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Urate hydroperoxide is a product of the oxidation of uric acid
by inflammatory heme peroxidases. The formation of urate
hydroperoxide might be a key event in vascular inflammation,
where there is large amount of uric acid and inflammatory per-
oxidases. Urate hydroperoxide oxidizes glutathione and sulfur-
containing amino acids and is expected to react fast toward reac-
tive thiols from peroxiredoxins (Prxs). The kinetics for the
oxidation of the cytosolic 2-Cys Prx1 and Prx2 revealed that
urate hydroperoxide oxidizes these enzymes at rates compara-
ble with hydrogen peroxide. The second-order rate constants of
these reactions were 4.9 X 10° and 2.3 x 10° M~ ! s for Prx1
and Prx2, respectively. Kinetic and simulation data suggest that
the oxidation of Prx2 by urate hydroperoxide occurs by a three-
step mechanism, where the peroxide reversibly associates with
the enzyme; then it oxidizes the peroxidatic cysteine, and finally,
the rate-limiting disulfide bond is formed. Of relevance, the
disulfide bond formation was much slower in Prx2 (k; = 0.31
s~1) than Prx1 (k; = 14.9 s™1). In addition, Prx2 was more sen-
sitive than Prx1 to hyperoxidation caused by both urate
hydroperoxide and hydrogen peroxide. Urate hydroperoxide
oxidized Prx2 from intact erythrocytes to the same extent as
hydrogen peroxide. Therefore, Prx1 and Prx2 are likely targets
of urate hydroperoxide in cells. Oxidation of Prxs by urate
hydroperoxide might affect cell function and be partially
responsible for the pro-oxidant and pro-inflammatory effects of
uric acid.

Uricacid is the end product of purine metabolism in humans.
Urate, the anionic form of uric acid (pK, 5.4), accumulates in
plasma in concentrations ranging from 50 to 420 uMm in healthy
individuals. The gene silencing of the enzyme uricase has been
suggested to be an evolutionary advantage because urate is a
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facile electron donor (one-electron reduction potential = 0.59
V,pH7.0,HU", H*/UH, ) and therefore a powerful antioxidant
(1, 2). Urate chelates transition metals ions, reacts with
hydroxyl radical, singlet oxygen (3), and hypochlorous acid (4)
and neutralizes protein radicals (5). Despite its antioxidant abil-
ity, uric acid is associated with endothelial and renal dysfunc-
tion, hypertension, inflammation, and cardiovascular disease
(6-10). Some of these conditions are linked to oxidative stress
(11). In fact, urate itself has been reported to increase oxidative
damage and to inactivate enzymes sensitive to oxidative stress
(12-15). In this sense, the capability of urate to be an anti- or
pro-oxidant is still a paradox (16).

At the molecular level, urate crystals activate the NLRP3
(Nod-like receptor protein 3) inflammasome (17). However,
soluble urate also exerts pro-inflammatory effects by stimulat-
ing the oxidative burst in adipocytes (11, 18). Urate can be oxi-
dized by the pro-inflammatory enzymes myeloperoxidase
(MPO)? and lactoperoxidase (LPO) to generate urate free rad-
ical and urate hydroperoxide (19, 20). Considering the levels of
urate in human biological fluids, as well as the concentration of
MPO and LPO in inflammatory environments (21, 22), a signif-
icant amount of urate hydroperoxide might be formed during
inflammatory oxidative burst. Urate hydroperoxide oxidizes
methionine and cysteine and reacts with glutathione at a rate
constant of 13.8 M~ ' s™" (23). Therefore, proteins that contain
thiol groups are putative urate hydroperoxide targets.

Peroxiredoxins are ubiquitous cysteine-dependent peroxi-
dases. They reduce hydrogen peroxide, peroxynitrite, and
organic peroxides at extremely high rates (24—31). There are
six human Prxs (Prx1 to Prx6) that vary in their intracellular
location and catalytic mechanisms. Prx1 and Prx2 are typical
2-Cys proteins present in cytosol (32). Their enzymatic cycle
involves oxidation of the peroxidatic cysteine (Cp) to a sulfenic
acid, followed by disulfide bond formation with the resolving
cysteine (Cy) of another subunit, resulting in a head-to-tail
covalent dimer. Their basic functional unit is a homodimer dur-
ing the entire catalytic cycle, and they can assemble into high
molecular weight species in cells (31, 33). During the catalytic
cycle, the disulfide bond formation can be overcome if the oxi-

3 The abbreviations used are: MPO, myeloperoxidase; LPO, lactoperoxidase;
ANOVA, analysis of variance; Prx, peroxiredoxin; DTNB, 5,5’-dithiobis(nitro-
benzoicacid); DTPA, diethylenetriaminepentaacetic acid; NEM, N-ethylma-
leimide; MP, mobile phase.
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dant concentration is sufficiently high to compete for the sul-
fenic acid to yield the sulfinic and sulfonic acid-hyperoxidized
Prx (33-36). Hyperoxidation of Prx significantly limits the
turnover of the enzyme. The intermolecular disulfide bond is
mainly reduced by the thioredoxin-thioredoxin reductase sys-
tem (32) and in some cases by glutaredoxin (37, 38). In contrast,
the hyperoxidized form can only be reduced by sulfiredoxin, a
slower process that consumes ATP (39, 40).

