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ABSTRACT: A yeast peroxidase that reduces H2O2 and alkyl hydroperoxides with the use of reducing
equivalents provided by thioredoxin was identified previously and named thioredoxin peroxidase (TPx)
[Chae, H. Z., Chung, S. J., and Rhee, S. G. (1994)J. Biol. Chem. 269, 27670-27678]. A second type
thioredoxin-dependent peroxidase, named type II TPx, has now been purified from yeast, and several
peptide sequences have been obtained. Using those sequences, the corresponding cDNA has been identified
from the GenBank database. Comparison of the predicted sequence of 176 amino acids of type II TPx
with that of the 195 residues of TPx, now renamed type I TPx, revealed no substantial homology except
for a short segment preceding Cys62 of type II TPx. Kinetic characterization of the reactions catalyzed by
type I and II TPxs revealed that type I preferentially reduces H2O2 rather than alkyl hydroperoxides,
whereas type II shows the reverse specificity. Type II TPx contains three cysteine residues at positions
31, 62, and 120. Experiments with mutant proteins in which these three cysteine residues were replaced
individually with serine suggest that Cys62sSH constitutes the site of oxidation by peroxides and that the
oxidized Cys62 reacts with the Cys120sSH group of another type II TPx molecule to form an intermolecular
disulfide linkage. The formed disulfide can then be reduced by thioredoxin, but not by glutathione. Thus,
type II TPx mutants lacking Cys62 or Cys120 showed no detectable TPx activity, whereas mutation of
Cys31 had no effect on TPx activity. An antioxidant function of type II TPx in intact cells was demonstrated
by the observation thatEscherichia colicells overexpressing wild-type protein were less sensitive to
inhibition of growth by alkyl hydroperoxides than were control cells or cells overexpressing the mutant
protein lacking Cys62.

In the presence of Fe3+ and an electron donor such as
dithiothreitol (DTT)1 or ascorbate, O2 is reduced to O2•-,
which disproportionate rapidly to O2 and H2O2. Hydrogen
peroxide, in turn, can be reduced further, via the Fenton
reaction, to OH• and OH-. The resulting hydroxyl radicals
are extremely reactive and can damage a variety of cellular
components, including the enzyme glutamine synthetase (1,
2). Crude extracts ofSaccharomyces cereVisiaewere previ-
ously shown to contain a factor that confers protection against
damage by the thiol oxidation system (Fe3+, O2, and either
DTT or 2-mercaptoethanol) by a mechanism that is distinct
from those of conventional antioxidant enzymes such as
catalase, superoxide dismutase, and glutathione peroxidase
(3). The protective factor was a 25-kDa protein (3).

The purified 25-kDa protein protects various enzymes from
the effects of the thiol oxidation system but not from those
of the ascorbate oxidation system (Fe3+, O2, and ascorbate)
(3). For this and other reasons described previously (4), the
25-kDa enzyme was named thiol-specific antioxidant (TSA)
(5-9). However, the antioxidant activity of TSA was subse-
quently shown to be attributable to its ability to reduce H2O2

(10). The apparent specific requirement of a thiol for antioxi-
dant function was because an intermolecular disulfide linkage
of oxidized TSA can be reduced by a thiol but not by ascor-
bate (10). We have shown that the physiological electron
donor for the reduction of TSA is thioredoxin (Trx), which
ultimately receives electrons from NADPH via Trx reductase
(TR) (10). TSA was thus the first peroxidase to be identified
for which Trx is the immediate electron donor, and it was
therefore renamed Trx peroxidase (TPx). The yeast TPx
(TSA) gene has been cloned and sequenced (5, 6), and the
predicted protein shows no substantial homology to known
catalase, superoxide dismutase, or peroxidase enzymes.

The 25-kDa TPx (now renamed type I TPx for the reason
described below) was purified from yeast homogenate on
the basis of its ability to protect glutamine synthetase from
inactivation by the thiol oxidation system (3). The inactiva-
tion is thought to be caused by OH• derived from H2O2

through the Fenton reaction (2, 3). Therefore, the glutamine
synthetase protection assay is an indirect method that does
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not measure peroxidase activity quantitatively. While purify-
ing type I TPx, we noticed a minor peak of glutamine syn-
thetase protection activity that was well separated from the
type I TPx peak. We repeated the chromatographic fraction-
ation of yeast proteins and assayed the fractions spectro-
photometrically by monitoring H2O2-dependent NADPH oxi-
dation in the presence of Trx and TR. A peak more prominent
than that for type I TPx was observed where the minor peak
of glutamine synthetase protection activity was detected
previously. We now describe the purification to homogeneity
of this new thioredoxin peroxidase, named type II TPx, as
well as the identification and expression of the corresponding
yeast cDNA. We have also compared the catalytic properties
of type I and II TPxs, and two cysteine residues that are
essential for the catalytic activity of type II TPx were
identified.

