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Abstract

Peroxiredoxins were not recognized as a family of enzymes until the 1990s but are now known to
be the dominant peroxidases in most organisms. Here, the history and fundamental properties of
peroxiredoxins are briefly reviewed, with a special focus on describing how an exquisitely tunable
balance between fully folded and locally unfolded conformations plays a large role in
peroxiredoxin catalytic properties.
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The discovery of Peroxiredoxins as nature’s dominant peroxidases

It has long been known that cellular antioxidant enzymes provide protection from reactive
oxygen species such as the superoxide radical anion, hydrogen peroxide, and the hydroxyl
radical that can cause toxicity through oxidizing nucleic acids, proteins, and lipids. In terms
of antioxidant defenses, it is a few peroxidases, like catalase, glutathione peroxidases
(Gpxs), and peroxiredoxins (Prxs) that are most important because they have a primary
purpose of reducing peroxides. In contrast, for a second group of peroxidases — including the
heme peroxidases such as horseradish peroxidase and myeloperoxidase — the primary
purpose is to use the peroxide as an oxidizing agent to oxidize a second molecule. This
review focuses only on the first of these groups. Among such peroxidases, the two
historically best-known ones, catalase and glutathione peroxidase (Gpx), were discovered in
1900 [1] and 1957 [2], respectively, and have been extensively studied. To carry out
catalysis, these enzymes have special cofactors, either a heme (catalase) or a seleno-cysteine
residue (Gpx), and they are very effective catalysts with second order rate constant Kea/Kpm
values of near 108 M~1s71 and 107 M~1 s71, respectively.

Until quite recently, these two enzyme types were thought to be the major peroxide reducing
enzymes protecting cells. The shift began in 1994, when protein sequence comparisons led
to the recognition of a third abundant and widespread group of peroxidases [3]. The name
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peroxidoxins was first proposed for this group, but this quickly morphed to become the
currently used peroxiredoxins (Prxs) [4]. The characterized enzymes grouped together in
that study included just three, known at the time as thiol-specific antioxidants (TSA) from
yeast and from rat, and alkyl hydroperoxide reductase C (AhpC) from Salmonella
typhimurium. These enzymes were quite distinct from catalases and Gpxs especially in that
they had no special cofactor, but simply used cysteine residues for catalysis. Either one or
two Cys residues can be involved in catalysis and based on their roles [5], it was proposed
by Wood et al. [6] that they be called the ‘peroxidatic’ Cys or Cp and, when present, the
‘resolving’ Cys or Cr. As seen in Figure 1, for catalysis the peroxidatic Cys (Cp) thiolate
reacts directly with peroxide and is converted to a Cp-sulfenic acid. In those Prxs having a
second ‘resolving” Cys (CR), it then reacts with the Cp-sulfenic acid to form a disulfide. This
disulfide is then subsequently reduced by a thiol reductant such as thioredoxin (Trx) to
complete the catalytic cycle.

These enzymes were still for many years thought of as less important than catalase and Gpx
because they appeared to be much less efficient catalysts, having reported second-order rate
constants of only ~10* M1 s71 [7]. However, in an important breakthrough, it was
recognized that the ~10% M~1 s71 value was not reflecting the intrinsic rate of peroxide
reduction, but the rate at which the disulfide form of the Prx was reduced by the external
reductant added to the assay; after addressing this issue for S. typhimurium AhpC,
measurements of the intrinsic limit of the reaction with peroxide yielded a kca/Kp value in
excess of 10’ M~1s71[8, 9], a range now seen to be typical for Prxs and making it clear that
their efficiencies are on par with catalase and Gpx. At the same time, evidence was
accumulating that Prxs tend to be much more highly expressed than catalase and Gpxs. For
instance in yeast, estimates of protein abundance obtained by GFP-tagging every protein
[10] showed that the most abundant Prx was expressed at 50-fold higher levels than the most
abundant Gpx, and was 500-fold more abundant than the most abundant catalase (Table 1).
In mammals, there are six Prxs (PrxI through V1) and among these, PrxI (cytosolic) and
Prx1ll (mitochondrial) appear to be the ones relatively highly expressed in all tissue types
(Figure 2).

Putting together the high activity of Prxs with their high abundance, it has been estimated
that in human cells over 99% of peroxide in the cytosol and over 90% of peroxide in the
mitochondria will react with peroxiredoxins rather than other enzymes or small molecule
thiols [12, 13]. This sense of the general importance of Prxs is further reinforced by the
observation that many organisms, including some human pathogens (reviewed in [14]), have
no catalase and/or Gpx enzymes, but they all have Prxs. Taken together, despite their much
later discovery than catalase or Gpx, Prxs are now seen as the dominant peroxidases in most
living organisms. As Prxs can also show high catalytic reactivity with peroxynitrite, they
may also be important for defense against reactive nitrogen species [15].

