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ABSTRACT. High oxygen tension, exposure to light, and the biochemical events of vision generate significant
oxidative stress in the retina and the retinal pigment epithelium (RPE). Understanding the mechanisms
and basis of susceptibility to progressive retinal diseases involving oxidative damage such as age-related
macular degeneration (AMD) remains a major challenge. Here microsomal glutatiimarsferase
(MGST1) is shown to be a dominant, highly expressed enzyme in bovine and mouse RPE microsomes
that displays significant reduction activity toward synthetic peroxides, oxidized RPE lipids, and oxidized
retinoids. This enzymatic reduction activity (GPx) can be partially neutralized with a monoclonal anti-
MGST1 antibody developed in this study. MGST1-transfected HEK293 cells exhibited greater viability
(70 £ 4% survival) compared with untransfected control cells £48% survival) when challenged with

20 uM H,0,, and greater viability of MGST1-transfected cells following challenge with oxidized
docosahexaenoic acid was also observed. Cultured ARPE19 cells transfected with silencing MGST1 siRNAs
exhibited lower expression of MGST1 (12% and 26% of the controls) and significantly lower GPx activity
(44 + 13%) and, thus, were more susceptible to oxidative damage. Immunoblotting revealed that the in
vivo expression of MGST1 in mouse RPE decreased-8ld with age, to trace levels in 18-month-old

mice. GPx activity in the RPE was also found to be reduced in 12-month-old mic&786. These

results support an important protective function for MGST1 against oxidative insult in the RPE that
decreases with age and suggest that this enzyme may play a role in the development of age-related diseases
such as AMD.

Aging of the retinal pigment epithelium (RPEhvolves the intracellular phototoxic lipofuscin. This pigment, com-
many biochemical changes and alterations in the kinetics of posed of oxidized lipids and retinoids plus highly conjugated
physiological renewal of the photoreceptor cells. The ap- proteins, is linked to several oxidative changes, some leading
parent transformations in the RPE involve changes in andto apoptosis and a gradual decline in the number of the RPE
loss of intact melanin granules, as well as accumulation of cells (). In severe cases this process may lead to age-related
macular degeneration (AMD). AMD is a degenerative disease
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antioxidant ascorbic acid, which is abundant in the retina MATERIALS AND METHODS
but decreases during intense light exposdie &ppears to
help to alleviate retinal light damag®é)( The pathways of
retinal oxidative damage remain to be determined; however,
evidence supports the involvement of highly oxidizable
retinoids and lipids. UV light can induce aggregation and
loss of activity of the retinal ATP-binding cassette transporter
in the presence of atkansretinal in vitro 6) and enhances
the rate of RPE microsomal-catalyzed reverse isomerization
of 11<cis-retinol (and 13eis-retinol) to alltransretinol (7).
Dietary vitamin A-depleted rats as well as animals with
impaired visual cycle proteins are more resistant to light
damage than normal control anima&-10). Free radical-
induced oxidation of DHA-containing lipids generateg2-
carboxyethyl)pyrrole (CEP) protein adducts that are more
abundant in ocular tissues and plasma from AMD patients
than normal human donors and appear to contribute to the
pathogenesis of AMDI(1, 12). A hydroxylation product of
DHA, 10,17@)-docosatriene (neuroprotectin D1), potently

counteracts bD./necrosis factoo oxidative stress-triggered Microsomes were suspended in 10 mMNg#porpholino)-

apoptotic RPE DNA damagd.g). propanesulfonic acid (pH 7.0) containinguM leupeptin
Glutathione Stransferases (GSTs) are one of several and 1 mM dithiothreitol at a protein concentration o6
detoxification enzymes. GSTs are divided into two evolu- mg/mL as determined by the Bradford meth@8)( Aliquots
tionarily distinct families: the cytosolic, soluble enzymes \yere stored at-80 °C and were typically used within 1
and the membrane-associated proteins in eicosanoid andnonth of preparation.
glutathione metabolism (MAPEG). In total, 20 human H,0, Treatment of Sample§or the HO, treatment of
cytosolic and 5 membrane-bound enzymes have been identiypg RPE, retinoids, and DHA, 10 of 30% H,0, was added
fied (14). The cGSTs are further subdivided into several g the 200uL aliquots of the substrate and incubated for 10
divergent classesu, 4, w, z, 6, and& isoenzymes have  min on ice. HO, was removed by evaporation on the Speed-
been described in mammals, 7, and /1 isoenzymes are  vac. To ensure complete removal of residual amounts of
expressed in plantd is present in insects, arftisoenzyme H,0,, the pellet was treated three to four times with freshly
is present in bacterialb—19). Representatives from most  5qded aliquots of ethanol and evaporated each time.
classes of soluble GSTs have been well studied and shown \15noclonal Antibody ProductioMonoclonal antibodies
to have glutathion&transferase, peroxidase, and isomerase \yqare generated by standard techniques as described previ-
activities. GSTs are expressed at elevated levels in tumorgsly 29). As the antigens, RPE microsomes (&g) were
cells, inadvertently increasing the chemotherapeutic resis-jmmunized subcutaneously to 6-week-old female BALB/c
tance of these cell2Q). MGST1 belongs to the MAPEG  mice (The Jackson Laboratory, Bar Harbor, ME). Hybridoma
superfamily. At present, other mammalian members of ¢g|| jines were prepared by fusion of NS1 mouse myeloma
MAPEG include two glutathion&transferase/peroxidases cg|ig (American Type Culture Collection, Manassas, VT) (3
(MGST2 and MGST3), 5-lipoxygenase activating protein, . 107) with splenocytes (1x 10%) from immunized mice
leukotriene C4 synthase, and the closest relative to MGST1,ysing 50% PEG. The culture supernatants from resulting
microsomal PGE2 synthas@1). MGST1 functions as a  hyhridomas were screened with RPE microsomes by immu-
glutathioneS-transferase and as a peroxidase, thus potentially noplot. Positive hybridomas were subcloned at least three
protecting cells from reactive components and oxidative times by the method of limiting dilution in microtiter plates.

stress 22). MGST1 is an ER-bound enzymg?) that forms A1 mAb (1 mg/mL) was used at 1:2000 dilution for the
a functional homotrimer23, 24). Its polypeptide chain of  immunoblotting.

