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A B S T R A C T

Sulfenic acids are the primary product of thiol oxidation by hydrogen peroxide and other oxidants. Several
aspects of sulfenic acid formation through thiol oxidation were established recently. In contrast, the reduction of
sulfenic acids is still scarcely investigated. Here, we characterized the kinetics of the reduction of sulfenic acids
by ascorbate in several proteins. Initially, we described the crystal structure of our model protein (Tsa2-C170S).
There are other Tsa2 structures in distinct redox states in public databases and all of them are decamers, with the
peroxidatic cysteine very accessible to reductants, convenient features to investigate kinetics. We determined
that the reaction between Tsa2-C170S-Cys-SOH and ascorbate proceeded with a rate constant of
1.40 ± 0.08 × 103 M−1 s−1 through a competition assay developed here, employing 2,6–dichlorophenol-
indophenol (DCPIP). A series of peroxiredoxin enzymes (Prx6 sub family) were also analyzed by this competition
assay and we observed that the reduction of sulfenic acids by ascorbate was in the 0.4–2.2 × 103 M−1 s−1 range.
We also evaluated the same reaction on glyceraldehyde 3-phosphate dehydrogenase and papain, as the reduction
of their sulfenic acids by ascorbate were reported previously. Once again, the rate constants are in the
0.4–2.2 × 103 M−1 s−1 range. We also analyzed the reduction of Tsa2-C170S-SOH by ascorbate by a second,
independent method, following hydrogen peroxide reduction through a specific electrode (ISO-HPO-2, World
Precision Instruments) and employing a bi-substrate, steady state approach. The k /Kcat M

Asc was
7.4 ± 0.07 × 103 M−1 s−1, which was in the same order of magnitude as the value obtained by the DCPIP
competition assay. In conclusion, our data indicates that reduction of sulfenic acid in various proteins proceed at
moderate rate and probably this reaction is more relevant in biological systems where ascorbate concentrations
are high.

1. Introduction

Hydrogen peroxide (H2O2) is an endogenous, diffusible oxidant that
is generated as a by-product of the respiratory electron transport chain
and enzymatically by some signaling enzymes, such as two NADPH
oxidases, Nox4 and Duox [1,2]. There is current consensus on the role
of H2O2 as a signaling molecule, alongside its potentially damaging
character. H2O2 mediates several signaling pathways by oxidizing Cys
residues in regulatory proteins, as reviewed by Ref. [3,4]. Sulfenic acids

(-SOH) are the initial product of the two-electron oxidation of thiols by
H2O2 and other oxidants such as organic hydroperoxides and hypoha-
lites [5,6]. Therefore, for the full understanding of H2O2 signaling, the
redox chemistry and biology of sulfenic acids needs to be investigated.

Sulfenic acids are unstable and readily react with thiols and other
nucleophiles, therefore, they are not easily observed during the oxida-
tion of low molecular weight thiols [7]. One of the major reactions that
low molecular weight sulfenic acids can undergo is the very fast con-
densation reaction with thiols to form disulfides with rate constants >
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105 M−1s−1 [8]. However, this reaction appears to be much slower for
protein sulfenic acids, with the examples of glutathione reacting with
the sulfenic acid of human peroxiredoxin 2 [9] or human serum al-
bumin [10].

The persistence of sulfenic acids is also limited by their oxidation to
sulfinic (-SO2H) and sulfonic (-SO3H) acids and by their self-con-
densation to yield thiosulfinates [11]. Furthermore, protein sulfenic
acids can also undergo condensation reactions with backbone amides
giving rise to sulfenamides [12]. In spite of that, sulfenic acids can gain
stability through the presence of bulky substituents in organic com-
pounds [6] or in proteinaceous microenvironments [13]. Indeed, sul-
fenic acids have been detected in several proteins [12] and in cellular
systems such as cardiac rat tissue under basal conditions and in re-
sponse to H2O2 [14] as well as in bacteria [15], yeast [16], HeLa cells
[17] and plants [18].

Sulfenic acids are generated in the peroxidatic Cys residues (CP) of
peroxiredoxin (Prx) enzymes that react extremely fast with hydroper-
oxides, with second order rate constant in the 1 × 104 to 108 M−1 s−1

range [19–21].
The fate of the sulfenic acid in Prx enzymes depend on the number

of Cys residues involved in catalysis. For 2-Cys Prx, sulfenic acids in CP
react with the resolving Cys residues (CR), giving rise to a disulfide that
in most cases is reduced by a thioredoxin (Trx) back to the thiolate form
[22]. In contrast, the identities of the biological reductants of 1-Cys Prx
enzymes remain poorly understood. The literature provides examples of
sulfur-based reductants such as Trx, H2S and GSH with or without the
intervention of additional enzymes [23–25]. Sulfenic acids in mam-
malian 1-Cys Prx (Prx6) can be reduced by GSH, when these perox-
idases are heterodimerized with π GST [26,27].

