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Abstract

Catalase, glutathione peroxidasel (GPx1), and peroxiredoxin (Prx) II are the principal enzymes responsible for
peroxide elimination in RBC. We have now evaluated the relative roles of these enzymes by studying inacti-
vation of GPx1 and Prx II in human RBCs. Mass spectrometry revealed that treatment of GPx1 with H,O,
converts the selenocysteine residue at its active site to dehydroalanine (DHA). We developed a blot method for
detection of DHA-containing proteins, with which we observed that the amount of DHA-containing GPx1
increases with increasing RBC density, which is correlated with increasing RBC age. Given that the conversion of
selenocysteine to DHA is irreversible, the content of DHA-GPx1 in each RBC likely reflects total oxidative stress
experienced by the cell during its lifetime. Prx II is inactivated by occasional hyperoxidation of its catalytic
cysteine to cysteine sulfinic acid during catalysis. We believe that the activity of sulfiredoxin in RBCs is sufficient
to counteract the hyperoxidation of Prx II that occurs in the presence of the basal level of H,O, flux resulting
from hemoglobin autoxidation. If the H,O, flux is increased above the basal level, however, the sulfinic Prx II
begins to accumulate. In the presence of an increased H,O, flux, inhibition of catalase accelerated the accu-

mulation of sulfinic Prx 1II, indicative of the protective role of catalase. Antioxid. Redox Signal. 12, 1235-1246.

Introduction

EME IRON IN DEOXYHEMOGLOBIN (deoxyHb) is in the
ferrous state in red blood cells (RBCs). The binding of O,
to heme iron results in electron delocalization, with the Fe(II)-
O, bond being in equilibrium with the Fe(Ill)-superoxide
anion (O;") bond (34, 43). Occasionally, the superoxide anion
is released instead of oxygen, resulting in the autoxidation of
Hb to metHb with iron in the ferric state, which cannot bind
O,. The superoxide anion is dismutated to HO,, which can be
further converted to the hydroxyl radical, and other hydro-
peroxides. In RBCs, the autoxidation of 3% of total Hb to
metHb is estimated to occur each day (20, 42). Oxygen
transport by RBCs is thus a substantial contributor to oxida-
tive stress. RBCs are equipped with various antioxidant en-
zymes to cope with reactive oxygen species (ROS) produced
as the result of the autoxidation of hemoglobin (Hb). Enzymes
responsible for the elimination of HO, in RBCs include cat-
alase, glutathione peroxidase (GPx) 1, and peroxiredoxins
(Prxs) (17, 20, 21, 23, 24, 35).
GPx, which contains a selenocysteine (Sec) at its active site,
catalyzes the reduction of hydroperoxides by glutathione

(GSH) (13). There are at least four types of GPx in mammalian
cells, but GPx1 is the only type present in RBCs (24). Mam-
malian cells express six different Prx enzymes (11, 33), with
Prx II being especially abundant in RBCs (22-24). Proteomic
analysis has revealed that RBCs also contain small amounts of
Prx I and Prx VI (27). All Prx enzymes contain a conserved
cysteine residue (designated the peroxidatic cysteine, Cp) that
corresponds to Cys-51 of Prx II (33). Four types of Prx (Prx I to
Prx IV) contain an additional conserved Cys residue (the re-
solving cysteine, Cg) that corresponds to Cys-172 in Prx II. The
Prx enzymes that contain two conserved cysteine residues are
thus designated 2-Cys Prxs, whereas Prx VI is referred to as
1-Cys Prx because it contains only the Cp. In 2-Cys Prx
enzymes, which are homodimers, Cp—SH of one subunit is
selectively oxidized by peroxides to Cp—SOH, which then re-
acts with Cg—SH of the other subunit to produce an inter-
molecular disulfide bond (33). Reduction of the disulfide
intermediate is mediated by thioredoxin (Trx) (10). Despite
the fact that cysteine is much less sensitive to oxidation by
peroxides than is selenocysteine, the bimolecular rate constant
for Cp of Prx Il was estimated to be 1.3x10” M~! s (31), which
is approaching that for GPx.

Division of Life and Pharmaceutical Sciences, Ewha Womans University, Seoul, Korea.
2School of Life Sciences and Biotechnology, Korea University, Seoul, Korea.

1235



1236

GPx is susceptible to inactivation by its own substrates.
Exposure of purified GPx1 to various hydroperoxides grad-
ually results in its irreversible inactivation (7, 32). The mech-
anism of inactivation of GPx by peroxide has remained
unknown. Prx enzymes are also inactivated during catalysis.
The Cp—SOH intermediate generated during catalysis occa-
sionally undergoes further oxidation to sulfinic acid (Cp—
SO,H), leading to inactivation of peroxidase function (48).
This hyperoxidation occurs only when Prx is engaged in the
catalytic cycle. Reactivation of 2-Cys Prx enzymes is achieved
by reduction of the Cp—-SO,H moiety in a reaction that re-
quires ATP hydrolysis and is catalyzed by sulfiredoxin (Srx),
with reducing equivalents such as GSH and Trx (5, 19, 46).
Hyperoxidation to sulfinic acid is not restricted to Prx en-
zymes. Critical cysteine residues of many other proteins in-
cluding glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
also undergo this modification. In contrast, reduction by Srx
is highly selective. Among the Prx isoforms, only the sulfinic
forms of the 2-Cys Prx subgroup (Prx I to Prx IV), not those of
Prx V or Prx VI, are reduced by Srx (47). Moreover, Srx does
not act on the sulfinic form of GAPDH (47). This specificity is
due to the fact that Srx physically associates with the 2-Cys
Prxs but not with other sulfinic proteins.