155 amino acids traverses the ER membrane four times, with SDS-PAGE and ImmunoblottingSDS—PAGE on 12.5%

both N- and C termini facing the lumen of the ER4). or 15% polyacrylamide gels and Western blotting methods
Toward the identification and characterization of dominant were as described elsewhe®9,(31).
RPE proteins, bovine RPE was used as an immunogen to GST and GPx Actity. GST activity toward 1-chloro-2,4-
generate monoclonal antibodies (mAbs) by hybridoma dinitrobenzene (CDNB) was determined spectrophotometri-
techniques. Microsomal glutathioBdransferase 1 (MGST1)  cally at 340 nm by the method of Habig et aB2(. One
was identified as one of the immunogens, and in subsequentunit of GST activity was defined as the amount of enzyme
analyses we confirmed the abundant expression of thiscatalyzing the conjugation of zmol of CDNB with GSH
enzyme in the RPE. Here we demonstrate that MGST1 is per minute at 25°C. GPx activity toward hydroperoxide
one of the most active detoxification enzymes of the RPE. substrates was determined using the GR-coupled assay of
In addition, we observed a gradual decline in the expressionYang et al. 83). Briefly, the reaction mixture containing 3.2
of MGST1 in mouse RPE with age, suggesting a possible mM GSH, 0.32 mM NADPH, 1 unit of GR, and 0.82 mM
correlation with progressive age-related retinal diseasesEDTA in 0.16 M Tris (pH 7.0) was preincubated with GST
associated with oxidative injury such as age-related macularat the amounts indicated in the figure legends at room
degeneration. temperature for 5 min. The total volume was 1 mL. The

Chemicals and Antibodie®ovine liver cGST, reduced
glutathione (GSH), oxidized glutathione (GSSG), glutathione
reductase (GR), alransretinal, alltransretinol, retinyl
palmitate, 1-chloro-2,4-dinitrobenzene (CDNB), NADPH,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), octadecane, and poly-
(ethylene glycol) (PEG, MW 1500) were purchased from
Sigma (St. Louis, MO). 13&)-Hydroperoxy-9%),11(E)-
octadecadienoic acid [1S-HpODE] was obtained from
Cayman Chemical Co. (Ann Arbor, MI). Actin pAb and
o-tubulin pAb were obtained from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). Anti-RPEG5 pAb were generated
in rabbits against bacterially expressed RPEG5 protein using
a method described previousIg25).

Preparation of Beine RPE Microsomes-resh bovine
eyes were obtained from a local slaughterhouse (Schenk
Packing Co., Inc., Stanwood, WA). RPE microsomes and
ROS were prepared as described previoustg, (27).
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reaction was started by addition of appropriate hydroperoxide
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were harvested after 48 h of induction with tetracycline (1

substrates (prepared in methanol). The consumption ofug/mL).

NADPH was monitored at 340 nm for 5 min. For the
activation of MGST1, membranes were incubated in 0.16
M Tris (pH 7.0) containing 0.1% Triton X-100 and centri-
fuged at 275008 for 20 min; the supernatant was used in

Protein Identification by Mass SpectromettyGST1 was
identified by LC MS/MS utilizing well-established methods
(12, 34). Briefly, Coomassie blue-stained gel bands were
excised, Coomassie blue was washed away, proteins were

the assay. One unit of GPx activity was defined as the amountdigested in-gel with trypsin, and peptides were extracted for

of enzyme necessary to consumerhol of NADPH/min.
Retinoids were extracted from RPE microsomes with 500

mass spectrometric analysis. Liquid chromatography elec-
trospray tandem mass spectrometry (LC MS/MS) was

uL of hexane, dried with argon, and used as substrates inperformed using a CapLC system (Waters Corp., Milford,
the assays. A nonsubstrate blank as well as a nonenzymeéviA) and a quadruple time-of-flight mass spectrometer

additional blank was used to correct for non-GR-dependent
NADPH oxidation and nonenzymatic peroxidase activity.
The results were examined using the one-way ANOVA test.
cDNA Cloning and Sequencingotal RNA from fresh
bovine RPE was isolated using TRIzol reagent according to
the manufacturer’s protocol, and 2y of total RNA was

reverse-transcribed using reverse transcriptase with oligo-

(dT) primers (Superscript IlI; Gibco-Life Technologies,
Rockville, MD). To obtain the bovine DNA sequence, PCR
amplifications were performed using the RT reaction mixture

(QTOF2; Waters Corp., Milford, MA). Protein identifications
from MS/MS data utilized Micromass software ProteinLynx
Global Server, MassLynx, version 3.5, and the Swiss-Protein
and NCBI protein sequence databases.

Cytotoxicity AssayFor the MTT assay, & 10* cells in
190uL of medium were added to each well of 96-well flat-
bottomed microtiter plates. The medium was supplemented
with 10 uL of PBS containing various concentrations of
H,0.. Five replicate wells were used for each concentration
of H,O,. After treatment with HO, at 37 °C for 48 h, 10

with primer pairs from human MGST1 cDNA and EST uL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

database sequences: sensefATAGGATCCCTAATG-
GAGAATGAAGTATTC-3'; antisense,'BAATATGCAATG-
GTGTGGTAG-3; sense, 5GTTTTTGCCAATCCAGA-
AGA-3'; antisense, sSTATAGAGCTCCAGGTACAATTT-
ACTTTTCAG-3. PCR products were cloned into pCRII-
TOPO vector (TOPO TA cloning kit; Invitrogen, Carlsbad,
CA) and sequenced by the dideoxy terminator method (ABI-
Prism; Perkin-Elmer, Wellesley, MA).

