM) or
TXNL6 (10 pg; final concentration 2 uM and 20 ug; final
concentration 4.17 uM) with TxrR/NADPH as the reducing
system for the MsrA enzyme. Horse heart cyt ¢ protein (Sigma-
Aldrich) (0.2 mM) was incubated with HOCI at a 4:1 (0.8 mM)
molar ratio at room temperature for 15 min. For repair of
oxidized mets, oxidized cyt ¢ (291 uM) was incubated with 1.9 uM
MsrA for 2 h at 37°C using either DTT (15 mM) or TXNL6
(10 pg; final concentration 1.39 uM) with TxrR/NADPH as the
reducing system for the MsrA enzyme. Purified mouse MsrA was
obtained as a gift from Dr. Rodney Levine (NIH).

Samples were dried on a vacuum centrifuge and then treated or
not treated by CNBr cleavage. Treated or untreated o-crystallin/
sHSP or cyt ¢ was then diluted in 70% formic acid to 10-20 mg/
ml as required by the standard CNBr protocol [45]. 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 ddH,O and 5 volumes
1 M ammonium bicarbonate. Samples were then concentrated
using an Amicon stirred ultrafiltration cell. 5 pg of treated or
untreated o-crystallin/sHSP protein or cyt ¢ was run on a 16%
Tricine-SDS-PAGE gel at 90 mV. The gels were fixed in 40%
methanol, 10% acetic acid for 2 h and stained overnight in
Coomassie blue stain. Gels were de-stained in 50% methanol,
10% acetic acid.

Results

TXNLS6 is expressed in the eye lens and other human
tissues

Previous work in mice suggested that expression of TXNL6
(known as RACVT in mice) is retina-specific; however, expression
in the lens or other ocular tissues was not reported [38]. Here,
TXNLS6 levels were examined in two separate lens cell sub-types
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called the lens epithelium and the lens fibers. The lens epithelium
covers the anterior surface of the organ, and the lens fiber cells lie
directly beneath the lens epithelium [46]. The lens epithelial cells
contain intact organelles and the majority of transporters and
metabolic enzymes in the lens [47-48], while the fiber cells are for
the most part devoid of organelles and contain the majority of
structural crystallin proteins required for light refraction and lens
transparency [49]. The lens is a unique organ since the cells and
proteins contained in the lens fibers must remain functional for the
life of the individual [46]. Protein aggregation in the lens fibers as a
result of oxidation, protein modifications, and/or proteolysis
results in loss of lens transparency and cataract formation [7][50].
Thus, expression of TXNLG in the lens epithelium could suggest a
mitochondrial, transport or other epithelial specific function for
TXNL6, while expression in the lens fibers could suggest a
protective and/or repair function for TXNL6 in the maintenance
of lens crystallins or other lens fiber proteins.

To examine the possible expression of TXNLG6 in lens epithelial
and lens fibers, whole human lenses (average age of clear lenses
obtained was 63 years of age) were microdissected into epithelium
and cortical fiber cells and RNA and protein prepared. TXNLG6
transcripts were monitored by RT-PCR and TXNL6 protein
examined by western analysis using a TXINL6-specific antibody.
Trx 1 and Trx 2 transcripts were also examined as indicated for
comparison since these proteins are known to be expressed in the
lens [51] and could also function as a reducing system for lens
MsrA.

TXNLSG transcript was detected at significant levels in lens fiber
cells with lower levels detected in the lens epithelium (Figure 1
Panel A). Similarly, Trx 1 was ubiquitously expressed in the lens
(Figure 1 Panel B), while Trx 2 expression was mainly localized to
the lens epithelium as expected based on its known mitochondrial
expression pattern (Figure 1, Panel C). As a control for RNA
integrity and for loading, GAPDH was expressed equally in all
tissues (Figure 1 Panel D). TXNL6 (Figure 1 Panel A), Trx 1
(Figure 1 Panel B) and Trx 2 (Figure 1, Panel C) transcripts were
also detected in human retina, stomach, kidney, heart, colon, and
spleen. Interestingly, the levels of TXNL6 transcript appeared

Figure 1. TXNL6 transcript is detected in the human lens
epithelium and lens fiber cells and in other human tissues.
Ethidium bromide stained agarose gels show Panel A - TXNL6, Panel B -
Trx 1, Panel C - Trx 2 and Panel D GAPDH (control) transcript from
200 ng of RNA obtained from human tissues - 1. Lens epithelium, 2.
Lens Fiber, 3. Retina, 4. Stomach, 5. Kidney, 6.Heart, 7. Colon, and 8.
Spleen.

doi:10.1371/journal.pone.0015421.g001

November 2010 | Volume 5 | Issue 11 | e15421



higher in the lens fiber cells than in lens epithelial cells. Similar
patterns for TXNLG6 protein expression were identified for lens
epithelial and fibers by western blot analysis (Figure 2). These
results demonstrated that TXNL6 is expressed in the lens
epithelium, lens fiber cells and other human tissues. They also
indicated that TXNL6 could have a significant function in both
lens epithelial and fiber cells.

TXNL6 is detected in the cytosol and the mitochondria of
lens cells

MsrA has been localized to the cytosol and mitochondria of rat
[52] and mouse cells [53]. To determine if TXNL6 might co-
localize with MsrA in lens cells, we compared the sub-cellular
localization pattern of TXNLG6 in lens cells first by western blotting
of lens cytosolic and mitochondrial protein fractions and second by
immunofluoresence staining. We also examined the sub-cellular
localization pattern of Trx 1 and Trx 2 as controls, since Trx 2 is
known to exhibit a mitochondrial specific expression pattern [54]
and Trx 1 is know to be mainly cytosolic however movements
within the cellular compartments are known [54][55].

Western blot analysis of cytosolic and mitochondrial protein
extracts from HLE-B3 cultured lens epithelial cells suggested that
both TXNLG6 and MsrA are located in both the cytosol and the
mitochondria of lens cells (Figure 3, Panel A and B).