Among the antioxidant enzymes in RBCs, the activity of
glutathione peroxidase 1 (GPx1) was shown to be strongly
influenced by lifestyle and environmental factors such as use
of dietary supplements and smoking habit and proposed as a
strong predictor of cardiovascular risk, which is associated
with oxidative stress (1, 6, 38). However, the mechanism un-
derlying the influence of oxidative stress on GPx 1 activity in
RBCs has remained obscure. The average lifespan of human
RBCs is 120 days. Given the limited capacity of RBCs to re-
place damaged proteins by de novo synthesis, inactivation of
antioxidant enzymes would be expected to perturb the bal-
ance between oxidant production and elimination and
thereby to accelerate the accumulation of ROS. We now show
that oxidative stress induces an inactivation of GPx1 in RBCs
and the inactivation is associated with the irreversible con-
version of the Sec residue to dehydroalanine (DHA). We
developed a convenient blot method for the detection of
DHA-containing proteins, with the use of which we found
that the amount of inactivated GPx1 is greater in RBCs of
higher density. In contrast, immunoblot analysis revealed that
the sulfinic form of Prxs was detected only when the H,O,
flux was increased above the basal level attributable to Hb
autoxidation. These observations offer insight into the relative
roles of catalase, GPx1, and Prxs in the elimination of H,O,
in RBCs.

Materials and Methods
Materials

N-(biotinoyl)-N-9'(iodoacetyl)ethylenediamine (BIAM) was
obtained from Molecular Probes (Carlsbad, CA). Horseradish
peroxidase (HRP)-conjugated secondary antibodies, EZ-
linked N-hydroxysuccinimide biotin, protein G-Sepharose
beads, and HRP-conjugated streptavidin were from Pierce
(Rockford, IL). Enhanced chemiluminescence (ECL) reagents,
Prx I, Prx II, Prx VI, catalase, yeast glutathione reductase, a
mouse monoclonal antibody to GPx1, as well as rabbit poly-
clonal antibodies to Prx I, to Prx II, to the sulfinic forms of
2-Cys Prxs, to Prx VI, to the sulfinic forms of Prx VI, to Srx, to
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GAPDH, to the sulfinic forms of GAPDH, or to catalase were
obtained from Young-In Frontier (Seoul, Korea). Cystamine-
2HCl was from Sigma-Aldrich (St. Louis, MO).

Measurement of the selenol content of GPx1
after labeling with BIAM

Human RBCs were lysed by ultrasonic treatment in a
solution containing 50 mM potassium phosphate (pH 6.5),
1mM EDTA, 0.5% Triton X-100, 1% SDS, aprotinin
(1 mg/ml), leupeptin (1 mg/ml), 1 uM phenylmethylsulfonyl
fluoride, and 10 mM BIAM; the solution was rendered free of
O, by bubbling with N, gas. The lysates (or GPx1 purified
human RBCs) were then incubated for 30min at room
temperature, after which the labeling reaction was terminated
by the addition of f-mercaptoethanol to a final concentration
of 20 mM and the reaction mixture was centrifuged at 10,000 g
for 10min at 4°C. The resulting supernatant was diluted
two-fold with PBS, subjected to immunoprecipitated as de-
scribed below.

Immunoprecipitation and immunoblot analysis of GPx1

RBC lysates or reaction mixtures were incubated at 4°C
first overnight with antibodies to GPx1 and then for 2h in
the additional presence of protein G-Sepharose beads. The
beads were then separated by centrifugation and washed
three times with ice-cold PBS, and the bead-bound proteins
were fractionated by SDS-PAGE on a 14% gel and transferred
to a nitrocellulose membrane for immunoblot analysis with
antibodies to GPx1. Immune complexes were detected with
HRP-conjugated secondary antibodies and ECL reagents.

Identification of DHA in GPx1 by MS/MS sequencing

GPx1 (30 pug) purified from human RBCs was incubated
with or without 1 mM H,0, at 37°C for 1 h and then subjected
to digestion with 0.6 ug of bovine trypsin at 37°C for 15h. The
resulting peptides were fractionated by HPLC on a C;g col-
umn with a linear gradient of 0 to 100% acetonitrile in 0.1%
trifluoroacetic acid and at a flow rate of 1 ml/min. All fractions
were collected and analyzed by MALDI-TOF mass spec-
trometry (MS) with a Voyager ion mirror reflector
mass spectrometer (ABI, Foster City, CA). Mass spectra were
interpreted with the use of the MS-Fit program (http://
prospector.ucsf.edu/prospector/mshome.html). For peptide
sequencing, the peptides were subjected to LC-ESI-Q-TOF
tandem MS (Micomass, UK). The acquired spectra were
processed and used to identify the peptide sequence with the
use of MassLynx 4.0 software (Waters Co., Milford, MA).

Preparation of biotin-conjugated cysteamine

Cystamine 2HCI (150ul of a 50mM solution in 0.1 M
NaHCO3) was incubated for 1h at 25°C with 50 ul of 50 mM
EZ-linked N-hydroxysuccinimide biotin in DMF with vig-
orous shaking. The reaction was stopped by the addition of
50 ul of 90 mM dithiothreitol, and the reaction mixture was
then incubated for an additional 1h with shaking before
fractionation by HPLC on a C;g column (4.6 by 25cm;
Vydac, W.R. Grace & Co., Deerfield, IL) with a linear gra-
dient of 0 to 100% acetonitrile and at a flow rate of 1 ml/min.
Fractions corresponding to the peak of biotin-conjugated
cysteamine at 20.5 min were pooled and dried.
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Detection of DHA-containing GPx1 after reaction
with biotin-conjugated cysteamine

GPx1 was immunoprecipitated from RBC lysates with an-
tibodies to GPx1, and the precipitates (or GPx1 purified from
human RBCs) were subjected to alkylation with 10 mM iodo-
acetamide in the presence 1% SDS for 30min at room
temperature. Proteins were precipitated with trichloroacetic
acid, dissolved in 0.1 M NaHCO; (pH 10.0) containing 1%
SDS and 5 mM biotin-conjugated cysteamine, and incubated
at 37°C for 18 h. Biotinylated proteins were then detected by
SDS-PAGE and blot analysis with HRP-conjugated strepta-
vidin as described above.

