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Methaneseleninic Acid Is a Substrate for Truncated Mammalian Thioredoxin Reductase:
Implications for the Catalytic Mechanism and Redox Signaling†
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ABSTRACT: Mammalian thioredoxin reductase is a homodimeric pyridine nucleotide disulfide oxidoreductase
that contains the rare amino acid selenocysteine (Sec) on a C-terminal extension. We previously have shown
that a truncated version of mouse mitochondrial thioredoxin reductase missing this C-terminal tail will
catalyze the reduction of a number of small molecules. Here we show that the truncated thioredoxin reductase
will catalyze the reduction of methaneseleninic acid. This reduction is fast at pH 6.1 and is only 4-fold slower
than that of the full-length enzyme containing Sec. This finding suggested to us that if the C-terminal Sec
residue in the holoenzyme became oxidized to the seleninic acid form (Sec-SeO2

-) that it would be quickly
reduced back to an active state by enzymic thiols and further suggested to us that the enzyme would be very
resistant to irreversible inactivation by oxidation. We tested this hypothesis by reducing the enzyme with
NADPH and subjecting it to high concentrations of H2O2 (up to 50 mM). The results show that the enzyme
strongly resisted inactivation by 50 mMH2O2. To determine the redox state of the C-terminal Sec residue, we
attempted to inhibit the enzyme with dimedone. Dimedone alkylates protein sulfenic acid residues and
presumably will alkylate selenenic acid (Sec-SeOH) residues as well. The enzyme was not inhibited by
dimedone even when a 150-fold excess was added to the reaction mixture containing the enzyme and H2O2.
We also tested the ability of the truncated enzyme to resist inactivation by oxidation as well and found that it
also was resistant to high concentrations of H2O2. One assumption for the use of Sec in enzymes is that it is
catalytically superior to the use of cysteine.We and others have previously suggested that there are reasons for
the use of Sec in enzymes that are unrelated to the conversion of substrate to product. The data presented here
support this assertion. The results also imply that the redox signaling function of the thioredoxin system can
remain active under oxidative stress.

Mammalian thioredoxin reductase (mTR)1 is a homodimeric
pyridine nucleotide disulfide oxidoreductase that contains the
rare and interesting 21st amino acid, selenocysteine (Sec, U) (1, 2),
in its enzyme active site as part of a C-terminal extension. In the
oxidized state, the Sec residue forms a selenosulfide bond with an
adjacent Cys residue as part of a conserved Gly-Cys1-Sec2-Gly
tetrapeptide motif.2 Because the Cys and Sec residues of this
motif are directly adjacent, formation of the S1-Se2 bond results
in the formation of an unusual eight-membered ring motif (4, 5).
The reduction of this selenosulfide by the N-terminal disulfide
redox center results in the formation of a selenolate anion, which

is presumed to attack the disulfide bond of its primary protein
substrate, thioredoxin (Trx). However, a recent model of the
TR-Trx complex calls this long-held assumption into ques-
tion (6). The reasons given for the use of selenium (Se) as Sec in
TR and other enzymes as opposed to sulfur (S) as cysteine (Cys)
have been (i) the large rate enhancement with a “selenolate anion
in dithiol-disulfide interchange reactions” (7), (ii) the fact that
the high reactivity of Sec confers broad substrate specificity to
mTR relative to Cys-containing TRs ((8-10) and references cited
therein), (iii) the lower pKa of a selenol and the higher nucleo-
philicity of a selenolate conferring a type of “catalytic advantage”
over Cys when in the attacking position of thiol-disulfide
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1Abbreviations: A340, absorbance at 340 nm; A412, absorbance at
412 nm; βME, β-mercaptoethanol; CH3SeO2H, methaneseleninic acid;
CH3SeO2K, potassiummethaneseleninate; Cys-SO2

-, sulfinic acid form
of Cys; CysCT, charge-transfer cysteine; CysIC, interchange cysteine;
DHA, dehydroalanine; dimedone, 5,5-dimethyl-1,3-cyclohexanedione;
DTT, dithiothreitol; DTNB, 5,50-dithiobis(2-nitrobenzoic acid); EDTA,
ethylenediaminetetraacetic acid; H2O2, hydrogen peroxide; HOCH2-
SO2Na, sodium hydroxymethanesulfinate; Mr, molecular ratio; mTR,
mouse thioredoxin reductase; NADPH, β-nicotinamide adenine di-
nucleotide phosphate, reduced; Sec, selenocysteine; Sec-SeO2

-, seleninic
acid form of Sec; TNB, thionitrobenzoic acid; Tris, tris(hydroxy-
methyl)aminomethane; Trx, thioredoxin; TR, thioredoxin reductase;
U, one-letter code for Sec; WT, wild type.

2We refer to the mouse WT TR as mTR-GCUG. The abbreviation
mTR refers to mouse thioredoxin reductase, while the letters GCUG
refer to the sequence of the last four amino acids of the C-terminus of
TR, glycine-cysteine-selenocysteine-glycine (GCUG). As the Cys and
Sec residues are in an adjacent redox dyad, we often use the subscripts 1
and 2 to further describe their positions relative to each other as inmTR-
Gly-Cys1-Sec2-Gly-OH. We find this useful when describing the redox
dyads of other high-Mr TRs such as the one fromDrosophila melanogaster,
which uses Cys in place of Sec. We therefore describe the redox dyad
from this TR as Cys1-Cys2 as in DmTR-Ser-Cys1-Cys2-Ser-OH. All of
our work with TR has been with the mitochondrial enzyme, and we
often abbreviate theWT enzyme as mTR3, where the number 3 denotes
the cellular compartment (mitochondria). In this nomenclature system,
mTR1 is the cytosolic enzyme and mTR2 is the testes specific TR (3).
The two mutant enzymes in this study are the truncated TR, missing
the last eight C-terminal amino acids (abbreviated mTRΔ8), and the
Sec f Cys mutant of TR (abbreviated as mTR-GCCG).
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interchange reactions (11), and (iv) the fact that Sec is needed for
its superior leaving group ability in a thiol-selenosulfide inter-
change reaction (12).

The insertion of Sec into a protein requires complexmachinery
involving multiple accessory factors that are involved in the
recoding of a UGA stop codon into a sense codon for Sec (13-16).
The complexity of the recoding apparatus indicates that Se must
be needed to perform a specialized chemical function that the
S atom of Cys cannot. Being part of the same group of the
periodic table, Se and S possess many similar chemical proper-
ties (17). However, Sec must confer to the enzyme a distinct
biochemical advantage over Cys; otherwise, evolution would not
have continually selected for the energetically costly Sec insertion
machinery. The search for the identity of this unique chemical
function has been the raison d’etre of seleno-enzymology for
several decades.