EXPERIMENTAL PROCEDURES

Materials. Type I TPx and TR were purified to homoge-
neity from S. cereVisiae as described (3, 10). Escherichia
coli glutamine synthetase was isolated as described (12).
Cumene hydroperoxide was obtained from ICN andtert-
butyl hydroperoxide was from Sigma.

Purification of Trx1 and Trx2. Yeast contains two forms
of thioredoxin, Trx1 and Trx2, and their cDNAs have been
cloned (13, 14). These cDNAs were obtained by polymerase
chain reaction (PCR) with yeast genomic DNA (Clontech)
as template. The forward primers for Trx1 (5′-ATCATATG-
GTTACTCAATTCAAAACTGC-3′) and Trx2 (5′-ATCAT-
ATGGTCACTCAATTAAAATCCGCTTC-3′) contain an
NdeI site (underlined) and the initiation codon (italicized).
The reverse primers for Trx1 (3′-CGTTCGGTAACGAC-
GATTACGAATTGATCAA-5′) and Trx2 (3′-CGATAAC-
GAAGGTTGCATATCTGATCAA-5′) contain anSpeI site
(underlined) and the stop codon (italicized). The PCR
products were purified and cloned into the pCRII vector
(Invitrogen). The resulting pCRII constructs were digested
with NdeI andSpeI, and theNdeI-SpeI fragment containing
the coding region was ligated into the pET17b vector
(Novagen).E. coli BL21cells were transformed separately
with each of the expression vectors, and colonies containing
each vector were grown at 37°C. Expression of Trx proteins
was then induced for 6 h at 30°C with 0.1 mM isopropyl-
â-D-thiogalactopyranoside. Trx1 and Trx2 were purified by
heat treatment at 55°C for 2 min, ammonium sulfate
precipitation at 95% saturation, and sequential chromatog-
raphies on Sephacryl S-200 gel filtration column and HPLC
Mono Q column.

Assay of Column Fractions for TPx ActiVity. NADPH
oxidation was monitored asA340 in a 0.5-mL reaction mixture
containing 50 mM Hepes-NaOH (pH 7.0), 0.2 mM NADPH,
10 µM Trx, 0.3 µM TR, 1 mM H2O2, and a portion of
column chromatography fractions. The reaction was started
by addition of 50µL of peroxide solution, and the mixture
was incubated at 30°C. One unit of peroxidase activity
corresponds to the oxidation of 1 mmol of NADPH per
minute.

Glutamine Synthetase Protection Assay. Glutamine syn-
thetase inactivation was performed in a 25-µL reaction
mixture containing 50 mM Hepes-NaOH (pH 7.0), 1µg of
glutamine synthetase, 10 mM DTT, 3µM FeCl3, and various

concentrations of type II TPx. After 10 min at 30°C, the
remaining glutamine synthetase activity was measured by
the γ-glutamyltransferase method (3).

Purification of Type II TPx. FrozenS. cereVisiae BJ986
cells (300 g) were suspended in 1.2 L of 20 mM Hepes-
NaOH (pH 7.0) containing 2 mM phenylmethylsulfonyl
fluoride and homogenized in a Bead Beater (Biospec
Products, Bartlesville, OK) as described (3). The cell extract
was centrifuged for 30 min at 9000g, and the resulting
supernatant was adjusted to 1% (w/v) streptomycin sulfate
by addition of a 10% solution. After incubation for 15 min
at 4 °C, the suspension was centrifuged at 45 000g for 30
min to remove the nucleic acid precipitate. The resulting
supernatant was adjusted to 12% (w/v) poly(ethylene glycol)
(8000 Da) by the addition of a 40% solution. After incubation
for 15 min at 4°C, the suspension was centrifuged at 4000g
for 10 min, and the resulting pellet was resuspended in 160
mL of 50 mM Tris-HCl (pH 7.6). Insoluble material
remaining after resuspension was removed by centrifugation
at 45 000g for 40 min.

