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ABSTRACT

Peroxiredoxins are thiol-dependent peroxidases that function in peroxide detoxification
and H,0, induced signaling. Among the six isoforms expressed in humans, PRDX1 and
PRDX2 share 97% sequence similarity, 77% sequence identity including the active site,
subcellular localization (cytosolic) but they hold different biological functions albeit
associated with their peroxidase activity. Using recombinant human PRDX1 and
PRDX2 the kinetics of oxidation and hyperoxidation with H,O, and peroxynitrite were
followed by intrinsic fluorescence. At pH 7.4, the peroxidatic cysteine of both isoforms
reacts nearly tenfold faster with H,O, than with peroxynitrite, and both reactions are
orders of magnitude faster than with most protein thiols. For both isoforms, the sulfenic
acids formed are in turn oxidized by H,O, with rate constants of ca2 x 10° M™s™ and by
peroxynitrous acid significantly faster. As previously observed, a crucial difference
between PRDX1 and PRDX2 is on the resolution step of the catalytic cycle, the rate of
disulfide formation (11 s™* for PRDX1, 0.2 s™* for PRDX2, independent of the oxidant)
which correlates with their different sensitivity to hyperoxidation. This kinetic pause
opens different pathways on redox signaling for these isoforms. The longer lifetime of
PRDX2 sulfenic acid allows it to react with other protein thiols to translate the signal
via an intermediate mixed disulfide (involving its peroxidatic cysteine) while PRDX1
continues the cycle forming disulfide involving its resolving cysteine to function as a
redox relay. In addition, the presence of C83 on PRDX1 imparts a difference on

peroxidase activity upon peroxynitrite exposure that needs further study.

KEYWORDS: peroxiredoxin 1, peroxiredoxin 2, hyperoxidation, redox signaling,

hydrogen peroxide, peroxynitrite, kinetics
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ABBREVIATIONS: Prx, peroxiredoxin(s); PRDX1, human peroxiredoxin 1; PRDX2,
human peroxiredoxin2; Cp, peroxidatic cysteine; Cg, resolving cysteine; EcTrx1,
Escherichia coli thioredoxin 1; ECTR, Escherichia coli thioredoxin reductase; DTT,
dithiotreitol ; MMTS, methyl-methanethiosulfonate, HRP, horseradish peroxidase;

NEM, N-ethylmaleimide;
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INTRODUCTION

Peroxiredoxins (Prx) are thioldependent peroxidases that efficiently reduce H,O; but
also organic hydroperoxides and peroxynitrous acid.? They have been mostly known
as good antioxidants, scavengers of toxic levels of peroxides, and recently more
attention is focused on their role in redox signaling considering their abundance and
high rate constant of reaction with H,0,.%*

A specialized cysteine residue called peroxidatic cysteine, Cp, is responsible for the
reduction of the peroxide substrate (the oxidation step in the catalytic cycle, Fig. 1). The
sulfenic acid formed (Cp-SOH) condenses with a cysteine residue from another subunit,
the resolving cysteine, Cr to form an intermolecular disulfide (the resolution step).
Thus, each dimer contains two catalytic sites. The resolution step includes a crucial
conformational change (from fully-folded to locally-unfolded or FF — LU) that makes
the Cp side chain more accessible and in which both conformations are in dynamic
equilibrium. The disulfide is finally reduced by an electron donor such as thioredoxin to
regenerate the dithiol enzyme (the reduction step, Fig. 1). Any modification of the
peroxidatic cysteine like protonation, alkylation or nitrosylation®® will prevent reaction
with the peroxide substrate rendering an inactive peroxidase. In addition, the reaction of
Cp-SOH with another molecule of peroxide yields a sulfinic acid (Prx hyperoxidation,
Fig. 1) inactivating the enzyme until sulfiredoxin (only expressed in eukaryotes)
catalyzes its ATP-dependent reduction back to Cp-SOH.’

Prx were originally divided into three categories depending on the number and location
of cysteine residues involved in catalysis: the 1-Cys, the typical 2-Cys and atypical 2-
Cys Prxs.?® More recently, based on functional site sequence similarity, Prx have been
classified into subgroups Prx1, Prx5, Prx6, Tpx, AhpE and PrxQ.° Humans express six

Prx isoforms, four in the Prx1 subgroup, one Prx5 and one in the Prx6 subgroup.
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Human PRDX1 and PRDX2 belong to the Prx1 subgroup, both are 2-Cys typical Prx,
both are cytosolic and have more than 95% sequence similarity, even more, 77%
sequence identity, but yet they hold different biological functions albeit associated with
their peroxidase activity.