One of the original ideas for explaining the existence of Sec was
that it was an “ancient relic of the anaerobic world” because Se is
more sensitive to oxidation than S (14, 18). Recent work by Rhee
and co-workers seems to offer support for this original idea as
they showed that the selenoenzyme glutathione peroxidase-1
(Gpx-1) is partially inactivated by treatment with 1 mM H2O2.
The inactivation of Gpx-1 by H2O2 was due to the oxidation of
the Sec residue of Gpx-1 to a seleninic acid (Sec-SeO2

-) residue
with concomitant loss of H2SeO2 and formation of dehydro-
alanine (DHA) (19).

In direct contrast to the work ofRhee and co-workers, we have
recently presented the novel hypothesis that Sec-containing
enzymes are resistant to irreversible inactivation, in part because
of the ease with which an oxidized Sec residue in the form of
seleninic acid (Sec-SeO2

-) can be converted back to a selenol in
comparison to the very slow chemical conversion of cysteine-
sulfinic acid (Cys-SO2

-) to cysteine thiol (Cys-SH) in a Cys-
containing enzyme (20). It is known from the chemical literature
that the reduction of Cys-SO2

- to Cys-SH is a slow reaction,
requiring the reaction to be conducted in refluxing H2O for
complete conversion (21, 22). In contrast, mild reduction condi-
tions for benzeneselenic acid have been reported by Kice and
Lee (23). Hilvert and colleagues have also observed that conver-
sion of RSeO2

- to RSeH occurs rapidly and under mild condi-
tions (24, 25).

The reason for the much more facile reduction of RSeO2
- in

comparison to that of RSO2
- is due to the much higher electro-

philicity of Se in comparison to that of S. Work by Reich has
shown that Se is ∼104 times more electrophilic than S as
measured by butyllithium exchange reactions (26). The impor-
tance of the high electrophilic character of Se in comparison to
that of S has largely been ignored in the biochemical literature,
while the high nucleophilicity of a selenolate has been emphasized
as a rationale for its use in enzymes (27 and references cited
therein). In mTR, it is commonly supposed that Se is important
for the enzymatic reduction of Trx because of its superior ability to
attack the disulfide bond of Trx relative to S of Cys. This implies
that the rate-limiting step in the reaction is the nucleophilic attack
step governed by rate constant kNuc-Se as shown in Figure 1. In
contrast, we have supported the idea that the thiol-selenosulfide
exchange step (with a rate constant kex) between N- and
C-terminal redox centers is the rate-limiting step (12, 20).

There are two possible mechanoenzymatic ways in which Se
could accelerate the flowof electrons from the thiolate ofCysIC in
the exchange step to the C-terminal redox center. Previously, we
have cited the superior leaving group ability (12) of Se in this step

of the mechanism as the manner in which rate acceleration is
achieved relative to S in theCysmutant (kcat is∼500-fold slower).
However, our study of the ability of the truncated enzyme mis-
sing the Sec-containing C-terminal tail (Gly-Cys1-Sec2-Gly-OH)
to reduce a variety of small molecule substrates has caused us to
question our original model of rate acceleration by Se in the
exchange step of the TR reaction mechanism (and other seleno-
enzymes as well). In this report, we show that the truncated TR

FIGURE 1: Two important ways in which Se is involved in the
catalytic mechanism: Se is involved in accepting electrons from the
N-terminal redox center (governed by rate constant kex, top panel)
as well as donating electrons to the protein substrate Trx (governed
by rate constant kNuc-Se, middle panel). The Sec residue of mamma-
lian TR is part of the conservedGly-Cys1-Sec2-Glymotif found on a
flexible C-terminal extension of the enzyme. The N-terminal redox
center (green) is on the opposite subunit of the homodimer. Reduc-
ing equivalents originate from NADPH and are passed onto the
flavin, which in turn reduces the N-terminal disulfide. The top and
middle panels show only two discrete steps in the catalytic cycle. For
a complete description of the enzymatic mechanism of high-Mr TRs,
please see ref 28. Here, and previously, we have produced a trun-
cated mTR missing the C-terminal redox center (bottom panel).
This truncated mitochondrial mTR can reduce a number of small
molecule substrates (SM) such as DTNB, lipoic acid, and sele-
nite (10, 12). The use of the truncated mTR allows us to isolate and
study the exchange step in greater detail. Note that CysIC denotes
the interchange Cys residue that attacks either the selenosulfide
bond of the C-terminal redox center or the small molecule substrate.
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(mTRΔ8) can reduce methaneseleninate (CH3SeO2
-) at signifi-

cant rates, especially at acidic pH, but cannot reduce an anal-
ogous S compound (hydroxymethanesulfinate, HOCH2SO2

-).
This finding supports the idea that Se accelerates the exchange step
through its superior ability to accept electrons (electrophilicity) in
comparison to that of S. This observation led us to investigate how
the superior electrophilicity of Se could aid TR’s ability to resist
inactivation by resisting irreversible oxidation, possibly via facile
reduction of an oxidized Sec-SeO2

- residue to a Sec-SeH residue
(our original hypothesis presented in ref 20). The data in this paper
provide the first experimental support for this hypothesis.

MATERIALS AND METHODS

Materials. NADPH was purchased from AppliChem
(Darmstadt,Germany).Methaneseleninic acid, sodiumhydroxy-
methanesulfinate hydrate, dithionitrobenzoic acid (DTNB),
and DL-R-lipoic acid were all obtained from Sigma-Aldrich
(St. Louis,MO).Hydrogen peroxide (30%solution) was purchased
from Fisher Scientific (Fairlawn, NJ). 5,5-Dimethyl-1,3-cyclo-
hexanedione (dimedone) was obtained from Acros Organics
(Morris Plains, NJ). Enzyme kinetic assays were performed on a
Cary50 UV-vis spectrophotometer (Cary, Walnut Creek, CA).
Microcon Ultracel YM-50 centrifugal filters from Millipore
(Billerica, MA) were used for desalting of enzyme samples. The
production and purification of the recombinant and semi-
synthetic enzymes used in this study have been previously
reported (12, 29). The Se content of the semisynthetic enzyme is
91%as reported in ref 29. All enzymatic assayswere conducted at
room temperature unless otherwise noted.
Activity Assays and H2O2 Concentration. Activity assays

followingNADPH consumptionweremonitored by the decrease
in absorbance at 340 nm (A340) using an extinction coefficient
of 6220 M-1 cm-1 (30). Activity assays following the consump-
tion of DTNB were monitored by the increase in absorbance
at 412 nm (A412), corresponding to the formation of the TNB
anion (31), and were calculated using an extinction coefficient of
13.6 mM-1 cm-1. Stock solutions of H2O2 were freshly prepared
before each experiment with the concentration of H2O2 deter-
mined spectrophotometrically using an extinction coefficient of
43.6 M-1 cm-1 at 240 nm (32).
Preparation of Potassium Methaneseleninate. A 1 M stock