Assay of GPx1 activity

Human RBC lysate (40 ug of protein) was incubated for 15h
at 4°C in the wells of a 96-well plate coated with antibodies to
GPx1. After washing the plate twice with a solution containing
20mM Tris-HCI (pH 7.5), 500 mM NaCl, and 0.3% Tween-20,
the reaction was performed in 200 ul of a solution containing
0.5mM EDTA, 200 uM NADPH, 0.2U of yeast glutathione
reductase, 1mM GSH, 1mM t-butyl hydroperoxide, and
100 mM Tris-HCl (pH 7.0). The reaction was initiated by the
addition of t-butyl hydroperoxide, and NADPH oxidation
was monitored for 30min at 30°C by measurement of the
decrease in absorbance at 340 nm. The initial rate of the reac-
tion was determined from the linear portion of the time course.

Purification of GPx1 from RBCs

GPx1 was purified from 4 1 of human RBCs by a modified
version of a previously described method (2). RBCs lysates
were prepared, proteins were precipitated from the lysates by
the addition of solid (NH,),SO,, and the precipitated proteins
were dialyzed as described (2). The dialysate was subjected to
sequential chromatographies on a column of CM-Sepharose
(120 by 45 cm), a column of DEAE-Sepharose column (50 by
60cm), a phenyl-5PW HPLC column (21.5 by 15cm; toso-
Hass), and a Superdex-200 HPLC column (10 by 30cm).
Column fractions were assayed by immunoblot analysis with
antibodies to GPx1.

Purification of Sec49 — Cys GPx1 mutant
from Escherichia coli

Human GPx1 mutant in which Sec** was replaced by cys-
teine residue were generated by standard PCR-mediated site-
directed mutagenesis using GPx1 cDNA obtained from HeLa
cells as the template and complementary primers containing a
TGC that converts the codon (TGA) for Sec to one for Cys. The
final mutated PCR products were ligated into the the Ndel
and EcoRlI sites of pET17b vector to generate pET 17b- GPx1-
U49C. Escherichia coli BL21(DE3) competent cells (Novagen,
Darmstadt, Germany) were transformed with pET17b-GPx1-
U49C; cultured at 37°C for 5h in 20ml of LB medium with
ampicillin (100 ug/ml); and then transferred to 2 liters of fresh
LB medium, incubated at 37°C. When the absorbance of the
culture at 600nm reached 0.5, expression was induced by
incubation of the cells for 3h with 0.5mM isopropyl-f-d-
thiogalactopyranoside. The cells were harvested by centrifu-
gation, and stored at —70°C until used. The Sec49 — Cys
mutant was purified according to a method similar to that
described for the purification of GPx1 from RBC.
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Results

Effects of RBC aging on the catalytic activity
and selenol content of GPx1 in RBCs

It is generally believed that the density of RBCs increases
with RBC aging. We therefore fractionated human RBCs from
healthy adult donors by centrifugation on a discontinuous
density gradient of Percoll to obtain cells of four different
mean densities (37). The activity of G6PDH, a marker of RBC
aging (3, 29), decreased gradually with increasing RBC den-
sity (Fig. 1A). The activity of GPx1 also decreased with in-
creasing RBC density, with the amount of GPx1 as determined
by immunoblot analysis remaining constant (Fig. 1B). To de-
termine whether the reduced GPx1 activity in the RBCs of
higher density is accompanied by loss of selenol, we subjected
RBC lysates to alkylation at pH 6.5 with BIAM. GPx1 was then
immunoprecipitated and subjected to blot analysis with HRP-
conjugated streptavidin (Fig. 1C). Although human GPx1
contains five Cys residues in addition to the active site Sec,
selenol is selectively alkylated at pH 6.5 because it exists in the
ionized form (-Se”), whereas thiols are in the protonated form
(-SH) at this pH. The band intensity for BLAM-labeled GPx1
decreased with increasing RBC density, suggesting that a
substantial proportion of GPx1 molecules in aged RBCs do
not contain selenol. To provide concrete evidence that the
selenol is the site of alkylation by BIAM, we prepared a mu-
tant GPx1, in which Sec 49 was changed to Cys, and carried
out the BIAM labeling experiment. Wild-type GPx1 was in-
tensively labeled with BIAM, whereas no labeling was ap-
parent with the mutant (Fig. 1D). In addition, H,O, treatment
decreased the labeling intensity of wild-type GPx1. These
results indicate that Sec 49 is the only site of modification by
BIAM and that oxidation of the selenol prevents BIAM
labeling.

Conversion of Sec to DHA in GPx1 treated with H>O.