Bacterial and Stable Cell Line Expression of MGSHar
bacterial expression, human MGST1 was amplified from the
human RPE cDNA library (a generous gift from Dr. Zack
of Johns Hopkins University) by PCR with the primer pair:
5'-TATAGGATCCAAAATGGTTGACCTCACCC-3 sense
and B-TATAGAGCTCCAGGTACAATTTACTTTTCAG-

3 antisense primers. PCR products were digested with
BanHl and Sal and inserted into pET21a vector (Novagen,
Darmstadt, Germany). The T-Rex system (Invitrogen) was
used to produce tetracycline-inducible MGST1 cell lines.
Briefly, MGST1 cDNA was amplified from the bovine RPE
cDNA library with 5-AAAATGGCCAACCTTTCGCAGC-

3 sense and'sTTACAGGTACAGTTTACTCTTCA-3 an-
tisense primers derived from the bovine MGST1 sequence.
PCR products were cloned into a pCRII-TOPO vector
(TOPO TA cloning kit; Invitrogen) and sequenced by the
dideoxy terminator method (ABI-Prism; Perkin-Elmer).
MGST1 was excised witBanHI and subsequently treated
with the Klenow nuclease fragment. Next, MGST1 cDNA
was cut withPst and cloned into thé>si/Xhd site of the
pcDNA4 vector. Using MGST1-specific forward and reverse
primers, the entire product was sequenced for verification.
The plasmid was then transfected using Lipofectamine
(Invitrogen) into HEK293 cells (American Type Culture
Collection), T-Rex-293, stably expressing the tetracycline

bromide (MTT) solution (2 mg/mL in PBS) was added to
each well, and the plates were incubated for an additional 4
h at 37°C. The medium was aspirated; next, intracellular
formazan dye crystals were dissolved with 100of DMSO

at room temperature in the dark. The absorbance of formazan
at 560 nm was measured using a microplate reader. The
results were examined using the one-way ANOVA test.

DNA FragmentationCells were treated with the indicated
concentrations of KD, in complete medium and washed with
10 mM phosphate (pH 7.5) containing 100 mM NacCl before
their genomic DNA was extracted (Genomic DNA extraction
kit; QIAGEN, Valencia, CA). DNA samples (Lkg) were
loaded on 2% agarose gels containing ethidium bromide.
Electrophoresis was carried outrf@ h at 50 V, andgels
were visualized under UV light.

Inhibition of MGST1 Expression in Cultured RPE Cells
and Hyperoxia Induction in VitroFour targeting siRNA
sequences within human MGST1 were selected on the basis
of criteria proposed by Elbashir et al33—-37). F136
represents sequenceMATCCAGAAGACTGTGTAGCA-

3 (position in the gene sequence: 1367), F143 is
5-AAGACTGTGTAGCATTTGGCA-3 (position in the gene
sequence: 143164), F172 is 5AATGCCAAGAAG-
TATCTTCGG-3 (position in the gene sequence: 171283),
and F264 is 5SAATTGGCCTCCTGTATTCCTT-3(position
in the gene sequence: 26285). siRNA was prepared with
a Silencer siRNA construction kit (Ambion Inc., Austin, TX)
by following the manufacturer’s protocol.

Transfection of SIRNA to ARPE19 cells (American Type
Culture Collection) was performed with the RNAiFect
Transfect reagent (QIAGEN) using guidelines provided by
the manufacturer. Twenty-four hours after transfection,
hyperoxia was induced in the cells by the addition of 30

repressor. These cells were grown under blasticidin selectionuM H,O,. The results were examined using the one-way

After transfection, zeocin was added to the culture medium,
and surviving colonies of cells were isolated and subse-
quently expanded into six-well plates. HEK293 cells were
grown in Dulbecco’s modified Eagle’s medium containing
high glucose (Invitrogen) at 37C in the presence of 5%
COo. In all of the experiments, the cells expressing MGST1

ANOVA test.

Analysis of Lipid Peroxidation: Thiobarbituric Acid (TBA)
Reactve Substance (TBARS) Assayjpid peroxide levels
were determined by thiobarbituric acid-reactive substances
(TABRS) as described by Wagner et a8). Cells (3 x
10") were collected by centrifugation at 5@§@r 10 min
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and washed twice with 10 mM sodium phosphate solution A .- W B

(pH 7.5) containing 100 mM NaCl. The pellet was resus- Ay i iRl mwo S
pended in 1 mL of 10 mM potassium phosphate buffer, pH 107 107 (']‘{[]’;) Fogs
7.0, containing 0.4 mM butylated hydroxytoluene and 6 e 90" =

vortexed vigorously, and samples were immediately used for e

TBARS assay. The cellular protein was precipitated by 73 ;8 ;;8:

mixing homogenates with 124 of saturated trichloroacetic
acid solution. After centrifugation at 40§0for 15 min, 2
supernatants were transferred to glass test tubes and mixe:

with 2-thiobarbituric acid solution in 0.1 N NaOH with a

final concentration of 3.5 mg/mL (total volume 1 mL). The
samples were incubated for 30 min at 76. After the
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of the samples was measured at 535 nm. Lipid peroxidase 21 kl)a-| - — |-m kDa
levels were expressed as picomoles of malonaldehyde pel
milligram of cell protein. The extinction coefficient used for
malonaldehyde was 1.58 1° M~ cm™.
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samples were cooled to room temperature, the absorbance C &