Ascorbate can also reduce sulfenic acids in 1-Cys Prx of the Prx6
family [28,29] and in other enzymes. For instance, direct reduction of
sulfenic acids in glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
by DTT and ascorbate was described a long time ago [30]. The reduc-
tion of papain sulfenic acid by ascorbate was also reported [31]. No-
tably, the reduction of sulfenic acids by ascorbate was revealed in vivo
in a proteomic scale investigation, employing mice that are defective in
protein disulfide isomerase (PDI) reoxidation [31].

To the best of our knowledge, all these reports are qualitative or

indirect and do not provide the kinetic information needed to involve
the reduction by ascorbate as a participant in the catalysis and the
potential protection of critical cysteine residues in enzymes. We herein
present the first quantitative assessment of the reduction of protein
sulfenic acids by ascorbate. Our results indicated that in most cases, the
rate constants lie in the 0.4–2.2 × 103 M−1 s−1 range, indicating that
reduction of protein sulfenic acids is relevant in biological compart-
ments where ascorbate concentration is high.

2. Results

2.1. Structural characterization of Tsa2-C170S as a model for protein
sulfenic acid

We characterized a model protein-SOH for subsequent studies re-
lated to ascorbate reduction. We selected a 2-Cys Prx with the CR re-
sidue mutated to a Ser residue (Tsa2-C170S), as the reactivity of sul-
fenic acids in similar proteins has been extensively characterized
[32,33]. Additionally, Tsa2 displays the same quaternary structure
(decamer) independently of its oxidative state, avoiding artifacts [34].
Therefore, possible variations in the peroxidatic activity due to different
oligomeric states would be eliminated [34]. Furthermore, the re-
combinant protein for Tsa2-C170S is very stable and its expression in
Escherichia coli yields a high amount of the enzyme. Previously, we
showed that Tsa2 reduces H2O2 very rapidly (k= 1.3 × 107 M−1 s−1)
and the pKa value (6.3) of the thiol group of CP was determined [35].
The kinetics of Tsa2-C170S were measured following the intrinsic
fluorescence change upon oxidation with H2O2 and the rate constant
was 3 ± 1 × 106 M−1 s−1 (data not shown).

It is worth to mention that 2-Cys Prx enzymes (Prx1/AhpC sub-family)
[36] show a structural switch during their catalytic cycle. When these
enzymes are reduced, the so-called “fully folded” (FF) state is stabilized,
where CP is in the first turn of an α-helix and CP is located more than 10 Å
away from the CR. When oxidized to disulfide, 2-Cys Prx enzymes are
stabilized in the so-called “locally unfolded” (LU) state, when the first turn
of an α-helix containing CP unfolds and CP–SOH can get close to CR to form
the disulfide bond [37].

Two structures of Tsa2 are already available in Protein Data Bank

Fig. 1. Crystallographic structure of Tsa2-C170S.
(A) Overall view of Tsa2-C170S structure, as a
decameric assembly of five dimers. Each monomer
is represented by a different color. (B)
Superposition of all the three Tsa2 structures.
Tsa2-C170S (blue), Tsa2-C48S (pink) and wild-
type Tsa2 (white), showing very similar qua-
ternary structures. (C) Superposition of mono-
meric chains of Tsa2-C170S in a region nearby CP
(From Ser45 to Ala58). As (A), each chain is re-
presented by a different color. (D) Comparison of
CP positions among the three Tsa2 structures. The
CP alkylated with iodoacetamide in Tsa2-C170S
(blue) is in similar position as CP in the wild type
Tsa2 (white), which is in the disulfide form and
LU state. In contrast, Tsa2-C48S (pink) is in the FF
state. In (C) and (D), the atoms of the S-(2-amino-
2-oxoethyl)-L-cysteine (YCM) group are high-
lighted by balls and colored as follow:
carbon = same color of the monomer, ni-
trogen = blue, oxygen = red, sulfur = orange.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
Web version of this article.)
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(PDB): Tsa2-C48S (which presents a serine substituting CP in the FF
state in most of the ten chains) and wild-type Tsa2 (in disulfide form,
with most of the chains in the LU state) [38]. The environment around

CP is under low steric hindrance effects in Tsa2, which is related to the
fact that a Ser (Ser45), instead of a Thr residue, takes part of its catalytic
triad [34].

Now, we also describe the crystal structure of Tsa2-C170S (Fig. 1A)
at 2.6 Å resolution (Table 1), our model protein for studying CP-SOH
reduction by ascorbate. The overall structure of Tsa2-C170S is very
similar to the other two structures (Tsa2-C48S, Tsa2WT), all of them
displaying a decameric form (Fig. 1B). To obtain homogeneous crystals
of Tsa2-C170S, we treated the samples with iodoacetamide, a thiol al-
kylating agent. Remarkably, it was possible to assign the CP modifica-
tion by S-(2-amino-2-oxoethyl)-L-cysteine (YCM) in all of the ten sub-
units of the decamer (Fig. 1C).