Tryptic peptides prepared from selenoproteins have pre-
viously been observed to have lost Sec residues as a result of
their conversion to DHA during protein purification or di-
gestion (25, 30). To determine whether GPx1 might lose se-
lenium under oxidative stress, we incubated human GPx1
with 1mM H,O, for 1h at 37°C. Such treatment resulted in
~40% loss of peroxidase activity (Fig. 2B). Samples of GPx1
that had been incubated in the absence or presence of H,O,
were digested with trypsin, and the resulting peptides were
fractionated by HPLC on a C;5 column. Peptides were eluted
between 20 and 60 min under the conditions described in
Materials and Methods (not shown). Although the elution
profiles of the two samples were similar, the pattern of peaks
eluting between 39 and 40 min differed (Fig. 2C); treatment of
GPx1 with H;O; resulted in a decrease in the size of peak 1
(39.2min) and the appearance of a new peak (peak 2) at
39.6 min. Peaks 1 and 2 were analyzed by LC-ESI-Q-TOF
MS/MS. A selenium isotope distribution of 0.89% 74Se, 9.37%
7°Se, 7.63% 7’Se, 23.77% "°Se, 49.61% *’Se, and 8.73% *’Se
rendered the Sec-containing peptide readily distinguishable
from other peptides. Expanded spectra of peak 1 revealed an
isotopic distribution typical of Se-containing peptides with a
principal m/z peak at [M+2H']*" =867.9 (Fig. 2D). The
monoisotopic mass of 1733.8 Da calculated from this value
corresponds to residues 39 TO 54 (VLLIENVASLUGTTVR,
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FIG. 1. Effect of aging on the catalytic activity and selenol content of GPx1 in RBCs. (A-C) Fresh RBCs obtained from a
healthy human adult were separated on the basis of their density by centrifugation at 4,000 g for 15min at 4°C on a
discontinuous density gradient consisting of 85, 80, 76, 72, 69, and 66% Percoll (from the bottom up), as described previously
(8). Among the six discrete bands obtained, the two minor bands at the top and bottom were discarded and the four middle
bands (F1 to F4 for the least dense to the most dense, respectively) were used. The activity of GGPDH (A) in each fraction were
measured according to the procedure described previously (29), and the activity of GPx1 (B) were measured, and their
activities were normalized by the corresponding value for RBCs before fractionation. The fractions were also assayed for the
selenol content of GPx1 (C); RBC lysates were subjected to alkylation with BIAM, GPx1 was immunoprecipitated (IP) from
the lysates with antibodies to GPx1, and BIAM-labeled GPx1 in the precipitates was detected by blot analysis with HRP-
conjugated streptavidin to measure selenol content (SeH). The band intensities are the average of three independent ex-
periments. The presence of equal amounts of protein among assay mixtures was confirmed by immunoblot analysis with
antibodies to G6PDH (A) or to GPx1 (B, C). Activity data in A and B are means+SD of triplicates from a representative
experiment. (D) Wild-type (WT) and the Sec49 — Cys mutant (mutant) GPx1(10 ug) were incubated in the absence or
presence of 1 mM H,0, for 1h at 37°C and precipitated with trichloroacetic acid. The precipitated proteins were subjected to
BIAM labeling, followed by HRP-conjugated streptavidin blot analysis as described in C.

where U denotes Sec) of GPx1 (theoretical mass =1733.8 Da).
Expanded ion signals of peak 2 yielded the usual isotopic
distribution attributable to *C (Fig. 2D), in contrast to the
unusual distribution for the ions of peak 1. The principal m/z
peak at[M + 2H P =8274 corresponds to a molecular mass
of 1652.8 Da (theoretical mass of 1652.9 Da). The observed
difference of 81.0 Da between the molecular masses derived
from the principal ions of peaks 1 and 2 is consistent with the
loss of H,Se (81.0 Da) and the concomitant generation of DHA
in H,O, -treated GPx1. The sequence of the peptide corre-
sponding to the principal ion of peak 2 and resulting from the
conversion of Sec to DHA was confirmed by MS/MS analysis
(Fig. 2E). The amino acid sequence determined from the y ion
series was VLLIENVASLXGTTVR, which is identical to that
inferred for the peptide corresponding to the principal ion of
peak 1 with the exception that Sec at position 49 is replaced by
an unknown residue X. The mass difference of 69.0 Da be-
tween y5 and y6 ions suggests that this unknown residue is
DHA. Together, these results thus indicated that Sec is con-
verted to DHA during exposure of GPx1 to H,O,.

Detection of DHA-containing GPx1 in aged RBCs
with the use of biotin-conjugated cysteamine

In order to detect DHA-containing GPx1 in cell lysates, we
developed a method for specific labeling of DHA-containing

proteins with biotin-conjugated cysteamine. This method,
which relies on the well-established Michael addition of
cysteamine to the DHA moiety (Fig. 3A), involves the im-
munoprecipitation of GPx1 from cell extracts and the al-
kylation of Cys-SH and intact Sec-SeH in the precipitated
proteins with iodoacetamide. The precipitated proteins are
then incubated with biotin-conjugated cysteamine to bioti-
nylate DHA-containing GPx1, which is detected by SDS-
PAGE followed by blot analysis with HRP-conjugated
streptavidin.

We applied this method to determine whether the con-
version of Sec to DHA in GPx1 occurs with aging of RBCs.
Indeed, the blot intensity of the band recognized by HRP-
conjugated streptavidin increased gradually with increasing
RBC density, which is correlated with increasing RBC age
(Fig. 3B), indicating that the Sec residue of GPx1 is converted
to DHA in a time-dependent manner during exposure to the
mild oxidative stress resulting from heme autoxidation. The
DHA detection method was validated using purified GPx1
(Fig. 3C). When purified enzyme was exposed for 1h to var-
ious amounts (0, 0.2, 0.5, or 1 mM) of H,0O,, the enzyme ac-
tivity and the selenol content measured by BIAM labeling
decreased in parallel in association with the increased H,O,
concentration. On the other hand, the DHA content measured
by biotin-conjugated cysteamine increased with increased
H,O, concentration.
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Effects of aging on production of the sulfinic able. Immunoblot analysis with the antibodies to sulfinic Prxs
forms of Prxs and GAPDH revealed that neither the sulfinic form of Prx I or Prx Il nor that