‘-.._. . s e ey — — ‘-l actin

enucleated, and the anterior segment, vitreous, and reting . 3 ”_e i

were carefully removed under a microdissecting microscope. FiouRe 1 Microsomal antigen recognized by AL mAb in the RPE

H H IGURE 1:
FPEbcellﬁ were ﬂigtef/ by g?cnf())/ S(;\;laplr:jg eye(;]ups ;]N ':Eh @ and other tissues. (A) Microsomal proteing4g) from bovine RPE
ine brush, using 10@L/eye o mM sodium phosphate  \yere separated by 15% SBSAGE, and the gel was stained with
solution (pH 7.5) containing 100 mM NaCl. The cell Coomassie blue (left panel). A 17 kDa band was visualized by
suspension was removed and centrifuged at 27§68020 immunoblotting (right panel) using A1 mAb. SB®AGE, immu-
min. The pellet was then reconstituted in AD/eye of 10 noblotting procedures, and preparation of RPE microsomes and Al

: . mAb are described in Materials and Methods. A longer exposure
mM sodium phosphate (pH 7.5) containing 100 mM NaCl. of the immunoblot did not reveal any band other than the 17 kDa

antigen. (B) Expression of the 17 kDa antigen in the eye and in
RESULTS ARPE19 cells. Proteins from bovine retina, bovine rod outer
segment (ROS), bovine RPE microsomes, and human RPE cultured
Al mAb against a Protein from Bme RPE Microsomes.  cells (ARPE19) were extracted using SDS sample buffer &0
To produce monoclonal antibodies against RPE specific each) and probed by immunoblotting with A1 mAb. The 17 kDa
proteins, BALB/c mice were immunized with bovine RPE antigen was found in the RPE microsomes and ARPE19 cells but
. d hvbridoma cell lines were prepared b not in the retina and ROS. The equal loading of the sample was
microsomes, and nhy ] prep Y verified by immunoblotting with anti-actin pAb. Three independent
fusion of NS1 mouse myeloma cells with immunized mouse experiments yielded similar results. (C) Expression of the 17 kDa
splenocytes. Among the hybridoma cell lines, one designatedantigen in the RPE and in other organs. Indicated organs from a

A1l reacted with a 17 kDa protein in bovine RPE microsomes BALB/c mouse were homogenized and washed three times with

; ; 100 mM NaCO0; (pH 10), and pellets were collected by centrifuga-
treated with 100. mM Nﬁ:o‘" (pH 10) to Stltlp aWay tion at 275000. The expression of the 17 kDa protein was probed
membrane-associated proteins (Figure 1A). Bovine retina andith A1 mAb. The equal loading of the sample was verified by

ROS did not cross-react with A1 mAb, suggesting that the immunoblotting with anti-actin pAb. Three independent experiments
expression was largely confined to the RPE. The 17 kDa yielded similar results. (D) Solubility of the 17 kDa antigen protein.
protein was also detected with AL mAb in the human 2800 TR Thnoo e o Soluble and insoluble proteins were
H H H X | utl W), u | u | W
ARPE109 cell “ne. (Figure 1B). When soluble proteins and separated by centrifugation. The solubility of the 17kaa antigen
membrane proteins from ARPE19 were separated, the 1755 examined by immunoblotting with AL mAb. S is the soluble
kDa antigen was found only in the insoluble fraction (data fraction, and P is the pellet fraction. The following solutions were
not shown). Mouse tissues from several organs including theused: (a) 100 mM KCGO; (pH 10); (b) 50 mM KCO; and 5 mM
RPE, whole eye, brain, heart, lung, liver, spleen, kidney, and PM (pH 10); (c) 10 mM DM; (9 4 M urea and 5 mM DM; (e) 8

: : M urea; () 2 M NH4CI; (g) 1% SDS; (h) 25 mM CHAPS; and (i)
muscle were homogenized with 100 mM & (pH 10) H,0. The 17 kDa antigen was solubilized only in the presence of

to test for immunoreactivity with A1 mAb. The equivalent  getergent, suggesting it is a microsomal protein. Three independent
size of the samples loaded on the gel was verified by the experiments yielded similar results.

presence of similar amounts of actin (Figure 1C). MGST1
was abundant in the liver cells as well as in the RPE cells, protein band was excised, in-gel digested with trypsin, and
to an extent not seen in other tested tissues (Figure 1C). Intentatively identified by tandem mass spectrometry as
addition, protein extracts from cornea, lens, vitreous, and MGSTL1 along other minor proteins in this band (Figure 2A).
sclera did not show cross-reactivity (data not shown). The On the basis of the primary amino acid sequence and
protein solubility profile, including requirement for a deter- corresponding nucleotide sequence of other species, the
gent and lack of solubility at high pH buffer or in high ionic  complete cDNA of bovine RPE MGST1 was then cloned
strength buffers, suggests that the 17 kDa protein may be aand sequenced using PCR methods (Figure 2B; deposited
transmembrane protein (Figure 1D). in GenBank, accession number AY334548). The bovine
Molecular Identification of the 17 kDa Protein in Bme MGST1 sequence exhibits 84.5% homology with rat MGST1
RPE MicrosomesBovine RPE microsomes were washed and 88.4% homology with human MGST1.
with 100 mM NaCO0; (pH 10) and fractionated by SBS To confirm bovine MGST1 as the immunogen recognized
PAGE on 15% gels. The Coomassie blue-stained 17 kDaby A1 mAb and not a contaminating protein with similar
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A Query m/z charge MW Delta start end sequence
13 513.91 3 1538.7 -0.024 42 55 EVFANPEDCAGFGK
59 706.31 2 1410.6 -0.016 43 55 VFANPEDCAGFGK
56 637.62 3 1909.9 -0.02%9 43 60 VFANPEDCAGFGEKGENAK
29 949.1 2 1896 -0.014 115 130 IYHTIAYLTPLPQPNR
B