Basic structural features of Prxs

Prxs are single domain proteins based on a thioredoxin fold that are presumed to have
evolved from a thioredoxin-like ancestor [16], and the structural core common to the Prx
family contains seven central B-strands that are surrounded by five a-helices. Structures of
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over 100 Prxs are now known, and they range from about 160 to 220 amino acid residues in
length with the longer Prxs, of course, having additional secondary structural elements. Only
four positions are highly conserved among all Prxs, and of these three are located in an
eight-residue PxxxTxxC motif that makes up the loop preceding helix a2 and the first turn
of the helix. The Cys in this segment is the peroxidatic Cys, and the loop leading up to it is
called the Cp-loop. The Pro and Cys are fully conserved and the Thr position is occasionally
filled by a Ser. The fourth conserved position is an Arg residue that is located near the
beginning of strand 6. As is further discussed below, these four residues are all close to one
another in the fully-folded peroxidatic active site (Figure 3A).

In terms of quaternary structure, Prxs occur variously as monomers, A-type and B-type
dimers, and decameric (or dodecameric) assemblies made of either five (or six) B-type
dimers that associate into a ring by interacting via their A-type interfaces (Figure 3B). As
defined by Sarma et al. [19], the B- (for B-sheet) type dimers associate via the edges of the 3
strands so that the dimer forms a wide 14 stranded p-sheet. In contrast, the A- (for ancient or
alternative) type dimers associate mostly via loops at the C-terminal ends of the parallel 8-
strands 3 through 7 [6, 19]. Two Prx structures have been reported to form octamers [20,
21], but these appear to be artifacts rather than representing true physiological forms [22,
23]. Also, Prx decamers are known in some circumstances — apparently promoted by
formation of the hyperoxidized of Cp-SO,™ residue — to assemble into “high molecular
weight” complexes involving stacks of decamers that can have protein-stabilizing chaperone
activity [24-26]. Their ability to form these super-assemblies has led them to be considered
recently as a useful building block for protein-based nanotechnology (e.g. [27]).

evolutionary subfamilies of Prxs

As information available for Prx structures and sequences has grown, it has been recognized
that most Prxs fall into five common subfamilies — Prx1 (or Prx1/AhpC), Prx6, Prx5, Tpx,
and PrxQ (or PrxQ/BCP) — and a sixth possible subfamily — AhpE — that is not widely
represented so cannot be confidently characterized [28]. Within each subfamily the percent
sequence identities tend to be >30% and between subfamilies the identities are typically in
the 15-30% range. For a structure-based alignment of sequences from representative family
members see Hall et al. [29]. The online PREX database (http://csb.wfu.edu/prex/; [30])
contains much information about Prxs including the subfamily assignment for each known
Prx sequence. One must be cautious about inferring anything from the name of a given Prx,
because many Prxs have been given a generic name that does not reflect their subfamily. For
instance, the Tpx name (short for thiol peroxidase) has been given to many enzymes that are
not in the Tpx subfamily (see also examples in [14]). It is worth noting that the Prx1
subfamily enzymes, which are generally decameric, tend to be the ones that are most highly
expressed.

The mechanisms of Prx catalysis

As is diagramed in Figure 1, in considering Prx catalytic activities one must consider five
main chemical events and two distinct conformational states. The five chemical steps are (1)
peroxidation, (2) resolution, (3) recycling, (4) hyperoxidation, and (5) resurrection; and the

Free Radic Biol Med. Author manuscript; available in PMC 2016 March 01.


http://csb.wfu.edu/prex/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karplus

Page 4

two conformational states are the “fully folded” (FF) and “locally unfolded” (LU). As far as
is known, the resurrection step catalyzed by the enzyme sulfiredoxin (Srx) is only relevant
for some Prx1 subfamily enzymes, but as was noted above, in eukaryotes these are often the
enzymes that are the most highly expressed. Nevertheless, understanding Prx function
involves taking into account the interplay of the chemical steps and the conformational
changes.

The fully folded (FF) and locally unfolded (LU) conformational states

As was first described in a structural analysis of S. typhimurium AhpC [6], Prxs can exist in
both FF and LU states. The FF state refers to a well-defined and well-conserved [29] active
site protein conformation that has its Cp thiolate (typically Cp residues have pKa values < 7)
at the bottom of a pocket that is ready to bind and react with a peroxide substrate (Figure
3A; [17, 18]). In this position, the limited steric accessibility of the Cp side chain leads it to
be strongly hindered both from being modified by thiol reagents and from reacting with
another thiol to form a disulfide. This FF conformation must exist for all Prxs that have
substantial peroxidase activity, because it is the conformation that promotes the reaction
with peroxide.