The redox state of these Prx has been associated with the oligomeric structure switching
from the disulfide-oxidized homodimer to the reduced decamer (doughnut-shaped
pentamer of dimers) as described before for bacterial AhpC, also a member of the Prx1
subgroup.™® Besides the catalytic cysteine residues Cp and Cr (C52 and C173 for
PRDX1, C51 and C172 for PRDX2), both contain another Cys residue (C71, C70,
respectively) that is poorly accessible and need SDS addition to be quantified or
alkylated." In addition, PRDX1 has a fourth Cys residue, C83, located in the dimer-
dimer interface that can be alkylated and was reported glutathionylated favoring dimer
formation.*?

The relevance of these two cytosolic Prx isoforms in cell homeostasis, and at the same
time their differential role, is underlined by the observation that knock-out mice in
PRDX1 developed malignant tumors and die prematurely*® whereas knock-out mice in
PRDX2 were healthy and fertile but developed hemolytic anemia and splenomegalia.™.
The aim of the present work is to evaluate the kinetic differences between human

PRDX1 and PRDX2 that contribute to understand their physiological role.

RESULTS

Reduction of H,O, by PRDX1 and PRDX2 followed by intrinsic fluorescence. The
reaction of reduced Prx with H,O, was followed by the change in fluorescence as
previously described.>*’ Two phases were observed, one rapid decrease in fluorescence

and a slower increase [Fig. 2(A)]. The rate constant of the fast phase showed a linear
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dependence with H,O, concentration and was assigned to the reaction of Cp-SH with
H,0,, with a second-order rate constant of ko = 1.1 x 10 M™s™ for PRDX1 and 1.6 x
10® M™*s™ for PRDX2." The slow phase was previously associated with the resolution
step, the formation of disulfide Prx*®!” but at higher concentrations of H,0, the
hyperoxidation reaction is competing for the same Cp-SOH. In fact, the slow phase was
fitted to a single exponential function to obtain a first-order rate constant (kobs, S™) that
increased linearly with the concentration of H,O, [Fig. 2(B)]. From the slope, a second-
order rate constant for the reaction of Cp-SOH with H,0;, Knyp, Was obtained (1.8 x 10°
M™s™ for PRDX1 and 2 x 10® M's™ for PRDX2 at pH 7.4 and 25°C). The intercepts
represent the rate constant of disulfide formation, 11 s for PRDX1 and 0.2 s™* for

PRDX2 [Fig. 2(B)] consistent with our previous report.*’

Peroxidase activity of PRDX1 and PRDX2. Kinetic parameters were determined for the
NAPDH-linked peroxidase activity using the coupled TR, Trx assay as before.'® Ata
fixed concentration of H,O, (saturating but not inactivating the enzyme) and varying the
concentration of thioredoxin, the oxidation of NADPH was followed at 340 nm with
saturating thioredoxin reductase so that the rate limiting step was the reduction of Prx
by Trx at low Trx concentrations. Initial rates as a function of Trx concentration [Fig.
3(A)] allowed the determination of K, for E.coli thioredoxin and k¢, values for both

isoforms, summarized in Table 1.

Differential susceptibility to hyperoxidation. The measurement of the activity at higher
concentrations of H,O, favors the hyperoxidation of Prx in turnover, and a slowdown of
NAPDH oxidation was clearly observed, which was more pronounced for PRDX2 than
for PRDX1 [Fig. 3(B) using 50 uM H,O]. In addition, when reduced Prx was mixed
with increasing concentrations of H,O,, the formation of dimers (bound by one or two

disulfides) could be followed by non-reductive SDS-PAGE [Fig. 4(A)] and the presence
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of hyperoxidized Cp (Cp-SO,H) detected by western blot [Fig. 4(B)]. Again, higher
susceptibility to hyperoxidation was observed for PRDX2 than for PRDX1 as
previously observed by Cox et al.'* when comparing PRDX3 with cytosolic PRDX1
and PRDX2. Figure 4(A) shows the increase of monodisulfide dimers of PRDX2 with
increasing H,O, denoting a faster hyperoxidation (once Cp is hyperoxidized it cannot
form the intermolecular disulfide) that is confirmed by western blotting [Fig. 4(B)]. In
addition, at high excess of H,O,, hyperoxidized monomer was detected for PRDX2 and
not yet for PRDX1. It is worth noting the presence of higher oligomers (tetramers) in
the case of PRDX1 and not PRDX2 exposed to H,O; [Fig. 4(A)] probably formed by

C83 disulfides since they are reduced by p-mercaptoethanol, (not shown).

Reduction of peroxynitrous acid by PRDX1. As reported before for PRDX2, PRDX1 is
able to reduce peroxynitrous acid. The second-order rate constant of this reaction was
determined by competition with HRP as detailed in Materials and Methods. First, a rate
constant of (2.0 + 0.2) x 10° M*s™ was determined for the oxidation of HRP by
peroxynitrite under our experimental conditions (Fig. S1) consistent with previously
reported data.?*% In the presence of reduced PRDX1, the yield of peroxynitrite-
dependent oxidation of HRP to compound | was inhibited (Fig. 5) and using Equation 1,
a rate constant of peroxynitrite-mediated PRDX1 oxidation was obtained, konoon = (1.5

+0.3) x 10’ M's™ at pH 7.4 and 25°C.