Prx1 and Prx2 share 91% of homology and 78% of identity in
their amino acid sequences (41). Despite the similarities, Prx1
has four cysteine residues (Cys-52, Cys-71, Cys-83, and Cys-
173) and Prx2 has three (Cys-51, Cys-70, and Cys-172). Indeed,
these enzymes are not redundant, and structural differences
provide unique functions (42, 43). Prx1 and Prx2 are oxidized at
extraordinary high rates by hydrogen peroxide and can trans-
fer these oxidizing equivalents to another signaling protein
through thiol-disulfide exchange reactions, which seems to be
relevant in redox signaling (44 —47). For instance, Prx2 forms a
redox relay with STAT3 (signal transducer and activator of
transcription 3), inhibiting STAT3 migration to the nucleus
(46). Prx1, however, can transfer their oxidizing equivalents to
the ASK1 (apoptosis-regulating kinase-1 signaling), resulting in
the phosphorylation of p38 and activation of apoptosis (47).

In this study, we investigated the kinetics and mechanism of
the oxidation of Prx1 and Prx2 by urate hydroperoxide. The
observed high rate constants indicate that these proteins might
be preferential targets of urate hydroperoxide in cells. Hyper-
oxidation of Prxs only occurred at high concentrations of urate
hydroperoxide and may not be relevant iz vivo. Urate hydroper-
oxide oxidized Prx2 in intact erythrocytes to the same extent as
hydrogen peroxide. In conclusion, this study contributes to the
understanding of the catalytic mechanism of 2-Cys Prxs in the
reduction of an organic peroxide formed during inflammatory
processes.

Results
Oxidation of Prx by urate hydroperoxide

Initially, we sought to identify whether Prx1 and Prx2 would
be oxidized by urate hydroperoxide. The enzymes were incu-
bated with different concentrations of urate hydroperoxide,
and the oxidation of Prxs was evaluated by the appearance of
disulfide bond dimers (~42 kDa) in non-reducing SDS-PAGE.
An equimolar concentration of urate hydroperoxide and
Prx was enough to convert almost all monomers into dimers
(Fig. 1).

Determination of the rate constants for the reaction of urate
hydroperoxide with Prx

Next, we investigated the rate of Prx oxidation by urate
hydroperoxide taking advantage of fluorescence changes dur-
ing Prx oxidation (28, 48, 49). As described previously for typi-
cal 2-Cys Prx (31, 48, 49), a two-phase fluorescent profile was
observed, displaying a rapid decrease and a subsequent slower
increase in fluorescence intensity (Fig. 2A). Initially, the first
rapid decay was fitted by a single exponential equation (Figs. 2B
and 3A). The observed rate constants for the first rapid phase
were linearly dependent on urate hydroperoxide concentra-
tion, and the determined second-order rate constants were
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Figure 1. Oxidation of Prx1 and Prx2 by urate hydroperoxide. Pre-re-
duced Prx1 and Prx2 (2 um) were incubated in 50 mm sodium phosphate
buffer, pH 7.4, with 0, 2, 5, 10, 20, 50, and 100 um urate hydroperoxide for 5
min at room temperature. After reaction, 30 mm NEM was added to prevent
further oxidation. Reduced and disulfide forms of Prx run as monomers and
dimers in non-reducing SDS-polyacrylamide gel, respectively. These results
are representative of three independent experiments.

k, =226 = 0.13 X 10°m ' s~ ! for Prx2 (Fig. 2C) and k, =
4.90 = 0.47 X 10° v 's~ ! for Prx1 (Fig. 3B).

The linear fitting from k,, , versus urate hydroperoxide con-
centration showed a clear non-zero y-intercept for Prx2, indi-
cating that the first phase is reversible. The value of the y-inter-
cept (k_,) was 99.0 = 3.0 s~ ! (Fig. 2C). The first fast decrease
in Prx2 fluorescence (Fig. 2B) was followed by a slow linear
decrease (Fig. 2B, inset). The rate of this linear decrease was
independent of urate hydroperoxide concentration and could
be the actual oxidation of the peroxidatic thiol to sulfenic acid.

In contrast, this slow linear decrease in fluorescence was not
observed for Prx1. In addition, when the &, of the first rapid
fluorescence decrease of Prx1 was plotted against urate hy-
droperoxide concentrations, the linear fitting presented a close
to zero y-intercept, 1.47 = 2.12 s~ ' (Fig. 3B).

Unlike the first phase, the &, of the second phase levels off
with increasing concentrations of urate hydroperoxide (Figs. 2E
and 3D). The plot of k,,,, versus substrate concentration was
well fitted to a non-linear hyperbolic equation. The limiting
rate constants (k;) were 0.31 = 0.01 s~ for Prx2 (Fig. 2, D and
E)and 14.9 = 1.01 s~ for Prx1 (Fig. 3, C and D).

No changes in Prx fluorescence were observed in the absence
of oxidants or when thiols from Prxs were alkylated with N-eth-
ylmaleimide (NEM) (supplemental Fig. S1). Kinetics of His-
tagged Prx2 or His-tagged free Prx2 were very similar: 2.26 =
0.13 X 10°and 1.80 = 0.12 X 10° M 's™ ! for the first phase; the
y-intercept (k_,) was 99.0 = 3.0and 43.0 = 1.2 s" " and k, =
0.31 = 0.01 and 0.38 = 0.03 s, respectively (data not shown).

According to a three-step model reported for the oxidation
of AhpC by hydrogen peroxide (43), the first rapid decay of
fluorescence would correspond to the binding of the enzyme to
the peroxide substrate and the oxidation of C,. Thus, k; repre-
sents the enzyme-substrate complex formation and k_; the
complex dissociation. The slow fluorescence increase would
represent the disulfide bond formation. To confirm that the
fluorescence increase was due to the disulfide formation also in
human Prxs, we used a double mutant Prx1 where the resolving
(Cys-173) and the non-catalytic (Cys-83) cysteine were
replaced by serine (Prx1C83S/C173S). As expected, upon oxi-
dation by urate hydroperoxide, the intrinsic fluorescence of this
mutant exhibited a rapid decay but lacked the second slow
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Figure 2. Kinetics of the oxidation of Prx2 by urate hydroperoxide. A,
pre-reduced Prx2 (2 um) was incubated with 20 um urate hydroperoxide in 50
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phase (Fig. 3E), suggesting that the rise in fluorescence ob-
served in WTPrx1 was due to the disulfide bond formation.