solution of potassium methaneseleninate (CH3SeO2K) was pre-
pared by the addition of 127 mg of methaneseleninic acid
(CH3SeO2H) to 500 μL of 2 M potassium hydroxide. To this
solution was added 500 μL of T buffer [100 mM potassium
phosphate and 2 mM EDTA (pH 7.4)] to produce a final
concentration of 1 M. For activity assays, working solutions
were prepared by diluting aliquots of the 1 M stock.
Potassium Methaneseleninate Reductase Activity of mTR

andMutant Enzymes.CH3SeO2Kwas assayed against the full-
length wild-type (WT) mTR (mTR-GCUG) and twomutantmTR
enzymes (mTRΔ8 and mTR-GCCG).2 The methaneseleninic
acid reductase activity was measured by following the consump-
tion of NADPH at A340. Assays contained 200 μM NADPH in
1 mL of either a standard assay buffer [50 mM potassium
phosphate buffer and 2 mM EDTA (pH 7.0)] or T buffer.
Enzyme assays for determining activity as a function of pH were
performed with 1-34 nM enzyme and 300-500 μM substrate
over a pH range of 5.0-8.0with 100mMcitrate, 100mMsodium
phosphate, and 100 mM Tris buffers. For the determination of
kinetic parameters at the optimal pH, assayswere performedwith

100mM sodium phosphate at pH 6.1 (mTRΔ8, 34 nM), 500mM
potassium phosphate at pH 6.3 (mTR-GCUG, 1.2 nM), or
250 mM potassium phosphate at pH 6.5 (mTR-GCCG, 11 nM).
Activity Knockdown Assay for mTRΔ8. Here we describe

an assay in which we first reduced the truncated mTR with
NADPH and then attempted to inactivate it via treatment with
H2O2. The sample was then desalted and assayed for its ability to
reduce DTNB or lipoic acid. Because we are attempting to
inactivate the enzyme, we refer to this assay as an “activity
knockdown assay”. Fresh DTNB (63 mM) or lipoic acid
(242 mM) in ethanol was prepared before each experiment. To
fully reduce the N-terminal redox center, a 154-fold excess of
NADPH (0.2 μmol) was added to 100 μL aliquots of mTRΔ8
(1.3 nmol) and allowed to incubate for 1min. Increasing amounts
of H2O2 were then pipetted into the sample of the reduced
enzyme and incubated for 30min at 37 �C.Following incubation,
the oxidized enzymewas desalted usingMicroconYM-50 centrif-
ugal filters andbuffer exchangedwith 50mMpotassiumphosphate,
300 mM NaCl, and 1 mM EDTA (pH 8.0) (repeated twice) to
remove excess H2O2. After the sample had been desalted, the
concentration of the enzyme samples was determined spectro-
photometrically using the absorbance of flavin at 460 nmwith an
extinction coefficient of 22.6 mM-1 cm-1 (30). The desalted
enzyme solution was then diluted to make a 1 or 2 μM working
stock for use in the DTNB or lipoic acid assay.
Activity Knockdown Assay for mTRΔ8 Measured by

DTNB. For the DTNB knockdown assay, the reaction mixture
contained 200 μMNADPH, 10mMEDTA, and 0.5 mMDTNB
in 0.5 mL of 100 mM potassium phosphate (pH 7.0). The
reaction was initiated with the addition of either H2O2-treated
or untreated 4 nM mTRΔ8. The activity was measured by
monitoring the increase in A412. The activity of the enzyme was
corrected for background hydrolysis of DTNB by performing
control reactions without enzyme. This background slope was
then subtracted from the slope of the reaction that included
enzyme. The activities of desalted H2O2-treated and desalted
untreated (control) enzymes were compared.
Activity Knockdown Assay for mTRΔ8 Measured with

Lipoic Acid. The lipoic acid knockdown assay measured lipoic
acid reductase activity by monitoring NADPH consumption.
The reaction mixture contained 4.5 mM lipoic acid, 150 μM
NADPH, 1 mM EDTA, and 50 nMmTRΔ8 (H2O2-treated and
untreated) in 0.5 mL of 100 mM potassium phosphate buffer
(pH 6.1). The background was corrected by performing control
assays in which either lipoic acid or the enzyme was omitted.
General Procedure for mTRΔ8 Activity Knockdown

Assay in the Presence of H2O2. The assays described above
were designed to inhibit the enzyme by first attempting its oxida-
tion with H2O2 and then determining the amount of remaining
activity. The assay described in this section was designed to
measure the activity of the truncated enzyme in the presence of
H2O2 by determining its DTNB reductase and lipoic acid
reductase activities. The procedures are generally the same as
those described previously, except mTRΔ8 was not pretreated
with H2O2 but rather H2O2 was added to the assay reaction
mixture in a range from 0 (control) to 10 mM.
mTRΔ8DTNBReductase Activity Knockdown Assay in

the Presence of H2O2. For the DTNB reductase activity assay,
the reaction mixture contained H2O2 in the range from 0
(control) to 10 mM as well as 200 μMNADPH, 10 mM EDTA,
and 0.5 mM DTNB in 0.5 mL of 100 mM potassium phosphate
buffer (pH 7.0). The reaction was initiated via the addition of
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2 nM mTRΔ8, and the activity was measured by monitoring the
increase in A412. To account for nonenzymatic background
hydrolysis of DTNB, a control in which H2O2 was added to
the reaction mixture in the absence of enzyme was performed.
The background slope was then subtracted from that of the
reaction that included enzyme. An additional control experiment
was conducted to measure the H2O2-mediated TNB anion
oxidation back to DTNB in the reaction cuvette. In this experi-
ment, 10 μM dithiothreitol (DTT) was reacted with 0.5 mM
DTNB in a 0.5 mL reaction mixture also containing 1 mM
EDTA and 200 μM NADPH in 100 mM potassium phosphate
buffer (pH 7.0). The reaction cuvette was initially zeroed with
0.5 mM DTNB, and the A412 was followed for 2 min
(background hydrolysis of DTNB), upon which 10 μM DTT
was pipetted into the cuvette. After an additional 2 min, 10 mM
H2O2 was added to the reaction mixture and the decrease inA412

was continually monitored.
mTRΔ8 Lipoic Acid Reductase Activity Knockdown

Assay in the Presence of H2O2. The lipoic acid reductase
activity was measured by monitoring the consumption of
NADPH. The reaction mixture contained 4.5 mM lipoic acid,
150 μMNADPH, 1mMEDTA, 50 nM truncated TR, andH2O2

in the range from 0 (control) to 10 mM, in 0.5 mL of 100 mM
potassium phosphate buffer (pH 6.1). A control reaction to
measure the nonenzymatic reduction of lipoic acid was per-
formed in the presence of the same concentration of H2O2 in
which the enzyme was present. This background slope was
subtracted from the experiment in which the enzyme was present
in the assay.
Measuring the TrxReductase Activity ofWTmTR after