As controls, Trx 1 was located in both the cytosol and
mitochondria (Figure 3, Panel C) of the lens cells, while Trx 2 was
localized to the mitochondria as expected (Figure 3, Panel D)
demonstrating minimal contamination of the mitochondrial
extracts with cytosolic components. A secondary examination of
TXNL6 expression in HLE cells was conducted i wiwo by
immunofluoresence staining (Figure 4, Panel A), TXNL6 was
co-localized with the mitochondrial-specific marker Mitotracker
Red along with Trx 1 and Trx 2 as controls. Consistent with the
western blot analysis, TXNL6 (green) co-localized with mito-
tracker (red) in the cultured HLE-B3 human lens epithelial cells
(Figure 4, Panel A - orange). Previous immunofluoresence staining
of the HLE-B3 cells with an MsrA-specific antibody [26] revealed
an identical expression pattern for MsrA in these cells. As controls,
immunofluoresence staining indicated that Trx 1 is located in both
the cytosol and mitochondria of these cells (Figure 4, Panel B)
while Trx 2 is located specifically in the mitochondria of these cells
as expected (Figure 4, Panel C) and in agreement with the western
blot analysis. These data provide strong evidence that TXNLG6 co-
localizes with MsrA [26] in both the cytoplasm and mitochondria
of lens epithelial cells.

Oxidative stress induces TXNL6 mRNA and protein in
HLE-B3 cells

Significant evidence suggests that oxidative stress exposure and
accumulation of oxidized lens components upon aging is a major
factor in cataract development [8][16][56][17] and likely accounts
for increased PMSO formation associated with lens aging and
cataract. Since MsrA protects lens cells against oxidative stress, we

Epi Fiber  Std
_—
TXNL6 "‘; P — 24 kDa

Figure 2. TXNL6 protein is present in human lens epithelium
and fiber cells. SDS-PAGE and immunoblotting of microdissected lens
epithelium (Epi) and lens fiber cell total protein extracts (20 ug) with a
TXNL6-specific antibody.

doi:10.1371/journal.pone.0015421.g002
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B MsrA
26 kDa

Cytoplasm Mitochondria Trx1
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Cytoplasm Mitochondria Trx2

D Trx2 P--

Figure 3. TXNL6 is present in protein extracts prepared from
the cytoplasm and mitochondria of human lens epithelial cells.
SDS-PAGE and immunoblotting of Panel A - TXNL6, Panel B - MsrA,
Panel C - Trx 1, and Panel D -Trx 2 in 5 pg of protein extracts from the
cytoplasm and mitochondria of HLE-B3 lens epithelial cells using
specific antibodies.
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12 kDa

hypothesized that any reducing system needed for MsrA activity
might be activated by oxidative stress and thereby augment the
activity of MsrA to defend lens cells under these conditions. To
examine the levels of TXNL6 under oxidative stress conditions,
HLE-B3 lens epithelial cells were treated with 200 pM H,O, for
2 hours as previously established for optimal expression of
oxidative stress-specific lens transcripts [42] and the levels of
TXNL6 were examined at the RNA and protein level (Figure 5).
HyOo-treatment led to an increase in TXNL6 transcript levels
over the 16 h post-treatment time interval (Figure 5, Panel A).
Corresponding TXNL6 protein levels were also analyzed by
western analysis using a TXNL6-specific antibody. TXNL6
protein levels significantly increased over a 24 h period following
treatment (Figure 5, Panel B). Coomassie staining of the SDS-
PAGE gel indicates equal loading of total cellular protein
(Figure 5). As a control, no increase in TXNL6 expression was
seen in untreated HLE-B3 cells maintained identically (data not
shown). These data demonstrate that TXNLG6 is induced in lens
epithelial cells upon oxidative stress exposure and suggest that
TXNL6 expression is a direct response of lens cells to oxidation.

TXNL6 can serve as reducing system for MsrA repair of
oxidized a-crystallin/sHSP and cytochrome c

MsrA has previously been shown to be required for the repair and
preservation of the function of the essential lens proteins cyt ¢ [26]
and o-crystallin/sHSP [27] which regulate lens epithelial cell
apoptosis [28][33] and the maintenance of lens crystallin structure
[32]. These previous studies used HOCI as an oxidant since it
preferentially targets met residues in proteins [57]. Treatment of cyt
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¢ with HOCI results in the specific oxidation of met 80 to met 80
sulfoxide which results in loss of cyt ¢ function [26]. a-crystallin/
sHSP consists of two protein subunits called aA- and aB-crystallin
[30]. Treatment of a-crystallin/sHSP with HOCI results in the
specific oxidation of met 138 in aA- and met 68 of aB-crystallin/
sHSP [27]. To date, only DTT has been used as a reducing system
for MsrA repair of cyt ¢ and a-crystallin/sHSP w vitro [26-27]. To
determine if TXNLG6 could act as a reducing agent for MsrA, we
prepared cyt ¢ specifically oxidized at met 80 [26] and a-crystallin/
sHSP specifically oxidized at met 138 of atA-crystallin and met 68 of
aB-crystallin [27] and determined the ability of MsrA to repair these
using TXNLS6 as a reducing system for MsrA activity.