Probably the modification of CP with YCM, favored the active site of
Tsa2-C170S to assume the LU state (Fig. 1D). Comparing the ten active
sites of the three available structures for Tsa2 [34,38] (Fig. 1), we ob-
served that the CP loop possesses a high degree of conformational
freedom, indicating that the CP -SOH in the active site of Tsa2-C170S
would be readily accessible to ascorbate.

2.2. Rate constant for the reaction between protein sulfenic acids and
ascorbate by a competition assay

A competition assay using 2,6–dichlorophenol-indophenol (DCPIP)
as competing oxidant was developed here to determine rate constants
between ascorbate and protein sulfenic acids. The kinetics of DCPIP
reduction by ascorbate have been studied previously and a moderately
fast reaction was expected at neutral pH [39–41]. The mathematical
model was built, considering Protein-SOH and DCPIP as two oxidants
competing for the reduction of ascorbate under pseudo-first order
conditions. In this system, DCPIP reduction was followed by the decay
of its absorbance in the visible spectra, reflecting the consumption of
the ascorbate in defect.

Initially, we measured the rate constant of the reaction
between DCPIP and ascorbate (in the absence of Protein-SOH).
Under our experimental conditions, we obtained a value of
7.1 × 102 M−1 s−1 (k1), which is consistent with previous reports
(Fig. 2) [39].

Employing this DCPIP competition assay, we showed that ascorbate
reduced sulfenic acid in Tsa2-C170S with a second order rate constant
of 1410 ± 79 M−1 s−1 (Fig. 3). This is the first quantitative assessment
of a Protein-SOH reduction by ascorbate.

2.3. Reduction of sulfenic acids in 1-Cys Prx (Prx6 enzymes)

Previously, we observed that the sulfenic acids of several 1-Cys Prx
enzymes from different organisms are reduced by ascorbate [28], but
no kinetic characterization was performed. Therefore, we assessed the
reduction of 1-Cys Prx enzymes by ascorbate. Initially, we investigated
LsfA, a 1-Cys Prx from Pseudomonas aeruginosa that is involved in
bacterial virulence [42]. Through the DCPIP competition assay, a rate
constant of k = 2170 ± 6 M−1 s−1 for the reaction between LsfA and
ascorbate was obtained (Fig. 4A). LsfA contains a single cysteine
(Cys45 = CP) in its sequence, which was mutated to an alanine residue
(LsfA-C45A). No reaction was observed between ascorbate and LsfA-
C45A, as expected (Fig. 4B).

TaPER1 is a 1-Cys Prx from wheat that is also reducible by ascorbate
[29], but that had not been kinetically characterized before. Wild-type
TaPER1-SOH was reduced by ascorbate with the second order rate
constant equal to 2191 ± 7 M−1 s−1 (Fig. 4C), i.e., very similar to the
value obtained for LsfA (Fig. 4A). TaPER1 contains three cysteines
(Cys72, Cys147, Cys182), besides CP (Cys46). Of the three mutant
analyzed (TaPER1-C46S; TaPER1-C72S; TaPER1-C147S), only TaPER1-
C46S failed to react with ascorbate, as expected (Fig. 4D, Fig. S1).

ScPrx1 is a mitochondrial 1-Cys Prx from Saccharomyces cerevisiae
that is present in the matrix and intermembrane space [43,44]. Pre-
viously, we observed the reduction of ScPrx1 by ascorbate [28]. Now,
we determined the rate constant of this reaction as k
= 449 ± 2 M−1 s−1 (Fig. 4E), therefore, lower than the corresponding
values obtained for LsfA and TaPER1.

Mammalian enzymes are the most studied enzymes of the Prx6
subfamily. We determined before that the pKa value of the CP of Prx6 is
5.2 and that the second-order rate constant of its reactions with H2O2
and peroxynitrous acid at pH 7.4 and 25 °C, were
3.4 ± 0.2 × 107 M−1 s−1 and 3.7 ± 0.4 × 105 M−1 s−1, respectively
[45]. In both cases, the formation of sulfenic acids is expected. We also

Table 1
Data collection and refinement parameters.

Tsa2C170S

Space group P 1 21 1
Unit cell parameters
a, b, c (Å) 53.4, 177.3, 115.3
α, β, ˠ (°) 90.0, 103.3, 90.0
Resolution (outer shell)(Å) 47.4–2.6 (2.67–2.60)
I/σ(I) 6.6
Completeness (%) 97.73 (89,73)
CC1/2 0
Wilson B (Å2) 64.84
Refinement
Resolution (Å) 47.400–2602
No. reflections 62338
Rwork/Rfree (%) 19.7/23.7
No. Atoms
Protein 12793
Water 43
Average B-factors
Protein 77.78
Water 78.02
r.m.s.d
Bond lengths (Å) 0.007
Bond angles (°) 1.437
Ramachandran analysis (%)
Favored regions 97.38%
Allowed regions 2.50%
Outliers 0.12%
PDB code 6UTL

Fig. 2. Kinetics of DCPIP reduction by ascorbate.
(A) Time courses of DCPIP (46–197 μM) reacting with ascorbate (4 μM) in
50 mM potassium phosphate buffer, NaCl 50 mM, 100 μM DTPA pH 7.4 at
25 °C. (B) The kobs of the reaction plotted versus DCPIP concentrations under the
same experimental conditions.
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described that Prx6 is reducible by ascorbate, again no kinetic char-
acterization was performed [28]. By the DCPIP competition assay, we
describe here that ascorbate reduced mammalian Prx6-SOH with a rate
constant of 1009 ± 32 M−1 s−1 (Fig. 4F).