Incubation with NADPH and H2O2. TR has hydrogen
peroxidase activity because of the presence of the Se atom of
Sec (27). This assay was designed to determine whether TR’s Trx
reductase activity was sensitive to H2O2 inactivation, or con-
versely resistant to inactivation by H2O2. This was accomplished
by determining TR’s ability to reduce Trx after first being
exposed to high concentrations of H2O2 in the presence of
NADPH. First, WT mTR was incubated with NADPH and
H2O2, and the peroxidase activity was determined by measuring
the ΔA340 for long time periods (∼20 min). Subsequently, Trx
was added to the assay cuvette. Because Trx is a much better
substrate for TR than H2O2 (as judged byKm values), the rate of
consumption of NADPH should increase (resulting in a more
negative slope asA340 ismonitored over time) if Trx is reduced by
TR in the presence of H2O2. On the other hand, if H2O2

inactivates the ability of TR to reduce Trx, the ΔA340 should
not be affected upon addition of Trx to the assay. The initial
reaction assay contained 10 mM H2O2, 50 nM WT TR, and
200 μM NADPH. The peroxidase activity was followed for
20 min (by monitoring ΔA340) after which Escherichia coli Trx
was added to a final concentration of 90 μM. The background
activities were determined through a series of control reactions
looking at the amount of nonenzymatic peroxidase activity.
These assays were conducted in a 0.5 mL reaction volume
containing the standard assay buffer at room temperature.

To directly compare the Trx reductase activity of mTR that
had been treated with H2O2 to a control sample of TR from
which H2O2 had been omitted, we integrated a peroxide quench-
ing step into the assay using catalase to remove excess H2O2 from
the mTR sample. Removal of H2O2 would then allow us to
directly compare the ΔA340 values of the two samples. The
enzyme (45 nM mTR in assay buffer) was incubated with either

1 or 50 mMH2O2 for 25 min. Catalase (14 units) was then added
to the 0.5 mL assay and incubated for an additional 12 min.
A fresh bolus of 200 μM NADPH was then added to the assay,
and the ΔA340 was monitored for an additional 2 min to make
sure that the peroxidase activity had been quenched. This was
followed by the addition of E. coli Trx to a final concentration of
90 μM. The control sample was treated in an identical manner
except that H2O2 was not present in the assay mixture.
Attempt To Inhibit TR by Dimedone Treatment in the

Presence of H2O2. The experiment described in this section was
designed to help determine the redox state of the Se atom as it
turns over H2O2. It has always been assumed that Sec-TR uses a
selenenic acid (Sec-SeOH) intermediate during the redox cycle
with H2O2 as the substrate. If this is so, then TR should react
with reagents that alkylate or “trap” cysteine-sulfinic acids
(Cys-SOH), which would then inactivate TR. On the other hand,
if another oxidation state of Sec is used to reduce H2O2, then the
trapping reagent should not be expected to label and inactivate
TR. For this experiment, we added dimedone, a known sulfenic
acid labeling reagent, to our assay containing H2O2 (33). For this
experiment, the assay mixture contained 200 μM NADPH and
50mMH2O2 in 0.5 mL of assay buffer with the reaction initiated
by the addition of 10 nM WT TR. The peroxidase activity was
monitored by measuring the ΔA340. After a reaction time of
20min, dimedone was titrated into the reaction assay incrementally
(from a freshly prepared stock of 12.7 mM dimedone in ethanol)
until a final dimedone concentration of 150 μM in the assay was
achieved. After the reaction had been monitored for 40 min, an
additional bolus ofNADPH (200 μM)was added to replenish the
assay and theΔA340 wasmonitored for an additional 5min.After
a total reaction time of 45min,E. coliTrx (90μM)was added and
the ΔA340 was monitored for an additional 15 min.

RESULTS AND DISCUSSION

Previously, it was reported that methaneseleninate (CH3SeO2
-)

was a substrate for TR1 (34). However, the previous report did
not determine whether the reduction of CH3SeO2

- was solely due
to the Sec-containing C-terminal redox center or whether the
N-terminal redox center also contributed to the reduction of this
substrate. In light of our recent work showing that the N-terminal
redox center of mitochondrial mTR could reduce a number of
substrates with high catalytic activity in a manner independent
of the Sec-containing C-terminal redox center (10), we set out to
determine whether CH3SeO2

- could be reduced by our truncated
mTR (mTRΔ8). The results show that at pH 7.4, the truncated
enzyme has considerably less activity than the full-length TR
containing the C-terminal Sec residue (Table 1). However, the
results also show that the Sec f Cys mutant of mTR reduces
CH3SeO2

-with an only∼5-fold loss of activity indicating that Sec
is not crucial for the reduction of this substrate. TheCysmutant or
mTRΔ8 could not be saturated with substrate at pH 7.4, and thus,
we cannot report kcat and Km values under these conditions.

Interestingly, an investigation of activity as a function of pH
showed that the WT enzyme, the Cys mutant, and the truncated
enzyme each reduced CH3SeO2

- with much higher activity at
acidic pH (Table 2), though we note that the Km of the Cys
mutant is ∼3-fold larger than the Km for the WT enzyme. This
may indicate that the on rate for formation of the ES complex is
slower in the mutant in comparison to that of the WT enzyme,
although there are likely other possible reasons for this higher
apparent Km value. A comparison of the activities of the
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truncated enzyme at its pHoptimum (6.1) with theWT enzyme at
its pH optimum (6.3) shows that the truncated enzyme has only
∼4-fold less activity than the WT enzyme with CH3SeO2

- as the
substrate. All three enzymes could be saturated with substrate at
their pH optima (unlike the situation at pH 7.4), so that kcat and
Km values could be determined.

The pH-rate profile for the truncated enzyme shows a sharp
optimum at pH 6.1, with the enzyme still retaining significant
activity between pH 5 and 6 as shown in Figure 2A. The fast
enzymatic reduction of CH3SeO2

- at acidic pH by the truncated
TR parallels the fast chemical reduction of a model alkylseleninic
acid at acidic pH reported by Hilvert and co-workers (25).
Reduction of the seleninic acid form of selenosubtilisin is also
fast at acidic pH (25). We note that the truncated enzyme has an
acidic pH optimum for a number of different substrates as shown
in Figure 2B. These results show that theN-terminal redox center
functions efficiently at acidic pH and implies that mitochondrial
mammalian TR may have evolved to catalyze the reduction of
mitochondrial Trx under acidic conditions. The intermembrane
space of mitochondria is known to be acidic relative to the
cytosol (35). To the best of our knowledge, the pH optimum for
the reduction of mitochondrial Trx by mitochondrial mamma-
lian TR (mTR3) is not known. However, with E. coli Trx as the
substrate, mTR3 shows a broad pH rate profile maintaining a
50% level of activity between pH 6 and 8 (Figure S1 of the
Supporting Information). We suggest that one possible reason
for the acidic pH optimum of the N-terminal redox center is that
it allows mTR to function at acidic pH without becoming
inactivated by oxidation. If the C-terminal Sec residue were
oxidized to Sec-SeO2

- under acidic conditions, it would rapidly
become reduced back to Sec-SeH. Indeed, our experiments show
that at pH 5.5-6, mTR does not lose significant activity when
exposed to 50 mM H2O2 (see Figure S2 of the Supporting
Information).

