
Differential Kinetics of Two-Cysteine Peroxiredoxin Disulfide 

Formation Reveal a Novel Model for Peroxide Sensing

Stephanie Portillo-Ledesma†,‡,§, Lía M. Randall†,§,∥, Derek Parsonage⊥, Joaquín Dalla 

Rizza†,§, P. Andrew Karplus@, Leslie B. Poole⊥, Ana Denicola†,§, and Gerardo Ferrer-

Sueta*,†,§

†Laboratorio de Fisicoquímica Biológica, Universidad de la República, Montevideo, Uruguay

‡Laboratorio de Química Teórica y Computacional, Instituto de Química Biológica, Facultad de 

Ciencias, Universidad de la República, Montevideo, Uruguay

§Center for Free Radical and Biomedical Research, Universidad de la República, Montevideo, 

Uruguay

∥Laboratorio de I+D de Molecúlas Bioactivas, CENUR Litoral Norte, Universidad de la República, 

Paysandú, Uruguay

⊥Department of Biochemistry and Centers for Structural Biology and for Redox Biology and 

Medicine, Wake Forest School of Medicine, Winston-Salem, North Carolina 27157, United States

@Department of Biochemistry and Biophysics, Oregon State University, 2011 Agricultural & Life 

Sciences Building, Corvallis, Oregon 97331, United States

Abstract

Two-cysteine peroxiredoxins (Prx) have a three-step catalytic cycle consisting of (1) reduction of 
peroxide and formation of sulfenic acid on the enzyme, (2) condensation of the sulfenic acid with 
a thiol to form disulfide, also known as resolution, and (3) reduction of the disulfide by a reductant 
protein. By following changes in protein fluorescence, we have studied the pH dependence of 
reaction 2 in human peroxiredoxins 1, 2, and 5 and in Salmonella typhimurium AhpC and 
obtained rate constants for the reaction and pKa values of the thiol and sulfenic acid involved for 
each system. The observed reaction 2 rate constant spans 2 orders of magnitude, but in all cases, 
reaction 2 appears to be slow compared to the same reaction in small-molecule systems, making 
clear the rates are limited by conformational features of the proteins. For each Prx, reaction 2 will 
become rate-limiting at some critical steady-state concentration of H2O2 producing the 
accumulation of Prx as sulfenic acid. When this happens, an alternative and faster-resolving Prx 
(or other peroxidase) may take over the antioxidant role. The accumulation of sulfenic acid Prx at 
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distinct concentrations of H2O2 is embedded in the kinetic limitations of the catalytic cycle and 
may constitute the basis of a H2O2-mediated redox signal transduction pathway requiring neither 
inactivation nor posttranslational modification. The differences in the rate constants of resolution 
among Prx coexisting in the same compartment may partially explain their complementation in 
antioxidant function and stepwise sensing of H2O2 concentration.

Graphical Abstract

Peroxiredoxins (Prx) are enzymes capable of reducing hydroperoxides in remarkably rapid 
reactions using one or two cysteine residues as reductants. Reported rate constants for the 
reduction of H2O2 range from 9 × 103 M−1 s−1 for bacterioferritin comigrating protein1 

(now known as PrxQ) to 1 × 108 M−1 s−1 for human peroxiredoxin 2 (PRDX2).2 It has been 
repeatedly pointed out that this is 4−8 orders of magnitude faster than the same reaction with 
a low-molecular weight thiol as a reductant,3 and explanations for the accelerated reaction 
have been provided on the basis of structural approaches4,5 and quantum mechanics/
molecular mechanics calculations.3,6,7

Since the discovery of the enzymatic activity of Prx,8,9 the emphasis on its catalytic 
characterization has been placed mostly on the exceptionally large rate constants of their 
reactions with hydroperoxides and peroxynitrous acid,10–14 with less attention being paid to 
the rest of the reactions completing the catalytic cycle.

Among Prx, those that use two cysteine residues (2Cys Prx) have a three-step catalytic cycle 
described by reactions 1–3. Reduction of peroxide, albeit rapid, is only one of the steps. 
Situations in which peroxide formation is sustained for a long period of time require the 
enzymes to go through the whole catalytic cycle repeatedly. In reaction 1, a hydroperoxide is 
reduced and the peroxidatic cysteine (CP) is oxidized to sulfenic acid, usually with a very 
high rate constant (kROOH). Reaction 2 is the condensation between the newly formed CP 

sulfenic acid and a second cysteine thiol (the resolving cysteine or CR). It is called the 
resolution reaction and is always first-order, even in the case of typical 2Cys Prx, in which 
CP and CR of the disulfide belong to different subunits, because of the extreme stability of 
the dimers. Finally, reaction 3 is the reduction of the disulfide formed in the previous step, 
and the typical reductant is a thioredoxin or a similar thiol oxidoreductase.