In contrast, the LU state refers to a set of conformations that could include a substantial
amount of variation both within a given Prx and between Prxs. The essential feature of the
LU state is that the active site pocket is no longer formed and the Cp side chain is exposed
and available for reaction with (or already has reacted with) another thiol to form a disulfide
— whether that thiol comes from the Prx itself (as for 2-Cys Prxs) or from another protein or
small molecule (as for 1-Cys Prxs). Minimally, LU states have a rearrangement of the
PxxxTxxC segment that includes movements of the Cp-loop and a partial unwinding of the
first turn of the a2 helix. In addition to the many LU conformations, some parameters
influencing this transition that may be optimized for each Prx during evolution are the FF *
LU rates of transition and the FF *LU equilibrium constant in the Cp-SH, Cp-SOH, Cp-
SO,7, and Cp-SO3~ forms; in contrast, any form with Cp involved in a disulfide bond will
not be undergoing an FF * LU equilibrium, but the disulfide bond will effectively lock it
into the LU form. For one Prx studied by NMR, the rates of opening and closing were seen
to be very rapid, in the range of 1500 s™1 [31].

Another aspect of the FF *LU conformational change is a connection between quaternary
structure and conformation that occurs for many members of the Prx1 subfamily that form
donut-shaped decamers. For these proteins, the residues near the Cp-loop participate in the
decamer-building interface and the change in conformation to the LU state weakens these
interactions and destabilizes the decamer. This means that unless the protein concentration is
very high, when the enzyme becomes locked into the LU state by disulfide formation, the
decamers will tend to dissociate into B-type dimers [6]. As the stability of the decamers can
vary during evolution, not all subfamily Prx1 enzymes tend to dissociate into dimers (e.g.
[32-34]), and the dissociation is of uncertain functional importance.
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Peroxidation

The first step in the catalytic cycle is the nucleophilic Sy2 attack of the Cp-thiolate on the
hydrogen peroxide substrate to form Cp-SOH and water. As noted above this requires the FF
enzyme form which provides a steric and electrostatic environment that enhances catalysis.
It lowers the pKa of Cp so it is largely deprotonated, yielding a thiolate that reacts at ~20
M~1 571 with peroxide [13, 35]. And, beyond this to provide the remaining 10°-fold rate
enhancement, the FF active site orients and activates the peroxide substrate for the
displacement reaction by providing a hydrogen bonding and steric environment that creates
an ‘oxygen track’ along which the reaction can take place [18] (Figure 3A). The protein
environment geometry appears to be constructed such that the hydrogen bonding
interactions will be most linear and strong at the transition state of the reaction (Figure 4).
The synergistic hydrogen-bonding interactions of the side chains of the conserved Arg and
Thr residues together with the backbone N-H atoms from Cp and the preceding residue
underscore the extent to which the FF active site is required for this step. Factors directing
the specificity of Prxs toward organic peroxides as opposed to H,O, itself are not well
understood, but in some cases those enzymes — such as those from the Tpx and PrxV
subfamilies — are seen to have a ‘hydrophobic collar’ around a part of the active site pocket
that could make favorable interactions with the alkyl portion of the organic peroxides [18,
36].

Resolution

The resolution step involves a second thiol attacking the Cp-SOH to create a disulfide and
expel water (or an alcohol for organic peroxide substrates) as a leaving group (Figure 1).
This step requires the locally unfolded state so that the Cp-SOH group is accessible for
attack by the second thiol. Based on typical protein dynamics, the Cp-SOH form of the
enzyme would be in a rapid equilibrium between the FF and LU conformations, and then the
disulfide formation would covalently trap the protein into the LU conformation. A
contrasting idea recently suggested for human PrxIV is that the Cp-SOH form itself has the
FF conformation so destabilized that it is effectively ‘locked’ in the LU form already [37].
As noted above, for so-called “2-Cys’ Prxs this second thiol comes from the protein itself,
and is called the ‘resolving’ Cys or Cg. In the various Prx families the Cg residue has been
seen to be located in five different places: in helix a2 just five residues after Cp, in helix a3,
in helix a5, in the C-terminal region of the other chain of a B-type dimer (Figure 5) and
between strands B1 and 2 of the other chain of an A-type dimer [38]. For so-called ‘1-Cys’
Prxs this second thiol may be a small molecule thiol such as glutathione.