We also investigated whether a sulfur analogue of CH3SeO2
-,

hydroxymethanesulfinate (HOCH2SO2
-), could be a substrate

for either the truncated enzyme or the full-length enzyme. We
could not detect any reduction of this sulfur analogue (as
measured by consumption of NADPH) in our assay with either
enzyme. This result, combined with our previous study on the
truncated mTR, shows that the truncated mTR can reduce a
number of Se-containing substrates efficiently, while the S analogues

are reduced very poorly or not at all. This fact, highlighted in
Figure 3, helps to illuminate the role of Se in the enzymatic
reaction mechanism of mTR. We posit that Se substrates are
efficiently reduced by the truncated mTR because of the superior
electrophilic character of the Se atom [discussed extensively in
our recent review (20)].We have also argued that the rate-limiting
step in the mTR reaction mechanism is the thiol-selenosulfide
exchange reaction that occurs between the N- and C-terminal
redox centers (kex). The Se-containing substrates shown in
Figure 3 are surrogate substrates for the known substrate
of the N-terminal redox center, the selenosulfide bond of the
oxidized Gly-Cys1-Sec2-Gly tetrapeptide motif of the C-terminal
redox center. The results with these Se surrogate substrates for
theN-terminal redox center strongly imply that oneway inwhich
Se accelerates the enzymatic reaction in the holoenzyme is

Table 1: Kinetic Constants of Various mTRs toward Methaneseleninic Acid at pH 7.4

activity [mol of NADPH min-1 (mol of TR)-1]

enzyme 100 μM CH3SeO2
- 200 μM CH3SeO2

- kcat (min-1) Km (μM)

mTR-GCUG 377 ( 16.4 593 ( 35.8 963 ( 49.0 134 ( 12.3

mTR-GCCG 77.7 ( 12.4 114 ( 10.5 not determined not determined

mTRΔ8 8.7 ( 1.2 12.4 ( 0.5 not determined not determined

TR-GCUGa not determined not determined 840 26 ( 10

aCytosolic mouse TR. Data taken from ref 34.

Table 2: Kinetic Constants of Various TRs toward Methaneseleninic Acid

at the Optimal pH

enzyme pH kcat (min-1) Km (μM)

mTR-GCUG 6.3 1804( 118 87.7( 18.6

mTR-GCCG 6.5 644( 75 293 ( 63

mTRΔ8 6.1 417( 16 87.2( 7.8

FIGURE 2: (A) Activity vs pHprofile formTRΔ8.As one can see, the
truncated enzymehas a sharppHoptimumnear 6 for the reduction of
CH3SeO2

-. (B) The N-terminal redox center has an acidic pH opti-
mum for a numberof different substrates: selenite (]), lipoic acid (b),
and DTNB (0).
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the superior ability of Se to accept electrons (electrophilicity) in
the exchange reaction. Other chemical factors are likely to be
important in the overall reaction mechanism also, though our
point here is to highlight an unrecognized way in which the
presence of Se in TR and other selenoenzymes can enhance the
enzymatic rate.

While the stronger nucleophilic character of Se relative to S is
frequently cited as the reason for the occurrence of Se in
enzymes (27), the observation that the electrophilic character of
Se is an extremely important feature of the enzymatic reaction
mechanism of mTR led us to investigate why the strong electro-
philicity of Se might be of biological importance to mTR and
other selenoenzymes in general. The fact that CH3SeO2

- was
easily reduced by the truncated mTRwas of particular interest to
us, especially because the sulfur analogue could not be reduced by
the enzyme. It is well documented that sulfinic acids are chemi-
cally very resistant to reduction by thiols, with reduction only
achieved under harsh conditions (21, 22). Biologically, the only
known example of a cysteinesulfinic acid residue (Cys-SO2

-) in a
protein to be reduced back to a cysteine thiol (Cys-SH) is the
peroxidatic Cys residue of peroxiredoxin, which requires the
action of another enzyme (sulfiredoxin) to reduce the Cys-SO2

-

residue to a Cys-SH residue (36). We reasoned that the reduction
of CH3SeO2

- by the truncated mTR could serve as a model for
what happens to the holoenzyme when it is exposed to H2O2 and
other oxidants as shown in Figure 4. Oxidation of a Se atom to the
seleninic acid form (RSeO2

-) will make the Se atom even more
electrophilic and thus highly susceptible to attack by other thiols,
either exogenous or enzymic. In mTR if the Sec residue is oxidized
to Sec-SeO2

-, it could be very quickly reduced back to Sec-SeH,

because of the proximity of Cys1 andCysIC (as shown in Figure 4).
This led us to hypothesize that mTR should be highly resistant to
inactivation by oxidation because oxidation of Sec-SeH to either
Sec-SeOH or Sec-SeO2

- should result in very fast reduction by
enzymic thiols to the selenosulfide form of TR, which could then
be reduced back to the selenolate via addition of NADPH.

For this hypothesis to be correct, the N-terminal redox center
must also resist oxidation so that it can reduce the C-terminal
redox center. Conversion of CysIC-SH to CysIC-SOH or CysIC-
SO2

- by H2O2 would render the enzyme inactive. To test the
N-terminal redox center’s ability to resist inactivation by oxida-
tion, we incubated mTRΔ8 (truncated TR) with NADPH to
reduce the enzyme followed by incubation with increasing
concentrations of H2O2. The samples were then desalted and
assayed forDTNB reductase activity. The results, listed in Table 3,
demonstrate that the N-terminal redox center resisted very high
concentrations of H2O2 and its ability to reduce DTNB was
not affected, even when incubated with 50 mMH2O2. To further
test the ability of the N-terminal redox center to resist inactiva-
tion by treatment with H2O2, we repeated the same experiment
but used racemic lipoic acid as the substrate instead. Previously,
we reported that mTRΔ8 could also reduce racemic lipoic acid
because of the enhanced electrophilicity of its disulfide bond
attributed tobond angle strain (10). The results of this experiment
are summarized in Table 4. The results show that the activity of
the truncated enzyme is very consistent over the range of 0.5-50mM
H2O2 and only loses ∼20% of its activity over this range.