PrxSH
SH + ROOH  PrxSH

SOH + ROH (1)
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PrxSH
SOH  PrxS

2
+ H2O (2)

PrxS
2

+  TrxSH
SH  PrxSH

SH +  TrxS
2

(3)

One aspect that is often overlooked in the study of Prx is their diversity, which is further 
complicated by the incomplete quantitative information about their reaction kinetics. As 
mentioned, the reaction rate constant with H2O2 in the Prx family spans 4 orders of 
magnitude. The rate constant of reaction 2 (kres) is also different, even between very similar 
proteins. Finally, reaction 3 is largely understudied with very few direct determinations. The 
scenario is further complicated if additional phenomena like hyperoxidation, 
posttranslational modification, and oligomerization equilibria and dynamics are considered. 
Take for instance the six Prx present in human cells, for which the reported kinetic data, 
summarized in Table 1, has major gaps in the rate constants of reduction.

Because of their extreme rate of reduction of H2O2, Prx have often been implicated in 
signaling mediated by this peroxide. The large reaction rate constants and high 
concentrations make Prx the preferred target, accounting for the reduction of nearly all H2O2 

formed or otherwise present in the same compartment as long as upstream reductants can 
keep up with demand.23–25 Once oxidized, the Prx may relay the signal via thiol−disulfide 
exchange reactions with other proteins.26–30 Some researchers consider that the signaling 
can be modulated via posttranslational modifications that affect the peroxidase activity, such 
as hyperoxidation31 of the CP, phosphorylation,32 and glutathionylation.33 In addition, 
transient inactivation of Prx is viewed by some authors as a means of allowing H2O2 to react 
with slower targets that would become the receptors of the H2O2 signal.31,34 The two 
mechanisms (direct relay or modulation/inactivation via posttranslational modifications to 
permit the oxidation of slower targets) are not mutually exclusive, and they are theoretically 
possible but, again, suffer from a lack of quantitative information about the chemical and 
enzyme kinetics involved. Additionally, the apparent redundancy of different Prx coexisting 
in the same compartment evidenced in Table 1 is often disregarded.

The center of attention in this article is reaction 2, or “resolution”, for which some rate 
constant (kres) values have been published: 15 s−1 in human PRDX5,20 2 and 20 M−1 s−1 in 
human PRDX2 and PRDX3, respectively,16 9 s−1 in human PRDX1,15 and 75 s−1 in 
Salmonella typhimurium AhpC.35 One of the remarkable aspects of this reaction is that it 
requires an important conformational change, called the fully folded to locally unfolded or 
FF−LU transition, in which both CP and CR move to bridge the gap of 13−15 Å that 
separates them in the dithiol state according to the X-ray structures. The conformational 
dynamics of this process have been studied in Arabidopsis thaliana PrxQ, belonging to 
another subfamily of Prx. The authors reported a relatively fast conformational exchange 
rate (1650 s−1) that, according to them, is not likely to be limiting for catalysis.36 The 
chemical reaction itself, the condensation of sulfenic acid and thiol moieties, is known to be 
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fast when low-molecular weight sulfenic acids and thiols are involved37,38 but appears to be 
limited by the protein structure in Prx.

In this work, we study the pH dependence of the resolution process for four 2Cys Prx and 
find that all four of them show similar patterns, consistent with two ionizable reacting 
groups. Nevertheless, the rate constants are different, spanning 2 orders of magnitude that 
cannot be easily explained in terms of differences in reactivity of the sulfenic acids and 
thiols involved. We then explore how such evolutionarily conserved differences in the rates 
of the resolution step would allow differential accumulation of the sulfenic acid of certain 
Prx so that they could play direct roles in peroxide signaling.

EXPERIMENTAL PROCEDURES

Proteins.

Human PRDX2 was purified from red blood cells, as previously described.2 Recombinant 
human PRDX5 and S. typhimurium AhpC were expressed and purified as previously 
described.20,39 The coding sequence of PRDX1 (GenBank accession number 
NM_001202431), including an N-terminal His tag and TEV protease cleavage site, was 
synthesized and cloned into a pET28a plasmid with NcoI and HindIII by Genscript.