Therefore, the sulfenic acids of 1-Cys Prx of the Prx6-family were all
reduced by ascorbate with rate constants in the 0.4 to 2.2 × 103 M−1

s−1 range and mutation of CP abolished the reaction (Table 2).
The experiments of Tsa2-C170S-SOH and 1-Cys Prx-SOH reductions

by ascorbate were all reproduced, utilizing another equipment in other
institution and the results were essentially the same. The results de-
scribed in Figs. 3 and 4 were performed by VA in UDELAR, Uruguay,
whereas the results described in Fig. S2 were performed by RLA in USP,
Brazil.

2.4. Reduction of sulfenic acids in non Prx enzymes by ascorbate

The reduction of sulfenic acids in proteins other than Prx were de-
scribed before. Back in 1975, You et al. demonstrated that sulfenic acid
at Cys149 of pig muscle GAPDH is reducible by ascorbate, which is
involved in the reversible interconversion of dehydrogenase and acyl-
phosphatase activities of this enzyme [30]. Now, we describe that the
reduction of sulfenic acid in GAPDH by ascorbate proceeded with a
second-order rate constant comparable with the values of Prx enzymes
(Fig. 5A, Table 2). As a control, we observed that alkylation of GAPDH
by NEM abolished the reaction, as expected (Fig. 5B).

One important study [31] described a non-canonical scurvy phe-
notype in mice with deficiency in endoplasmic reticulum thiol oxidase
activities. The authors proposed that consumption of ascorbate by
sulfenic acid is the mechanism underlying the non-canonical scurvy
phenotype and described the reduction of papain-SOH by ascorbate as
an example of this reaction [31]. However, once again no kinetic
characterization was performed. Here, we described that papain-SOH is
reduced by ascorbate with a rate constant of 783 ± 9 M−1 s−1 (Fig. 5C
and Table 2) and no reaction was observed upon alkylation with NEM
(Fig. 5D). Therefore, it appears that protein-SOH reduction by ascorbate
is a general process that takes places in proteins other than Prx en-
zymes.

2.5. Tsa2-C170S reduction by ascorbate analyzed by steady state, bi-
substrate approach

The reduction of sulfenic acids in proteins by ascorbate was also
investigated through a second, independent approach. In this case, we
followed H2O2 consumption, employing a specific electrode.
Noteworthy, H2O2 determinations using the ISO-HPO-2 electrode
(World Precision Instruments) is not interfered by ascorbate, as the re-
sponses of this electrode to H2O2 in the absence and presence of the
reducing agent are essentially identical (SI Fig. 3).

We analyzed the reduction of our model sulfenic acid protein (Tsa2-
C170S-SOH) by ascorbate, following H2O2 electrochemically by a
steady state, bi-substrate approach. The scheme of reactions taking
place in this setup is:

Tsa2-C170S-S- + H2O2 → Tsa2-C170S – SOH + H2O (Reaction 1)

Fig. 3. Kinetics of Tsa2-C170S-SOH reduction by ascorbate studied by a com-
petition kinetic approach.
(A) Time courses of DCPIP (45 μM) reduction by ascorbate (4 μM) in the pre-
sence of Tsa2-C170S-SOH (0–9 μM) in 50 mM potassium phosphate buffer,
50 mM NaCl, 100 μM DTPA pH 7.44 at 25 °C. The averages from at least four
experimental traces are shown. (B) The kobs of the reaction plotted versus the
initial Tsa2-C170S-SOH concentration under the same experimental conditions.

Fig. 4. Reduction of 1-Cys-SOH enzymes (Prx6 sub-family) by ascorbate, em-
ploying the DCPIP competition assay.
Pseudo-first order approach was employed and kobs values were obtained by
fitting single exponential to the time courses of 45 μM DCPIP reduction by 4 μM
ascorbate in the presence of: (A) oxidized wild type LsfA-SOH, (B) LsfA-C45A,
(C) wild type TaPER1_SOH, (D) TaPER1-C46S, (E) ScPrx1-SOH (F) human Prx6-
SOH. Reactions were carried out in 50 mM potassium phosphate buffer, 50 mM
NaCl, 100 μM DTPA at 7.44 and 25 °C. Each point represents the average of at
least four experimental traces.
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Tsa2-C170S-SOH + ascorbate → Tsa2-C170S-S- + dehydroascorbate
(Reaction 2)

Therefore, in the overall reaction catalyzed by Tsa2-C170S, H2O2

and ascorbate are the two substrates, that probably operate through a
ping-pong mechanism [28]. Initially, we determined the apparent en-
zymatic parameters, varying H2O2 concentration at distinct ascorbate
levels. This Tsa2-C170S catalysis obeyed the Michaelis-Menten model
(Fig. 6) and apparent KM and kcat values were determined (Table 3).
Noteworthy, the double reciprocal plot indicated the mechanism of the
catalysis is Bi-Bi Ping-Pong mechanism (Fig. S4), as expected.