YY YVYvy \AJ \d
bMGST1 1 MANLSQLMENEVFMAFASYTTIVLSKMNFMSTATAFYRLTKEVFANPEDCAGFGKGENAKKYLRTDDRVERVRRAHLNDLENIVPFLGIGLL

hMGST1 1 MVDLTQVMDDEVFMAFASYATIILSKMMLMSTATAFYRLTRKVFANPEDCVAFGKGENAKKYLRTDDRVERVRRAHLNDLENIIPFLGIGLL
PMGST1 1 MADLTELMKNEVFMAFASYATIVLSKMMFMSTATAFYRLTRKVFANPEDCSSFGKGENAKKYLRTDERVERVRRAHLNDLENIVPFLGIGLL
mMGST1 1 MADLKQLMDNEVLMAFTSYATIILTEMMFMSSATAFQRITNEVFANPEDCAGFGKGENAKKFVRTDEKVERVRRAHLNDLENIVPFLGIGLL
rMGST1 1 MADLKQLMDNEVLMAFTSYATIILAKMMFLSSATAFQRLTNKVFANPEDCAGFGKGENAKKFLRTDEKVERVRRAHLNDLENIVPFLGIGLL

'T‘ 22 22 2 2 R R L R 222 RS
=y v (2]

bMGST1 93 YSLSGPDLSTAILHFRLFVRARIYHTIAYLTPLPQPNRALAFFIGYGVTLSMAYRLLKSKLYL 155
hMGST1 93 YSLSGPDPSTAILHFRLFVGARIYHTIAYLTPLPQPNRALSFFVGYGVTLSMAYRLLKSKLYL 155
PpMGEST1 93 YSLSGPDLSTAILHFRLFVGARIYHTIAYLTPLPQPNRGLAFFLGYGVTLSMAYRLLESRLYL 155
mMGST1 93 YSLSGPDLSTALMHFRIFVGARIYHTIAYLTPLPQPNRGLAFFVGYGVTLSMAYRLLRSRLYL 155
rMGST1 93 YSLSGPDLSTALIHFRIFVGARIYHTIAYLTPLPQPNRGLAFFVGYGVTLSMAYRLLRSRLYL 155

— KrhAEER AR KRR LR AR
3 _'l:l_
=1

%e

o
C oS
) )
& ®

ST & &
S &

30 kDa— — ¢GST

21 kDa— e — -4 MGSTI1

Ficure 2: Identification of the 17 kDa antigen from RPE microsomes by liquid chromatography/mass spectrometry (LC MS/MS) and
immunoreactivity with recombinant MGST1. (A) LC MS/MS analysis of identified peptides from the 17 kDa antigen. (B) Cloning of
bovine MGST1 and amino acid sequence alignment with MGST1 from several species (b, bovine; h, human; p, pig; m, mouse; r, rat). The
identical residues are in black letters; residues that are preset in three or four species are shown in green and blue, respectively; in red are
residues that occur only once or twice among analyzed species. Asterisks indicate the sequence obtained by the in-gel cleavage and LC
MS/MS analysis. Transmembrane segme@® @re numbered and indicated by the gray bars. (C) Immunoreactivity of A1 mAb with
recombinant MSGT1 and GSTs from bovine liver. Bovine MGST1 was stably expressed in the HEK293 cells, using the tetracycline-
inducible Invitrogen T-Rex system as described in Materials and Methods. Expression of MGSid d¢fL®btal proteins) was probed by
immunoblotting with A1 mAb. The expected molecular mass of bovine cGST and MGSTL1 is indicated on the right. A1 mAb did not
cross-react with cGST. Three independent experiments yielded similar results.

molecular mass, the recombinant protein was expressed inSimilarly, the GPx activity of recombinant MGST1 was
HEK?293 cells and probed by immunoblotting with A1 mAb. inhibited by A1 mAb (32+ 5%). A1 mAb had no significant
The A1 mAb reacted with tetracycline-induced MGST1 in effect on the GPx activity of the cGSTs mixture (Figure 3C).
the HEK293 cells (Figure 2C) and with bacterially expressed GPx activity was measured using®b-treated DHA and
enzyme (data not shown), verifying the identification of the RPE microsomes, MGST1, and cGST (Figure 4A), with rates
antigen as MGSTL1. The mAb against MGST1 did not cross- of 2.8+ 0.5, 3.4t 0.5, and 2.Gt 0.5 nmol/min, respectively.
react with cGST derived from bovine liver (Figure 2C). No GPx activity toward DHA could be detected without
Enzyme Actiity of MGST1 As Pertaining to Its Possible H,0, treatment. As predicted, these enzyme preparations
Physiological Function MGST1 displays GPx reduction were not active against saturated lipid octadecane either
activity against lipid and retinoid peroxidates, a key reaction treated or untreated with @, (Table 1). Because of the
in the detoxification of the RPE. Both RPE microsomes structural similarity between retinoids and unsaturated lipids,
(Figure 3A) and MGST1 expressed in HEK293 cells (Figure their importance in RPE physiology, and their susceptibility
3B) exhibited GPx activity against 13¢HpODE, a hydro- to oxidative processe89), we also explored the possibility
peroxide derived from linoleic acid. In control experiments, that oxidized retinoids might serve as substrates for GST.
similar activity was observed in the presence of cGST (data Synthetic HO,-treated alltransretinyl palmitate and all-
not shown). No specific GPx activity was detected in transretinol, but not alltransretinal, were found to undergo
uninduced MGST1-HEK?293 cells or in tetracycline-treated GPx reaction rates of 1.2 0.2 and 0.5+ 0.1 umol/min,
HEK?293 cells transfected with an empty vector (data not respectively (Figure 4B). In other analyses, cGST, RPE
shown). In addition, A1 mAb specifically blocked $37% microsomes, and MGST1 displayed 15:41.4, 0.06+ 0.01,
of the GPx activity in the RPE microsomes (Figure 3C). and 0.7+ 0.1 umol min~* (mg* of transferase activity),
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MGSTI ¢GST FiGure 4: GPx activity toward HO,-treated DHA, native RPE,