A key characteristic of met 80 oxidized cyt ¢ is conversion of cyt ¢
into an active peroxidase involved in the initiation of apoptosis
[26][58-60]. Thus, cyt ¢ peroxidase activity is a sensitive assay for cyt
c met 80 oxidation. As a first step in examining the ability of TXNLG6
to act as a reducing system for MsrA repair of cyt ¢, we examined the
relative peroxidase activities of untreated (met 80 reduced), met 80
oxidized and met 80 oxidized cyt ¢ that was repaired by MsrA using
TXNL6 with TxrR/NADPH as a reducing system (Figure 6) and
Trx 1 or Trx 2 with TxrR/NADPH as the reducing system
(Figure 6). As controls, met 80 oxidized cyt ¢ was incubated with
MsrA with no reducing system, with MsrA and TXNL6 in the
absence of TxrR/NADPH and finally TXNLG6 with TxrR/NADPH
in the absence of MsrA. As expected, met 80 oxidation of cyt c
resulted in a statistically significant increase (p<<0.001) in peroxidase
activity compared to the untreated protein (Figure 6). The
peroxidase activity of met 80 oxidized cyt c is labeled as 100%
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peroxidase activity in these studies and all activities are relative to
met 80 oxidized cyt c. Untreated cyt ¢ has only 15% peroxidase
activity by comparison (Figure 6). Treatment of met 80 oxidized cyt ¢
with MsrA using TXNL6 and TxrR/NADPH as a reducing system
significantly (p<<0.001) decreased cyt c peroxidase activity by
approximately 50% suggesting that TXNL6 was able to serve as a
reducing system for MsrA repair of met 80 oxidized cyt ¢ (Figure 6).
In addition, repair of met 80 oxidized cyt ¢ using either Trx 1 or Trx
2 and TxrR/NADPH as the reducing systems also resulted in a
significant (p<<0.001) approximate 50% reduction in peroxidase
activity for both reducing systems. As a control, repair using MsrA in
the absence of a reducing system resulted in only a 9% reduction in
peroxidase activity. Interestingly, repair of met 80 oxidized cyt ¢
using MsrA and TXNLS in the absence of TxrR/NADPH results in
only a 14% decrease in peroxidase activity indicating that TXNL6
must be reduced by TxrR in order to activate the MsrA enzyme and
that TXINLG6 can use TxrR/NADPH as its reducing enzyme. In the
absence of MsrA, incubation of met 80 oxidized cyt ¢ with TXNLG6
and TxrR/NADPH resulted in a 19% decrease in peroxidase
activity, demonstrating that cyt ¢ met 80 repair is dependent on a
functional MsrA.

To further demonstrate that TXNL6 can serve as a reducing
system for MsrA repair of cyt ¢, untreated cyt ¢ and met oxidized
cyt ¢ and met oxidized o-crystallin/sHSP were treated with MsrA
and TXNL6 with TxrR/NADPH and the samples analyzed by
Tricine-SDS-PAGE following CNBr cleavage (Figures 7 and 8).
MsrA with DTT as the reducing system was examined as a
control. Cleavage of un-oxidized cyt ¢ with CNBr should result in
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Figure 5. TXNL6 mRNA and protein are induced by oxidative
stress exposure of human lens epithelial cells. A. Ethidium
bromide stained agarose gels showing TXNL6 and control GAPDH
transcript levels in 200 ng RNA isolated from HLE-B3 human lens
epithelial cells at 0, 30 min, 6 h and 16 h recovery following a 2 h
exposure to 200 uM H,0,. B. Western blot showing TXNL6 protein
levels in 5ug of total protein extract isolated from HLE-B3 lens
epithelial cells at 0, 6 h, 16 h and 24 h recovery following a 2 h
exposure to 200 uM H,0,. The coomassie blue stained SDS-PAGE gel is
shown as a control for equal protein loading.
doi:10.1371/journal.pone.0015421.9005

three peptides of molecular weights, 7.1 kDa, 2.9 kDa, and
1.8 kDa. If both mets in cyt ¢ are oxidized, no CNBr products
should be visualized. CNBr cleavage at met 80 should result in a
2.9 kDa band. CNBr cleavage of cyt ¢ with oxidation at met 80 in
the absence of oxidation at met 65 should result in 7.2 kDa and
4.5 kDa peptides; while oxidation of met 65 in the absence of
oxidation at met 80 would yield 8.9 kDa and 2.9 kDa peptides.

As expected, CNBr cleavage of untreated cyt ¢ resulted in the
visualization of a 7.1 kDa peptide on the coomassie stained
Tricine-SDS-PAGE gel as well as a lightly stained parent peptide
at 12 kDa (Figure 7, Lane 1). The 1.8 kDa peptide was not visible
in this gel. Oxidation of cyt ¢ with a 4:1 molar ratio of HOCI
resulted in the loss of the 7.1 kDa peptide and an increase in the
12 kDa intact cyt ¢ peptide (Figure 7, Lane 2). Incubation of the
met oxidized cyt ¢ with MsrA and TXNL6 repaired the oxidized
mets in cyt ¢ as evidenced by a significant increase in the staining
intensity of the 7.1 and 2.9 kDa bands, and a decreased staining
intensity of the intact cyt ¢ 12 kDa peptide (Figure 7, Lane 4)
compared to the oxidized cyt ¢ (compare Figure 7 Lanes 2 and 4).
As a control, oxidized cyt ¢ was also repaired by MsrA using DTT
as a reducing agent (Figure 7, Lane 3) [26]. The repair of cyt ¢ by
MsrA with TXNLG6 (TxrR/NADPH) as a reducing system was not
100% efficient since a 50:50 ratio of S- and R-epimers of PMSO
are expected following reaction with HOCI and since MsrA is
specific for the S-form of PMSO.