To determine how the activity of the truncated mTRmight be
affected in the presence of H2O2, we repeated our activity assays

FIGURE 3: Importance of Se to substrate utilization by theN-terminal
redox center. The N-terminal redox center will reduce small mole-
cule Se-containing substrates such as SeO3

2-, CH3SeO2
-, and

selenosulfide (Se-S)-containing peptides. The S analogues of
these substrates either are not reduced at all such as HOCH2SO2

-

(reported here) and SO3
2- (10) or are reduced very slowly as in the

case of cystine and other disulfide (S-S)-containing peptides (12).
We believe that the most likely reason that these Se-containing
compounds are good substrates (reduced quickly) compared to the
S analogues is selenium’s strong ability to accept electrons (high
electrophilicity). The explanation that high electrophilicity is the
determining factor in substrate utilization by the N-terminal redox
center is consistent with the fact that DTNB, lipoic acid, and
quinones, all highly electrophilic compounds, are turned over by
the N-terminal redox center as reported by us and others (20 and
references cited therein).

FIGURE 4: Our truncated mTR construct (mTRΔ8) will reduce
CH3SeO2

- as an external substrate (left structure). This implies
(right structure) that if the Sec residue in the C-terminal tail, as part
of the full-length enzyme, becomes oxidized to the Sec-SeO2

- form, it
can be easily reduced by either the N-terminal redox center or the
adjacent Cys residue (Cys1).

Table 3: DTNB Reductase Activity of Truncated TR after H2O2

Incubationa

[H2O2] (mM) activity [mol of NADPH min-1 (mol of enzyme)-1]

0 640( 80

0.5 600( 40

1 580( 35

10 530( 10

50 670( 40

aThe concentration of DTNB in this assay was constant at 0.5 mM. For
other assay conditions, see the text.
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with DTNB and lipoic acid in the presence of increasing H2O2

concentrations. In these experiments, NADPH is always present
so that the N-terminal redox center is always maintained in the
reduced state. The SHgroup ofCysIC should therefore be directly
exposed to oxidant in this experiment. In the case of the DTNB
assay under these conditions, the activity begins to decline at
H2O2 concentrations ofg10 mM (Table 5). We note that 10 mM
is far higher than theH2O2 concentration in vivo. The decrease in
activity seen in this experiment at high concentrations of H2O2 is
most likely due to reoxidation of the TNB anion toDTNB in the
presence of H2O2. Reoxidation of the product to substrate would
cause a corresponding decrease in the absorbance at 412 nm,
which is the wavelength at which the TNB anion (product)
absorbs. This would result in a decrease in the calculated activity.
To substantiate this possibility, we conducted a nonenzymatic
control reaction involving the addition of 10 μM dithiothreitol
(DTT) to 0.5 mM DTNB followed by the addition of 10 mM
H2O2 (Figure S3 of the Supporting Information). Upon addition
of DTT to the cuvette containing DTNB, an immediate color
change was observed, indicative of the rapid reduction of DTNB
to the TNB anion. This observation was confirmed through
spectral monitoring at A412, where a large increase in absorbance
was observed. After the sample had been exposed to DTT for
2min, 10 mMH2O2 was added to the cuvette, which resulted in a
sharp decrease inA412. After 7 min, theA412 had almost returned
to its original level where only DTNB was present. Additionally,
the color of the reaction mixture had reverted back from yellow
to a transparent solution, further evidence that the TNB anion
had reoxidized back to the original DTNB form upon treatment
with H2O2. These results signify that the observed decrease in
A412 and the corresponding loss of calculated activitywith 10mM
H2O2 in the reaction are due to the nonenzymatic reoxidation of
the TNB anion back to DTNB by peroxide.

To further assess the activity of the N-terminal redox center
under oxidative stress, we repeated this experiment with lipoic
acid as the substrate. This assay does not monitor product

formation by measuring the absorbance of the newly formed
product but instead determines enzyme activity by measuring
NADPH consumption. The results show that NADPH con-
sumption is not affected by increasing the H2O2 concentration
from 0 to 10 mM in the reduction of lipoic acid by the truncated
mTR (Table 6). However, one noticeable trend was the increase
in background (no mTR added) activity as a function of
increased H2O2 concentration, most notably with 10 mM H2O2

in the reaction. Upon further investigation, we found that when
50 mM H2O2 was reacted with 4.5 mM lipoic acid, in a reaction
mixture also containing 200 μM NADPH, significant non-
enzymatic activity was observed (data not shown). Chemically,
this canmost likely be explained by theH2O2-mediated oxidation
of the disulfide bond of lipoic acid to the thiosulfinate form of
lipoic acid (β-lipoic acid). β-Lipoic acid is a very good electrophile
that can easily accept a hydride from NADPH, which could
facilitate its chemical reduction.

The overall results show that the truncatedmTR is remarkably
resistant to high concentrations of H2O2. We would like to note
that this is especially remarkable because the pKa of CysIC-SH
was determined to be 5.8 (12). At pH 7.0, this thiol group is
mostly ionized, and it might be expected to oxidize to the sulfenic
acid formwhen it comes into contact withH2O2. The CysIC-SOH
group could be reduced by the resolving CysCT residue of the
CICVNVGCCT motif, which would imply that the truncated TR
has peroxidase activity. However, we could not detect peroxidase
activity with the truncated TR (data not shown).We hypothesize
that the way in which CysIC-S

- avoids being oxidized is by being
a weak nucleophile, which would preclude attack on the O-O
bondof peroxides. If CysIC-S

- is in an ion pair relationshipwith a
nearbyHisHþ residue (serving as a general acid-base catalyst) as
has been proposed (37), then the electrons of the thiolate would
not be readily available for attack on electrophiles. For electrons
to be transferred from CysIC-S

- to a small molecule substrate in
the truncated enzyme, the small molecule would have to be a
good acceptor of electrons (strong electrophile). This point is
exactly illustrated in Figure 3 and discussed by us elsewhere (20).
It is interesting to contrast the inability of CysIC-S

- (pKa = 5.8)
to be oxidized with the ability of the selenolate of the C-terminal
Sec residue (pKa ∼ 5.2) to attack a peroxy bond as demonstrated
by the peroxidase activity of Sec-TR,while the Cysmutant has no
such activity (30).

We next tested the ability of the full-length enzyme (containing
Sec) to resist inactivation by H2O2 by measuring its ability to
reduce Trx after its pretreatment withH2O2. For this experiment,
we incubated 50 nM mTR with 10 mM H2O2 in the presence of
NADPH. Under these conditions, mTR will reduce H2O2 and
release water as the product (30). The results of this experiment,
depicted in Figure 5A, show that NADPH is consumed by mTR
whenH2O2 is added to the reactionmixture. This consumption of
NADPH is a result of the Sec residue being oxidized byH2O2 and

Table 5: DTNB Reductase Activity of Truncated TR in the Presence of

H2O2
a

[H2O2] (mM) activity [mol of NADPH min-1 (mol of enzyme)-1]

0 610( 50

0.5 540( 10

1 600( 10

10b 470( 20

aThe concentration of DTNB in this assay was constant at 0.5 mM. For
other assay conditions, see the text. bAs discussed in the text and shown in
Figure S3 of the Supporting Information, the decrease in activity at 10 mM
H2O2 is most likely due to reoxidation of the TNB anion back to DTNB.