BL21(DE3) cells, harboring the PRDX1pET-28a vector, were grown in Luria broth (LB) 
medium containing kanamycin (50 μg/mL) at 37 °C to an OD600 of ~0.6. Expression was 
induced by adding isopropyl β-D-1-thiogalactopyranoside to a final concentration of 0.5 mM 
at 20 °C. The next morning cultured cells were harvested by centrifugation and suspended in 
buffer A [50 mM sodium phosphate (pH 7.4) and 150 mM NaCl] with 5 mM 
phenylmethanesulfonyl fluoride and 1 mg/mL lysozyme. The cell suspension was sonicated, 
and the supernatant was separated by centrifugation. Histidine-tagged PRDX1 was purified 
using a HisTrap immobilized metal ion affinity chromatography (IMAC) column (GE 
Healthcare) equilibrated with buffer A with 20 mM imidazole. Elution was achieved with an 
imidazole gradient from 20 to 500 mM. To remove the His tag, 2 mg of TEV protease was 
added to the collected fractions, and they were extensively dialyzed against buffer A with 
0.5 mM EDTA and 1 mM dithiothreitol (DTT) at 4 °C. The cleaved His tag and TEV 
protease were removed with a second IMAC column. Finally, the protein was concentrated, 
reduced with DTT for 30 min at room temperature, and injected onto a HiLoad 16/60 
Superdex 200 column (GE Healthcare) equilibrated with buffer A with0.1 mM 
diethylenetriamine pentaacetic acid (DTPA). Fractions with PRDX1 were pooled, 
concentrated, and stored at −80 °C. Purity was evaluated by sodium dodecyl sulfate
−polyacrylamide gel electrophoresis.

Buffer System.

Unless otherwise indicated, for kinetic determinations we used a wide-range buffer solution 
at a constant ionic strength (I = 0.15) independent of the pH as proposed by Ellis and 
Morrison,40 consisting of 30 mM Tris, 15 mM MES, and 15 mM acetic acid; the buffer also 
contained 120 mM NaCl and 0.1 mM DTPA.
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Kinetic Studies.

The change in fluorescence of PRDX1, PRDX2, and AhpC upon oxidation with excess 
H2O2 was used to measure the rate constant of the oxidation (k

H
2
O

2
, reaction 1) and the 

resolution reaction (kres, reaction 2). Time courses are biphasic, with a faster phase that is 
first-order in H2O2 concentration and a slower phase independent of H2O2 concentration and 
assigned to reaction 2 in the case of AhpC.35 Thus, kres was measured in the presence of 
excess H2O2 (5 μM for PDRX1 and PRDX2 and 50 μM for AhpC) as the slower phase of 
the fluorescence time course, which was fitted to a single-exponential function. In some 
instances, a much slower decay in fluorescence was apparent at longer times, which was at 
least partially due to photolysis of the tryptophans; this was considered but essentially 
affected neither the fitting process nor its results (Figure S1).

The behavior of PRDX5 fluorescence upon oxidation is different, likely because it has only 
one tryptophan (W85) <6 Å from the CP and none near CR. Additionally, the oxidation to 
sulfenic acid causes an increase in fluorescence emission, and the resolution reaction 
apparently does not produce any change in fluorescence, as evidenced by the study of the CR 

mutant.20 Therefore, kres was measured as previously described, as the asymptotic limit of 
the rate constant of oxidation at high H2O2 concentrations.20 We studied the dependence of 
k on H2O2 concentration at three different pHs in the range 5.84−8.94 and chose 200 μM 
H2O2 as a concentration close enough to the asymptotic limit.

Cysteine pKa Determination.

The pKa values of CP and CR of PRDX2 were determined through the pH dependence of the 
rate of alkylation by monobromobimane as previously described.41

RESULTS AND DISCUSSION

Kinetics of the resolution reaction were previously reported at single pH values (pH 7−7.4) 
for PRDX5,20 AhpC,35 and PRDX115 measured through the changes in fluorescence of the 
proteins caused by oxidation, but independent of H2O2 concentration. The reported rate 
constant for resolution of PRDX2 was previously obtained through a combination of 
competition kinetics of reaction 2 with the hyperoxidation reaction (reaction 4) monitored 
by SDS−PAGE and competition kinetics between reaction 4 and catalase.16

PrxSH
SOH + H2O2 PrxSH

SO
2
H

+ H2O (4)