The fluorescence decay for Prx1C83S/C173S presented a
similar feature as for WTPrx1, and the &, increased linearly
with increasing concentrations of urate hydroperoxide (Fig.
3E). However, the second-order rate constant (k;) for this reac-
tion was 1 order of magnitude lower for Prx1C83S/C173S
(4.50 = 0.18 X 10* M~ ' s, Fig. 3F) than for WTPrx1 and the
k_, was 0.44 = 0.04 s~ '. The second-order rate constant of the
reaction of Prx2 with urate hydroperoxide was only 1-2 orders
of magnitude lower than that with hydrogen peroxide 0.2—
1.3 X 10° M~ ' s ' (25, 26), showing that Prx2 might be a phys-
iological target to urate hydroperoxide.

There are no rate constants reported for the reaction of Prx1
and hydrogen peroxide. Therefore, we carried out fluorescence
experiments to determine it. The reaction of Prx1 with hydro-
gen peroxide was faster than with urate hydroperoxide, so we
had to use sub-stoichiometric concentrations of substrate and
employ an initial rate approach. By plotting the initial rates
versus hydrogen peroxide concentration, the second-order rate
constant was 3.80 = 0.15 X 10" m ' s~ ! (Fig. 4A4). The linear
plotintercepted the yaxisat4.42 = 1.85 um ™ 's~ ' Theincrease
in fluorescence after mixing Prx1 with hydrogen peroxide fol-
lowed first-order kinetics and was independent of hydrogen
peroxide concentration. The k. of this step was 9.0 = 0.2 s~
(Fig. 4B), which is very similar to that calculated when the sub-
strate was urate hydroperoxide (14.9 + 1.01 s, Fig. 3D). The
independency of the nature of peroxide in this rate constant is
additional evidence that the return in fluorescence is due to a
disulfide bond formation with the resolving cysteine rather
than hyperoxidation.

We also determined the second-order rate constant for the
reaction of Prx1 and hydrogen peroxide using the HRP compe-
tition assay (Equation 1). With this approach, the second-order
rate constant determined was 3.5 = 0.1 X 10" M~ 's™ ' (Fig. 4, C
and D), which is very similar to that obtained by monitoring
fluorescence and to the second-order rate constant reported for
the reaction of Prx2 with hydrogen peroxide (25, 26).

Kinetic simulations for the reaction of urate hydroperoxide
with Prx1 and Prx2

To characterize the mechanism of the reaction of Prx with
urate hydroperoxide (HOOU), we fitted our experimental data
into two models, a three-step (A + B<> C — D — E) and a
two-step (A + B — C — D) sequential reactions (Models 1 and
2) by GEPASL

mm sodium phosphate buffer (pH 7.4; 22 °C). Reactions were monitored over
time by the variation of intrinsic protein fluorescence (A, = 280 nm, emission
filter >330 nm) in the stopped-flow instrument. B, first rapid phase of the
reaction of Prx2 (2 um) with 20 um urate hydroperoxide. Observed rate con-
stants (k) were calculated by single exponential equation. Inset shows the
slower linear decay of Prx2 fluorescence. G, plot of k., of the first rapid phase
of the reaction of Prx2 versus urate hydroperoxide concentration. The second-
order rate constant was calculated from this slope. D, fluorescence increase
during the slow phase of the reaction of Prx2 (2 um) with 20 um urate
hydroperoxide. Observed rate constants (k,,.,) were calculated by single
exponential equation. E, plot for the k. of the slow phase of the reaction of
Prx2 versus urate hydroperoxide concentration. Non-linear curve was best
fitted with a hyperbolic equation. V, voltage.
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Figure 3. Kinetics of the oxidation of WTPrx1 and Prx1C83S/C173S by
urate hydroperoxide. A, first rapid phase of the reaction of pre-reduced Prx1
(5 um) incubated with 35 um urate hydroperoxide in 50 mm sodium phos-
phate buffer (pH 7.4; 22 °C). Reactions were monitored over time by the var-
iation of intrinsic protein fluorescence (A., = 280 nm, emission filter >330
nm) in the stopped-flow instrument. Observed rate constants (k) were cal-
culated by single exponential equation. B, plot of k. of the first rapid phase
reaction of Prx1 versus urate hydroperoxide concentration. The second-order
rate constant was calculated from this slope. C, fluorescence increase during
the slow phase of the reaction of Prx1 (5 um) with 240 um urate hydroperox-
ide. Observed rate constants (k,,,) were calculated by single exponential
equation. D, plot of k,,, of the slow phase of the reaction of Prx1 versus urate
hydroperoxide. Non-linear curve was best fitted with a hyperbolic equation.
E, first rapid phase of the reaction of pre-reduced Prx1 that was mutated at the
resolving (Cys-173) and non-catalytic cysteine (Cys-83) (Prx1C83S/C173S, 5
uM) incubated with 65 um urate hydroperoxide in 50 mm sodium phosphate
buffer (pH 7.4; 22 °C). Observed rate constants (k,,,) were calculated by single
exponential plus straight line equation. F, plot of k., of the first rapid phase of
the reaction of Prx1 versus urate hydroperoxide concentration. V, voltage.