The final supernatant (8.2 g of protein) was applied to a
DEAE-Sephacel (Pharmacia) column (2.5× 50 cm) that had
been equilibrated with 50 mM Tris-HCl (pH 7.6). The
column was washed with 400 mL of equilibration buffer and
proteins were eluted with a linear NaCl gradient from 0 to
0.4 M in 4 L of 50 mMTris-HCl (pH 7.6). Fractions of 20
mL were collected. Peak fractions of peroxidase activity
(fractions 124-138) were pooled, and the proteins were
precipitated with 70% saturated ammonium sulfate. The
resulting precipitate was dissolved in 150 mL of 20 mM
Hepes-NaOH (pH 7.0) containing 0.5 M ammonium sulfate,
and insoluble material was removed by centrifugation. The
resulting supernatant was divided into four equal portions,
which were further fractionated independently. Each portion
(210 mg of protein) was applied to a TSK-gel (Tosohaas)
preparative phenyl-5PW column (21.5× 150 mm) that had
been equilibrated with 20 mM Hepes (pH 7.0) containing 1
M ammonium sulfate. Proteins were eluted from the column
at a flow rate of 5 mL/min by reducing the ammonium sulfate
concentration to zero for 60 min, and fractions of 5 mL were
collected. Two peaks of peroxidase activity, centered at
fractions 27 and 40, were observed. The later and smaller
peak was shown to contain type I TPx by immunoblot
analysis. Fractions corresponding to the larger peak (fractions
26-30) from all four chromatographic separations were
pooled, concentrated in a Centriprep 30 filtration cell
(Amicon), and washed with 50 mM Tris-HCl (pH 7.6) in
the same device. Each (55 mg of protein) of the halves of
the resulting sample was applied independently to an HPLC
Mono Q column (10× 100 mm) that had been equilibrated
with 50 mM Tris-HCl (pH 7.6). Proteins were eluted at a
flow rate of 2 mL/min with a linear gradient of NaCl from
0 to 0.4 M during 40 min, and fractions of 2 mL were
collected. Peak fractions (fractions 29-34) from the two
chromatographic separations were pooled and concentrated,
and each (16 mg of protein) of the halves of the concentrated
sample was applied independently to a TSK-gel HA-1000
hydroxyapatite column (7.5× 75 mm) that had been
equilibrated with 5 mM sodium phosphate buffer (pH 7.2).
Proteins were eluted at a flow rate of 1 mL/min with a linear
gradient of sodium phosphate from 5 to 100 mM, and
fractions of 1 mL were collected. Peak fractions (fractions
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12-18) from the two chromatographic separations were
pooled, concentrated, and stored in aliquots at-70 °C.

Tryptic Peptides of Type II TPx. Purified type II TPx (0.2
mg) was reductively denatured with 50 mM Tris-HCl (pH
8.0) containing 6 M guanidine hydrochloride and 2 mM
DTT. The sulfhydryl groups were labeled with 2-nitro-5-
thiobenzoic acid (TNB) by adding Ellman’s reagent, 5′,5′-
dithiobis-(2-nitrobenzoic acid), to a final concentration of
10 mM. The TNB-conjugated protein was precipitated with
trichloroacetic acid, washed with acetone, suspended in 100
µL of 100 mM Tris-HCl (pH 8.0), and digested with trypsin
overnight at 30°C. A portion of the generated peptides were
applied to a Vydac C18 column (4.6× 250 mm) and eluted
with a linear gradient of acetonitrile from 0 to 60% (v/v) in
0.1% trifluoroacetic acid during 60 min. Six peptides
indicated in Figure 2 were subjected to amino acid sequence
analysis. Another portion of the tryptic peptides was treated
with DTT to remove the TNB group before separation.

Cloning and Expression of the Type II TPx Gene. A full-
length type II TPx cDNA was amplified from the yeast
genomic library (Clontech) by PCR with the forward primer
5′-ATCATATGTCTGACTTAGTTAACAAGAA-3′, which
contains anNdeI site (underlined) and the initiation codon
(italicized), and the reverse primer 3′-CACAGAACCGAG-
TAAACATCTTAAGTT-5′, which contains anEcoRI site
(underlined) and the stop codon (italicized). The resulting
PCR product was used for the expression of type II TPx
proteins inE. coli as described above for the production of
Trx proteins. Three mutant type II TPx proteins, C31S, C62S,
and C120S, in which Cys31, Cys62, and Cys120 were replaced
individually by serine, were generated by standard PCR-
mediated site-directed mutagenesis with complementary
primers containing a 1-bp mismatch that converts the codon
for cysteine to one for serine. The recombinant proteins were
isolated by a procedure similar to that described above for
purification of the native protein fromS. cereVisiaeand the
purity of all the purified proteins was confirmed as electro-
phoretically homogeneous by SDS-PAGE.