The ability of TXNL6 to serve as a reducing system for MsrA-
repair of a-crystallin/sHSP was also evaluated using CNBr. Tricine-
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SDS-PAGE gel analysis of CNBr-cleaved untreated o-crystallin/
sHSP (Figure 8, Lane 1) produced 6 peptide products, the original
parent oA-crystallin (19 kDa) and oB-crystallin (20 kDa) peptides
and four CNBr-cleavage products with molecular weights of
approximately 16 kDa, 12 kDa, 8 kDa and 4 kDa. These bands
are consistent with CNBr cleavage at met 138 of aA- and met 68 of
aB-crystallin, respectively. The two smaller predicted cleavage
products of approximately 4 kDa (aA-crystallin) and approximately
8 kDa (aB-crystallin) were also detected. Met-oxidation of a-crystallin
(9.09 uM) with HOCI (0.9 mM for 15 min at room temperature;
100:1 molar ratio) led to loss of cleavage by CNBr indicating the
presence of oxidized met 68 of aB-crystallin and met 138 of aA-
crystallin resulting in the detection of only aA-crystallin and oB-
crystallin parent proteins (Figure 8, Lane 2). Incubation of the met-
oxidized o-crystallin (6.36 uM) with MsrA (100 nM for 2 h at 37°C)
and increasing amounts (10 ug or 20 ug) of TXNL6 with TxrR/
NADPH as an MsrA reducing system repaired the oxidized mets as
evidenced by the detection of cleavage products missing in the
oxidized form (Figure 8, Lanes 4 and 5). As a control, DTT (15 mM)
also resulted in repair of oxidized a-crystallin/sHSP (Figure 8, Lane
3) as previously shown [27]. Based on the intensity of the bands in the
repaired samples (compare Figure 8, Lanes 1, 3 and 5) the repair of
met oxidized a-crystallin was more efficient with 20 ug of TXNLG6
compared to 10 pg TXNL6 showing some concentration depen-
dence for TXNL6-mediated MsrA repair of a-crystallin/sHSP. The
TXNL6-mediated MsrA repair of o-crystallin/sHSP was less than
100% as estimated by band intensity. This 1s to be expected since, at
most, 50% of mets will be oxidized to form the S-form of PMSO that
MsrA specifically recognizes, and the reaction is unlikely to be 100%
efficient. Collectively, these studies show that TXINLG6 can act as an
MsrA reducing system for repair of cyt ¢ and a-crystallin/sHSP that is
dependent on the level and reduced state of TXNLG.

Discussion

It is well accepted that increasing ROS levels during the aging
process can cause oxidative damage to cellular proteins whose
consequent loss of function contributes to age-onset degenerative
disease. To combat damage by ROS, the cell has evolved a diverse
range of defenses including specific protein repair systems that
restore function to oxidized proteins. Key to the action of these
repair proteins is the availability of specific reducing systems
required for their catalytic activity. Decreased levels and/or
availability of these reducing systems likely limits the activity of
oxidative protein repair systems leading to accumulation of
oxidized proteins and disease. Identification of those reducing
systems and elucidation of the mechanisms that govern their
expression and availability under oxidative conditions should
provide insight into the regulation and function of repair protein
and the etiology of oxidative diseases.

In the present report, we examined the expression of TXNLG in
sub-populations of lens cells, its sub-cellular location in lens cells,
its induction under oxidative stress conditions, and its reducing
activity for the action of MsrA on two model lens proteins. The
results of this study are applicable to understanding the
requirements for MsrA function on a wide range of met oxidized
target proteins and disease states since methionine is one of the
most oxidizable protein amino acids [13] and PMSO accumula-
tion is associated with a broad range of age-related human
disorders associated with methionine oxidation including Alzhei-
mer’s disease, Parkinson’s disease, respiratory distress syndrome,
emphysema, and reperfusion injury [1][2][3][4][5][7][14][15].

Age-related cataract of the eye lens is an excellent model for
examining the role of protein oxidation in disease, and the aging eye is
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Figure 6. TXNL6-mediated MsrA repair of cytochrome c inhibits cytochrome c peroxidase activity. Representative graph (from 3
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thioredoxin reductase (TxrR) and NADPH leads to a statistically significant (p<<0.001) 48% decrease in peroxidase activity. Similarly treatment of cyt ¢
ox with MsrA and either Trx 1 or Trx 2 (both 1.39 uM) with TxrR/NADPH also significantly (p<<0.001) decreased both peroxidase activities by 52% and
54% respectively. Incubation of cyt c ox with MsrA and TXNL6 in the absence of TxrR/NADPH resulted in just a 14% decrease in cyt c peroxidase
activity while incubation of cyt ¢ ox with TXNL6 and TxrR/NADPH in the absence of MsrA resulted in 19% decrease in cyt ¢ peroxidase activity. p
values were obtained using Tukey's test following one-way ANOVA.
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Figure 7. MsrA repairs oxidized methionines in cytochrome c using TXNL6 as a reducing agent. Coomassie staining of a Tricine-SDS-
PAGE gel following CNBr cleavage of oxidized cyt c (5 ug). Lane 1 untreated cyt c cleaved with CNBr. Lane 2 Oxidized cyt ¢ (0.2 mM oxidized with
0.8 mM HOCI; a 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. Lane 4 Oxidized cyt ¢ (291 uM) treated with MsrA (1.9 uM) and TXNL6 (10 pg; 1.39 uM) for 2 h at 37°C and cleaved with CNBr. RA -
reducing agent/system.
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an ideal model for identification of those reducing and repair systems
that defend against oxidative stress-associated diseases. The lens is a
simple structure consisting of only two cell types, it 1s directly exposed to
environmental UV-light, smoke, and other oxidizing agents. It lacks a
blood supply and as an encapsulated organ is isolated from the
immune system and other systemic influences. Importantly, the cells of
the lens and the proteins they contain are not turned over or renewed
and therefore must remain un-oxidized for the entire lifetime of an
individual for the lens to maintain its transparent function.

One key characteristic of cataract is increased PMSO
accumulation which can be repaired by MsrA. MsrA is critical
for eye lens function since it is required for oxidative stress
resistance in the lens [20-21] and prevention of cataract formation
[26]. MsrA can repair met oxidized lens proteins and is essential
for lens function [20-21][26-27]. Deletion of MsrA causes
cataract in oxidative stress-treated mice demonstrating its
importance in lens defense against oxidative stress [26]. MsrA
has demonstrated ability to protect lens cells [20-21] and has been
shown to repair lens proteins critical for lens function [26-27].
Despite the importance of MsrA for lens function, its required
reducing system in the lens is not known. Bacterial and yeast MsrA
can use bacterial and yeast thioredoxin as a reducing system [61],
while other studies suggested that mammalian MsrA may employ
reducing systems in addition to or other than Trx [37].