Reduction of ONOOH by PRDX1 and PRDX2 followed by intrinsic fluorescence. Upon
reaction with excess of ONOOH the fluorescence of PRDX1 shows a time course with
three phases [Fig. 6(A)]. The data fits nicely to triple exponential functions up to 13.5
MM ONOOH (Fig. S2). The first exponential fluorescence decay yields a rate constant
that depends linearly on ONOOH concentration [Fig. 6(C)] with a slope comparable

with the oxidation rate constant obtained by HRP competitive kinetics (Fig. 5). We have
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assigned this rate constant to kqonooy (Table 1). The linear fit has a significant non zero
intercept (40 + 2 s™). The rate constant from the second ascending exponential also
depended linearly on ONOOH concentration [Fig. 6(D)]. In this case, the y intercept (12
+ 0.2 s) coincides with k. and, analogous to the analysis of the reaction with H,0»,
the slope of the linear fit was assigned to the hyperoxidation reaction by ONOOH

(kONOOH ‘Taple 1). Finally, although the third phase could be fitted to an exponential
yp

function, the rate constant obtained had a nonlinear dependence on ONOOH
concentration. This phase is coincident in time with the spontaneous decay of ONOOH
via isomerization to nitrate and radical formation (ty, = 2.2 s). Thus, it can be ascribed
to a combination of several processes such as C83 and tryptophan oxidation (both first
order in ONOOH), and oxidation/nitration of aromatic residues caused by radicals
derived from ONOOH (zero order in ONOOH).

The time course of PRDX2 fluorescence was somewhat simpler, as the third phase was
only apparent at very high concentrations of ONOOH [Fig. 6(B)]. The first two phases
were similar to what was observed using H,O, as oxidant, namely a fast decay and a
much slower recovery of the fluorescence. As with PRDX1, both the descendent and the
ascendent exponential phases had rate constants that depend linearly on ONOOH
concentration [Fig. 6(C), 6(E)]. The descent phase was assigned to the oxidation step of

the catalytic cycle ko0, and the ascent phase to a combination of resolution

(intercept 0.34 + 0.01 s™) and hyperoxidation (kpp ", Table 1).

Nitration and hyperoxidation of PRDX1 by peroxynitrous acid. Even though
peroxynitrous acid is reduced by PRDX1, other enzyme residues get modified by excess
of this oxidant. As observed for PRDX2,'®% tyrosine nitration and dityrosine crosslinks

were detected [Fig. 7(A), inset]. Unlike the case of PRDX2 whose activity was

observed to increase upon nitration,* the treatment of disulfide PRDX1 with
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peroxynitrite resulted in a decrease of peroxidase activity [Fig. 7(A)]. The presence of
an extra cysteine, C83 makes the difference. Blocking both catalytic cysteines Cp- Cr
(by forming the disulfide) and also C83 with methyl methanethiosulfonate before
treatment with peroxynitrite, the only irreversible modification observed after
peroxynitrite exposure was tyrosine nitration, but importantly, the cysteine residues
could be reduced back with DTT and the activity recovered. Under these conditions,
nitration of PRDX1 rendered a more active and robust peroxidase [Fig. 7(B)] in the

same way as observed before with PRDX2.%

Differential near-UV circular dichroism spectra. The CD spectra in this region is
influenced by the aromatic residues environment and indicative of the protein tertiary
structure. The disulfide bond absorption occurs in the range 240-290, near 260 nm,
however, given that the near-UV CD bands of disulfides are generally broader than the
corresponding to the aromatic side-chains, it is very difficult to assess the contribution
of the former to the protein spectrum. An important contribution of Phe (peak at
265nm), Tyr and Tyr-Trp interactions (275-285 nm) and to a lesser extent Trp (shoulder
at 295 nm) was observed for PRDX1, in the same way as registered before for PRDX2%
[Fig. 8(A)]. Upon oxidation to disulfide, there is a dramatic conformational change
around these aromatic residues for PRDX2 as previously reported® while the CD
signals observed between reduced and oxidized PRDX1 was significantly smaller [Fig.
8(B)], suggesting that although similar processes take place in the active centers of
PRDX1 and PRDX2, some structural differences exists between them. Far-UV CD

analysis showed no differences between the two isoforms (data not shown).
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DISCUSSION

Taking advantage of the change in tryptophan fluorescence with the redox state of the
enzyme, the reaction of reduced Prx with H,O, was followed (Fig. 2). The oxidation of
Cp-SH to Cp-SOH by H,0; is extremely fast for both isoforms (Table 1), 5 orders of
magnitude higher than the rate constant for most protein cysteine residues, denoting
they are highly sensitive to H,0,.