Determination of Protein Concentration.The concentra-
tions of type I TPx, type II TPx, Trx1, and Trx2 were
determined spectrophotometrically with absorptivity (A0.1%)
at 280-nm values of 1.1, 1.6, 0.98, and 0.86, respectively;
these values were calculated on the basis of the amino acid
composition of the proteins deduced from the corresponding
cDNA sequences. The concentration of TR was determined
with the Bicinchoninic acid protein assay reagent (Pierce),
with bovine serum albumin as standard.

Antibodies to Type II TPx. Antiserum specific to type II
TPx was prepared by immunizing rabbits with type II TPx
purified from S. cereVisiae.

RESULTS

Purification of Type II TPx. Fractionation of yeast extract
on a DEAE-Sephacel column yielded a single peak, centered
at fraction 130, of peroxidase activity monitored as the H2O2-
dependent oxidation of NADPH in the presence of Trx and
TR (Figure 1A). Subsequent purification of pooled fractions
124 to138 on an HPLC phenyl-5PW column yielded two
peaks of activity centered at fractions 27 and 40 (Figure 1B).
Immunoblot analysis with antibodies to type I TPx revealed
that the second peak of activity was attributable to type I

TPx, whereas the first peak contained no detectable type I
TPx. Further purification of fractions corresponding to the
first peak on an HPLC Mono Q column (Figure 1C) followed
by an HPLC hydroxyapatite column (Figure 1D) yielded an
activity peak with a shoulder that coincided with the protein
profile measured asA280. Analysis of peak fractions by SDS-
PAGE revealed a protein with an apparent molecular mass
of 22 kDa, which we named type II TPx. We obtained 16
mg of type II TPx from 300 g (wet weight) of yeast.

Cloning of the Type II TPx Gene. Purified type II TPx
was labeled with TNB and digested with trypsin, and the
resulting peptides were fractionated on a C18 column. The
six peptides (peptides 1-6) indicated in Figure 2 were
subjected to sequence analysis. Peptides 2, 3, and 6 were
included because they were judged to contain TNB-modified
cysteine residues on the basis of their UV spectra and the
observation that their elution times from the C18 column were
reduced by 1 min after treatment with DTT (data not shown).
None of the sequences of peptides 1 to 5 showed homology
to type I TPx. However, peptide 6 (VIITGAPAAFSPTCTV-
SHIP) showed low sequence homology to amino acids 34
to 53 of type I TPx (VVLAFIPLAFTFVCPTEIIA) (see
Figure 3).

A search of theS. cereVisiae genome database revealed
that all six peptide sequences were contained in an open
reading frame encoding 176 amino acids (EMBL accession
number z73281; chromosome XII). The calculated molecular
mass of type II TPx is 19 114 Da. A comparison of the

FIGURE 1: Purification of yeast TPx2.S. cereVisiae proteins (8.2
g) were subjected to chromatography on DEAE-Sephacel (A),
HPLC TSK phenyl-5PW (B), HPLC Mono Q (C), and HPLC TSK-
gel HA-1000 hydroxyapatite (D) columns as described in Experi-
mental Procedures.
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deduced amino acid sequence with that of type I TPx using
the GCG PILEUP program revealed no significant overall
similarity. Because Cys47 of type I TPx is the site of the
peroxidase reaction (7, 10) and the sequence of a short
segment preceding Cys47 is conserved in all members of TPx
homologues named Prx proteins (6), we visually scanned
type II TPx for a region homologous to this Cys47-containing
segment and found a noticeable match to a short region
preceding Cys62 (Figure 3).S. cereVisiae chromosome IV
(GenBank accession number U33007) contains an open
reading frame encoding a 195-residue protein that shows
86.1% sequence identity (93.8% similarity) to type I TPx.
This type I homologue is probably a TPx and shows no
sequence similarity to type II TPx except in the short
sequence preceding the conserved cysteine (Figure 3).

Catalytic Properties of Type II TPx. The rate of H2O2

reduction catalyzed by purified yeast type II TPx was
measured by monitoring the decrease inA340 attributable to
the oxidation of NADPH (Figure 4). The oxidation of
NADPH required all three protein components (type II TPx,
Trx, and TR), being negligible in the absence of any one.
Thus, Trx and TR, despite their redox-sensitive cysteine
residues, cannot reduce H2O2 to a significant extent in the
absence of type II TPx. Similar results were obtained when
the reduction of H2O2 was measured directly with the use
of ferrithiocyanate (15) (data not shown). We also investi-
gated whether glutathione can provide reducing equivalents
for the reduction of H2O2 by monitoring NADPH oxidation
with a reaction mixture containing H2O2, type II TPx,
glutathione, glutathione reductase, and NADPH. No NADPH
oxidation was apparent under these conditions (data not
shown).