) and synthetic retinoids. (A) GPx activity using:®b-treated )
o o DHA (150 uM) as hydroperoxide substrates (see Materials and
FiGurRe 3: GPx assay and inhibition of GPx activity in the RPE Methods). Triton X-100-activated RPE microsomes (4g0mL),
microsomes by Al (anti-MGST1) mAb. (A) Time course of GPX  Triton X-100-activated MGST1 from HEK293 cell membranes (10
activity using different amounts of bovine RPE microsomes (0 ug/mL), and cGST (Jug/mL) in the presenceX) or absence)
250u9) activated by 0.1% Triton X-100 as a source of GST. The of H,0,-treated DHA (15uM) were used. The meast SEM of
reaction mixture containing 3.2 mM GSH, 0.32 mM NADPH, 1 fiye determinations is shown. In control experiments, (1) the
unit of GR, and 0.82 mM EDTA in 0.16 M Tris (pH 7.0) was reaction mixture minus membranes and (20ktuntreated )
prelnpubated with activated RPE, and _the reaction was initiated by pqa (150 M) were employed. Key: *P < 0.01. (B) GPx activity
addition of 100u4M 13(S-HpODE (final concentration) and using HO,-treated ¢) retinoids (1504M) as hydroperoxide
monitored as a change of absorption at 340 nm. The assaygypstrates. Purified retinyl palmitate, &nsretinol, and alltrans
conditions are described in Materials and Methods. The miean  etinal were exposed toJ,, and GPx activities of Triton X-100-
SEM of five determinations is shown. (B) Time course of GPx activated MGST1 from HEK293 cell membranes (imL) were
activity using different amounts of recombinant MGST1 expressed gxamined. The meas= SEM of five determinations is shown.
in HEK293 membranes (86049 activated by 0.1% Triton X-100  key: *p < 0.01; *P < 0.05. Alltransretinyl esters and atrans

as a source of GST. The reaction mixture containing 3.2 mM GSH, retinol, but not alltransretinal, generated GPx substrate(s) after
0.32 mM NADPH, 1 unit of GR, and 0.82 mM EDTAIn 0.16 M 1.0, treatment. In control experiments,Bb-untreated retinoids
Tris (pH 7.0) was preincubated with activated membrane, and the \yere employed. (C) GPx activity using retinoids extracted from
reaction was initiated by addition of 160 13(S-HpODE (final H,Ox-treated ) RPE microsomes (50@g) as hydroperoxide
concentration) and monitored as a change of absorption at 340 nm.g hstrates (see Materials and Methods). Retinoids were extracted
The meant SEM of five determinations is shown. (C) Inhibition  fom the RPE microsomes with 500 of hexane and dried with

of GPx activity by Al (anti-MGST1) mAb. Fifty micrograms of  argon. Triton X-100-activated RPE microsomes (£0mL), Triton

Al mAb or unrelated mouse anti-rhodopsin was preincubated for x_700-activated MGST1 from HEK293 cell membranes (g

30 min on ice with Jug of cGST, 10Qug of Triton X-100-activated mL), and cGST (lug/mL) were used. The meas SEM of five
RPE microsomes, and 14y of Triton X-100-activated MGST1  geterminations is shown. In control experiments, (1) the reaction

expressed in HEK293 cells. GPx activity was examined, and mixture minus membranes and (2) retinoids fronObtuntreated
activities were normalized to the controls. Results are the means—) RPE (500xg) were employed. Key: *® < 0.01.

+ SEM of five determinations. Key: # < 0.01.

microsomes

with hexane, and GPx activity was measured. RPE micro-
respectively, with CDNB (Table 1). These results suggest somes and recombinant MGSTL1 displayed initial reaction
that MGST1 is a major enzyme responsible for the detoxi- rates of 3.7+ 0.5 and 5.0+ 0.4 nmol/min, respectively
fication of oxidized products in the RPE. In addition, RPE (Figure 4B). The GPx reaction rate of cGST was 2.0.4
microsomes were treated with®, retinoids were extracted nmol/min, while the control sample lacking GST showed
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Table 1: GPx and GST Activities of RPE Microsomes and A B
Recombinant MGSTL 100 (7
R —o— MGSTI
specific activity gmol min~t mg1) gl ONTRGE & vector
£ R,
activ- RPE vector £ N 3
ity  substrate cGST microsomes MGSTL aloné £ LN
] N NG
GPx 1309- 8.1+£0.6 0.03+0.005 0.35:0.06 NI’ ® s et
HpODE -0
DHA® 2.8+ 0.5 0.03+0.005 0.34-0.05 ND? 0 i 50 b5 A ag : MGSTI vector
DHA NDP NDb ND® NDb v ’
retinoid¢ 2.0+ 0.4 0.04+£0.005 0.50+0.04 ND C [H,0,] (nM) D
retinoids ND ND®P NDP ND®P _
octadecarfe NDP NDP NDP NDP 100 {)——.\;__\__\___é_ £ 1] m MasTI
octadecane ND NDP NDP NDP g R
GST CDNB 15.4-14 0.06+0.01 0.7+01  ND 3 %0 . g
“The reactions were carried out as described in Materials and £ | Eos :
Methods.? ND, not detectedS Cell membranes of transfected HEK293 601 . MGSTI * = :
cells.d HzOz treated. wl- +, \'ccmr. . , ] E e l
0 300 60 90 120 150 0 30 100
no GPx activity. The main products of the extraction were [H;0p-treated DHAJ (pM) [H,0;-treated DHA] (M)