In these simulations, all the rate constants were allowed to
float. A better fit was obtained with the three-step model
(Model 1) for Prx2 (Fig. 5, A and B; supplemental Table S1). In
contrast, both models fitted quite well for Prx1, using either
urate hydroperoxide (Fig. 5, Cand D; supplemental Table S2) or
hydrogen peroxide (Fig. 5, E and F; supplemental Table S3).
Even though no difference between the two models was
detected for Prx1, the rate constant for the first rapid reaction
between Prx1 and urate hydroperoxide matched better the
experimental data when fitted to Model 1 (supplemental Table
S2).
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The simulations indicated that Model 1 reflects better the
reaction of the urate hydroperoxide with Prx2. This model
allowed calculation of the rate constant of the oxidation of the
peroxidatic thiol to sulfenic acid (k,) (supplemental Table S1).

Analyses of Prx hyperoxidation by urate hydroperoxide

To confirm that the slow fluorescence increase was due to
disulfide bond formation rather than hyperoxidation, both
Prx1 and Prx2 enzymes were incubated with an excess of urate
hydroperoxide for 5 min. Then the mixtures were treated with
an excess of DTT, and the amount of sulfhydryl groups in Prx
was determined. It is well established that DTT is able to re-
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Figure 5. Fitting of Prx fluorescence changes during the reaction with
urate hydroperoxide or hydrogen peroxide simulated as Model 1 or
Model 2. The reaction mechanisms proposed in Model 1 (A, C, and E) and
Model 2 (B, D, and F) are depicted under “Results.” GEPASI (3.0) was used to
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urate hydroperoxide (C and D); 5 um Prx1 with 2.5 um hydrogen peroxide (E
and F).

duce disulfide bond but not sulfinic (—SO,H) or sulfonic acid
(—SO3H). Nearly all free thiols were recovered after DTT incu-
bation (Fig. 6, A and B), showing that urate hydroperoxide, at
the concentrations used in the kinetic assays, did not cause Prx
hyperoxidation. We performed the same experiments using the
His tag-free Prx2 and obtained similar results (supplemental
Fig. S2). Employing a specific anti-Prx-SO,,; antibody, hyper-
oxidation was found only at high concentrations of urate
hydroperoxide (Fig. 6C). Hydrogen peroxide was used as a pos-
itive control, and in this case, Prx2 was much more sensitive
than Prx1 to the hyperoxidation (Fig. 6C).

Oxidation of Prx2 from human red blood cells by urate
hydroperoxide and hydrogen peroxide

Incubation of urate hydroperoxide or hydrogen peroxide
with human red blood cells significantly oxidized Prx2 to the
intermolecular disulfide species (Fig. 7, A, C, and D). Interest-
ingly, the intermolecular disulfide dimer of Prx2 was also pres-
ent in sample supernatants, and its amount increased on in-
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Figure 6. Analysis of Prx hyperoxidation by urate hydroperoxide and
hydrogen peroxide. Prx1 (5 um) (A) and Prx2 (5 um) (B) were incubated in 50
mm sodium phosphate buffer, pH 7.4, with 220 um urate hydroperoxide for 5
min at room temperature. Afterward, DTT was added in 3X molar excess per
thiol and incubated for 2 h at 37 °C. Thiols were quantified by DTNB before
and after reduction. Statistical analyses were performed by one-way analyses
of variance (ANOVA); ***, p < 0.001 followed by Bonferroni’s test, when com-
pared with control group. C, control; HOOU, urate hydroperoxide. Each bar
represents the mean = S.E. of three independent experiments. C, enzymes
were incubated with different concentrations of peroxides in 50 mm sodium
phosphate buffer, pH 7.4, for 5 min at room temperature. The samples were
separated in a non-reducing SDS-polyacrylamide gel, transferred to a polyvi-
nylidene difluoride, and probed with an antibody to Prx-SO, ;. These results
are representative of three experiments.

cubation of erythrocytes with hydrogen peroxide or urate
hydroperoxide (Fig. 7, B and E). Such increase was not due to
disruption of the plasma membrane because no hemolysis was
detectable (Fig. 7F).

Discussion

Urate hydroperoxide is an oxidant generated by one-electron
oxidation of uric acid with subsequent addition of superoxide
anion radical to the urate free radical (23). Inflammatory per-
oxidases rapidly oxidize uric acid in the presence of hydrogen
peroxide (19, 20). Therefore, we can expect a substantial
amount of urate hydroperoxide in inflammatory sites, mainly at
the vascular tissue, where urate accumulates. Urate hydroper-
oxide can be reduced by glutathione and methionine (23). How-
ever, it might react much faster with catalytic thiols in proteins.

Prx1 and Prx2 are important cytosolic antioxidants not only
because of their abundance but also because of their high
reactivity toward hydroperoxides (24, 28). Initially, we showed
that an equimolar concentration of urate hydroperoxide was
enough to fully oxidize both peroxidases to intermolecular
disulfide (Fig. 1).

Next, we studied the kinetics of the reactions taking advan-
tage of the redox-dependent changes in the fluorescence of
2-Cys Prxs because of the presence of a highly conserved tryp-
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Figure 7. Oxidation of Prx2 in erythrocytes by urate hydroperoxide or
hydrogen peroxide. Human erythrocytes (1 X 107) were incubated in 10 mm
PBS, pH 7.4, plus 5 mm glucose with acetonitrile evaporated MP, 200 um
hydrogen peroxide, or 200 um urate hydroperoxide for 10 min at 37 °C. West-
ern blot analysis of Prx2 from erythrocyte homogenates (100 ng/lane) (A) and
supernatant (10 pg/lane) (B) in non-reducing SDS-polyacrylamide gel.
Reduced and disulfide forms of Prx ran as monomers and dimers in non-
reducing SDS-polyacrylamide gel, respectively. Semi-quantitative band
intensity of Prx2 monomer (C) and homodimer (D) from cell pellet was nor-
malized by a-tubulin. E, band intensity of Prx2 homodimer in supernatants. F,
absorbance of human erythrocyte supernatants (107) were measured at 405
nm and compared with the positive control (0.1% SDS). The percentage of
hemolysis in the samples was relative to the positive control (100%). Each bar
represents the mean = S.D. of three independent experiments. Statistical
analyses were performed by one-way analyses of variance (ANOVA); ***, p <
0.001 followed by Bonferroni’s test, when compared with control group. C,
control; HOOU, urate hydroperoxide. These results are representative of three
experiments.