Type II TPx was expressed inE. coli and purified from
the soluble fraction of the bacterial cells to yield a preparation
with a purity of >95% (not shown). The catalytic activity
of the recombinant enzyme, as measured by the reduction
of H2O2, was virtually identical with that of the native protein
purified from yeast (data not shown). We next measured the
initial rates of NADPH oxidation catalyzed by purified type

I and II TPxs in the presence of various concentrations of
the two isoforms of Trx. Lineweaver-Burk plots (not shown)
revealed that theKm values for both Trx1 and Trx2 were
between 2 and 3µM for the reactions catalyzed by either
type I or II TPx. TheVmax values at 30°C were 16 to 17
and 5.5µmol min-1 mg-1 of protein for type II and I TPx,
respectively, regardless of whether Trx1 or Trx2 was the
electron donor. Thus, the kinetic properties of neither type I
nor type II TPx differed between reactions mediated by Trx1
or Trx2.

The initial rate of NADPH oxidation was also measured
at various concentrations of H2O2, cumene hydroperoxide,
and tert-butyl hydroperoxide (not shown). TheKm values
for H2O2 differed markedly between the reactions catalyzed
by type I and II TPxs: 3µM for the type I TPx reaction and
150 µM for the type II TPx reaction. TheKm values for
cumene hydroperoxide (4 and 8 mM, respectively) andtert-
butyl hydroperoxide (10 and 45 mM, respectively) were also
lower for the type I TPx reaction than for the type II TPx
reaction, although less markedly so than for H2O2. TheVmax

measured with each of the three peroxides was higher for
type II TPx than type I TPx: 20 and 4.8µmol min-1 mg-1

for the reduction of H2O2, 14 and 2.2µmol min-1 mg-1 for
the reduction of cumene hydroperoxide, and 17 and 2.4µmol
min-1 mg-1 for the reduction oftert-butyl hydroperoxide
by type II and I TPx, respectively. The kinetic parameters
are summarized in Table 1.

Role of Cysteine Residues. Previously, Cys47 and Cys170

of type I TPx were shown to form intermolecular disulfide
linkages between two type I TPx monomers (7). Type II TPx
contains three cysteine residues at amino acid positions 31,
62, and 120. To identify which of these three cysteines might
form disulfide bonds, we individually replaced each with
serine and expressed the corresponding recombinant type II
TPx proteins (C31S, C62S, and C120S) as well as the
recombinant wild-type protein (RWT) inE. coli. Crude
bacterial extracts were subjected to SDS-PAGE in the
absence or presence of 2-mercaptoethanol followed by
immunoblot analysis with antibodies to type II TPx. A crude
extract ofS. cereVisiae was also analyzed as a source of
yeast type II TPx (WT). Under reducing conditions, WT,
RWT, C31S, C62S, and C120S were all detected at molec-
ular sizes corresponding to the monomeric form (Figure 5A).
However, under nonreducing conditions, the mobility patterns
were complex. The major band of WT, RWT, and C31S
proteins corresponded to the molecular size of a dimer,
whereas the major band of C62S and C120S corresponded
to the molecular size of the monomer (Figure 5B). Similar
patterns of distribution between monomeric and dimeric
forms were observed when purified proteins were visualized
by Coomassie blue staining (not shown).

Type II TPx can also protect glutamine synthetase against
damage by the thiol oxidation system (Fe3+, O2, and DTT),
although its efficacy is less than that of type I TPx. The
protection activities of WT, RWT, C31S, C62S, and C120S
proteins were evaluated (Figure 6). WT, RWT, C31S, and
C120S showed similar protection activities, whereas C62S
failed to provide protection. However, measurement of
peroxidase activity by monitoring the H2O2-dependent oxida-
tion of NADPH revealed that both C62S and C120S were
catalytically inactive, whereas WT, RWT, and C31S showed
similar activities (Figure 7).