In the present report we provide evidence that in addition to
Trx 1 and Trx 2, TXNL6 could be a robust reducing system for
MsrA-mediated repair of met sulfoxide in the critical lens proteins
alpha-crystallin/sHSP and cyt c, that TXNLG is expressed at high
levels in lens epithelial cells and fiber cells where it co-localizes
with MsrA, and importantly, that TXNLG6 is induced under the
same oxidative conditions that result in oxidation of lens proteins,
apoptosis of lens cells, and other events leading to cataract
formation. We chose to examine TXNL6 as a potential reducing
system for the action of MsrA based on recent studies showing its
importance in maintaining the viability of retinal cells in mice [38—
39]. TXNL6 (RACVF in mice) is expressed as two RNA splicing
variants called RACVFL (long form) and RACVF (Short form)
[38]. The short form of RAC VT lacks the thioredoxin fold and acts
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as a trophic factor for the growth of cone photoreceptor cells in the
mouse retina [38]. Importantly, disruption of the RACVF gene
leads to photoreceptor dysfunction and increased susceptibility to
oxidative stress [39], suggesting a role for RACVFL in protection
against oxidative stress damage. This long form of RACVF
contains both the CXXC domain and the thioredoxin fold making
it a likely candidate to act as potential reducing system for the
action of MsrA repair activity in the eye lens and other tissues.
Only the long form of TXNL6 (RACVFL in mice) was examined
in the present study, since the short form lacks the thioredoxin fold
believed to be necessary for oxidoreductase activity [39].

In the present study human TXNLG6 was expressed in all tissues
examined including lens, retina, stomach, kidney, heart, colon,
and spleen suggesting that it is ubiquitously expressed in human
tissue. In the eye lens, we detected higher TXNLG6 levels in the
fiber cells relative to the epithelium (Figure 1 and 2). Since the lens
fiber cells have to last throughout the lifetime of the individual and
contain some of the oldest cells in the body, the presence of
TXNLG6 in the lens fibers supports its potential role in MsrA repair
of met oxidized proteins since MsrA is also located in the lens
fibers [20] and oxidation of fiber cell protein is believed to be a
crucial initiator of cataract formation [16]. The low levels of
TXNLS6 in the epithelium could indicate it is expressed only under
oxidative stress conditions in this lens sublocation. There is some
evidence that lens cells grown in culture at 20% oxygen are indeed
stressed relative to the lower oxygen conditions of the lens # vivo.
Expression of TXNLG6 in the lens epithelium suggests that TXNL6
might act to facilitate MsrA action in the mitochondria as well as
the cytoplasm of lens epithelial cells where MsrA has previously
been localized [26]. Consistently, sub-cellular localization of
TXNL6 using western blot analysis and immunofluoresence
staining revealed that TXNLG6 was located in both the cytoplasm
and the mitochondria of lens epithelial cells (Figure 3 and 4).
These results suggest multiple roles for TXNL6 in the eye lens
including epithelial metabolism and maintenance of fiber cells.

MsrA has been shown to be critical for lens mitochondrial
function [21] and TXNL6 may serve as a reducing system for MsrA
in the mitochondria of lens epithelial cells based in its co-localization
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with MsrA. Strikingly, we also found that TXNLS6 is induced by
exposure of lens cells to HoOog-induced oxidative stress (Figure 5)
with both the mRNA and protein levels of TXNLG6 significantly
increasing over 24 h following exposure to 200 uM HyOs (Figure 5).
Previous studies have shown that TXNLG6 expression is associated
with upregulation of NFkB activity in response to photooxidation in
cone photoreceptor cells [62], suggesting that induction of TXNLG6
may be a universal response to defend multiple tissues against acute
oxidative stress damage through its activation of MsrA and
potentially other defensive and repair proteins.

To examine whether TXNL6 can act as a reducing system for
MsrA, we evaluated its ability to act as a reducing system for the
specific MsrA-repair of met 80 sulfoxide of the lens epithelial protein
cyt ¢ and the specific MsrA-repair of oxidized met 138 (A-crystallin
subunit) and met 68 (aB-crystallin subunit) in the predominately lens
fiber protein o-crystallin/sHSP. Cyt c is critical for mitochondrial
respiration and oxidation at met 80 results in loss of its electron
transport function, increased peroxidase activity [26][58] and cyt ¢
mediated apoptosis [59]. Previous studies showed that MsrA could
repair cyt ¢ oxidized at met 80 using D'T'T as a reducing system [26].
o-crystallin/sHSP is both a refractive and chaperone protein in the
lens required for the maintenance of lens transparency [30]. Previous
studies showed that MsrA could repair a-crystallin/sHSP oxidized at
mets 138 and 68 using D'TT as a reducing system [27]. TXNL6 was
able to substitute for DTT in the MsrA repair of met 80 of cyt ¢ and
mets 138, 68 of a-crystallin/sHSP (Figures 7 and 8) m wvitro.
Interestingly, repair of cyt ¢ by MsrA using TXNL6 as a reducing
agent also decreased cyt ¢ peroxidase activity (Figure 6). In addition,
similar to the action of Trx 1 and Trx 2, the ability of TXNL6 to act
as a reducing system for MsrA relied on the availability of a reducing
enzyme, in this case TxrR. These results provide evidence that in
lenses exposed to oxidative stress, increased levels of TXINLG6 act to
serve as an MsrA reducing system for repair of cyt ¢ and a-crystallin/
sHSP in the lens, the maintenance of mitochondrial electron
transport, the prevention of cyt c-mediated apoptosis and the
maintenance of the chaperone activity of a-crystallin/sHSP required
for the prevention of cataract formation. Since TXNLG, Trx 1 and
Trx 2 are present in the lens and as shown here act on MsrA, it is
likely that they have different functions in the lens. Some of these
may be spatially restrictive while other functions may depend on
growth and environmental conditions. The induction of TXNL6
demonstrated in the present report (Figure 5) suggests that TXNLG6 is
the major reducing system for MsrA under oxidative stress
conditions and that Trx 2 in the mitochondria and Trx 1 may be
more important for MsrA action under non-stressed conditions.