We obtained the real KM values for ascorbate and for H2O2
and the real kcat [46]. The specificity constant of Tsa2-C170S reduction
by ascorbate (kcat/KM asc) was 7.40 ± 0.15 × 103 M−1 s−1

(Fig. 7, Table 4) are in agreement with the second order rate constant
determined by the DCPIP competition assay (Table 2). Therefore, by
two independent assays, we observed that the reduction of TSA2-C170S
sulfenic acid by ascorbate proceeds with a rate constant in the
103 M−1 s−1 range.

The catalytic efficiency of H2O2 reduction is relatively low (in the
104 M−1 s−1 range) in comparison with other determinations, em-
ploying other assays [19,35,47–49]. It is well known that steady-state
assays may underestimate the second-order rate constants of the reac-
tion between Prxs with hydroperoxides in cases where additional re-
action or structural rearrangements are involved [35,48].

3. Discussion

The reduction of protein sulfenic acids by ascorbate has been fre-
quently described [28–31,50], but so far there was no kinetic char-
acterization of this reaction, precluding considerations about its bio-
logical relevance. Here, we described for the first time that the
reduction of several proteins lie within the 0.4–2.2 × 103 M−1 s−1

range.
Therefore, ascorbate represents a broad-spectrum reductant for

protein sulfenic acid, with human serum albumin as the only exception
found so far [10]. Human serum albumin contains 35 Cys residues, 34
of them involved in disulfide bonds [51]. Cys34 is the single free thiol
of human serum albumin (Cys34), whose gamma sulfur atom is buried
to the interior of the protein, surrounded by side chains of Pro35,
His39, Val77 and Tyr84 [10,51,52]. Possibly, if there is no restriction
for ascorbate to access the sulfenic acid, the reduction will proceed at
moderate rates. In the absence of steric hindrance, thiols may out-
compete ascorbate, as the rate constant for the reduction of sulfenic
acids by thiols is in the 105 M−1 s−1 range [8].

Given the rate constants determined herein, a question that emerges
is if reduction of 1-Cys Prx enzymes by ascorbate is fast enough to
sustain a competent peroxidase cycle. To address this question, we need
to consider for each biological system: (i) the concentration of ascor-
bate, (ii) the concentration of the competing reductant and (iii) the rate

Table 2
Rate constants of protein sulfenic acids with ascorbate measured through competition kinetics with DCPIP at pH 7.4 ± 0.1 and 25 °C.

Protein - SOH Variant k P SOH
2 (M−1 s−1)

Prx6 family enzymes
Prx1 (Saccharomyces cerevisiae) WT 449 ± 2
TaPER1 (Triticum aestivum) WT 2191 ± 7

C46S ND
C72S 1273 ± 39
C147S 1962 ± 6

LsfA (Pseudomonas aeruginosa) WT 2170 ± 6
C45A ND

Prx6 (Homo sapiens) WT 1009 ± 32
Prx1 family enzymes
Tsa2 (Saccharomyces cerevisiae) C170S 1410 ± 79

1,4 ± 0,079
Non peroxidases
GAPDH (Oryctolagus cuniculus) WT 1845 ± 14
Papain (Carica papaya) WT 783 ± 9

ND = below the detection limit of the technique.

Fig. 5. Kinetics of GAPDH and papain reduction by ascorbate by the DCPIP
competition assay.
Pseudo-first order approach was employed as described in the legend of Fig. 4.
kobs values were obtained by fitting single exponential to the time courses of
45 μM DCPIP reduction by 4 μM ascorbate in the presence of (A) GAPDH_SOH;
(B) NEM-alkylated GAPDH; (C) Papain-SOH and (D) NEM-alkylated Papain in
50 mM potassium phosphate buffer, 50 mM NaCl and 100 μM DTPA, pH 7.4 at
25 °C. Each point represents the average from at least four experiments.
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constant of the competing reductant with protein sulfenic acid.
In the case of mammalian 1-Cys Prx (Prx6), the main pathway de-

scribed for sulfenic acid reduction involves hetero-dimerization of this
enzyme with πGST and GSH as the electron source [23,26,53]. The
reported specific activity of 5 μmol min−1 (mg Prx6)−1 can be trans-
lated to a kcat of at least 2 s−1 [23]. In this case, the specificity constant
(kcat/KM) for the reduction of hydroperoxides is in the range of
106 M−1 s−1 [53].