of Prx VI is detected in RBCs of higher density, indicating

We also investigated whether the inactivated sulfinic forms  sulfinic Prxs do not accumulate during the aging process (Fig.
of Prx enzymes accumulate in aged RBCs. Sulfinic Prxs canbe ~ 4A). In contrast, the amount of the sulfinic form of GAPDH
detected by immunoblot analysis with antibodies that rec- increased markedly during aging (Fig. 4A). Sulfinylation of
ognize a specific sequence surrounding the Cp—SO,H (47). proteins induces an acidic shift in their position on two-
Because the active site sequence (DFTFVCPTEI) is the same dimensional gels. Analysis of the age-related RBC fractions
for 2-Cys Prxs (Prx I to IV) and because the sizes of Prx Iand by 2D-PAGE did not reveal an acidic shift of Prx II (Fig. 4B),
Prx II are identical, the sulfinic forms of PrxI and Prx Il cannot ~ consistent with the results of immunoblot analysis with the
be differentiated by immunoblot analysis. Sulfinic Prx VI, antibodies to sulfinic 2-Cys Prxs. Given that Prx Il is abundant
however, can be distinguished because its active site sequence  in RBCs, the conversion of even a small proportion of Prx II
(DFTPVCTTEL) differs from that for 2-Cys Prxs and because = molecules to the sulfinic form would be expected to be readily
specific antibodies that recognize the sulfinic form are avail- detected by both types of analysis. Srx is expressed in RBCs
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FIG. 3. Effect of aging and H,O, treatment on the DHA content of GPx1 as revealed by blot analysis after reaction with
biotin-conjugated cysteamine. (A) Chemical reactions underlying the biotinylation of GPx1 containing DHA. After alkyl-
ation of free SH and SeH groups by iodoacetamide, DHA residues are biotinylated with biotin-conjugated cysteamine. (B)
Fresh RBCs were separated into four fractions (F1, F2, F3, and F4) on the basis of their density (age) as in Fig. 1, and GPx1 was
immunoprecipitated from the lysate of each fraction and analyzed for DHA content by sequential reaction with iodoace-
tamide and biotin-conjugated cysteamine as outlined in A. The band intensities are average of three independent experi-
ments. (C) After incubation of purified GPx1 (10 ug) at 37°C for 1 h with various amounts (0, 0.2, 0.5, or 1 mM ) of H,O,, GPx
activity, selenol content(SeH), and DHA-content were measured as described above.

and its abundance remained unchanged during aging
(Fig. 4A).

Effects on antioxidant enzymes in RBCs
of extracellular H,O, produced by GO

H,0, passes through the plasma membrane of RBCs, and
antioxidant enzymes in RBCs eliminate ROS that originate
from the external environment and thereby protect other cells
from oxidative injury induced by phagocytic cells or toxins
(44). To examine the effects of extracellular H,O, on RBCs, we
added various amounts of glucose oxidase (GO) to these cells
(50% hematocrit) suspended in DMEM containing a high
concentration of glucose. GO catalyzes the oxidation glucose
with concomitant production of H,O,. Incubation of RBCs
with GO at 37°C for 3 h resulted in concentration-dependent
decreases in the activity (Fig. 5A) and selenol content (Fig. 5B)
of GPx1 as well as an increase in the DHA content of GPx1
(Fig. 5C). Although the sulfinic forms of Prx Il and Prx VIwere
not detected in aged RBCs (Fig. 4), their accumulation was
apparent in cells incubated in the presence of GO at
0.1mU/ml and increased further at higher concentrations of
GO (Fig. 5D). This accumulation of sulfinic Prx II was con-
firmed by 2D-PAGE, with 0, 10, 25, and 70% of Prx II being
estimated to be oxidized to the sulfinic form in the presence of
GO at 0, 0.1, 0.5, and 1.0mU/ml, respectively (Fig. 5E). The
amount of Srx in RBCs was not affected by the presence of GO
(Fig. 5D). The sulfinic form of GAPDH was detected in RBCs

even in the absence of GO (Fig. 4A), but its abundance in-
creased in the presence of GO (Fig. 5D). The amount of H,O,
produced by GO under our experimental conditions was es-
timated. In the absence of RBCs, GO at 1 mU/ml generated
H,0, at a rate of ~45uM/min (Fig. 5F). However, accumu-
lation of H,O, was not detected when the same amount of GO
was added to the suspension of RBCs (Fig. 5F); indeed, no
accumulation of H,O, was detected even at a GO concentra-
tion of 50 mU/ml, which could produce H;O, at a rate of
~2.25mM/min in the absence of RBCs (not shown). These
observations indicate that human blood is able to metabolize
H,0; efficiently by catalase in RBCs. Nevertheless, the entry
of H,O, into RBCs induces oxidative damage to many pro-
teins including G6PDH and GAPDH. In addition, loss of the
Sec residue of GPx1 is accelerated even at a low rate of H,O,
entry (4.5 uM/min, as generated by GO at 0.1 mU/ml). Fur-
thermore, the hyperoxidation of Prx I and Prx VI, which was
not observed during normal aging of RBCs, becomes appar-
ent at the rate of H,O, entry.

Effects of N-phenylhydroxylamine on antioxidant
enzymes in RBCs

A variety of drugs including sulfonamides and industrial
chemicals such as aniline induce hemolytic anemia (4, 15, 40).
These arylamine compounds are metabolized in the liver, and
the resulting N-hydroxyarylamines react with oxyHb to
produce superoxide anion.
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FIG. 4. Effects of aging on generation of the sulfinic
forms of Prx enzymes or GAPDH. (A) Fresh RBCs were
separated into four fractions (F1, F2, F3, and F4) on the basis
of their density (age), and lysates of each fraction were
subjected to immunoblot analysis with antibodies specific for
the sulfinic form of 2-Cys Prxs, Prx VI, or GAPDH. Equal
loading of proteins was confirmed by immunoblot analysis
with antibodies to Prx II, to Prx VI, and to GAPDH, re-
spectively. Immunoblot analysis was also performed with
antibodies to Srx. The band intensities are average of two
independent experiments. (B) Lysates of the age-related
fractions of RBCs were also subjected to two-dimensional
PAGE on a 13-cm Immobiline DryStrips (Amersham; pH 4 to
7, linear) and probed by immunoblot analysis with anti-
bodies to Prx I1(20). The positions of hyperoxidized (Ox) and
reduced (Re) forms of Prx II are indicated.