FIGURE 2: Isolation and sequences of tryptic peptides of type II
TPx. Purified yeast type II TPx (0.2 mg) was labeled with TNB
and then subjected to digestion with trypsin. The resulting pep-
tides were separated on a C18 column. Peptides that were subjected
to sequence analysis are indicated by numbers. Peptides 1,
MPQTVEWSK; 2, FASDPGCAFT; 3, FQYIATSQSDADSESCK-
MPQ; 4, WAMVVENGI; 5, EVDQVEVVTVDNPFA; 6, VIIT-
GAPAAFSPTCTVVHIP.
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Effect of Type II TPx OVerexpression on the Growth of
E. coli Under Conditions of OxidatiVe Stress. The growth
rates ofE. coli expressing RWT and C62S forms of type II
TPx were determined in the presence oftert-butyl hydro-
peroxide or cumene hydroperoxide. A filter paper containing
the test oxidant was placed on a lawn ofE. coli cells and
growth inhibition was evaluated by the size of the clear zone
surrounding the filter paper (Figure 8). Bothtert-butyl
hydroperoxide and cumene hydroperoxide inhibited the

growth of control cells (transfected with vector only) to a
greater extent than that of the cells expressing RWT, whereas
the extent of growth inhibition was similar for the control
and C62S-expressing cells.

DISCUSSION

The 195-amino acid type I TPx contains two cysteine
residues, Cys47 and Cys170, and shows sequence similarity
to >40 proteins from a wide variety of species (6, 8, 16-
23). These homologous proteins have been referred to as
the peroxiredoxin (Prx) family (6); they were not termed the
TPx family because not all use Trx as the hydrogen donor
for reduction of peroxides (24).2 One cysteine residue, which
corresponds to Cys47 of yeast type I TPx, is conserved in all
members of the Prx family. Although most family members
contain a second cysteine that corresponds to Cys170 of yeast
type I TPx, several lack such a residue; this criterion thus
divides the Prx family into two subgroups (1-Cys and 2-Cys)
(6). Nevertheless, the similarity between the proteins con-
taining one or two conserved cysteine residues extends over
the entire sequences. For example, a yeast open reading frame
(YBL0524) encodes a 211-amino acid 1-Cys member that
shows 31% sequence identity (51% similarity) to type I TPx
over the entire length of the proteins (6).

The 176-amino acid type II TPx is a Trx-dependent
peroxidase, but it shows no sequence similarity to type I TPx
other than that in the short stretch of the sequences that
precedes the conserved cysteine residues (Cys47 of type I

2 K. Kim and S. G. Rhee, unpublished data.

FIGURE 3: Comparison of the amino acid sequences of type II TPx and other previously known Prx proteins, type I TPx (type Ia), putative
type I TPx (type Ib), and 1-Cys Prx (YBL0524). Identical and conserved residues between type I and type II TPxs are connected by vertical
lines and colons, respectively. Because noticeable similarities between type I and II TPxs are found only in the short segments containing
the amino-terminal essential cysteines, no vertical connections were made between randomly aligned residues. Amino acids that are conserved
among type Ia, type Ib, and YBL0524 are marked by asterisks. The redox-sensitive cysteine residues of type II TPx (Cys62 and Cys120) and
type I TPx (Cys47 and Cys170) are marked by bold letters. The regions of type II TPx corresponding to the sequenced tryptic peptides are
overlined.

FIGURE 4: NADPH oxidation coupled by TR, Trx1, and type II
TPx to the reduction of H2O2. NADPH oxidation was monitored
as the decrease inA340 in a 0.5-mL reaction mixture containing 40
mM Hepes-NaOH (pH 7.0), 0.18µM TR, 0.45µM Trx1, 2.1 µM
type II TPx, 0.25 mM NADPH, and 1 mM H2O2 (B). In other
reaction mixtures, Trx1(0), type II TPx (n), TR (9), or H2O2 (2)
was omitted.
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TPx and Cys62 of type II TPx) (Figure 3). Similarly, type II
TPx shows homology to YBL0524 only in short sequences
that precede the conserved cysteines. Both type I TPx and
type II TPx reduce various peroxides with hydrogen derived
from Trx. In contrast, YBL0524, which is more similar to
type I TPx than to type II TPx is, does not accept reducing

equivalents from Trx; however, YBL0524 protects glutamine
synthetase against damage by the thiol oxidation system and
reduces H2O2 in the presence of DTT.2