In addition to acting on MsrA it is likely that TXNLG also acts
on other Trx requiring enzymes including peroxiredoxins [63].
TXNLS6 is one of a family of thioredoxin-like proteins. Of these,
TXNLI, TXNLS and TXNL6 contain the thioredoxin CXXC
domain and therefore could also act on MsrA and as reducing
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systems for other Trx dependent enzymes. The TXNL2 and
TXNL4 members of this family are mono-thiols potentially
harboring some regulatory function yet to be elucidated. Other
studies [64] have shown that TXNL2 in addition to TXNLG is
present in the lens and we have detected expression of TXNLI in
the lens (unpublished). Future work is needed to examine the
effectiveness of the TXNLG6 reducing system for MsrA activation
relative to other members of the TXNL family, Trx 1 and/or Trx
2, which will likely depend on the cell type, sub-cellular expression
pattern, differentiation state, oxidation exposure and specific MsrA
target protein examined. Since, Trx 1, Trx 2 and TXNL6 depend
on TxrR and NADPH for their activities [63][65], understanding
the potential regulation and expression of TxrR in lens cells upon
aging and oxidative conditions is also likely to provide important
clues towards understanding the actions of TXNL6 and MsrA in
the lens and other tissues. In the lens NADPH is predominantly
made in the lens epithelium and possibly the cortical fibers which
both contain energy producing mitochondria. Thus, NADPH
would likely need transport or diffusion to the inner fibers
suggesting that analysis of NADPH levels would also provide
insight into the role of TXNL6 and other NADPH-dependent
reducing systems on the activities of MsrA.

Regardless of the outcomes of these future studies, the data
established in the present report show that TXNLG is ubiquitously
expressed in eye lens and other human tissues. Strikingly, TXNL6
is induced upon oxidative stress conditions which suggests a
specific role for TXNLG in defense of cells against oxidative stress.
We also demonstrate that TXNLG is a novel reducing system for
MsrA repair of cellular proteins whose lost functions upon
methionine oxidation contribute to eye lens cataract formation.
These results provide a greater understanding of the requirements
of MsrA for many functions and disease states and likely extend a
role for TXNL6 in the function of other cellular protective and
repair systems. Finally, recent evidence suggests that the levels of
reducing systems are the limiting factors in the function of MsrA in
oxidative defense [66]. The results presented in this report
demonstrating oxidative induction of TXNL6 suggest it plays a
key role in MsrA function under oxidative stress conditions and
that control of its induction may be a limiting factor in the ability
of MsrA to defend against oxidative stress and disease.

Acknowledgments

We thank Dr. Rodney Levine for the gift of purified mouse MsrA.

Author Contributions

Conceived and designed the experiments: LAB WL MK. Performed the
experiments: LAB WL MK. Analyzed the data: LAB WL MK.
Contributed reagents/materials/analysis tools: LAB WL MK. Wrote the
paper: LAB WL MK.

prevent Parkinson’s-like symptoms. Neuroscience 27: 12808-12816.
doi:10.1523/JNEUROSCI.0322-07.2007.

6. Brennan LA, Kantorow M (2009) Mitochondrial function and redox control in
the aging eye: Role of MsrA and other repair systems in cataract and macular
degenerations. Experimental Eye Research 88: 195-203. Available: http://dx.
doi.org/10.1016/j.exer.2008.05.018.

7. Stadtman ER, Moskovitz J, Levine RL (2003) Oxidation of Methionine Residues
of Proteins: Biological Consequences. Antioxidants and Redox Signaling 5:
577-582.

8. Vinson JA (2006) Oxidative stress in cataracts. Pathophysiology 13: 151-162.
doi:10.1016/j.pathophys.2006.05.006.

9. Friguet B (2006) Oxidized protein degradation and repair in ageing and oxidative

stress. FEBS Letters 580: 2910-2916. doi:10.1016/j.febslet.2006.03.028.

Murphy MP (2009) How mitochondria produce reactive oxygen species.

Biochem Journal 417: 1-13. doi:10.1042/BJ20081386.

10.

November 2010 | Volume 5 | Issue 11 | e15421



20.

21.

22.

23.

26.

27.

28.

29.

30.

31.

32.

33.

34.

37.

38.

. Cadenas E, Davies KJ (2000) Mitochondrial Free Radical Generation,

Oxidative Stress, and Aging. Science 29: 222-230.

. Berlett BS, Stadtman ER (1997) Protein Oxidation in Aging, Disease, and

Oxidative Stress. The Journal of Biological Chemistry 272: 20313-20316.

. Vogt W (1995) Oxidation of Methionyl Residues in Proteins: Tools, Targets, and

Reversal. Free Radical Biology and Medicine 18: 93-105.

. Truscott R, Augusteyn R (1977) Oxidative changes in human lens proteins

during senile nuclear cataract formation. Biochim Biophys Acta 492: 43-52.

. Garner M, Spector A (1980) Selective oxidation of cysteine and methionine in

normal and senile cataractous lenses. Proceeding of the National Academy of
Sciences 77: 1274-1277.

. Truscott RJ (2005) Age-related nuclear cataract-oxidation is the key.

Experimental Eye Research 80: 709-725. doi:10.1016/j.exer.2004.12.007.

. Lou MF (2003) Redox regulation in the lens. Progress in Retinal and Eye

Research 22: 657-682. doi:10.1016/51350-9462(03)00050-8.
Salm M, Belsky D, Sloan FA (2006) Trends in cost of major eye diseases to
Medicare, 1991 to 2000. American journal of ophthalmology 142: 976-82.
Auvailable: http://www.ncbi.nlm.nih.gov/pubmed/17157582.