tophan residue in their structures (31, 49, 50). For Prx2, the
biphasic fluorescence behavior (Figs. 2 and 5) fitted better to a
three-step mechanism (Model 1), where the peroxide would
first bind to the Prx before oxidizing the catalytic cysteine (Fig.
8). This mechanism was recently proposed for the reaction
of AhpC (bacterial 2-Cys Prx) with hydrogen peroxide and
organic peroxides (49). Transient changes in fluorescence
allowed us to obtain the rate constants for individual steps in
the reaction: the substrate-Prx binding (k;); substrate-Prx dis-
sociation (k_;); and disulfide formation (k;). The main differ-
ence in the kinetics of the reaction of urate hydroperoxide with
Prx1 and Prx2 was the large y-intercept in the linear fitting of
the first fast reaction (Table 1) and the linear second slow
decrease in fluorescence that was observed in Prx2 but not in
Prx1. In addition to these kinetic differences, our simulation
data did not allow us to distinguish whether Prx1 forms or not a
complex with the peroxide before oxidation to sulfenic acid
(Fig. 5E).
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Figure 8. Hypothetical mechanism for the oxidation of Prx2 by urate
hydroperoxide.

Comparing the kinetics of the reaction of Prx 1 with different
peroxides, the enzyme is clearly more efficient in reducing
hydrogen peroxide than the bulkier urate hydroperoxide. The
second-order rate constant was 2 orders of magnitude higher
for hydrogen peroxide (3.8 = 0.15 X 10’ M~ ' s~ ') than for urate
hydroperoxide (4.90 = 0.47 X 10° M~ 's™"). Our results showed
that the second-order rate constant of the reaction of hydrogen
peroxide with Prx1 is very similar to that with Prx2 (0.2-1.3 X
103 M s 1) (25, 26), AhpC (49), and Tsal (31).

Another remarkable difference between Prx2 and Prx1 was
the rate constant for the disulfide bond formation (k;) (Table 1).
Disulfide bond formation was ~50-fold slower in Prx2 than in
Prx1. As expected, the rate constant for disulfide bond forma-
tion was independent of the nature of the peroxide. For Prx1,
the rate constant for disulfide bond formation was 14.9 and 9
s~ ! for the reaction with urate hydroperoxide and hydrogen
peroxide, respectively. For Prx2, these rate constants were,
respectively, 0.31 and 0.25 s~' (Tables 1 and 2). Of relevance,
the rate constants for disulfide bond formation were identical
for His-tagged and His-tagged free Prx2 (data not shown).
These values are lower than those found by indirect competi-
tion assay using catalase (35).

Disulfide bond formation and hyperoxidation are two com-
peting reactions that have the sulfenic acid as a common inter-
mediate. Therefore, the slower rate constant for the disulfide
bond formation is associated with a higher susceptibility to
hyperoxidation (35, 51). In agreement, we found that Prx2 was
more susceptible than Prx1 to hyperoxidation by both hydro-
gen peroxide and urate hydroperoxide (Fig. 6C). Accordingly, a
higher Prx2 sensitivity to hyperoxidation has been reported for
both recombinant and cell lysate native protein (52, 53).

It is noteworthy to mention that small structural changes in
Prxs cause profound alterations in kinetics. We found that the
mutation of the resolving cysteine in Prx1 decreased the rate
constant of the reaction with urate hydroperoxide by 10-fold.
Native Prxs are in equilibrium between fully folded and
locally unfolded forms. The fully folded form is the confor-
mational transition that first reacts with hydrogen peroxide.
A previous study showed that single mutation of the resolv-
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Table 1

Urate hydroperoxide oxidizes human Prx1 and Prx2

Summary of rate constants of experimental and simulated data of the reaction of Prx2 and Prx1 with HOOU
The simulated values in this table represent the reaction of 10-fold excess of HOOU over enzyme. The complete simulation data are given in supplemental Tables S1 and

S2.
ky k_, ks ks
M1 st st st
Prx2 Experimental data (2.26 + 0.13) X 10° 99.0 = 3.0 0.31 = 0.01
Model 1¢ (9.43 + 0.01) X 10° 102.0 = 8.9 2.87 £ 410 0.41 £ 0.03
Model 2 (1.14 = 0.18) X 10* 0.12 £ 0.01
Prx1 Experimental data (4.90 = 0.47) X 10° 147 £2.12 149 = 1.01
Model 17 (1.77 = 0.79) X 10° 0.4 = 1.50 1.82 = 0.69 33.26 = 7.75
Model 27 (3.72 + 0.02) X 10* 10.68 = 0.14

“Prx2 (2 um) and HOOU (20 um) were used.
2 Prx1 (5 um) and HOOU (50 um) were used.

Table 2
Summary of rate constants of the reaction of Prx2 and Prx1 with H,0,
ky ks
Mt sﬂ
Prx2 0.2-1.3 X 10% 0.25 = 0.01
Prx1 (3.80 + 0.15) X 107 9.0 0.2

“ Data are from Refs. 24 and 25.

ing cysteine favors the locally unfolded conformation and
decreases the catalytic performance of Prx (54).