To examine the effects of such extra oxidative stress
produced internally by an environmental chemical, we
incubated a 50% hematocrit of RBCs with 200uM N-
phenylhydroxylamine for various times. The activity (Fig. 6A)
and selenol content (Fig. 6B) of GPx1 decreased with time
whereas the DHA content of GPx1 increased (Fig. 6C) on
exposure of RBCs to N-phenylhydroxylamine. ROS produced
by N-phenylhydroxylamine also induced hyperoxidation of
Prx II, Prx VI, and GAPDH (Fig. 6D).

Effect of catalase inhibition on Prx Il hyperoxidation

Catalase is inhibited specifically by 3-amino-1,2,4-triazole
(3-AT) (26). This inhibitory action is only apparent in the
presence of H,O, because it is exerted on compound I. Cata-
lase is inhibited nonspecifically by azide. Sodium azide
(10 mM) or 3-AT (50 mM) was added to a 50% hematocrit of
RBCs in DMEM containing high glucose before exposure
of the cells to various concentrations of GO. After incubation
of the RBC suspension for various times, cell lysates were
subjected to immunoblot analysis with antibodies to the sul-
finic form of 2-Cys Prxs (Fig. 7A). RBC lysates analyzed in
Fig. 5E were included in the immunoblot analysis as hyper-
oxidation standards; in standards 1 and 2, ~10, and ~25%,
respectively, of Prx II was hyperoxidized as the result of in-
cubation with GO at 0.1 and 0.5 mU/ml, respectively, for 3h.
In the absence of GO, inhibition of catalase did not induce Prx
IT hyperoxidation (Fig. 7A). In the presence of GO at 0.1 or
0.5mU/ml, Prx II was slowly hyperoxidized and this effect
was accelerated by a factor of 5 to 10 when catalase was in-
hibited (Fig. 7A). We also evaluated the effect of catalase in-
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hibition on GPx1-DHA formation (Fig. 7B). Although the
effect was not as pronounced as that on Prx Il hyperoxidation,
the absence of catalase activity clearly increased GPx1-DHA
formation. These results suggest that the absence of catalase
activity is not enough of a burden to the Prx II and GPx1
systems to result in hyperoxidation of Prx II or irreversible
oxidation of GPx1 unless H,O, enters RBCs from the external
environment.

Discussion

We have shown that the Sec residue of GPx1 is converted to
DHA during aging of RBCs in vivo. Our observation that
treatment of purified GPx1 with H,O, induces the conversion
of Sec to DHA suggests that an oxidative environment pro-
motes the conversion of GPx-SeH to GPx-SeO,H and sub-
sequent loss of H,SeO, via f-elimination. Treatment of GPx
with H,O, has been shown to generate GPx-S5eO,H (41). We
developed a convenient method for estimation of the amount
of DHA-GPx1 in cell homogenates. This blot-based method
depends on specific addition of biotin-conjugated cysteamine
to the DHA residue followed by detection of biotinylated
protein based on its interaction with streptavidin. With the
use of this method, we found that conversion of the Sec resi-
due of GPx1 to DHA occurred during aging of RBCs in vivo as
well as in RBCs exposed to H,O, generated either externally
by GO or internally as a result of N-phenylhydroxylamine-
induced Hb autoxidation.

Selenocysteine is not the only source of DHA in cells. Cy-
steine residues of many proteins are present in the form of
Cys-SO,H in normal tissues (14) and some of them are con-
verted to DHA (39). However, DHA is not frequently found
in positions corresponding to Cys residues. This difference
is likely attributable to the greater strength of the C-S
bond (272k]/mol) compared with that of the C-Se bond
(234kJ/mol) (25). These multiple sources of DHA are consis-
tent with our observation that direct blot analysis of crude
RBC extracts yielded many positive bands (not shown). It was
thus necessary to immunoprecipitate GPx1 before alkylation
and labeling with biotin-conjugated cysteamine in order to
measure DHA specifically in GPx1.

The concentration of Prx II was reported to be ~240 uM
(28). In contrast, Prx I and Prx VI are present at concentrations
that are only ~1% of that of Prx II (data not shown). During
the catalytic cycle of Prx II, the intermolecular C,-Cr disulfide
is reduced by Trx1, which has been suggested to be the lim-
iting step in the process of H,O, elimination in RBCs because
the concentration of thioredoxin reductase 1 (TrxR1), the en-
zyme required for the reduction of oxidized Trx1, is low in
RBCs (23). Nevertheless, Prx II molecules were found as
monomers with the Cp residue in the thiol state in RBCs ob-
tained from normal individuals (23), suggesting that the re-
ducing capacity of the Trx system in RBCs is sufficient to
maintain Prx IT in its reduced form while confronting the basal
level of H,O, flux originating from Hb autoxidation. It ap-
pears, however, that the Trx system does not have much extra
capacity to cope with a small increase in H,O flux, given that
Prx II molecules were found in the disulfide-linked dimeric
state in RBCs treated for 10 min with H,O, at a concentration
as low as 0.5 uM (23).