. Jacob C, Giles GI, Giles NM, Sies H (2003) Sulfur and Selenium: The Role of

Oxidation State in Protein Structure and Function. Angew Chem Int 42:
4742-4758. doi:10.1002/anie.200300573.

Kantorow M, Hawse JR, Cowell TL, Benhamed S, Pizarro GO, et al. (2004)
Methionine sulfoxide reductase A is important for lens cell viability and
resistance to oxidative stress. Proceedings of the National Academy of Sciences
101: 9654-9659.

Marchetti MA, Lee W, Cowell TL, Wells TM, Weissbach H, et al. (2006)
Silencing of the methionine sulfoxide reductase A gene results in loss of
mitochondrial membrane potential and increased ROS production in human
lens cells. Experimental Eye Research 83: 1281-1286. doi:10.1016/
j-exer.2006.07.005.

Picot R, Petropoulos I, Perichon M, Moreau M, Nizard C, et al. (2005)
Overexpression of MsrA protects WI-38 SV40 human fibroblasts against H202
-mediated oxidative stress. Free Radical Biology and Medicine 39: 1332-1341.
doi:10.1016/j.freeradbiomed.2005.06.017.

Moskovitz J, Flescher E, Berlett BS, Azare J, Poston J, et al. (1998)
Overexpression of peptide-methionine sulfoxide reductase in Saccharomyces
cerevisiae and human T cells provides them with high resistance to oxidative
stress. Biochemistry 95: 14071-14075.

. Ruan H, Tang XD, Chen M, Joiner MA, Sun G, et al. (2002) High-quality life

extension by the enzyme peptide methionine sulfoxide reductase. Proceedings of
the National Academy of Sciences 99: 2748-2753.

. Moskovitz J, Bar-noy S, Williams WM, Requena J, Berlett BS, et al. (2001)

Methionine sulfoxide reductase (MsrA) is a regulator of antioxidant defense and
lifespan in mammals. Proceedings of the National Academy of Sciences 98:
12920-12925.

Brennan LA, Lee W, Cowell T, Giblin F, Kantorow M (2009) Deletion of mouse
MsrA results in HBO-induced cataract: MsrA repairs mitochondrial cytochrome
c. Molecular Vision 15: 985-999.

Brennan LA, Lee W, Giblin EJ, David LL, Kantorow M (2009) Methionine
sulfoxide reductase A (MsrA) restores a-crystallin chaperone activity lost upon
methionine oxidation. Biochimica et Biophysica Acta 1790: 1665-1672.
Available: http://dx.doi.org/10.1016/j.bbagen.2009.08.011.

Ow YP, Green DR, Hao Z, Mak TW (2008) Cytochrome c: functions beyond
respiration. Nature Reviews 9: 532-542. doi:10.1038/nrm2434.

Horwitz J (1992) alpha-Crystallin can function as a molecular chaperone.
Proceedings of the National Academy of Sciences 89: 10449-10453.

Horwitz J (2003) Alpha-crystallin. Experimental Eye Research 76: 145-153.
doi:10.1016/50014-4835(02)00278-6.

Jakob U, Gaestel M, Engel K, Buchner J (1993) Small Heat Shock Proteins Are
Molecular Chaperones. Journal of Biological Chemistry 268: 1517-1520.
Brady J, Garland D, Duglas-Tabor Y, Robison W, Groome A, et al. (1997)
Targeted disruption of the mouse alphaA-crystallin gene induces cataract and
cytoplasmic inclusion bodies containing the small heat shock protein aB-
crystallin. Proceedings of the National Academy of Sciences 94: 884-889.
Andley UP, Song Z, Wawrousek EF, Fleming TP, Bassnett S (2000) Differential
protective activity of alphaA- and alphaB-crystallin in lens epithelial cells.
Journal of Biological Chemistry 275: 36823-36831. doi:10.1074/
jbc.M004233200.

Boschi-muller S, Gand A, Branlant G (2008) The methionine sulfoxide
reductases: Catalysis and substrate specificities. Archives of Biochemistry and
Biophysics 474: 266-273. doi:10.1016/j.abb.2008.02.007.

. Brot N, Weissbach L, Wertht J, Weissbach H (1981) Enzymatic reduction of

protein-bound methionine sulfoxide. Proceedings of the National Academy of

Sciences 78: 2155-2158.

. Brot N, Weissbach H (1983) Biochemistry and physiological role of methionine

sulfoxide residues in proteins. Archives of Biochemistry and Biophysics 223:
271-281.

Sagher D, Brunell D, Hejtmancik JF, Kantorow M, Brot N, et al. (2006)
Thionein can serve as a reducing agent for the methionine sulfoxide reductases.
Proceedings of the National Academy of Sciences 103: 8656-8661.

Léveillard T, Said-Mohand S, Lorentz O, Hicks D, Fintz A, et al. (2004)
Identification and characterization of rod-derived cone viability factor. Nature
Genetics 36: 755-759. doi:10.1038/ng1386.

@ PLoS ONE | www.plosone.org

1

39.

40.

41.

42.

43.

44.

47.

48.

49.

50.

51.

52.

56.

57.

58.

59.

60.

61.

62.

63.

66.

TXNL6 Activation of MsrA Repair

Cronin T, Raffelsberfer W, Lee-Rivera I, Jaillard C, Neipon M, et al. (2010) The
disruption of the rod-derived cone viability gene leads to photoreceptor
dysfunction and susceptibility to oxidative stress. Ceell Death and Differentiation
17: 1-12. doi:10.1038/cdd.2010.2.

Andley UP, Becker B, Hebert JS, Reddan JR, Morrison aR, et al. (1996)
Enhanced prostaglandin synthesis after ultraviolet-B exposure modulates DNA
synthesis of lens epithelial cells and lowers intraocular pressure in vivo.
Investigative ophthalmology & visual science 37: 142-53. Available: http://
www.ncbi.nlm.nih.gov/pubmed/8550317.