Both yeast isoforms of Trx were indistinguishable in their
hydrogen carrier function for both TPx enzymes. TheKm

values for Trx1 and Trx2 are virtually identical between type
I TPx and type II TPx, and theVmax values obtained by
varying the concentration of Trx1 also are nearly identical
with those obtained by varying the concentration of Trx2.
The Vmax for the reduction of H2O2 by type II TPx is
approximately four times greater than observed with type I
TPx, and theVmax values for cumene hydroperoxide andtert-
butyl hydroperoxide are also higher for type II TPx than for
type I TPx. However, all three peroxides show higher affinity
for type I TPx than for type II TPx, the most pronounced
(50-fold) difference being apparent with H2O2. Thus, the
catalytic efficiency (Vmax/Km) of type II TPx toward H2O2 is
approximately one-twelfth that of type I TPx. The lower
catalytic efficiency of type II TPx is likely responsible for
the fact that type II TPx was not readily detectable when
column fractions were assayed on the basis of glutamine
synthetase protection activity; most of the H2O2 generated
as a result of the reduction of O2 by DTT and Fe3+ in the
assay solution would escape destruction by type II TPx and
be further reduced to HO•. However, as expected, type II
TPx also can protect glutamine synthetase when added at
higher concentrations. In contrast to the glutamine synthetase
assay, the peroxidase assay coupled to NADPH oxidation
proved more sensitive for the detection of type II TPx
because the assay mixture contains a saturating concentration
(1 mM) of H2O2. The Vmax/Km ratio is greater for the
reduction of H2O2 than for the reduction of alkyl hydroper-

Table 1: Kinetic Properties of Type I TPx and Type II TPx

type I TPx type II TPx

substrates Km (µM) Vmax (µmol min-1 mg-1) Vmax/Km Km (µM) Vmax (µmol min-1 mg-1) Vmax/Km

Trx1 2 5.5 2.8 3 17 8.5
Trx2 3 5.5 1.8 2 16 8
H2O2 3 4.8 1.6 150 20 0.13
cumene hydroperoxide 4 2.2 0.55 8 14 1.8
tert-butyl hydroperoxide 10 2.4 0.24 45 17 0.38

FIGURE 5: Immunoblot analysis of crude extracts ofS. cereVisiae
and ofE. coli expressing wild-type and mutant recombinant forms
of type II TPx. Crude extracts ofE. coli (5 µg of protein in 10µL)
or S. cereVisiae(50µg in 10µL) were mixed with an equal volume
of reducing sample buffer [0.125 M Tris-HCl (pH 6.8), 4% (w/v)
SDS, 20% (v/v) glycerol, and 10% (v/v) 2-mercaptoethanol] (A)
or nonreducing sample buffer (reducing sample buffer minus
2-mercaptoethanol) (B), heated at 95°C for 3 min, and then
subjected to SDS-PAGE on 12% gels. The separated proteins were
transferred to nitrocellulose filters and subjected to immunoblot
analysis with antibodies to type II TPx. Positions of molecular size
standards are indicated in kilodaltons. Lane 1,S. cereVisiae; lanes
2-5,E. coliexpressing recombinant wild-type (RWT), C31S, C62S,
and C120S type II TPx proteins, respectively.

FIGURE 6: Effects of wild-type and mutant type II TPx proteins
on inactivation of glutamine synthetase by the thiol oxidation
system. Purified WT (0), RWT (1), C31S (2), C62S (B), and
C120S (9) proteins were assayed for their ability to protect
glutamine synthetase from inactivation as described in Experimental
Procedures. Data are expressed as a percentage of the inactivation
value in the absence of type II TPx.

FIGURE 7: Peroxidase activity of wild-type and mutant type II TPx
proteins. NADPH oxidation was monitored as the decrease inA340
in a 0.5-mL reaction mixture containing 50 mM Hepes-NaOH (pH
7.0), 0.18µM TR, 8 µM Trx1, 0.2 mM NADPH, 1 mM H2O2, and
0.08 µM purified WT (0), RWT (1), C31S (2), C62S (B), and
C120S (9) proteins.
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oxides in type I TPx, whereas it is smaller in type II TPx.
Therefore, in yeast, lipid peroxides and H2O2 might be
preferentially eliminated by type II TPx and type I TPx,
respectively. In this connection, a protein showing 42%
sequence identity to type II TPx was identified as a
peroxisomal membrane protein inCandida boidinii (25),
whereas type I TPx was found in cytosol (2).

We showed previously that the Cys47sSH group of type
I TPx is the site of substrate peroxide reduction and is
oxidized directly by peroxide presumably to cysteine sulfenic
acid (Cys47sOH) (10). The Cys47sOH then reacts with
Cys170sSH of another type I TPx molecule to produce H2O
and an intermolecular disulfide bond, which is subsequently
reduced by Trx. Thus, both Cys47 and Cys170 are essential
for Trx-dependent peroxidase activity and the oxidized type
I TPx is a dimer linked by disulfide bonds between Cys47

and Cys170 (reduced type I TPx also exists as a dimer under
nondenaturing conditions) (7, 10). In the glutamine syn-
thetase protection assay mixture, DTT reduces the disulfide
bond between Cys47 and Cys170. In contrast to the Trx-de-
pendent peroxidase reaction, the glutamine synthetase protec-
tion reaction requires Cys47 but not Cys170, presumably be-
cause the sulfhydryl group of DTT can reduce Cys47sOH
to Cys47sSH or replace Cys170 in the formation of a disulfide
bond with Cys47sOH (7, 10).