Table 6: Lipoic Acid Reductase Activity of Truncated TR in the Presence

of H2O2
a

[H2O2] (mM) activity [mol of NADPH min-1 (mol of enzyme)-1]

0 59.4( 5.2

0.5 56.6( 0.6

1 54.3( 3.1

10 53.0( 4.1

aThe concentration of lipoic acid in this assay was constant at 4.5 mM.
For other assay conditions, see the text.

Table 4: Lipoic Acid Reductase Activity of Truncated TR after H2O2

Incubationa

[H2O2] (mM) activity [mol of NADPH min-1 (mol of enzyme)-1]

0 60.6( 12.1

0.5 53.8( 2.4

1 47.4( 4.8

10 40.2( 2.3

50 48.7( 4.9

aThe concentration of lipoic acid in this assay was constant at 4.5 mM.
For other assay conditions, see the text.
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subsequently reduced by the N-terminal redox center. The
peroxidase activity of mTR is inferior to that of Gpx-1, but the
steady consumption ofNADPHbymTR in the presence ofH2O2

shows that the Se atom must be exposed to H2O2 for substrate
turnover to occur. The rate of NADPH consumption (as mea-
sured by the change in slope) changed only 15% from the
beginning to the end over the 20 min during which the reaction
was monitored, most likely resulting from ever decreasing con-
centrations of H2O2 in the assay. This shows that at high
concentrations of H2O2, the enzyme is not deactivated (unlike
Gpx-1) with respect to its peroxidase activity. After this 20 min
reaction, the lid to the spectrometer was opened and 90 μM Trx
was added to the cuvette. As one can see in Figure 5A, there is a
sharp decrease in the slope signifying that there is rapid con-

sumption of NADPH. This consumption of NADPH is due to
the rapid reduction of Trx bymTR. This latter result suggested to
us that the ability ofmTR to reduce Trx is not impaired by a high
concentration of H2O2.

We next designed an assay in which we could compare the Trx
reductase activity of Sec-TR that had been exposed to a very large
excess of H2O2 to that of a control sample not exposed to H2O2.
Because Sec-TR has peroxidase activity, we integrated a quench
step using catalase to remove the very large excess of H2O2

remaining in the sample after a 25 min incubation step with
H2O2. The removal of H2O2 by catalase allowed us to directly
compare the Trx reductase activity of the control enzyme to that
of the enzyme treated with H2O2 because there would be no
background peroxidase activity as measured by the decrease in
A340. This experiment served as a further, more stringent test of
the ability of Sec-TR to resist inactivation by oxidation.

The results of this experiment are shown in Figure 5B. The
results show that when TR is exposed to 50 mMH2O2 a decrease
in A340 is observed for 20 min, indicating all of the NADPH has
been consumed and that the Se atom in TR has been exposed to
H2O2. The plateau in A340 was observed for an additional 5 min,
after which catalase was added to the cuvette and the sample was
incubated for an additional 12 min. The formation of bubbles
was observed during this interval, indicating the reduction of
H2O2 by catalase was occurring. Once bubble formation had
stopped, we added a fresh bolus of 200 μM NADPH to the
cuvette and monitored the absorbance at 340 nm for 2 min. No
change was observed during this interval. We then added E. coli
Trx to the cuvette (final concentration of 90 μM) and again
monitored A340. The results show that the resulting progress
curve of the control sample and that of the H2O2-treated sample
were nearly identical. Figure 5B shows the results for both 1 and
50 mM H2O2 in the sample. These results show that TR is
remarkably resistant to inactivation by oxidation with H2O2.

Previously, it has been supposed that the oxidation state in the
peroxidase reaction of mTR is the selenenic acid (Sec-SeOH)
form (38). There is no direct evidence for this supposition. To
address this question,we attempted to trap the Sec-SeOH formof
TRby treating it with the sulfenic acid (R-SOH) trapping reagent
dimedone in the presence of H2O2 and NADPH. Dimedone will
react with Cys-SOH to form a stable covalent adduct. Dimedone
thus inhibits thiol peroxidases that form transient sulfenic acid
residues during their catalytic cycles. Presumably, dimedone will
also react with a selenenic acid to form a selenoether adduct.
However, we note that when Gpx-1 is treated with dimedone the
enzyme is not inhibited (39). When dimedone was added to our
reaction mixture containing WT mTR, NADPH, and H2O2, we
could not detect any inhibition even when dimedone was in great
excess over mTR. The results of this experiment are shown in
Figure 6. The result of this experiment does not exclude the
possibility that mTR does in fact use the Sec-SeOH form to
catalyze the reduction of H2O2. One possibility is that the Sec-
SeOH form of TR is reduced very quickly to the selenosulfide
form by the adjacent thiol group of the Gly-Cys1-Sec2-Glymotif.
This would prevent the trapping of the selenenic acid form of TR
by dimedone. The other possibility, suggested by our results with
the surrogate substrate CH3SeO2

-, is that the C-terminal Sec-SeH
residue is oxidized to a Sec-SeO2

- residue that is quickly reduced
back to Sec-SeH by the possible pathways shown in Figure 4.

Irrespective of the oxidation state of the Se atom in mTR after
it is exposed to H2O2, our overall results show that unlike Gpx-1,
mTR is not deactivated with respect to its peroxidase and Trx

FIGURE 5: (A) Plot of the consumption of NADPH by following the
decrease in A340. When 10 mMH2O2 is added to a reaction mixture
containing50nMmTR-GCUGandNADPH,mTRreducesH2O2 to
water and becomes oxidized. The oxidized mTR is reduced by
NADPH, resulting in a decrease in A340. After prolonged exposure
(20 min) to excess H2O2, 90 μMTrx is added to the cuvette, and the
sharp increase in NADPH consumption (shown by a larger negative
slope) shows that Trx is rapidly reduced and that a large excess of
H2O2 does not inhibit the enzyme. (B) Comparison of activity
progress curves for mTR treated with H2O2 (blue for 50 mM and
green for 1 mM) and control mTR (red for no H2O2). After
approximately 25 min, all of the NADPH in the reaction mixture is
consumed (for the enzyme treated with 50 mM H2O2) shown by a
plateau in the slope. The samples were then treated with 14 units of
catalase to remove excess H2O2 for 12 min. During this quenching
step, theA340 was notmonitored, but we have added a line to the plot
for the sake of continuity. Because all of the NADPHwas consumed
in the sample treated with 50 mM H2O2, an additional bolus of
NADPH was then added to the reaction mixture to achieve a final
concentration of 200 μM. The reaction was then monitored for an
additional 2 min at 340 nm to ensure all of the H2O2 was removed,
and then 90 μMTrx was added to each sample. The activity progress
curves are extremely similar, even for the sample treated with 50mM
H2O2. The overall results show that mTR is very resistant to
inactivation, even though the ability of the enzyme to turn over
H2O2 shows that the Se atom must be exposed to the oxidant.
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reductase activities even when exposed to very high concentra-
tions of H2O2. There are two potential fates of a Sec-SeO2

-

residue in a selenoenzyme. The first possibility is β-elimination to
produce a DHA residue with release of H2SeO2, as recent
evidence shows is the case for Gpx-1 (19). The second fate is
rapid reduction back to a selenol by several thiol equivalents.
Direct experimental support for the reduction of an Enz-Sec-
SeO2

- form to an active Enz-Sec-SeH form has been provided by
Hilvert and co-workers, who showed that the Enz-Sec-SeO2

-

form of selenosubtilisin (a synthetic selenoenzyme) could be
reduced under mild conditions (25).