Although Prx II is mainly responsible for dealing with the
basal level of H,O, flux originating from Hb autoxidation (20,



1242 CHO ET AL.
A B FIG. 5. Effects on antioxidant
. Blot enzymes in RBCs of extracellu-
§100 A0 mU/mi): 0 0'1 0' 1'0 HRP:&trestavidin (SaH lar H,O, produced by GO. (A-E)
g D —p -streptavidin (SeH)  v;rious amounts 0, 0.1, 0.5, or
@ 80 05 0. p— 1mU) of glucose oxidase (GO)
% 60 _ asarx were added to 1ml of RBCs
& IP: a-GPx1 at a 50% hematocrit in DMEM
o 40 GO (mU/mI): 0 0.4 0.5 1.0 Blot containing a high concentrati_on
S 9 . - (4,500 mg/1) of glucose. After in-

s HRP-streptavidin (DHA) . X
o T0 28: 41 48 cubation for 3h with gentle
x 0 0 01 05 1.0 shaking at 37°C, the RBCs were
GO (mU/ml a-GPx1 lysed and subjected to the fol-

(mU/mi) P: a-GPx1 i )

- a-GFx lowing analyses: (A) Measure-
D E ment of GPx1 activity and its
GO (mU/ml) GO(mU/ml) normalization by that of RBCs
0 0.1 05 1.0 Blot 0 @ incubated in the absence of GO.
a-2-CysPrx-S0Os 01| « @ : Data are means+SD of tripli-
0 10 32 72 05| = @ |- cates from a representative ex-
[ a-Prxll 10 lens| [= periment. (B, C) Determination
10 10 10 10 : " " of the selenol (SeH) and DHA
[ = e a-PrxVI-SOs Ox Re Ox contents, respectively, of GPx1.
o 1 3 9 Blot: a-Prx|l 0-2-CysPrx-SOs Equal loading of proteins was
e — e R et 41 F confirmed by immunoblot anal-
.0 10 10 14 6 ysis with antibodies to GPx1. (D)
E———l q.srx = Immunoblot analysis with anti-
10 10 10 10 £ 4 bodies specific for the sulfinic
a-GAPDH-S0O; s forms of 2-Cys Prxs, Prx VI, or
T B 2 5 T 9 GAPDH. Equal loading of pro-
a-GAPDH teins was confirmed by immu-
10 10 08 09 noblot analysis with antibodies
0 60 120 180 to Prx II, to Prx VI, or to GAPDH,
Time (min) respectively. Immunoblot analy-

sis was also performed with an-

tibodies to Srx. The band intensities shown in B-D are average of two independent experiments. (E) Two-dimensional PAGE
followed by immunoblot analysis with antibodies to Prx II and to the sulfinic form of 2-Cys Prxs. The positions of hyper-
oxidized (Ox) and reduced (Re) forms of Prx II are indicated. (F) The H,O, concentration generated by incubation of GO at
1mU/ml in the absence (solid diamonds) or presence (open diamonds) of RBCs at a 50% hematocrit was measured on the basis

of ferrous oxidation of xylenol orange (45).

23), we did not detect sulfinic Prx II in aged RBCs. These
findings are likely attributable to the fact that RBCs contain
Srx at a sufficient concentration to counteract the hyperox-
idation. If we assume that autoxidation occurs at a rate of 3%
of total Hb a day in the 50% hematocrit suspension and that all
superoxide anions produced from the autoxidation are dis-
mutated to H;O,, the rate of H,O, production in the sus-
pension would be ~0.1uM/min. When RBCs at a 50%
hematocrit were incubated for 3h with GO at 0.1 mU/ml,
which generates H,O, at a rate of ~4.5 yM/min, ~10% of Prx
II was found to be hyperoxidized. The hyperoxidation rate is
proportional to the rate at which Prx eliminates H,O, (48).
This result suggests that the additional flux of HO, at a rate of
~4.5 uM/min increases the hyperoxidation of PrxII to a level
that exceeds the capacity of Srx in RBCs. Inhibition of catalase
by azide or 3-AT did not increase H,O, flux enough to induce
accumulation of hyperoxidized Prx II, suggesting that Srx
might still be able to counteract the additional flux of H,O,
arising from the inactivation of catalase function. However,
catalase inhibition accelerated Prx II hyperoxidation 5- to 10-
fold in RBCs exposed to GO at 0.1 or 0.5mU/ml, suggesting
that catalase becomes important for removal of H,O; if the
flux of H,O, is increased, such as a result of exposure of RBCs
to external H,O, or to a toxin that increases intracellular H,O,

production. GPx1-DHA formation was enhanced moderately
when catalase was inhibited by by azide or 3-AT.

Although ping-pong kinetics make it difficult to describe
the enzymatic characteristics of Prx, GPx, and catalase by
conventional V. and Ky, terms, various kinetic data suggest
that Prx II is responsible for eliminating low concentrations of
peroxides, whereas catalase scavenges H,O, efficiently at
high concentrations (20, 23, 31). This conclusion is also sup-
ported by in vivo evidence: Mice that lack Prx II develop he-
molytic anemia (22), whereas RBC-related defects are not
apparent in catalase-deficient mice (17).

Prx II, with a concentration of ~240uM (~100uM in
blood), is one of the most abundant proteins in RBCs. Prx II
would thus be expected to be able to remove H,O, rapidly if
its level in blood increases up to ~100uM. However, as
suggested before (23), this removal would be attributable to
one-time noncatalytic scavenging, given that all Prx II mole-
cules would accumulate as the disulfide-linked dimer of the
catalytic cycle as a result of the limited capacity of the Trx
system in RBCs. Reduction of the dimeric Prx I might take as
long as 20 min (23). Under these circumstances, elimination of
additional H,O, would depend on catalase action. Indeed,
RBCs that lack catalase are highly sensitive to exogenous
H,0; (18), suggesting that catalase is essential for protection
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antibodies to Srx. The band intensities shown in B-D are the average of two independent experiments.

against higher levels of H,O,. The antioxidant role of GPx in
various types of cells including RBCs has been discussed for
many years (9). Recently, GPx1 has been suggested to play a
minor role in the elimination of H,O, from RBCs, given that
mice lacking GPx1 appear normal (16) and RBCs derived from
these mice show a virtually normal defense against exogenous
H,0; so long as catalase function is intact (21). The primary
physiological substrate of GPx1 has been proposed to be or-
ganic peroxides rather than H,O, (21). Special care has to be
taken, however, in extrapolating the results obtained with
GPx 1 KO mice to physiology of human RBCs because the
relative activities of antioxidant enzymes in RBCs are different
in the two species (20).