Once the sulfenic derivative (Cp-SOH) is formed, the conformational change and
reaction with the Cg to form the disulfide is slower for PRDX2 than for PRDX1,
showing a critical point of difference. Herein we determined a first-order rate constant
of disulfide formation for PRDX2 of 0.25 s™ at pH 7.4 and 25°C that agrees with
previous reports from our group (0.64 s™ at pH 7.4, 25°C*") and others (0.25 s™pH 7.4,
22°C*®) and is somewhat smaller than the 2 s first reported.?® Importantly, the rate of
disulfide formation obtained for PRDX1 is one order of magnitude higher than for
PRDX2, 11 s, and agrees with the value recently reported.*® In addition, we recently
measured similar pKa values for Cp-SOH (close to 7) for both enzymes, while a 1 unit
difference was determined for Cr-SH pKas (7.4 for PRDX1 and 8.5 for PRDX2)."
Thus, at the same pH there is more concentration of the nucleophilic thiolate in the
PRDX1 isoform that could contribute to accelerate its disulfide formation compared to
PRDX2.

These differences in rates of disulfide formation are in accordance with the observed
differences in hyperoxidation with excess H,O, (Fig. 4) and also in turnover (Fig. 3)
where PRDX2 was more readily hyperoxidized and inactivated than PRDX1.
Interestingly, this higher susceptibility to hyperoxidation of PRDX2 cannot be ascribed
to a higher rate of sulfinic acid formation compared to PRDX1. The determined rate

constant for the reaction of Cp-SOH with H,0; (knyp) Was similar for both isoforms, 2 x

10
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10°M™s™ under our experimental conditions [Fig. 2(B)], almost one order of magnitude

lower than the rate constant previously reported for PRDX2.%° Bolduc et al.?®

recently
determined novel hyperoxidation resistance motifs in 2-Cys Prx (motif A and motif B)
besides the absence of YF and GGLG (present in sensitive Prx). The presence of
different structural motifs (PRDX1 presents only motif A and PRDX2 only motif B)
support the differential susceptibility to hyperoxidation that is ligated to the competing
resolution process (Fig. 1). Our results indicate that the reactivity of Cp-SOH with H,0,
is the same for both isoforms, thus, the difference in hyperoxidation sensitivity is
mainly laying on subtle structural differences that favor the conformational change
towards the competing reaction, the oxidation to disulfide. In that sense, the near-Uv
CD indicates smaller differences in tertiary structure between the reduced and disulfide-
oxidized form of PRDX1 than PRDX2 (Fig. 8).

Peroxynitrous acid is also a peroxide substrate for PRDX1. A second-order rate constant
of 1.5+ 0.3 x 10" M's™ (by competition with HRP) and 1.1 x 10’ M*s™ by intrinsic
fluorescence at pH 7.4 and 25°C were determined (Fig. 5, 6), similar to the previously
reported value for PRDX2.'® Thus, both PRDX1 and PRDX2 isoforms reduce H,0,
more efficiently than ONOOH, like all members of Prx1 subgroup, which is contrary to
the expected trend based on S\2 reactivity between thiolates and peroxides. The

21,28 and since

reaction is expected to be faster if it produces a less basic leaving group
NO; is significantly less basic than OH, reactions of thiolates with ONOOH are
usually much faster than with H,O,. Therefore, both PRDX1 and PRDX2 are not only
specialized in peroxide sensing and reduction but more specifically in H,O,, in contrast

with human Prx5 that reduces peroxynitrite faster than H,O,. Urate hydroperoxide was

also found as a substrate for both isoforms with a lower rate constant (5 - 23 x 10° M's”

116
).

11

This article is protected by copyright. All rights reserved.



Accepted Article

We recently discussed the possibility of using the ratio of the rates of reactions 2 over 1
(kres’kroon, from Table 1) as a measure of the sensing ability of each Prx towards a
peroxide substrate’” as it represents the threshold concentration of substrate at which the
protein switches from mostly dithiol to mostly sulfenic. The same quotient can be
calculated to compare the sensing ability towards different ROOH substrates and yields
that PRDX2 is more sensitive in each case, with threshold concentrations of 1.6 nM, 23
nM and 110 nM for H,0,, ONOOH and urate hydroperoxide, respectively. The
concentrations in the case of PRDX1 are significantly higher (0.1, 1.45 and 22 pM,
respectively). This differential reinforces the idea of the two Prx working as stepwise
sensors, each switching in specific concentration ranges of each specific peroxide

substrate.