Since GSH concentrations are quite high in most mammalian cells, it
is reasonable to assume that the GSH-πGST-Prx6 system would prevail
over the ascorbate-Prx6 system. However, in cellular systems where
πGST is expressed at low levels, Prx6 will remain as homo-dimers,
which are not reducible by GSH [25] and ascorbate would emerge as
possible reductant for this enzyme. Notably, in esophageal squamous
carcinoma cells, Prx6 levels are elevated [54], whereas πGST is
downregulated [55,56].

To contextualize and compare with other peroxide-consuming sys-
tems, we need to address the question of the catalytic cycle. Prx from
the Prx6 family using ascorbate would have a two-step catalytic cycle
involving the oxidation by H2O2 and the reduction by ascorbate. The
rate of each cycle would depend on the available enzyme and the
concentration of the substrates. Other Prx, for instance, human Prx1
and Prx2 from the Prx1 subfamily have a three-step catalytic cycle that,
that besides oxidation by H2O2 and reduction by Trx, also involves the
formation of the internal disulfide, the so called resolution reaction,
that is frequently the rate limiting step. As a matter of fact, even though
most Prx are extremely fast in the reaction with the peroxide, they are
not too impressive in terms of turnover numbers (kcat). The data de-
posited in the database of Brenda-enzymes.org shows that most values
of kcat are less than 100 s−1 and several below 1 s−1. Human Prx2, for
instance has a kcat≤ 0.25 s−1 at neutral pH [57,58]. Human Prx6 could
outperform Prx2 as a peroxidase in cell compartments with elevated
ascorbate levels. Considering that the reduction step is rate-limiting in
the Prx6 cycle, a 1 mM concentration of ascorbate yields a kcat= 1 s−1.
Brain, liver, lung and adrenal tissue in humans all have reported to have
ascorbate concentrations of 1 mM or more [59,60].

In the case of other organisms, less data is available thus difficulting
the assessment of which system will prevail in the reduction of 1-Cys

Fig. 6. Steady-state analysis for the ascorbate peroxidase activity of Tsa2-
C170S.
The H2O2 reduction was measured at 30 °C in a reaction mixture containing
20 mM Tris/HCl, pH 7.4, 100 μM sodium azide and 100 μM DTPA. Henri-
Michaelis-Menten plots for Tsa2-C170S (2.5 μM) catalysis at four different as-
corbate concentrations. Reactions were started by the addition of H2O2. Non-
linear regression used the Michaelis-Menten equation and GraphPad Prism 5
software. Each point represents triplicate data.

Table 3
Apparent kinetic constants for the reduction of the sulfenic acid formed in Tsa2-
C170S by ascorbate, determined from Michaelis-Menten plots.

[Asc] (mM) KMapp (μM) kcat (s-1)

0.5 126.7 ± 16.5 0.91 ± 0.01
1 147.3 ± 11.6 1.41 ± 0.01
1.5 176.8 ± 21.8 1.61 ± 0.02
2.5 199.1 ± 25.6 2.01 ± 0.02

Experimental conditions described in the legend of Fig. 7.

Fig. 7. Secondary plots (reciprocal values of (A) 1/Vmáxapp versus the reciprocal of Asc concentration and (B) 1/KMapp versus the reciprocal of Asc concentration) used
for the determination of the kinetic constants of Tsa2-C170S.
Data set is the same described in Figs. 5 and 6. Parameters were calculated following a bi substrate, steady state kinetics for enzymes that display Bi-Bi Ping-Pong
mechanism [46].
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Prx enzymes. Interestingly, plant 1-Cys Prx enzymes are located in the
nucleus of seed cells [29,61–63] and ascorbate has been related with
seed development, ageing, and germination [reviewed in Ref. [64]].
Ascorbate levels in plants are quite high, attaining high millimolar le-
vels in the nucleus [65,66], especially in photosynthetic tissues [67]. In
addition, others have reported that ascorbate and also thioredoxin re-
ductase can reduce the plant 1-Cys Prx [29].

1-Cys Prx (Prx6 sub-family) from bacteria are poorly studied. One of
the few studies indicated that LsfA from P. aeruginosa is involved in
bacterial virulence [42]. Attempts to measure sulfenic acid reduction of
LsfA by the thioredoxin or glutaredoxin/GSH systems failed (our un-
published results). Therefore, our results identified the only possible
biological reductant for LsfA. Not much information is available on the
ascorbate levels in bacteria. In some cases, bacteria might synthesize
this vitamin [68] and an ascorbate transporter was identified in E. coli
[69].