In this work, we monitored reaction 2 directly through changes in the intrinsic fluorescence 
of the Prx. As seen for AhpC and PRDX1, when PRDX2 reacts with H2O2 the time course 
of fluorescence changes shows two distinct phases (Figure 1). The rate constant of the faster 
phase depends linearly on H2O2 concentration, and the calculated second-order rate 
constant[(1.59 ± 0.06) × 108 M−1 s−1] agrees reasonably well with previous values of k

H
2
O

2

obtained by HRP.2,14 competition On the other hand, the rate constant of the slower phase is 
independent of H2O2 concentration in the range used and is interpreted here as the kres.
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The time courses of oxidation of PRDX5 by H2O2 are single exponentials, in which the rate 
constant tends asymptotically to the value of kres at high H2O2 concentrations.3 Because the 
oxidation and the resolution cannot be discriminated from the time courses alone, as they 
can be for AhpC and PRDX2, we studied the kinetics of oxidation at different pHs and in a 
range of H2O2 concentrations to make sure we could select a concentration close enough to 
the plateau in rate constant. Experiments performed at pH 5.84, 7.08, and 8.94 showed that 
with 200 μM H2O2 the rate constant was practically indistinguishable from the asymptote 
(Figure 2).

We then measured the apparent rate constants of resolution of each peroxiredoxin at a single 

excess concentration of H2O2 in the pH range from 5 to 9. The pH profiles of k
res
app are bell-

shaped as expected for reactions with two acid−base groups involved. We posit that the CR 

thiol and CP sulfenic acid would be the groups whose pKa values could most affect the rate 
constant (Figure 3).

Taking into account the protonation states of the two reacting groups, reaction 2 can be 
considered as four possible combinations. Considering that RS− is the best nucleophile and 
RSOH is the best electrophile, we can order the combinations of protonation states in 
reactions from faster to slower as

RS− + RSOH RSSR + OH− (2A)

RS− + RSO− + H+ RSSR + OH− (2B)

RSH+RSOH RSSR + H2O (2C)

RSH+RSO− RSSR + OH− (2D)

In this order, we have assumed that the nucleophilicity of the thiolate is more important than 
the electrophilicity of the sulfenic acid in determining the rate constant.

The general rate law of the reaction would be

v = k[RS(H)]
T

[RSO(H)]
T

where [RS(H)]T and [RSO(H)]T are the total concentrations of thiol plus thiolate and 
sulfenic acid plus sulfenate, respectively. The rate of the reaction is the sum of the rates of 
the four possible combinations (2A−2D) that are pH-dependent according to the pH 
distribution of the species involved. For instance, the rate law of reaction 2A would be
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v = k
2A

RS
−

[RSOH]

Or

v = k
2A

[RS(H)]
T

K
a
SH

H
+

+ K
a
SH

[RSO(H)]
T

×
H

+

H
+

+ K
a
SOH

where K
a
SH and K

a
SOH are the ionization constants of the CR thiol and the CP sulfenic acid, 

respectively. Thus, the apparent rate constant would be

k
2A
app

= k
2A

K
a
SH

H
+

+ K
a
SH

H
+

H
+

+ K
a
SOH

= k
2A

[H
+

]K
a
SH

H
+ 2

+ H
+

K
a
SH

+ K
a
SOH

+ K
a
SH

K
a
SOH

The apparent rate constants of reactions 2B−2D can be analogously derived (see the 
Supporting Information). As the four combinations happen simultaneously, the overall rate 
constant of the resolution would be the sum of the apparent rate constants:

k
res
app

= k
2A
app

+ k
2B
app

+ k
2C
app

+ k
2D
app

Or

kres
app =

k2A H+
Ka

SH + k2BKa
SH

Ka
SOH + k2C H+ 2

+ k2D H+
Ka

SOH

H+ 2
+ H+

Ka
SH + Ka

SOH + Ka
SH

Ka
SOH

(5)

The resolution reaction is first-order, because CP and CR are contained in the same protein 
chain (PRDX5) or belong to dimers that do not dissociate (PRDX1, PRDX2, and AhpC). 
Nevertheless, the pH dependence is the same as in a bimolecular reaction.

The pH profiles of Figure 3 were fitted to eq 5 using Origin8.6, and to simplify the fitting, 
the value of the least likely rate constant (k2D) was fixed to 0. Results of the best fits are 
listed in Table 2.