Changes in intrinsic fluorescence also allowed us to follow the hyperoxidation of
PRDX1 and PRDX2 by peroxynitrite (Fig. 6). Interestingly, the hyperoxidation with
ONOOH is faster than with H,0, (3.5 x 10* M™s? vs 2 x 10® M's™) in accordance with
the Sn2 expected trend and as observed before by western blotting for PRDX2. *® The
rate constant determined for PRDX1 hyperoxidation with peroxynitrite is nearly tenfold
higher than for PRDX2 (Table 1). It is unlikely that C83 oxidation contributes to the
process herein interpreted as hyperoxidation, since a rate constant in the order of 10°
M™s? is expected for a non peroxidatic cysteine reacting with ONOOH.?® Although

ki O is higher for PRDX1 than for PRDX2, the hyperoxidation efficiency in a single
turnover is related to the ratio k), "°" [ONOOH]/k., i.€. the competition between the

rates of hyperoxidation and resolution. Such ratio is higher for PRDX2 at all

concentrations of ONOOH.

Disulfide-oxidized PRXD1 treated with an excess of peroxynitrite resulted in nitration
of the enzyme and aggregation to oligomers [Fig. 7(A), inset] as reported before for

12
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PRDX2 isolated from erythrocytes.*® However, the effect of peroxynitrite-dependent
nitration of PRDX1 on peroxidase activity was different from what was previously
observed for PRDX2 depending on the redox state of its C83 (Fig.7). This extra
cysteine, even though not involved in the catalytic cycle, needs to be reduced for
PRDX1 to display its full peroxidase activity. As pointed out before, this C83 represent

a critical differential element between these isoforms. 183031

For both PRDX1 and PRDX2, the preferential peroxide substrate is H,O, (over
ONOOH or alkyl hydroperoxides).** Together they are estimated to consume most of
the H,0, in the cytosol from endogenous and extracellular sources.®® They are very
sensitive sensors of cytosolic H,O; but once the sulfenic derivative is formed, they can
take different pathways. PRDX2- Cp-SOH lasts longer and even though this increases
the chance to get inactivated by hyperoxidation, it also offers the chance to condense
with another cysteine residue of a redox protein (forming a mixed disulfide via its Cp).
On the other hand, PRDX1-Cp-SOH is more prone to react with its own Cr-SH to form
the disulfide dimer and the redox signal relay depends on this disulfide oxidizing a
redox protein (in this case the mixed disulfide should involve the PRDX1-Cg). In fact,
at the cellular level, different transient disulfide interactions were detected for each
isoform, for example PRDX1 with kinase ASK1** while PRDX2 with transcription
factor STAT3.*® The kinetics of Prx disulfide reduction, the last step in the catalytic
cycle is the least studied and only thioredoxin has been assayed as a reductant so far, but
other partners need to be explored. Further studies on this reduction step will shed more

light on the mechanisms underlying Prx-dependent redox signaling.

13
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MATERIALS AND METHODS

Chemicals. Dithiothreitol (DTT), N-ethyl maleimide (NEM) and reduced nicotinamide
adenine dinucleotide phosphate (NADPH) were purchased from AppliChem
(Germany). Hydrogen peroxide (H,O,), horseradish peroxidase (HRP) and
diethylenetriaminepentaacetic acid (dtpa) were purchased from Sigma-Aldrich (USA).
4,4’-Dithiodipyridine (DTDPy) was from Acros Organics (Fisher Scientific, USA).
Peroxynitrite was synthesized as in Reference 36. All other reagents were of analytical

grade and used as received.

Recombinant proteins expression and purification. Human recombinant PRDX1 and
PRDX2 were produced in E. coli without any affinity tag. The use of the mature protein
is crucial since there is evidence that extra residues can influence 2-Cys Prx
structure/activity relationship.*”*® Recombinant PRDX1 was expressed with a pET17b
plasmid and purified as previously described® with minor modifications. After anionic
exchange chromatography, a size-exclusion chromatography was performed in a
HiLoad 16/60 Superdex 200 column (GE Healthcare) equilibrated with 50 mM sodium
phosphate pH 7.4, 150 mM sodium chloride, and 0.1 mM dtpa (Buffer A). Recombinant
PRDX2 was expressed with a pET17b plasmid and purified as reported in Reference 38.
Both, PRDX1 and PRDX2 were expressed without any extra residue in their primary
structure. Expression vector pET9a (Novagen) with the E. coli Trx1 gene (EcTrx1) was
expressed and purified according to Reference 39. E. coli thioredoxin reductase (ECTR)
was expressed in E. coli BL21(DE3) transformed with the plasmid pTrR301, and

purified as reported in Reference 40. Protein purity was evaluated by SDS-PAGE.