Type II TPx contains three cysteine residues (Cys31, Cys62,
and Cys120), of which Cys62 is essential for both Trx-
dependent peroxidase and glutamine synthetase protection
reactions, whereas Cys120 is required only for Trx-dependent
peroxidase activity. Mutation of Cys31 affected neither of
the two activities substantially. Furthermore, on oxidation,
mutants lacking either Cys62 or Cys120 failed to form a dimer
linked by disulfide bonds, whereas WT type II TPx and the
mutant lacking Cys31 did form dimers. These results suggest
that the mechanism by which type II TPx reduces peroxide
is similar to that of type I TPx: Cys62sSH is oxidized by
peroxide to Cys62sOH, which subsequently reacts with
Cys120sSH of another type II TPx molecule to form an
intermolecular disulfide bond. In the absence of Cys120s
SH, a thiol such as DTT can support peroxidase function by
reducing the Cys62sOH or by forming a disulfide bond with
Cys62sOH. This similarity in mechanism may be relevant
to the fact that the amino acid sequences preceding Cys62 of
type II TPx and Cys40 of type I TPx are partly conserved,

whereas the sequence surrounding Cys120 of type II TPx
shows no homology to that surrounding Cys170 of type I TPx.

The proposed reaction intermediate with an intermolecular
disulfide linkage(s) of Cys62 and Cys120 is also consistent
with the results of the SDS-PAGE analysis of WT and
mutant type II TPx proteins. In the reducing gels visualized
by immunoblot analysis and Coomassie blue staining, the
wild type and three mutants (C31S, C62S, and C120S) were
all detected as monomers. However, in nonreducing gels,
wild type and C31S were detected mainly in the dimeric
region, whereas C62S and C120S were in the monomeric
region. These results indicate that oxidation of type II TPx
results in a dimer formed through a disulfide linkage of Cys62

and Cys120. In nonreducing gels, especially in those visualized
by immunoblot, wild type and C31S yielded several minor
bands in the dimeric region. These are likely due to dimers
with only one disulfide linkage of Cys62 and Cys120 and with
disulfide linkages other than Cys62sS-S-Cys120 such as
Cys62sS-S-Cys62 or Cys62sS-S-Cys31. The multiple
monomeric bands seen in the nonreducing gels of C62S and
C120S might be attributable to the fact that their cysteines
might undergo oxidation to CyssSOH, which may be further
oxidized to CyssSOOH or may form on intramolecular
disulfide linkage with the remaining CyssSH.

With the identification of type II TPx, four distinct Prx
proteins, two type I TPx, one type II TPx, and 1-Cys Prx
(YBL0524), have now been shown to be expressed in yeast.
Mammalian cells express four different Prx proteins that
exhibit a sequence identity of 60 to 70% with type I TPx
(22, 23). All four of these proteins are products of separate
genes, contain two conserved Cys residues that correspond
to Cys47 and Cys170 of type I TPx, and reduce peroxides with
the use of electrons from Trx (22, 23). A mammalian
homologue of 1-Cys Prx has also been characterized recently
(24): Upon oxidation, the conserved cysteine is converted
to and remains as Cys-SOH until reduced by DTT or an
unidentified physiological electron donor. Given these find-
ings, it will be of interest to see whether type II TPx
homologues are also present in mammalian tissues.

Finally, a peroxidase role for type II TPx in vivo is
indicated by the observation that the growth ofE. coli cells
overexpressing WT type II TPx was inhibited to a lesser
extent in the presence oftert-butyl hydroperoxide or cumene
hydroperoxide than that of control cells, whereas the extent

FIGURE 8: Effects of type II TPx overexpression inE. coli on the growth inhibition exerted by alkyl hydroperoxides. Disks containing 5
µL of either 100 mMtert-butyl hydroperoxide (upper disks) or 150 mM cumene hydroperoxide (lower disks) were placed on lawns ofE.
coli transfected with vector alone or ofE. coli expressing RWT or C62S forms of type II TPx, as indicated. The plates were incubated
overnight at 37°C.
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of inhibition was similar for control cells and for cells
overexpressing the C62S mutant of type II TPx.
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