The values in Table 2 show, as expected, that reaction 2A is the main contributor to the 
overall reaction rate; reaction 2B has some minor relevance, mostly because its relative 

contribution to k
res
app will be perceived only when pH > pK

a
SH

C
R

. The rate constant of 

reaction 2C makes a negligible contribution to the overall reaction rate.
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There are two pKa values reported in the literature for the sulfenic acid of CP in Prx  pK
a
SOH ; 

a value of 6.6 was determined for Mycobacterium tuberculosis AhpE,43 and a value of 6.1 
was determined for S. typhimurium AhpC C165S.44 The latter is significantly lower than the 

value determined herein for wild-type AhpC (7.22 ± 0.06). Remarkably, the values of pK
a
SH

for CR determined through fitting of the resolution reaction are significantly lower than 
those previously measured by alkylation in refs 41 and 42 or in this work (Figure S1). The 
shift in the pKa values of both sulfenic acid and thiol points to a potential alteration of the 
protein environment of both CP and CR upon formation of the sulfenic acid that may occur 
in a manner independent of the conformational change that enables disulfide bond 
formation.

In comparison with the CP thiol/thiolate present in the reduced form of these enzymes, the 
sulfenic acid/sulfenate is bulkier, significantly less acidic,20,42 and potentially much better at 
forming hydrogen bonds because of its oxygen atom. These steric, electrostatic, and 
interaction properties will alter the environment of the active site and could result in a 
destabilization of the FF conformer and may accelerate the FF → LU transition.

Reactivity of the Residues versus Encounter Frequency of the Reacting Moieties.

Sulfenic acids in the presence of thiols are short-lived. They react to yield a disulfide that is 
much more stable than the reactants; thus, measuring the kinetics of condensation through 
partial oxidation of a thiol is difficult. This difficulty was evident in a recent debate in the 
literature37,38 about the rate constant of reaction of Cys with Cys sulfenic acid at pH 6.0 to 
form a disulfide (kCysSS). One group reported a value of 720 M−1 s−1,37 and the other set a 
lower limit of 105 M−1 s−1;38 both rate constants indicate relatively fast reactions. There is 
nevertheless a detailed kinetic study of a sulfenic acid reacting with thiols in aqueous 
solution; the proton pump inhibitor omeprazole produces a sulfenic acid by a rearrangement 
in acidic medium in the absence of thiols, and the sulfenic acid is in fast equilibrium with a 
cyclic sulfenylamide. The mixture of sulfenic and cyclic sulfenylamide reacts with β-
mercaptoethanol with a diffusion-limited rate,45 in line with the highest rate constant 
obtained in the cysteine studies. In any case, both reported rate constants of the condensation 
of cysteine with cysteine sulfenic acid can be compared to the resolution reactions of the 
four Prx studied here. To make the comparison, we need to calculate effective molarities as 

k
res
app

/k
CysSS

 (Table 3). A simple model assuming that both CP sulfenic acid and CR thiol are 

constrained to move in a sphere with a 30 Å radius (twice the distance between the residues 
in the reduced enzyme) produces an effective molarity of 0.68 M, much higher than those 
calculated even with the smallest rate constant. It follows that the encounter probability of 
the two residues is restricted by the protein structure; i.e., the Prx structure limits the 
resolution reaction rate and thus may limit the overall turnover of the enzyme. One of the 
secondary effects of the slow resolution is the differential propensity to hyperoxidation 
previously observed among different Prx.31

The FF active site of Prx is an extremely conserved structure;5,46,47 thus, the sulfenic acids 
of the CP are formed in similar environments in the four Prx studied. Also, the CR thiol 
appears to be a regular cysteine in terms of reactivity, with the expected pKa for a surface 
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Cys and not particularly fast in any of the reactions studied so far. However, 2 orders of 
magnitude separate the apparent rate constants of PRDX2 and AhpC. Thus, it appears, 
particularly in the case of PRDX2, that the resolution rate is limited not by the reactivity of 
the thiol−sulfenic acid pair but by a structural restriction that hinders the access to the LU 
conformation.

Furthermore, according to the estimates in Table 2, the resolution reaction is slower than 
expected in all four cases. This evidence supports the hypothesis that the protein structure 
restricts the rate of resolution, not necessarily by affecting the reactivity of the groups 
involved but by sequestering or stabilizing them in the FF conformation and limiting their 
productive encounters.

Stabilization of the LU conformation happens in nitrated PRDX248 and results in faster 
overall catalysis. Additional evidence of this structural limitation of the rate comes from 
another thiol peroxidase from the GPx family. In a recent report on a mycothiol peroxidase 
from Corynebacterium glutamicum (Mpx),49 the authors show that the resolution reaction 
happens at a rate on par with that of AhpC (kres = 111 s−1) but a C64S mutation makes the 
reaction 5-fold faster (kres = 559 s−1). Because C64 is not involved in the reaction and seems 
to be too far from either CP or CR (according to structural models) to affect the reactivity of 
either, the best hypothesis is that the C64S mutation helps stabilize the conformation where 
the reaction is possible.