Peroxide and protein quantification. The concentration of H,O, was measured at 240
nm (e240 = 39.4 Mt cm™),** peroxynitrite concentration was determined at alkaline pH

at 302 nm (e302 = 1670 M cm™),** HRP concentration was measured at 403 nm (eo3 =
14
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1.03 x 10°M™ cm™)? and ECTR at 280 nm (e2g0 = 51700 M™* cm™).* For the rest of the
proteins, concentration was measured by the absorption at 280 nm, using the

corresponding e determined with https://web.expasy.org/protparam/: e;g0 (PRDX1)ss =

18700 M cm™, e50 (PRDX1)sh = 18450 M™* cm™, €250 (PRDX2)ss = 21555 M cm™,

€280 (PRDX2)sH = 21430 M cm™, 250 (ECTrx1) = 14060 M cm™.

Kinetics followed by intrinsic fluorescence. Oxidation of pre-reduced PRDX1 and
PRDX2 by H,0, was registered following the change in their intrinsic fluorescence as
described in Reference 17, in an Applied PhotophysicsSX20 stopped-flow fluorimeter
with a mixing time of less than 2 ms, with Aex = 280 nm, measuring the total emission
above 320 nm. 0.25 uM Prx in buffer A was mixed with different concentrations of
H,0; (1 pM - 12 mM) diluted in buffer A. At low oxidant concentration (<10 pM) the
time courses were biphasic (a fast drop, followed by a slow increase in the signal) and
adjustable to a double exponential function. At low oxidant concentration, the constant
associated to the slower phase does not change noticeably with the concentration of
H.0,. However, working at high H,O, concentrations, the downward phase became
faster than the dead time of the stopped-flow, and the slow phase showed a linear
dependence on H,O, concentration. From the curve Kqps VS [H205] the bimolecular rate
constant of hyperoxidation, kny, (Slope) and the first-order rate constant of resolution,

kres (y-axis intercept) for PRDX1 and PRDX2 were determined.

Kinetics of ONOOH reduction by PRDX1 and PRDX2 were performed in an SX20
stopped flow fluorimeter following the fluorescence of the proteins with Aex = 280 nm,
Aem> 320 nm. Reduced PRDX1 or PRDX2 (0.5 puM) in buffer A (2X), pH 7.25, were
mixed with an equal volume of ONOO" (5.6 - 142 uM) in 1.5 mM NaOH. The pH after

mixing, measured at the outlet was 7.3. The fluorescence was followed for up to 15 s

15
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and the time courses were fit to triple (PRDX1) or double (PRDX2) exponential

functions according to the number of phases observed.

NADPH-linked peroxidase activity. Peroxidase activity was measured
spectrophotometrically following the NADPH consumption at 340 nm (340 = 6.22 MM’
! em™) in a cuvette containing 200 uM NADPH, 1 pM EcTR, 8 uM EcTrx1 (except on
Fig. 4 where 0.5 — 40 uM Trx is used) and 0.5 uM PRDX1 or PRDX2 in buffer A. The
reaction was started adding the specified amount of H,O,. All spectrophotometric

measurements were made with a Cary 50 spectrophotometer (Varian, Australia).

Treatment of reduced PRDX1 with excess H,0, (SDS-PAGE and WB). 50 pL of 5
MM pre-reduced PRDX1 or PRDX2 were treated with 2 pL of a H,O; solution so that
the final concentration of peroxide corresponds to the desired excess (0 to 20). After 15
minutes, 2 MM NEM was added to the mixture to block reduced cysteines.
Electrophoresis loading buffer (0.125 M Tris-HCI, 4% SDS, 20% glycerol, 0.053%
bromophenol blue, pH 6.8) was added and samples were resolved in a 12% SDS-PAGE.
In western blot experiments (WB), the proteins resolved on the gel were transferred to
PVDF membrane, blotted with rabbit polyclonal antibody against hyperoxidized Prx
(Anti-Peroxiredoxin-SO3, AbFrontier, Seoul, Korea) and detection performed with
fluorescent goat anti-mouse IRDye 680RD (LI-COR Biosceiences, Lincoln, NE)
secondary antibodies. Blots were scanned using a G:BOX Chemi XRQ (Syngene,

Cambridge, UK).

Reaction rate constant with peroxynitrite determined by competence with HRP.
PRDX1 capacity to reduce peroxynitrite was corroborated and characterized by
competition assay with HRP as previously reported.'#??4* Time courses of formation of
Compound I upon oxidation of 5 uM HRP by 0.7 uM peroxynitrite were recorded in the

absence or presence of reduced PRDX1 (0.68 — 3.4 uM). The reaction was followed at

16

This article is protected by copyright. All rights reserved.



Accepted Article

398 nm, the isosbestic point for HRP-compounds I and 11 (Agsgs = 4.2x10* M cm™*in
an Applied Photophysics SX20 stopped-flow spectrophotometer. HRP and PRDX1
solutions were prepared in 100 mM sodium phosphate pH 7.4 with 0.1 mM dtpa and
stock peroxynitrite diluted in 10 mM NaOH. For each registered temporal course, k;
(corresponding to the bimolecular rate constant of PRDX1 oxidation by peroxynitrite =

Konoon) Was calculated using Equation 1:

In{ [HRP], }
kHRP _ [HRP]O B [Cp I]w )
= Equation 1
ST [PRDX1-SH],
[PRDX1-SH], —[PRDX1-S,].