Peroxiredoxin 2 is the third most abundant protein in red
blood cells and is important to maintain erythrocyte redox
homeostasis (55). Erythrocyte Prx2 is highly sensitive to in-
creases in hydrogen peroxide produced by neutrophils and has
been proposed as a real-time marker of systemic neutrophil
activation (56). In this study we found that urate hydroperoxide
oxidizes erythrocyte Prx2 to the same extent as hydrogen per-
oxide (Fig. 7). Because uric acid is oxidized by neutrophils in
plasma (19), the oxidation of erythrocytic Prx2 may also indi-
cate the presence of urate hydroperoxide.

Interestingly, part of the oxidized Prx2 homodimer was
released from erythrocytes. This effect was not provoked by
cellular lysis, once no hemoglobin was detected in supernatant
fractions. The efflux of intracellular 2-Cys Prx was evidenced in
embryonic kidney (HEK) and monocytic cells and apparently
involves redox-dependent signaling mechanisms (57). In addi-
tion, human and mouse macrophages release oxidized Prx2 and
Prx1 after inflammatory stimuli (58) and in atherosclerosis (59).
Our results indicate the erythrocytes also release Prx2 upon
oxidative insults.

In summary, this study shows that Prx1 and Prx2 might
reduce urate hydroperoxide physiologically. Peroxiredoxins are
emerging as key intermediates in redox signaling mainly by
transferring their oxidizing equivalents to other redox-sensitive
proteins (46, 47), modulating cell response and function.
Because urate hydroperoxide is formed in inflammatory sites,
the oxidation of Prxs by this oxidant may be a key event in the
progression of inflammation.

Experimental procedures

Urate hydroperoxide synthesis and purification

Urate hydroperoxide was synthesized as described previ-
ously (23). A urate stock solution (20 mm) was prepared in 40
mM NaOH, and riboflavin (500 uM) was prepared in phosphate
buffer (20 mm, pH 6.0). The reaction was carried out in a total
volume of 4 ml in phosphate buffer (20 mm, pH 6.0) under UVA
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(365 nm) irradiation. The final concentration of urate and ribo-
flavin was 1.5 and 0.1 mw, respectively. The UVA light source
was equipped with six UVA lamps, 15 milliwatts and 2.2 milli-
watts/cm? (GE Healthcare, Novatecnica Campinas, Brasil). The
reaction was performed with continuous mixing at a controlled
temperature (20 °C). All solutions were stirred with Chelex
(Sigma) for at least 1 h to remove any trace metal ions. The
products generated by photo-oxidation were separated in a Shi-
madzu HPLC system (Tokyo, Japan) with two pumps LC-6AD,
manual injector CTO-10A, UV detector UV SPD-20A, system
controller CBM-20A connected with a computer with LC solu-
tion software. The stationary phase was a preparative TSK-Gel
amide-80 column (21.5 mm X 30 c¢m, 10-um particle size;
Tosoh Bioscience, Tokyo, Japan). The mobile phase was 10 mm
ammonium acetate, pH 6.8 (solvent A), and acetonitrile (sol-
vent B). The separation was performed in an isocratic mode
using 60% solvent B for 30 min with flow rate of 4.0 ml/min.
Immediately before injection, the reaction was diluted (40%
reaction and 60% acetonitrile), and 7 ml was injected into the
HPLC system. Approximately 4 ml of urate hydroperoxide
were collected from HPLC and exposed to inert gas to evapo-
rate acetonitrile. To guarantee the maximal removal of the
organic solvent, a system equipped with a kitasato flask con-
nected to a vacuum bomb was used. The remaining acetonitrile
was quantified by gas chromatography and showed a maximum
of 0.07% (data not shown). Control samples were always per-
formed in the presence of mobile phase submitted to acetoni-
trile evaporation.

Urate hydroperoxide and hydrogen peroxide measurement

Concentration of stock solutions of H,O, were determined
spectrophotometrically at 240 nm (€, ., = 43.6 M~ ' cm™?).
The concentration of urate hydroperoxide was measured by its
absorbance at 308 nm (€504 .., = 6,540 M~ * cm ™ '). The con-
centration of urate hydroperoxide determined by UV absor-
bance was always confirmed by ferrous oxidation xylenol
orange (FOX) reaction as described previously (23, 60).

Peroxiredoxins expression and purification

For expression of recombinant proteins, the plasmids
pET17b (wild type and C83S/C173S hPrx1) (61, 62) and
pET28a (hPrx2) (63) were placed in a bucket of electroporation
along with the Escherichia coli BL21(DE3). The bucket was sub-
jected to a pulse of voltage in the Gene Pulser Electroporation
System II (Bio-Rad), set at 2.5 kV and 25 microfarads of capac-
itance. After the voltage pulse, the cells were suspended in 1
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ml of LB medium and left under agitation at 37 °C for 1 h. After
this time, the cells were plated in ampicillin selective agar LB
medium and incubated overnight at 37 °C. The vector positive
bacteria were selected by adding ampicillin to the medium and
left overnight at 37 °C. At ODgy4 n, = 0.6, the medium was
incubated with 1 mm isopropyl 1-thio-B-p-galactopyranoside
for 3 h under agitation. After gene induction, cells were pelleted
by centrifugation and suspended in buffer A (25 mm Tris-HCl,
pH 8.8, 1 mM EDTA, and 2 mm DTT for Prx1 and 50 mm Tris-
HCI, pH 8.8, 100 mm NaCl, 10 mm imidazole, and glycerol 10%
for Prx2) containing 0.1 mm PMSF. The cells were then sub-
jected to 20-s sonication cycles (40 s rests) in a total time of 5
min, in a Branson Sonifier 450 Digital (Branson Ultrasonics
Corp., Danbury, CT). The homogenate was centrifuged at
15,000 rpm for 45 min at 4 °C, and the supernatant was col-
lected for protein purification.