The sole example of the dynamics of the FF−LU transition studied by nuclear magnetic 
resonance in a Prx indicates a rather fast process,36 but even if the conformational transition 
is fast, it could limit the overall rate of resolution. The reaction sequence, including the 
conformational transition, would be

PrxSH
SOH

FF k
FF

k
LU

PrxSH
SOH

LU

k
2

PrxS
2 LU

+ H2O (6)

The rate law of the system can be approximated using any of the three simplified 
approaches, namely, steady state, prior equilibrium, or improved prior equilibrium,50 

described in Table 4.

In all three cases, the approximate rate constant of product buildup (kres) includes kLU and 
kFF, with kFF always being in the denominator. Then, regardless of the approximation, 
assuming that the LU conformation is less stable than FF (kLU ≪ kFF),51 the conformational 
change will limit the rate of resolution by restricting the available concentration of the LU 
conformer. In other words, the FF → LU transition does not need to be slow to decelerate 
the resolution reaction; as long as the transition in the LU direction is slower than its reverse, 
kres will be lower than the rate constant of the chemical process (k2).

Stoichiometric versus Catalytic Consumption of H2O2 and the Sensing of Peroxide Flux.

Limitation of the catalytic turnover of Prx by the resolution reaction could have profound 
consequences in terms of the sensing of peroxides. The rate of peroxide consumption by Prx 
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depends crucially on the concentration of enzyme and the rate of H2O2 generation. If the 
enzyme is in the dithiol state and in excess, and H2O2 is introduced suddenly into the 
system, as in a bolus addition, the consumption of peroxide will obey the rate law of reaction 
1 (Table 5). This stoichiometric consumption of H2O2 is extremely rapid, particularly by 
PRDX1, PRDX2, and AhpC that are abundant and have large rate constants. As a result, 
under these conditions, the enzymes will consume H2O2 very fast. Nevertheless, if H2O2 is 
produced constantly, the excess reduced Prx will be eventually depleted, and further H2O2 

reduction can be possible only if the enzyme goes through the complete catalytic cycle. In 
this case, reaction 2 or 3 may become rate-limiting. Using the values of Prx rate constants, 
we calculated the steady-state concentrations of the oxidant ([H2O2]ss) and reductant (either 
Trx or AhpF, [Red]ss) that make all three steps in the catalytic cycle proceed at the same rate 
(Table 5). The calculated [H2O2]ss in the case of PRDX2 is remarkably low (4 nM) and 
separated from that of PRDX1 and PRDX5, enzymes that coexist in the cytosolic 
compartment. Interestingly, the range of [H2O2]ss between the two main cytosolic Prx 
(PRDX1 and PRDX2) coincides with the range described recently as physiological, or 
“oxidative eustress”.52

In the case in which a sustained influx of H2O2 oxidizes the Prx and forces it to consume the 
peroxide catalytically through multiple turnovers (i.e., when [H2O2]ss exceeds the critical 
values of Table 5 for each Prx), the actual rate of consumption of H2O2 by said Prx will not 
increase with an increasing [H2O2]ss, as reaction 2 or 3 will become rate-limiting. For 
instance, if the H2O2 influx is sufficient to sustain [H2O2]ss > 4 nM, PRDX2 will 
accumulate as either sulfenic acid or disulfide and will not be able to consume H2O2 any 
faster, thus forfeiting its antioxidant function. An alternative, faster Prx present in the same 
compartment can then perform the catalytic reduction of H2O2 below their respective critical 
[H2O2]ss, namely up to 120 nM for PRDX1 and up to 43.5 μM for PRDX5. In summary, in a 
cytosolic compartment where PRDX1, PRDX2, and PRDX5 coexist, in the range of 
[H2O2]ss of ≤4 nM all three Prx contribute to the catalytic reduction of peroxide. From 4 to 
120 nM, PRDX1 and PRDX5 will be the catalytic antioxidant whereas PRDX2 will 
accumulate as sulfenic acid and/or disulfide (depending on the rate of reaction 3). When 
[H2O2]ss > 120 nM, only PRDX5 will continue functioning as the antioxidant. Of course, in 
the same compartment there may be other peroxidases (glutathione peroxidase, PRDX6, and 
catalase) sharing the burden of reducing H2O2; nevertheless, the ranges of steady-state 
concentrations are embedded in each 2Cys Prx through the rate-limiting step that reaction 2 
may become (Figure 4).