Where kure is the rate constant of peroxynitrite-mediated HRP oxidation obtained
herein (2.0 x 10° M™ s™at pH 7.4 and 25°C, consistent with previous report.214°
[HRP]p is the initial concentration of HRP (5 uM), [PRDX1-SH]o, the initial
concentration of reduced PRDX1 (0.7 — 3.4 uM), [Cpl]., the concentration of
Compound | at completion of reaction, [PRDX1-S;].., the concentration of PRDX1

oxidized at completion of reaction, calculated as [Cpl]., in the absence minus in the

presence of the indicated concentration of PRDX1.%*

PRDX1 controlled oxidation to disulfide. In order to assure the oxidation of the
catalytic site but keeping C83 reduced, PRDX1 was treated with 10 mM DTT for 30
minutes at room temperature. Residual DTT was removed passing the mixture through a
Bio-Spin column (BioRad) and protein as well as thiol concentration were immediately
determined (thiol concentration was determined with DTDPYy as reported in Reference
47). After reduction, three out of the 4 thiols present in PRDX1 could be detected by

this method. Since two of these thiols belong to Cp and Cg, 1 mol of H,0, was added
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for every three moles of thiol quantified so that to yield the disulfide in the catalytic site

and avoiding C83 oxidation.

Treatment of disulfide-oxidized PRDX1 with excess of peroxynitrite. Treatment of
PRDX1 with peroxynitrite was performed according to the protocol reported in
Reference 23 for PRDX2. Briefly, a molar excess of 5:1 peroxynitrite was added in a
flux-like addition to 100 pL of 130 uM disulfidePRDX1 (i.e. oxidized in the catalytic
site but with C83 as thiol) in buffer A. In order to protect C83 before peroxynitrite
treatment, disulfide PRDX1 was treated with 1 mM MMTS for 1 hour at room
temperature, and then the mixture was passed through a Bio-Spin column (BioRad)
equilibrated with buffer A. Finally, peroxynitrite treatment was performed followed by
protein reduction with DTT (the excess was removed by passing through a Bio-Spin
column). This sample was labeled C83-SS-R. As a control, disulfidePRDX1was treated

with 10 mM NaOH instead of peroxynitrite (non-treated sample, NT).

Circular dichroism spectra. Spectra of PRDX1 were acquired at 25°C using a
Chirascan Q100 Spectropolarimeter (Applied Photophysics). Near-UV measurements
were carried out in 1 cm cells containing 50 uM PRDX1 and far-UV with 5 uM PRDX1
in 0.1 cm cells. Protein was prepared in 10 mM sodium phosphate buffer, pH 7.4. DTT
was removed in the reduced samples before measurements. A scan of the buffer was
subtracted from the corresponding averaged sample spectra. Data for near and far UV

spectra of PRDX2 was obtained from Reference 24.

SUPPLEMENTARY MATERIAL

Figure S1 (Rate constant determination of HRP and peroxynitrite reaction), Figure S2

(Data fitting of fluorescence time course of PRDX1 oxidation by peroxynitrite)
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TABLE 1- Summary of Kinetic Parameters for Human PRDX1 and PRDX2.

k ;pz()) k gIIJ\IIz)OH Kres K ;a‘;)p Keat kHZ 0 k gNOOH
(M—f S_Zl) (M-ls-l) (5-1) (HM) (S—l) (I(l/lylisl) (Myﬂs_l)
PRDX1 | 3.8 x 107(16) 1.1x 10" 9 (16) 5.5 (48)° | 4.4 1.77x10° | 2.8x10°°
1.1 x 10%(17) 7.6x10%" | 129 4 (48)
(17) 2
11-12
PRDX2 | 0.13-1x 1.4 x 0.25 2.7 (48)° |2(48) |1.2x10° 35x10*°
10%(18) 10(18) (16) 2.4% 0.2 1.97 x 10°
1.6 x 108(17) 1.1x10"° | 2(25) 4°(18) (18)
0.64 3 1.2
(17)
0.2-0.3

The values in italics were determined in the present work, see results section
# Competition with HRP at pH 7.4. ® Fluorescence time courses at pH 7.3. ¢ Rat thioredoxin. ¢ Human
thioredoxin. °E. coli thioredoxin

This article is protected by copyright. All rights reserved.

23



Accepted Article

FIGURE LEGENDS

Figure 1. Catalytic cycle of peroxide reduction by 2-Cys Prx. (1) Oxidation.
Reaction of Prx peroxidatic cysteine Cp with peroxide substrate yield the sulfenic acid.
In brackets is represented the dynamic equilibrium between the LU and the FF
structural conformations. (2) Resolution. Disulfide formation between Cp and Ck. (3)
Reduction by thioredoxin to complete the cycle. (4) Hyperoxidation. Reaction of the
sulfenic acid of Cp with H,0,, yielding a sulfinic acid which inactivates the enzyme. For

each step, the associated rate constant is represented.