The purification of wild-type and C83S/C173S mutant Prx1
was performed in accordance with the method previously
described (62) with minor modifications. The proteins were
separated in an anionic exchange Mono Q column (GE Health-
care) coupled to the FPLC (AKTA, GE Healthcare, General
Electric Co., Chalfont St. Giles, UK) with the automatic collec-
tor Frac-900. The mobile phase gradient ranged from 0 to 500
mwm NaCl. Histidine-tagged Prx2 was purified using a HisTrap
HP cobalt column (GE Healthcare) and a peristaltic pump P1
(GE Healthcare, General Electric Co., Chalfont St. Giles, UK).
The coupling buffer contained 50 mm Tris-HCl, pH 8.8, 100 mm
NaCl, and 10 mm imidazole and the elution buffer 50 mm Tris-
HCl, pH 8.8, 100 mMm NaCl, and imidazole gradient 10 —500 mm.
The collected fractions were separated in a SDS-PAGE to eval-
uate protein purity degree. The fractions with higher purity
degree were reunited and concentrated with an Aminco Ultra
10-kDa (Millipore Corp.). For His tag removal, the factor Xa
(Promega) protease was used in the recommended reaction
buffer (20 mm Tris-HCI, pH 7.4, and 0.1 m NaCl) at 4 °C over-
night. Protein concentration was determined by the Bradford
assay (64).

Protein thiol reduction and quantification

The proteins were treated with DTT (3-fold excess/thiol) in
50 mMm sodium phosphate buffer, pH 7.4, 150 mm NaCl and 100
M diethylenetriaminepentaacetic acid (DTPA) for 2h at 37 °C.
The excess of DTT was filtered in an Aminco Ultra 10-kDa
(Merck Millipore, Darmstadt, Germany). Protein solutions
were stocked in oxygen-free atmosphere. To quantify the free
thiol groups, 5 um samples were incubated with 10 ul of DTNB
10 mwm, 2 pl of SDS, and 20% glycine buffer (100 mm, pH 8.5) to
afinal volume of 120 ul for 15 min. The yellow product, 2-nitro-
5-thiobenzoato, was monitored at 412 nm (€45, = 14,150
M~ ' ecm™!) (65). The proteins were used only if thiol contents
were between 3 and 4 thiols/protein in WTPrx1, 1 and 2 thiols/
protein in C83S/C173S Prx1, and 2 and 3 thiols/protein in Prx2.

Oxidation of Prx1 and Prx2 by urate hydroperoxide

Prx1 (2 uM, ~3.7 umol of SH*wmol of protein ') and Prx2 (2
M, ~2.3 wmol of SH-umol of protein ') were incubated with
increasing concentrations of urate hydroperoxide (2, 5, 10, 20,
50, and 100 um) at room temperature for 5 min in 50 mm
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sodium phosphate buffer, pH 7.4. Buffer solution contained 100
M DTPA and was previously treated with 10 pg/ml catalase to
remove any trace of hydrogen peroxide (35). After 10 min, 30
mMm NEM was added to block any remaining thiols. 2-Cys Prxs
ran as monomer or disulfide bond dimer in non-reducing
SDS-PAGE.

Kinetics of the oxidation of WTPrx1, Prx1C83S/C173S, and
Prx2 by urate hydroperoxide and hydrogen peroxide

Oxidation of 2-Cys Prx enzymes were followed by intrinsic
fluorescence changes (28, 31, 48, 49). Pre-reduced proteins (5
uM WTPrxl ~3.5 umol of SH-umol of protein™'; 5 um
Prx1C83S/C173S ~1.5 wmol of SH-umol of protein™'; and 2
M Prx2 ~2.5 umol of SHumol of protein ') were mixed with
increasing concentrations of urate hydroperoxide or hydrogen
peroxide in a stopped-flow instrument (Applied Photophysics
SX18MV, Leatherhead, UK), excitation A, .., €mission above
As30nm- Lhe reactions were performed at 21°C in 50 mMm
sodium phosphate buffer, pH 7.4, containing 100 um DTPA.
Buffer solution was previously treated with 10 ug/ml catalase to
remove any trace hydrogen peroxide (35). An excess of urate
hydroperoxide was used to follow a pseudo-first-order condi-
tion. Observed rate constants (k) for fluorescence decrease
and increase were determined by fitting data to single exponen-
tial equations. The fittings were set from 2 to 20 ms for Prx2 and
2 to 200 ms for Prx1 in the case of the initial and rapid fluores-
cence decrease or from 5 to 25 s for Prx2 and from 0.05 to 0.6 s
for Prx1 in the case of the — slow fluorescence returning.
Because the rapid fluorescence decay in Prx1C83S/C173S was
followed by a second slower decay, the k,,, for this enzyme was
better fitted with single exponential plus straight line equations.

The values of k., obtained from the decreasing fluorescence
were plotted against urate hydroperoxide concentrations, and
the corresponding second-order rate constants were deter-
mined from the slope of these linear fittings. The plot of urate
hydroperoxide concentration versus the k. from the increase
in fluorescence intensity was better fitted using a hyperbolic
equation.

For the reaction between Prx1 and hydrogen peroxide, sub-
stoichiometric concentrations of hydrogen peroxide were used
to calculate the initial rates. The decay in protein fluorescence
was monitored over time. Assuming that the initial fluores-
cence (V) corresponded to the total amount of reduced protein
(PrxSH), we divided the fluorescence (V) by protein concentra-
tion (5 um). To fit protein concentration versus time, less than
10% of the protein consumption was taken, allowing a proper
initial rate calculation. The initial rates were plotted against
hydrogen peroxide concentrations to obtain the second-order
rate constant.