In the case of yeast 1-Cys Prx (ScPrx1), the reduction of the sulfenic
acid by ascorbate is probably not capable to compete with other re-
ducing systems. ScPrx1 is located in the matrix and intermembrane
space of mitochondria [43,44], where thioredoxin and glutaredoxin
enzymes are also present and can reduce this 1-Cys Prx [24,43,70,71].
In yeast, a 5-carbon analog of ascorbate (named erythroascorbate) is
present but not much information is available about its reducing
properties. Furthermore, not much data is available on the levels of
erythroascorbate in yeast mitochondria, especially in conditions where
the biogenesis of this organelle is elevated [72].

Therefore, the variety of cellular aspects related to ascorbate levels
as well as the biochemical properties and cellular location of 1-Cys Prx
are enormous. Interestingly, Prx6 from Arenicola marina is rapidly
oxidized by H2O2 and peroxynitrous acid, but no biological reductant
was identified [73]. Since all the 1-Cys Prx that we analyzed here were
reduced by ascorbate, it is plausible to assume that this vitamin can also
reduce Prx6 from A. marina.

The reduction of sulfenic acids in proteins by ascorbate can have
other functions than turning-over 1-Cys Prx enzymes. For instance,
reduction of sulfenic acid by ascorbate in GAPDH inhibits the acyl
phosphatase activity of this enzyme [30]. Remarkably, reduction of
sulfenic acids by ascorbate were related to the non-canonical scurvy
phenotype of mice lacking systems to reoxidize PDI [31]. More con-
siderations on the physiological relevance of ascorbate – sulfenic acid
pathway require kinetic analysis and determinations of ascorbate con-
centration. Anyway, it is tempting to speculate that ascorbate – sulfenic
acid pair may represent a cross-talk between thiol and non-thiol redox
systems.

4. Materials and methods

4.1. Procedures to obtain pure proteins

Plasmids utilized for the expression of recombinant proteins are
described in SI Table 1. Prx enzymes were purified as described pre-
viously [29,34,42,44,74] and the purity of the preparations were as-
sessed SDS-PAGE. GAPDH from rabbit muscle (G2267 Sigma-Aldrich)
and Papain from Carica papaya (76218 Sigma-Aldrich) were purchased.

Extinction coefficients for the proteins (SI Table 2) were determined by
the use of the ProtParam tool [75].

4.2. Crystallization and structure refinement

For the crystallization process, Tsa2-C170S was submitted to an
additional purification step by using size exclusion chromatography
after purification by affinity chromatography. The sample was loaded
in HiLoad 16/60 Superdex 200 column (GE Healthcare), containing
20 mM sodium phosphate buffer pH 7.4, 150 mM NaCl and 1 mM DTT.
The purified sample (15 mg/ml) was treated with 10 μg/ml (final
concentration) of trypsin at 4 °C. After 1 h, it was added 1 mM PMSF
and the sample was centrifuged by 10 min/14000 rpm/4 °C. The su-
pernatant was treated with 10 mM DTT for 30 min/RT and then 20 mM
iodoacetamide was added. The crystals were obtained at 18 °C in
100 mM Hepes pH 7.5, 10% w/v PEG 6000 and 5% v/v 2-Methyl-2,4-
pentanediol. Data were collected on the MX2 beamline at Brazilian
Synchrotron Light Laboratory (LNLS). The decameric structure of Tsa2-
C48S (PDB code = 5DVB) was used as molecular replacement model
and the orientation of the molecule in asymmetric unit was obtained
with MOLREP [76]. The space group selected was P 1 21 1 and the
resolution was 2.6 Å. The manual model building and amino acid po-
sition correction was performed in Coot 0.8.2 [77] and refinement was
executed by REFMAC 5 [78]. A TLS model was used in the refinement
to identify each chain as a rigid body. Molecular model images were
obtained by using Pymol (The PyMOL Molecular Graphics System,
Version 1.2r3pre, Schrödinger, LLC.). Table 1 presents the data col-
lection and refinement statistics.

4.3. Reduction of proteins and quantification of their sulfhydryl groups

Proteins were treated with a 20-fold excess of DTT for at least 1 h at
room temperature. Excess of DTT was removed using a PD-10 desalting
column (GE Healthcare) or using two coupled HiTrap Desalting
Columns (GE Healthcare). The amount of reduced thiols in proteins
were determined spectrophotometrically by reaction with 4,4′-dithio-
dipyridine (DTDPy), which produces thiopyridone that can be quanti-
fied spectrophotometrically (ε324nm = 21400 M−1cm−1) [79].

4.4. Preparation of proteins in the sulfenic acid form

Pre-reduced proteins were mixed with equimolar amounts of H2O2
to form the sulfenic form of the protein. This procedure was performed
immediately before the competition assay.

4.5. Competition kinetics between protein sulfenic acids and 2,6-
dichlorophenolindophenol for ascorbate

The assay is based on the competition between DCPIP and Protein-
SOH for ascorbate with second order rate constants k1 and k2, respec-
tively (Scheme 1).

According to Scheme 1, the rate of ascorbate (Asc) consumption
would comply with the rate law:

Table 4
Enzymatic parameters for the peroxidase activity of Tsa2-C170S supported by ascorbate.