retinoids such as retinols, retinyl esters, and retinals, althoughFicure 5: Cytotoxic effect of HO, and HO,-treated DHA on

we cannot exclude the possibility that some other hydro- HEK293 cells transfected with MGST]._. (A) Cytotoxic effect of
phobic compounds were also extracted H,O, on HEK?293 cells transfected with MGST1. After 48 h

o induction by 1ug/mL tetracycline, MGST1- or control vector-
Effect of MGST1 on Cell ViabilityMGST1 also appears transfected HEK293 cells were seeded into five replicate wells at

to increase cell viability when challenged under oxidative a concentration of 3« 10* with various HO, concentrations (8
stress conditions. At 0, concentrations between 10 and 50 uM) in a 96-well plate and incubated for 48 h. The cytotoxic

: . effect of HO, was examined by MTT assay as described in
40uM, HEK293 cells expressing MGST1 were more viable Materials and Methods. The control reference cells (100% survival)

than control cells transfected with an empty vec®r<(0.05)  were untreated with bD,. Representative results from one of the
(Figure 5A). These results were consistent with DNA four independent experiments on®} cytotoxicity are presented.
fragmentation assays (Figure 5B) and with the fact th&@,H  Key: error bars, SEM; *P < 0.01; *P < 0.05. (B) DNA

; ; ; fragmentation. This figure shows DNA fragmentation afteOhl
induces apoptosisi(). Moreover, the cell survival rate of treatment of HEK293 cells either expressing MGST1 or containing

HEK293 cells exprgssmg MGST1 was higher than that_Of empty vector. HEK293 cells were treated with3d H,0, for 48

cells transfected with an empty vector challenged with h. After the incubations, genomic DNA was extracted and run on
oxidized polyunsaturated fatty acids at concentrations of 60 a 2% agarose gel. Apoptosis was examined by the appearance of
150uM (Figure 5C). The levels of lipid peroxides assessed characteristic DNA laddering. (C) Cytotoxic effect of®}-treated

_ DHA on HEK293 cells transfected with MGST1. After 48 h
by TBARS showed that MGST1-transfected cells had a induction by 1ug/mL tetracycline, MGST1 or vector-transfected

significantly reduced amount of lipid peroxides. When 30 k293 cells were seeded into five replicate wells at a concentra-

uM H20; was challenged to the cells, MGST1 overexpress- tion of 3 x 10* with various HO--treated DHA concentrations {0

ing cells produced 0.280.07 nmol/mg of malondialdehyde  150uM) in a 96-well plate and incubated for 24 h. DHA was treated

(MDA), whereas vector-transfected cells had 0:5®.09 ~ With 395 “;fM Hz(f)z as described in (ljvlgterials and MetthdS- I)h?j
: cytotoxic effect of HO, was examined by MTT assay as describe

nmol/mg of MDA (Figure 5.D)' The.s? results demonstrate in Materials and Methods. The control reference cells (100%

that, under the overexpression conditions employed, MGST1 gyryival) were untreated with 40,. Representative results from

attenuated bD,-induced apoptosis by inhibiting production  one of the four independent experiments oiOklcytotoxicity are
of lipid peroxides in vitro. presented. Key: error bars, SEM;P*< 0.01; *P < 0.05. (D)
Cell viabilit | ined in th d Effect on lipid peroxide. After 48 h induction by Lg/mL

ell viability was a_so e)fam'r_‘? In the presence an tetracycline, MGST1- or control vector-transfected HEK293 cells
absence of kD, after siRNA inhibition of MGST1 expres-  were seeded into three replicate plates at a concentration-of 3
sion. Four targeting siRNA sequences within human MGST1 10" with various HO, concentrations (660 M) and incubated
were selected according to Elbashir et 85_637) as for 48 h. Llpld peroxide levels were determined by thiobarbituric
described in Materials and Methods. Expression was eVa'U'&ng{,g%?tr(’gy?ugﬁgnggfs,(TSAS\ESFZ isoégls_cr'bed in Materials and
ated by immunoblot at different times after siRNA trans-
fection. Transfection of F172 and F264 siRNA inhibited ]
MGST1 expression in ARPE19 cells 286 h after treatment ~ #M H202, ARPE19 cells transfected with F172 or F264
as shown by immunoblotting with A1 Ab (Figure 6A), with  SIRNA showed less viability (5% 7%, 60+ 6%) than cells
the largest changes occurring between 48 and 72 h. F172ransfected with F136 or F143 siRNA (936%, 94+ 6%)
and F264 siRNA reduced expression of MGST1 by 12% or (Figure 6B, right panel). Transfection of F136 or F143
26%, respectively, in ARPE19 cells comparable to the control SIRNA did not reduce MGST1 expression and did not affect
cells transfected with lamin A/C siRNA. In cell viability tests, ~Cell viability (Figure 6A).
absorbance of MTT assay indicated #8).2 or 0.7+ 0.2 The correlation between the expression level of MGST1
without/with HO, stimulation in lamin A/C transfected and cell viability was also extended to GPx activity. In
ARPE19 cells, and cytotoxicity effects of .8, were ARPE19 cells transfected with F172 siRNA, GPx activity
observed (Figure 6B, left panel). When the viability of toward 13§)-HpODE was reduced by 4# 13% relative to
MGST1 siRNA-transfected ARPE19 cells was compared GPx activity in ARPE19 cells without siRNA treatment
with lamin A/C siRNA transfection in the presence of 30 (Figure 6C). These data suggest that MGST1 may also
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B 02 % FIGURE 7: MGST1 expression in young and old mice. (A) Mouse
2 50 I RPE extract was prepared as described in Materials and Methods.
IS The extract equivalent of one eye was analyzed by immunoblotting
U 25 with A1 mAb and anti-RPE65 pAb. Antibody binding was detected
with the ECL system (Pharmacia) as described in Materials and
0 — Methods. The expression of MGST1 was probed with A1 mAb.