There is the additional possibility of reaction 3 becoming the rate-limiting step, for instance, 
because of low reducing partner concentrations. In those cases, the critical [H2O2]ss will be 
lower than those in Table 5 and the Prx will accumulate as the disulfide, instead of as the 
sulfenic acid.

Above each critical [H2O2]ss, the catalytic capability of one Prx is overwhelmed and the 
next one takes over with the possibility of setting a stepwise sensing system with hard-wired 
detection points at specific concentrations of the oxidant. At each critical point, and in a very 
narrow range of concentrations, the Prx will switch from mostly reduced to mostly oxidized, 
providing a recognizable target in a signaling pathway. As each 2Cys Prx has a unique 
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combination of rate constants, several such switches are possible in compartments where 
multiple 2Cys Prx exist.

One reaction that is usually invoked in systems where Prx turnover occurs with excess H2O2 

is hyperoxidation of the CP to render the catalytically inactive sulfinic and sulfonic 
forms53,54 (reaction 4). To gain a better quantitative perspective on the importance of 
hyperoxidation, we can make some simple calculations at one of the critical [H2O2]ss values 
listed in Table 5. What fraction of PRDX2, the most sensitive Prx, will be inactivated 
through hyperoxidation at 120 nM, the point at which PRDX1 switches from a catalytic 
antioxidant to a signaling sulfenic acid or disulfide? The reported rate constant of reaction 4 
is 12000 M−1 s−1;16 then at 120 nM, the rate of reaction 4 would be

v
4

= k
4

H
2
O

2
Prx

SH
SOH

= 12000 × 1.2 × 10
−7

Prx
SH
SOH

= 1.44 × 10
−3

Prx
SH
SOH

Meanwhile, with the turnover of PRDX2 limited by the resolution reaction, its rate would be

v
res

= k
res

× Prx
SH
SOH

= 0.64 Prx
SH
SOH

The quotient v4/vres tells us that under these conditions PRDX2 is inactivated at a rate of 
once every 440 turnovers. Of course, because v4 increases with increasing H2O2 

concentrations, it may become more prevalent under conditions of higher H2O2 

concentrations, and hyperoxidized protein could accumulate under such conditions.

Other reactions of the sulfenic acid may be even more important than hyperoxidation, e.g., 
glutathionylation of the CP. The rate constant of that reaction has been reported as 500 M−1 s
−1;55 then, assuming a conservative glutathione concentration of 1 mM, the rate would be

v
GSH

= k
GSH

[GSH] Prx
SH
SOH

= 500 × 1 × 10
−3

Prx
SH
SOH

= 0.5 Prx
SH
SOH

In this case, a vGSH/vres ratio of 1.28 indicates that a very important fraction of PRDX2 may 
become glutathionylated in the system and its return to the basic catalytic cycle will depend 
on the action of glutaredoxins or other enzymatic systems.55

We still do not know whether or under what circumstances the Prx present as sulfenic acid, 
as disulfide, gluthionylated, or as the hyperoxidized sulfinic acid (or all of them) would 
serve as the recognizable transducer of the signal for H2O2 concentration. Recent results 
point to the involvement of CP sulfenic acid in the formation of mixed disulfides of target 
protein thiols with PRDX1 and PRDX2 in cells subject to mild H2O2 exposure.27 The 
involvement of the reduction reaction, by thioredoxin or alternative reductants, in the 
modulation of the distribution of the three catalytic species of Prx (thiol, sulfenic acid, and 
disulfide) requires further research. Detailed kinetic studies are needed, beginning with the 
systems of reduction of Prx by thioredoxins and exploring further the alternative redox 
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partners that may relay the signal. In any case, we currently know that the Prx properties 
(i.e., structures, dynamics, and kinetic rate constants) are clearly tunable and have been 
adapted to fulfill their biological niche in ways that we are just beginning to understand.