Competition kinetics

Competition kinetic was carried out to independently deter-
mine the rate constant for the reaction between Prx1 and
hydrogen peroxide (30, 66). Briefly, a sub-stoichiometric con-
centration of hydrogen peroxide (4 um) was incubated with
horseradish peroxidase (HRP, 8 um) in the absence or presence
of Prx1 (2,4, 6,8, and 12 M) in 50 mm phosphate buffer, pH 7.4,
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with 100 um DTPA, at 22 °C. Compound I was monitored at
398 nm, and the kp,,; was determined as shown in Equation 1.

F
(1_,_-> kire[HRP] = kppy [Prx1] (Ea. 1)
The fraction of inhibition (F) was calculated to each concentra-
tion of Prx1, and kypp used was 1.7 X 10" M~ * s~ (66). The
(F/1 — F)kyrpHRP] was plotted versus Prx1 concentration and
the second-order rate constant was calculate from the slope.

Kinetics simulations

The kinetic simulations were performed with Gepasi 3.30
software (67). The fluorescence data for the reactions of Prx2 (2
uM) with urate hydroperoxide (10, 15, 20, and 33 um), Prx1 (5
uM) with urate hydroperoxide (37.5, 50, 60, and 70 um), and
Prx1 (5 um) with hydrogen peroxide (2.5 um) were loaded to
GEPASI and modeled using a proper function describing two
distinct kinetic models of either three (A + B<> C—D —E) or
two (A + B — C — D) steps. Rate constants and other output
factors were allowed to float within a broad range. The good-
ness of the fittings was determined by x>.

Conversion of fluorescence to concentration was done by the
sum (F) of the individual fluorescence contributions of all spe-
cies involved in the reaction. For this purpose, the following
equation wasused: F=a X A+ ¢ X C+d X D + e X E for
Modelland F=a X A +d X D + e X E for Model 2, where A,
C, D, and E are concentrations of PrxSH, PrxSHOOU, PrxSOH,
and PrxSSPrx, respectively; and 4, ¢, d, and e are the respective
proportionality constants, i.e. scaling factors that govern each
species contribution to fluorescence. The proportionality con-
stants a and e were determined by relating concentration to
initial and final fluorescence respectively, assuming that only
the reduced PrxSH and the disulfide species PrxSSPrx were
present. The proportionality constants ¢ and d were deter-
mined by fitting the data on GEPASI and allowing them to vary
along with rate constants.

Recovering of Prx thiols after oxidation by urate
hydroperoxide

Prx1 (2 pm, ~3.5 wmol of SH X wmol of protein ') and Prx2
(2 M, ~2.3 wmol of SH X uwmol of protein™ ') were incubated
in 50 mm sodium phosphate buffer, pH 7.4, with 220 um urate
hydroperoxide at room temperature for 10 min. Then, a 3-fold
excess of DTT/thiol was incubated for 2 h at 37 °C. Excess of
DTT was removed by an Aminco Ultra 10-kDa (Merck Milli-
pore, Darmstadt, Germany). The free thiols were quantified by
the DTNB assay as above.

Analysis of Prx hyperoxidation

Prx1 (5 uM, 3.2 umol of SH-umol of protein ') and Prx2 (5
1M, 2.0 umol of SH-wmol of protein ~ ') were incubated with 0.2
or 2 mMm hydrogen peroxide or 0.025—0.8 mm urate hydroper-
oxide in 50 mm sodium phosphate buffer, pH 7.4, for 5 min at
room temperature. Samples were analyzed by non-reducing
12% SDS-polyacrylamide gel. Proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) and
probed with an antibody to Prx-SO,,; (ab16951, 1:2000,
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Abcam, Cambridge, UK). An HRP-conjugated secondary anti-
body (PI2000, Vector Laboratories) was used to detect the
chemiluminescence; bands were visualized by exposure to pho-
tographic film (GE Healthcare). The relative densitometry was
assessed using the Image] software.

Oxidation of Prx2 from human erythrocytes

Blood from healthy volunteers was drawn into vacutainers
containing EDTA. After plasma removal, erythrocytes were
washed three times with ice-cold phosphate-buffered saline
(PBS; 10 mm phosphate in 137 mMm NaCl and 2.7 mm KCI, pH
7.4). The number of erythrocytes was determined using a Neu-
bauer chamber. Erythrocytes (1 X 107) were incubated with 200
uM hydrogen peroxide or urate hydroperoxide in 100 ul of PBS
plus 5 mM glucose at 37 °C for 10 min. Control samples were
always incubated with acetonitrile evaporated mobile phase
(MP) as for urate hydroperoxide. Cells were lysed in ice-cold
RIPA buffer (10 mm Tris, pH 7.5, 150 mm NaCl, 1% Nonidet
P-40, 0,1% SDS, 1% sodium deoxycholate, 5 mm EDTA, 5 mm
EGTA, 25 mm NaF, 1 mM Na,;VO,) containing 30 mm NEM (68)
and protease inhibitor mixture as instructed by manufacturer’s
recommendations (Roche Applied Science). Samples were ana-
lyzed by non-reducing 12% SDS-polyacrylamide gel. Proteins
were transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad) and probed with an antibody to Prx2 (ab50862,
1:2000, Abcam, Cambridge, UK). An HRP-conjugated second-
ary anti-mouse antibody (PI2000, Vector Laboratories) was
used to detected the chemiluminescence; bands were visualized
by exposure to photographic film (GE Healthcare). The relative
densitometry was assessed using the Image]J software.

The hemolytic capacity of hydrogen peroxide and urate
hydroperoxide was evaluated by absorbance intensity at the
maximum absorption of hemoglobin A = 405 nm. The absor-
bance intensity was compared with a sample containing 0.1%
SDS, a positive control for erythrocyte lysis.
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