Lee W, Wells T, Kantorow M (2007) Localization and H202 -specific induction
of PRDX3 in the eye lens. Molecular Vision 13: 1469-1474.

Goswami S, Sheets NL, Zavadil J, Chauhan BK, Bottinger EP, et al. (2003)
Spectrum and Range of Oxidative Stress Responses of Human Lens Epithelial
Cells to H202 Insult. Invest Ophthalmol Vis Sci 44: 2084-2093. doi:10.1167/
iovs.02-0882.

Schiagger H (2006) Tricine — SDS-PAGE. Nature Protocols 1:
doi:10.1038/nprot.2006.4.

Cassina AM, Hodara R, Souza M, Thomson L, Castro L, et al. (2000)
Cytochrome c nitration by peroxynitrite. Journal of Biological Chemistry 275:
21409-21415. doi:10.1074/jbc.M909978199.

Simpson R (2003) Proteins and Proteomics. In: Simpson R, ed. pp 385-387.

16-23.

6. Phelps-Brown N, Bron A (1995) Lens disorders: A clinical manual of cataract

diagnosis. Oxford: Butterworth-Heinemann. pp 91-132.

Reddy VN (1971) Metabolism of glutathione in the lens. Experimental Eye
Research 11: 310-328.

Delamere NA, Tamiya S (2009) Lens ion transport: From basic concepts to
regulation of Na, K-ATPase activity. Experimental Eye Research 88: 140143.
Available: http://dx.doi.org/10.1016/j.exer.2008.05.005.

Augusteyn RC (2010) On the growth and internal structure of the human lens.
Experimental Eye Research 90: 643654. Available: http://dx.doi.org/10.1016/
j.exer.2010.01.013.

Hejtmancik JF, Kantorow M (2004) Molecular genetics of age-related cataract.
Experimental Eye Research 79: 3-9. doi:10.1016/j.exer.2004.03.014.

Xing K, Lou MF (2010) Effect of age on the thioltransferase (glutaredoxin) and
thioredoxin systems in the human lens. Invest Ophthalmol Vis Sci. pp 1-28.
Vougier S, Mary J, Friguet B (2003) Subcellular localization of methionine
sulphoxide reductase A (Msr): evidence for mitochondrial and cytosolic isoforms
in rat liver cells. Biochem J 373: 531-537.

. Kim G, Cole N, Lim J, Zhao H, Levine R (2010) Dual sites of protein initiation

control the localization and myristoylation of methionine sulfoxide reductase A.

Journal of Biological Chemistry 285: 18085-18094.

. Arner E, Holmgren A (2000) Physiological functions of thioredoxin and

thioredoxin reductase. European Journal of Biochemistry 267: 6102-6109.

. Yegorova S, Liu A, Lou MF (2003) Human Lens Thioredoxin: Molecular

Cloning and Functional Characterization. Invest Ophthalmol Vis Sci 44:
3263-3271. doi:10.1167/i0vs.02-1322.

Spector A (1995) Oxidative stress-induced cataract: mechanism of action. The
FASEB Journal 9: 1173-1182.

Hawkins CL, Pattison DI, Davies MJ (2003) Hypochlorite-induced oxidation of
amino acids, peptides and proteins. Amino Acids. pp 259-274. doi:10.1007/
500726-003-0016-x.

Chen Y, Deterding L], Sturgeon BE, Tomer KB, Mason RP (2002) Protein
oxidation of cytochrome c by reactive halogen species enhances its peroxidase
activity. The Journal of Biological Chemistry 277: 29781-29791. doi:10.1074/
jbe.M200709200.

Kagan V, Bayir H, Belikova N, Kapralov O, Tyurina Y, et al. (2009)
Cytochrome c/cardiolipin relations in mitochondria: a kiss of death. Free
Radical Biology and Medicine 46: 14391453. Available: http://dx.doi.org/10.
1016/j.freeradbiomed.2009.03.004.

Basova LV, Kurnikov IV, Wang L, Ritov VB, Belikova NA, et al. (2007)
Cardiolipin switch in mitochondria: shutting off the reduction of cytochrome ¢
and turning on the peroxidase activity. Biochemistry 46: 3423-3434.
Boschi-muller S, Olry A, Antoine M, Branlant G (2005) The enzymology and
biochemistry of methionine sulfoxide reductases. Biochimica et Biophysica Acta
1703: 231238. doi:10.1016/j.bbapap.2004.09.016.

Wang Wei X, Zhen Tan B, Sun M, Ho B, Ling J (2008) Thioredoxin-like 6
protects retinal cell line from photooxidative damage by upregulating NF-kB
activity. Free Radical Biology and Medicine 45: 336-344. doi:10.1016/
j-freeradbiomed.2008.04.028.

Lillig CH, Holmgren A (2007) Thioredoxin and related molecules - from biology
to health and disease. Antioxidants and redox signaling 9: 25-47.

. Hawse JR, Deamicis-tress C, Cowell TL, Kantorow M (2005) Identification of

global gene expression differences between human lens epithelial and cortical
fiber cells reveals specific genes and their associated pathways important for
specialized lens cell functions. Molecular Vision 11: 274-283.

. Holmgren A, Lu J (2010) Thioredoxin and thioredoxin reductase: Current

research with special reference to human disease. Biochemical and Biophysical
Research Communications 396: 120124. Available: http://dx.doi.org/10.1016/
j-bbre.2010.03.083.

Zhao H, Kim G, Liu C, Levine RL (2010) Transgenic mice overexpressing
methionine sulfoxide reductase A: characterization of embryonic fibroblasts.
Free radical biology & medicine 49: 6418. Available: http://www.ncbi.nlm.nih.
gov/pubmed/20510353.

November 2010 | Volume 5 | Issue 11 | e15421