The results of the study on the inactivation of Gpx-1 by H2O2

from Rhee and co-workers (19) are not necessarily at odds with
our results and our hypothesis that selenoenzymes are resistant
to inactivation by oxidation. An important point that was not
mentioned in their study was that the Cys mutant of Gpx-1 was
also found to be sensitive to inactivation by H2O2 (40). Rocher
hypothesized that the reason for the sensitivity of the Cys mutant
of Gpx-1 to inactivation byH2O2 was that the active-site Cys-SH
residue was overoxidized to Cys-SO2

-, which then underwent
β-elimination to formDHA (40). Rocher and co-workers further
hypothesized that the use for Sec in Gpx-1 was to enable the
enzyme to be resistant to inactivation by oxidation. In their words:

“In conclusion, the most significant results of this study are...a
weak activity of the Cys-mutant Gpx and a marked tendency to
inactivation in the presence of hydroperoxides, which underlines
the selective advantage of Sec-Gpx, which may have evolved to
catalyze the fast reduction of hydroperoxides without undergoing
significant self-inactivation.”

Thus, while Rhee and co-workers may have indeed found that
Sec-Gpx-1 was partially inactivated by H2O2, it is not presently
known how much more resistant Sec-Gpx is to inactivation by
H2O2 compared to the Cys mutant Gpx. The results of our study
lead us to predict that the Sec-Gpx is considerably more resistant

to inactivation by oxidation than is the Cys mutant. Support for
this idea comes from a study of the class 4 Gpx from Schistosoma
mansoni (41). Dimastrogiovanni and co-workers constructed the
Cys mutant of this phospholipid hydroperoxidase (termed
SmGpx-1) and found that it was inactive despite the presence
of a reducing agent at all stages of purification. The mutant was
crystallized and the structure revealed that the active-site Cys-SH
residue was oxidized to the sulfonic acid (Cys-SO3

-), revealing
the reason for its loss of activity.

CONCLUSIONS

Mechanistically, we believe that the data with the truncated
mTR and small molecule substrates show that strong substrate
electrophilicity is an important feature for transferring electrons
from the N-terminal redox center of mTR to the C-terminal
redox center as can be seen from the pattern of substrate usage in
Figure 3. From a mechanoenzymatic perspective [or chemico-
enzymatic as we say in our recent review (20)], the low nucleo-
philicity of CysIC can explain the requirement for a strong electro-
philic center in the C-terminal redox center of mammalian TR.
The superior electrophilicity of Se relative to S can at least in part
explain the manner in which Se accelerates the reduction of
oxidized Trx and other substrates; selenium is needed in mTR
because it accelerates the transfer of electrons from theN-terminal
redox center to the C-terminal redox center. We note that this
position is based upon our studies with the mitochondrial
enzyme. The dependence on the presence of Se for reduction of
substrates is very different in cytosolic TR1 (30), and the
mechanistic similarities and differences between the two types
of TRs are as yet unresolved.

We posit that the electrophilic character of the Se atom in Sec-
SeOH and Sec-SeO2

- residues in the C-terminal redox center of
mitochondrial Sec-TR is critical for mechanistic recovery from
oxidative stress. This chemical property confers the enzyme with
an overall ability to resist irreversible inactivation by oxidation
due to the much faster rate of reduction of selenium oxides in a
selenoenzyme relative to sulfur oxides in a sulfur enzyme, with the
difference in reduction of Sec-SeO2

- being exceptionally fast
relative to Cys-SO2

-. While at the moment the oxidation state of
the Sec residue in mTR is not known upon encountering H2O2,
our finding that CH3SeO2

- can be reduced by the enzyme’s
N-terminal redox center strongly suggests that an oxidized Sec-
SeO2

- residue in mTR can be rapidly reduced by enzymic thiols,
restoring the activity of the enzyme under conditions of oxidative
stress. We have also shown not only that the C-terminal redox
center resists irreversible oxidation but also that the sulfhydryl of
CysIC in the N-terminal redox center resists oxidation, most likely
through a weak ability to attack the peroxy bond in H2O2. The
N-terminal redox center’s ability to resist oxidation is critical for
rescuing the activity of the enzyme under conditions when the
C-terminal Sec residuebecomesoxidized tovariousoxidation states.
Thus, the entire modular architecture of the enzyme is constructed
to resist inactivation by very high levels of H2O2. Our results imply
that the redox signaling function of the thioredoxin system can
remain operating (as long as NADPH is present) during conditions
of oxidant stress because Sec-TR is very resistant to inactivation (3).
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FIGURE 6: Dimedone-WTmTR trapping experiment. In this experi-
ment, we are attempting to trap a selenenic acid (Enz-SeOH)
intermediate by adding the sulfenic acid trapping reagent dimedone
to the WT enzyme in the presence of H2O2. Here 10 nM mTR is
added to a cuvette containing 50 mM H2O2 and 200 μM NADPH.
As shownby the decrease inA340, the enzyme is consumingNADPH
because of the enzyme’s peroxidase activity. After 20 min, we began
a series of dimedone additions, starting with 500 nM dimedone and
gradually increasing the concentration of dimedone to 150 μM. No
change in the slope is apparent even after addition of a large excess
of dimedone to the reaction mixture, showing the enzyme continues
to turn over H2O2. After 40 min, a fresh bolus of NADPH is added
and the peroxidase activity is monitored for several more minutes,
after which 90 μM Trx is added to the reaction mixture. Upon
addition of Trx, the consumption ofNADPH is sharply increased as
shown by the decrease in A340.
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SUPPORTING INFORMATION AVAILABLE

pH-rate profile for the reduction of Trx bymTR3 (Figure S1),
activity progress curves of TR (control and H2O2-treated
samples) at acidic pH (Figure S2), and rapid oxidation of
the TNB anion in the presence of 10 mM H2O2 (Figure S3).
This material is available free of charge via the Internet at
http://pubs.acs.org.

NOTE ADDED IN PROOF

Subsequent to the submission of this manuscript, Koppenol and
coworkers (J.Org.Chem.75, 6696-6699) publishedanote showing
that Se is more electrophilic than S by a factor of e4 in exchange
reactions, consistent with our work and references cited within.
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