In summary, by evaluating the disulfide bond formation rate constant across a pH range 
among a set of Prx with distinct features and roles in biology, we have determined the 
functional pKa values of both the CP sulfenic acid and CR thiol for each. As expected, 
disulfide bond formation proceeding by the nucleophilic attack of the deprotonated CR on 
the protonated, electrophilic CP sulfenic acid is the most efficient (by >30-fold) versus the 
next fastest reaction (between the CR thiolate and CP sulfenate), while the contributions of 
reactions involving the protonated CR are negligibly small. In all four Prx studied (PRDX1, 
PRDX2, PRDX5, and AhpC), the maximal potential rate of disulfide bond formation is 
never reached because of the higher pKa of the CR thiol relative to that of the CP sulfenic 
acid (limiting the maximal observed rate constant to approximately 12−30-fold lower than 
the rate constant of the optimal redox forms of CP and CR). Where the disulfide bond 
formation rate is slowest, in PRDX2, stoichiometric amounts of H2O2 can still be rapidly 
reduced (comparable to the case for the other major cytosolic Prx, PRDX1), but as H2O2 

concentrations increase and turnover of the system is required, disulfide bond formation 
rapidly becomes a bottleneck that favors flux through PRDX1 rather than PRDX2, even if 
reductant availability becomes an issue. This supports the possibility that PRDX2 redox 
status, which is strongly shifted at [H2O2]ss values of >4 nM, is used by the cell as a 
threshold sensor of H2O2 levels for the purpose of regulating cell signaling processes.
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Figure 1. 

Kinetics of oxidation of PRDX1 and PRDX2 by H2O2. Time courses of the changes in 
intrinsic fluorescence of (A) 0.25 μM reduced PRDX1 upon reaction with 2.9 μM H2O2 at 
pH 6.7 and (B) 0.2 μM reduced PRDX2 upon reaction with 1.5 μM H2O2 at pH 7.4. Note 
the different time scales. The two phases were fitted independently to single-exponential 
functions to obtain first-order rate constants. The dependence of the rate constants on H2O2 

concentration, kfast, corresponding to the descending phase of the reaction (down triangles, 
right y axis) depends linearly on H2O2 concentration, whereas the rate constant of the 
ascending phase (kslow, up triangles, left y axis) is apparently independent of H2O2 

concentration for both (C) PRDX1 and (D) PRDX2.
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Figure 2. 

Kinetics of oxidation of PRDX5 by H2O2. The reaction rate constants were measured 
through the change in intrinsic fluorescence of the protein at different concentrations of 
H2O2, at 25 °C and pH5.84 (black squares), pH 7.08 (red circles), and pH 8.94 (blue 
triangles).
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Figure 3. 

pH profiles of the rate constant of resolution of AhpC (black squares), PRDX1 (red 
triangles), PRDX2 (green triangles), and PRDX5 (blue circles). The lines represent the fits 
to eq 5.
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Figure 4. 

Ranges of H2O2 concentration and PRDX roles. Below the [H2O2]ss threshold imposed for 
each PRDX by their resolution reaction, the enzymes act as fast peroxidases consuming 
most of the peroxide and keeping its concentration low. Once the flux of H2O2 overcomes 
the maximal flux of consumption by a Prx, resolution or reduction reactions become rate-
limiting, and the enzyme accumulates as sulfenic acid or disulfide and may acquire the role 
of reporting the increased H2O2 flux (i.e., as a threshold sensor). The other Prx continue the 
peroxidase function until the [H2O2]ss reaches their respective critical points. Other 
peroxidases such as catalase and GPx also contribute to the consumption of H2O2 and may 
prove to be important for preventing hyperoxidation, a reaction that needs a rather high 
[H2O2]ss.
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Table 3.

Resolution Rate Constants at pH 6.0 and Effective Molarities Estimated as the Resolution Rate Constant 
Divided by the Reported Bimolecular Rate Constant of the Condensation between Cys and Cys Sulfenic Acid 

(k
res
app

/k
CysSS

)

effective molarity k
res
app

/k
CysSS

(M)

Prx k
res
app

 (s−1 at pH 6.0)
a

kCysSS = 720 M−1 s−1 kcysSS > 105 M−1 s−1

AhpC 11.8 2.71 × 10−2 <1.95 × 10−4

PRDX1 4.61 6.4 × 10−3 <4.61 × 10−5

PRDX2 0.15 2.08 × 10−4 <1.50 × 10−6

PRDX5 19.5 1.64 × 10−2 <1.18 × 10−4

a
Values interpolated from Figure 3, using pH 6 to compare the results with those of small-molecule studies.
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Table 4.

Approximate Solutions for the Kinetic System of Resolution Described in eq 6

steady state prior equilibrium improved prior equilibrium

kres ≈
k
LU

k
2

k
FF

+ k
2

k
LU

k
2

k
LU

+ k
FF

k
LU

k
2

k
LU

+ k
FF

+ k
2
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