Catalase, as a dismutase, does not require reducing
equivalents to eliminate H,O,, whereas GPx1 and Prx II re-
quire the GSH and Trx systems, respectively, both of which
derive reducing equivalents from NADPH. Glutathione re-
ductase, TrxR, and G6PDH, which are critical for the pro-
duction of GSH, reduced Trx, and NADPH, respectively, are
all sensitive to inactivation by H,O, (3, 12, 36). GPx1 and Prx I
are thus expected to become less efficient when RBCs are
exposed to high levels of oxidative stress for long periods
because the recycling of GSH and Trx becomes rate limiting.
Even under such stressful circumstances, catalase alone is able
to remove H,O, rapidly as a result of its high turnover rate.
However, two problems arise. First, organic peroxides will
accumulate because catalase cannot remove them. Second, the
intracellular concentration of H,O, will be much higher than
that maintained in the presence of fully functional GPx1 and
Prx I because catalase is not able to function effectively when

the H,O, concentration falls. The steady-state level of H,O, in
mouse RBCs is estimated to be 0.05nM (20). This extremely
low level of H,O,, which is mainly attributable to the activity
of Prx1I, ensures protection of cell components from oxidative
damage. The energy-consuming function of Prx II is thus
needed in addition to the energy-independent catalase for
RBC homeostasis.

GPx1 and Prx II are inactivated as the result of oxidative
modification of Sec and Cys residues, respectively, at the ac-
tive site. Our results now show that GPx1 inactivation is ir-
reversible and does not require continuous turnover, whereas
Prx II inactivation is reversible and progresses only when the
enzyme goes through the catalytic cycle continuously (48). We
found that the inactive DHA-GPx1 accumulates in RBCs with
age even under the basal condition of H,O, flux originating
from Hb autoxidation. The inactive, sulfinic form of Prx II,
however, does not accumulate under this condition. Our re-
sults indicate that the amount of sulfinic Prx II increases
transiently when the flux of H,O, increases temporarily above
the basal level, but it might be removed slowly by the action of
Srx. When exposed to such an increased H,O, flux for long
periods, however, the inactivated forms of both Prx II and
GPx1 accumulate, as seen in RBCs exposed to GO, to N-
phenylhydroxylamine, or to a catalase inhibitor in the pres-
ence of a low concentration of GO. Under these circumstances,
catalase becomes the main player, and the concentrations of
intracellular H,O, and organic peroxides are expected to rise.

RBCs protect other tissues against oxidative damage by
taking up and metabolizing peroxides (44). Given that the rate
of DHA-GPx1 accumulation in RBCs depends on peroxide
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FIG. 7. Effect of catalase inhibition on Prx II hyperox-
idation and GPx1-DHA formation. RBCs at a 50% hemat-
ocrit in DMEM containing high glucose (4500mg/1) were
incubated at 37°C first for 10 min in the absence or presence
of 10mM sodium azide or 50mM 3-AT and then for the
indicated times (0, 10, 30, and 60min) in the additional
presence of various concentrations (0, 0.1, or 0.5 mU/ml) of
GO. (A) The cells were then lysed and subjected to immu-
noblot analysis with antibodies specific for the sulfinic form
of 2-Cys Prxs. Equal loading of proteins was confirmed by
immunoblot analysis with antibodies to Prx II. Lysates of
RBCs that had been treated with GO at 0.1 mU/ml (Std 1) or
0.5mU/ml (Std 2) for 3h (Fig. 5E) were included in the im-
munoblot analysis as standards; in these standard samples,
~10 and ~25% of Prx II was hyperoxidized as judged on the
basis of 2D-PAGE analysis. (B) RBCs that had been incu-
bated for 60min with various concentrations (0, 0.1, or
0.5mU/ml) of GO in the absence or presence of 10 mM so-
dium azide or 50mM 3-AT as in A were lysed, and the ly-
sates were then subjected to the determination of DHA
contents. Equal loading of proteins was confirmed by im-
munoblot analysis with antibodies to GPx1.

flux, the content of DHA-GPx1 in each RBC likely reflects
total oxidative stress experienced by the cell during its
lifetime. In addition to genetic polymorphisms, exposure
to chemicals such as N-phenylhydroxylamine and sulfon-
amides, pathological conditions such as diabetes and local
inflammation, and an insufficient intake of antioxidants are all
expected to affect the rate of GPx1 inactivation. Our present
data suggest that DHA-GPx1 in RBCs might be a suitable
surrogate marker for evaluation of oxidative stress in the
body.
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Abbreviations Used

3-AT = 3-amino-1,2,4-triazole
BIAM = N-(biotinoyl)-N-9'(iodoacetyl)
ethylenediamine
DHA = dehydroalanine
DMEM = Dulbecco’s modified Eagle’s medium
DMF = N,N-dimethylformamide
DTT = dithiothreitol
FOX = ferrous oxidation of xylenol orange
G6PDH = glucose-6-phosphate dehydrogenase
GAPDH = glyceraldehyde-3-phosphate
dehydrogenase
GO =glucose oxidase
GPx = glutathione peroxidase
GSH = glutathione
Hb =hemoglobin
HEL92.9 = human erythroblastic leukemia
LC-ESI-Q-TOF = liquid chromatography-electrospray
ionization-quadrupole time-of-flight
MALDI-TOF = matrix-assisted laser desorption-ionization
time-of-flight
MS = mass spectrometry
MS/MS = tandem mass spectrometry
Prxs = peroxiredoxins
ROS =reactive oxygen species
Sec = selenocysteine
Srx = sulfiredoxin
Trx = thioredoxin
TrxR = thioredoxin reductase
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