H2O2 Ascorbate

Enzyme (μM) KM
Asc (μM) KM

H202 (μM) kcat (s-1) kcat/KM (M − 1 s-1) kcat/KM (M − 1 s-1)

Tsa2-C170S – 2.5 386 ± 29.1 220.16 ± 16.6 2.82 ± 0.15 1.3 ± 0.15 × 104 7.4 ± 0.07 × 103

Data set is the same described in Figs. 6 and 7. Parameters were calculated following a bi-substrate, steady state kinetics for enzymes that display Bi-Bi Ping-Pong
mechanism [46].
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= +d Asc
dt

k DCPIP Asc k Protein SOH Asc[ ] [ ] [ ] [ ] [ ]1 0 2 0

Under pseudo-first order conditions with DCPIP and Protein-SOH in
excess over Asc, [DCPIP]0 and [Protein-SOH]0 can be assumed constant
and grouped in the expression

= +d Asc
dt

k k Protein SOH Asc[ ] ( [DCPIP] [ ] )[ ]1 0 2 0

where

= +k k k Protein SOH[DCPIP] [ ]obs 1 0 2 0

The rate law has the form of a pseudo-first order reaction, so the
integrated form is an exponential function of the form:

= × +y Amp k t yexp( )obs

That can be used to fit the absorbance time courses in order to
obtain the kobs. In turn, plotting kobs vs [Protein-SOH]0 (with [DCPIP]0
constant) one should obtain a linear trend with k2 as the slope and k1 as
the y intercept.

In a daily prepared assay buffer (50 mM potassium phosphate pH
7.2, 50 mM NaCl), approximately 6 mg of DCPIP was incubated over
2 h with agitation. Ascorbate stock solution was prepared by adding
36 mg of this compound into 50 ml of MilliQ water. DCPIP and as-
corbate concentrations were quantitated spectrophotometrically using
ε600nm = 21500 M−1cm−1 and ε265nm = 14500 M−1cm−1, respec-
tively. Reactions were followed at 522 nm using an Applied Photophysics
RX-2000 or SFA-20 rapid mixing accessory in a Varian Cary 50-Bio
Spectrophotometer (Agilent Technologies).

To obtain the rate constant of DCPIP reacting with ascorbate, the
ascorbate concentration was fixed at 4 μM with varying concentrations
of DCPIP in excess. All the runs were performed at 24 ± 0.1 °C in
50 mM potassium phosphate buffer (pH 7.2), 50 mM NaCl and 0.1 mM
DTPA. Rate constants (kobs) were determined by nonlinear regression to
the integrated pseudo first-order function:

= × +Abs Abs Abs k t Abs( ) exp( )obs0

To obtain the second order rate constant of the reaction between
ascorbate and protein-SOH the experiment was repeated with constant
[DCPIP]0 = 45 μM and variable [Protein-SOH]0. The kobs values from
distinct proteins were plotted against protein-SOH concentrations and
the corresponding second order rate constant was determined from the
slope of these linear fittings.

In a second set of experiments, 8 μM ascorbate was added using a
Synergy H1(BioTek® Instruments, Inc.) plate reader injector, to a 4 μM
final concentration on the well. Each well contained protein-SOH (at
variable concentrations), DCPIP (45 μM) and the same potassium
phosphate buffer described above. Each protein concentration was
analyzed in at least nine replicates. After ascorbate injection, the plate
was double orbitally stirred for 3 s. Reactions monitored at 600 nm for

2 min at 25 °C, reading each well individually. Noteworthy, as the kobs
values analyzed were very low, we used the highest possible con-
centrations of proteins. The values obtained by the spectrophotometer
and the plate reader were essentially the same.

4.6. Bisubstrate steady-state approach

Peroxidase activity of Tsa2-C170S supported by ascorbate was
monitored by H2O2 consumption in real-time detection using electro-
chemical probes for H2O2 (Free Radical Analyser 4100 – World Precision
Instruments). The instrument measures the amount of H2O2 oxidized on
the surface of the sensor using a poise voltage of +400 mV. The cali-
bration curve measured the current generated by addition of increasing
amounts of H2O2. The reaction mixtures contained 20 mM Tris/HCl (pH
7.4), 0.1 mM DTPA, 0.1 mM azide, Tsa2-C170S (2.5 μM) and were
carried out at 30 °C. Reactions were initiated by addition of H2O2 or
ascorbate at various concentrations, producing essentially the same
results. Initial rates were determined by considering the linear portion
of the time-course curves. The experimental data were analyzed by non-
linear regression and fitted with the Michaelis-Menten equation, using
GraphPad Prism 5 software (GraphPad Prism 7®, Software, Inc., San
Diego). The same experimental data were also analyzed by the
Lineweaver-Burk equation to identify the enzymatic mechanism of the
bi-substrate process. Secondary plots of the apparent KM and Vmax va-
lues were created to obtain the KM values for ascorbate and for H2O2
and Vmax, as described previously [46].
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