Figure 2. Kinetics of PRDX1 and PRDX2 oxidation by H,O,. (A) Time course of the
intrinsic fluorescence of 0.25 uM PRDX1 (black line) or 0.25 uM PRDX2 (red line)
upon oxidation with 1.25 uM or 1.5 uMH,0, respectively (solid line) and 1 mM H,0,
(dashed line) in both cases, at pH 7.4 (traces are the average from 15 runs). (B) The
slower phase was fitted to a single exponential function and the first-order rate constant
(Kobs) plotted as a function of H,O, concentration. PRDX1 (black squares) and PRDX2

(red triangles).

Figure 3. NADPH-linked peroxidase activity. (A) Determination of Kinetic
parameters (Kcat, Knm): reduction of H,O, catalyzed by PRDX1 (black squares) or
PRDX2 (red triangles) was monitored at different initial ECTrx1 concentrations with
200 uM NADPH, 1 uM EcTR, 0.5 uM PRDX1 or PRDX2 and 10 pM H,0; in 50 mM
phosphate buffer pH 7.4, 150 mM NaCl. NADPH oxidation was monitored at 340 nm.
Experimental data was fitted to Michaelis-Menten equation (solid lines). (B)
Representative time trace of H,0,-dependent NADPH oxidation by the Prx/Trx/TR

system at 50 uM H,0O,. Reaction mixture contained 200 UM NADPH, 1 uM EcTR, 8
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MM EcTrx1, 0.5 uM PRDX1 (black trace) or PRDX2 (red trace) in 50 mM Tris—HCI
buffer pH 7.4 and the reaction was started by addition of H,O,. Dashed lines represent

the initial slope of the reaction.

Figure 4.PRDX1 and PRDX2 differential hyperoxidation susceptibility. 5 uM
PRDX1 or PRDX2 were treated with increasing concentrations of H,O,. 1 g of protein
of each sample was loaded and resolved in a 12% SDS-PAGE and analyzed by

Coomassie staining (A) or WB using anti-Prx-SO,3H antibody (B).

Figure 5. Determination of the rate constant for the reaction of peroxynitrite with
PRDX1 by competition Kinetics. Time courses of HRP (5 uM) oxidation by
peroxynitrite (0.7 uM) in the presence of pre-reduced PRDX1 (from bottom to top 0,
0.68, 1.36, 2.04, and 3.4 uM) in 100 mM potassium phosphate buffer pH 7.4 plus 0.1
mM dtpa at 25 °C. From the concentration of Compound | formed at each PRDX1

concentration, a value of k, was calculated using Eq. 1.

Figure 6. Kinetics of PRDX1 and PRDX2 oxidation by ONOOH. Time courses of
the oxidation of PRDX1 (A) or PRDX2 (B) with excess ONOOH, from top to bottom
2.8, 8.3, 13.5 and 71 uM, traces are averages of 15 runs. (C) Second order plot of the
rate constant of the fast exponential descending part of the time courses for PRDX1
(black squares) or PRDX2 (gray triangles). Second order plot of the rate constant of the
ascending exponential part of the time courses for PRDX1 (black squares, D) or
PRDX2 (gray triangles, E). General conditions: buffer A, pH 7.3, 25 °C, Xex = 280 nm,

rem> 320 NM.
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Figure 7. Peroxynitrite effect on PRDX1 depends on the redox state of C83. (A)
Different samples of PRDX1 were assayed for peroxidase activity with 50 uM H;0..
Peroxynitrite-treated PRDX1-C83-SH, green line; C83-SS-R, magenta line; and non-
treated PRDX1 (NT, black line). Inset: WB using anti-nitrotyrosine antibody (samples
resolved on a 12% SDS-PAGE with B-mercaptoethanol). (B) Peroxidase activity of
peroxynitrite-treated PRDX1- C83-SH (right panel) and C83-SS-R (left panel) are
compared at different H,O, concentration (10 pM, black line; 20 uM, red line; 50 pM,

blue line).

Figure 8. Comparison of Near-UV circular dichroism spectra of PRDX1 and
PRDX2. (A) 50 uM PRDX1 (black) or PRDX2 (red) in their reduced or oxidized state
(solid and dashed lines, respectively) were analyzed by circular dichroism (CD) in the
near UV. (B) Reduced - disulfide-oxidized differential CD spectra for PRDX1 (black
line) and PRDX2 (red line) showing less differences in near-UV CD signals on PRDX1
compared to PRDX2 upon oxidation, compatible with small changes in the

surroundings of aromatic residues in the former.
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