g it i Similar results were obtained in two independent experiments. (B)

SIRNA - siRNA _ GPx activity of mouse RPE. C57BL/6 mouse RPE was prepared
FicUre 6: Effects of RNA interference on cell survival and MGST1 a5 described in Materials and Methods. GPx activity of Triton

activity. (A) Immunoblotting analysis of MGST1 expression by AL X-activated RPE toward 10aM 13(9-HpODE was analyzed (see
mADb. ARPE19 cells were transfected with different SIRNAs from  Materials and Methods). The equivalent of four eyes was used in

the MGST1 sequence as described in Materials and Methods. Thethese experiments. The meanSEM of three determinations is
expression levels of MGST1 after 48 h posttransfection were shown. Key: *P < 0.01.

detected by immunoblotting with A1 MGST1 mAb. The equal
loading of the sample was verified by immunoblotting with anti- " . t fi int in. GP
o-tubulin pAb. (B) Survival assay of ARPE19 cells transfected with WO_ _experlmens per ume point per mouse st.raln. X
different siRNAs. The level of cell survival under 3M H,0, activity toward 13§)-HpODE was measured using RPE
stress for 48 h was examined by MTT assay as described in extracts from 6-week-old and 12-month-old C57BL/6 mice
'\/;éllte“a'SA?gd _'\élﬁlt'mds- %eﬂtpgfflgPIAEtEOfbﬁnCG_tK/OYT][k']V'TﬁT (Bilssay (n = 4 eyes per time point), yielding specific GPx reaction
of lamin si -transfecte cells with/withou : :

is presented. Right panel: Survival rate of MGST1-derived siRNA- raFes of 1.2+ 0.1 and 0.8+ O'.l.nmovmm’ reSpeCtlvely.
transfected ARPE19 cells under 80 H.O; stress is Showmsso (Figure 7B). Thus, both GPx activity and MGST1 expression
values were normalized to cells without®b treatment and then  levels were found to decease in mouse RPE with age.
compared with lamin A/C siRNA-transfected cells that showed

silencing expression of the proteiB5-37). Representative results  D|SCUSSION

from one of the four independent experiments o@ktytotoxicity

are presented. Key: error bars, SEMP*< 0.01. (C) GPx activity : ;
of siRNA transfected ARPE19 cells was examined 48 h after Role of MGSTL in the RPESSTS are considered to be

transfection. Microsomes were prepared as described in MaterialsUbiquitous enzymes, representingd% of all microsomal
and Methods, and GPx activity toward 108 13(S)-HpODE was proteins, a high level of expression similar to that in the liver
analyzed. Triton X-activated microsomes (10§) were used for (17). Not surprisingly, we found MGST1 to be particularly

the assay. GPx activities were normalized to control ARPE19 ghndant in the RPE and liver and to constitute a major
microsomes without siRNA transfection. Representative results from . : . . . .

one of the four independent experiments oi®klcytotoxicity are 'mmunoge”'c antigen in RPE rrjl'crosomes. I.nterestlngly,
presented. Key: error bars, SEM;P*< 0.01. MGST1 is not expressed at significant levels in the neural

retina. The RPE comprises a single layer of polarized cells

function in vivo in increasing RPE cell viability under that separates the photoreceptors from their principal blood
conditions of oxidative stress. supply in the choroid. Oxygen pressure is higher in choroidal

Expression of MGST1 as a Function of Agée investi- blood than in normal peripheral tissuesg0 vs~40 mmHg,
gated whether GPx activity and MGST1 expression levels respectively) and contains-BO uM H»0, (41, 42). More-
fluctuated as a function of age. RPE cells were carefully over, oxygen consumption is higher in the retina than in most
prepared from the eyecups of mice of two different strains other tissues and-45 times higher in old retina than in young
at the ages of 6 weeks, 12 months, and 18 months, andretina, yet several enzymes providing protection to oxidative
MGST1 was probed with A1 mAb. Expression of MGST1 stress are more active in the RPE than in the red3a44).
decreased gradually with age in both C57BL/6 and BALB/c The protective mechanisms in the RPE are therefore crucial
mice, with the most dramatic decline occurring in the to healthy retinal physiology. Our cell survival tests in the
C57BL/6 mice between 12 months<{3-fold reduction) and presence of an oxidative challenge demonstrate that MGST1
18 months (trace amounts only) (Figure 7A). No apparent increases RPE cell viability in vitro, suggesting that MGST1
change was observed in expression levels of membranesmay also provide RPE protection against oxidative stress in
associated protein RPEG5. Similar results were obtained fromvivo.
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The abundance of MGST1 in the RPE underscores its with age in mice. We propose that the detoxifying functions
potential importance in oxidative processes in these cells.of MGST1 may be pivotal in protecting the RPE/retina from
For example, a major role of the RPE is the phagocytosis oxidative damage and in slowing the progression of diseases
and degradation of oxidatively spent rod and cone photore-such as AMD in the elderly population.
ceptor outer segments, which are unusually rich in DHA-
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