Recycling

The third step of the normal catalytic cycle is the reductive recycling of the disulfide to
reform the Cp-thiolate form of the enzyme to be ready for the next catalytic cycle. This
reduction is generally rather promiscuous and can be accomplished by a variety of thiol
compounds including small molecules such as dithiothreitol. For many Prxs the
physiological reductant appears to be thioredoxin, but for some there exists a specific Prx
reductase that contains a thioredoxin-like domain. One example of this is the AhpF enzymes
in bacteria that specifically reduce the AhpC Prxs [39]. In those recycling reactions that have

Free Radic Biol Med. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karplus

Page 6

been studied, the initial attack on the disulfide preferentially occurs on the sulfur from the
Cr-residue creating a mixed disulfide between the reductant and the Cg residue, and freeing
the Cp-thiol [38, 40-42]. Importantly, the substrate for the recycling reaction is the locally
unfolded form of the enzyme (trapped in that conformation by the disulfide bond) and after
reduction, the Prx refolds to the fully folded, substrate-ready conformation.

Hyperoxidation

From the Cp-SOH form of the enzyme a different reaction can take place instead of the
“resolution” reaction described above. This is the hyperoxidation reaction that occurs if a
second peroxide substrate binds to the active site pocket and reacts with the Cp-SOH (Cys-
sulfenic acid) to convert it to Cp-SO,~ (Cys-sulfinate). This form of the enzyme can no
longer move through the catalytic cycle, but is stuck. As has been described [19], this
reaction is thought only to occur in the fully folded active site after the OH of the Cp-SOH
group must rotate away from the substrate binding pocket to make room for the incoming
peroxide. It has been recently shown that for human Prxl|I, this second reaction (Cp-SOH to
Cp-S0O,7) is about 1000 times slower than the first reaction [43]. For some Prxs the
hyperoxidation process stops at this stage, but for others, by reacting with a third peroxide
substrate the Cp-SO,™~ can be further oxidized to become Cp-SO3™ (Cys-sulfonate) (e.g.

[19]).

As is emphasized by the block arrows in Figure 1, the initial hyperoxidation step is in
competition with the resolution step that leads to disulfide formation, so that rapid disulfide
formation can be thought of as protecting the Prx from becoming hyperoxidized and
inactivated. In Prxs for which the resolution step is disfavored and slow — for instance
because the local unfolding step is unfavorable — the hyperoxidation will more readily occur.
The rate of hyperoxidation (inactivations per catalytic cycle) is roughly linear with peroxide
concentration and can be fit to a model for the inactivation kinetics that assumes that the FF
and LU conformations are in rapid equilibrium [44]. As was recently described [45], the
propensity for hyperoxidation of a Prx can be described as Chyp19, the peroxide
concentration at which 1% of the enzyme becomes inactivated per catalytic cycle. However,
important to note is that even for Prxs that are intrinsically highly sensitive to
hyperoxidation (i.e. a low Chyp19, Value), it may be that in vivo they do not become easily
hyperoxidized because the recycling step is slow, which both limits the total number of
turnovers per enzyme and leaves the enzyme largely in the protected disulfide form. This
seems to be the case for both PrxIl in human red blood cells [46, 47] as well as for PrxIV in
the endoplasmic reticulum [48].

Hyperoxidation can occur for all Prxs, but it is only some Prxs in subfamily Prx1 that appear
to have a feature that was selected during their evolution that makes them particularly
sensitive to hyperoxidation [44]. As far as is known, it is only these Prxs that are substrates
for sulfiredoxin and can undergo the resurrection reaction described in the next section.

Resurrection

The final reaction included in Figure 1 is the ATP-dependent conversion of the inactive Prx
Cys-sulfinate back to a sulfenic acid so its activity is resurrected and the enzyme can
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continue around the catalytic cycle. The Cys-sulfinate form of Prxs was considered to be
irreversibly inactivated until it was reported that there was an ATP-dependent activity in
cellular extracts that could reactivate it [49]. Shortly thereafter, using yeast as a hunting
ground, the reaction was shown to be catalyzed by the enzyme sulfiredoxin (Srx) [50]. As
recently reviewed [51], the reaction involves transfer of the y-phosphoryl group of ATP to
the sulfinate oxygen, followed by attack on the sulfinate sulfur by the Srx thiol to displace a
phosphate and form a mixed Srx-Prx oxo-disulfide (i.e. a thiosulfinate). Using designed
mutants, a very informative crystal structure of a complex of Prx in a mixed disulfide with
Srx has been captured [52]. This structure shows that specificity in this reaction is partly
provided by the C-terminal region of the Prx (that becomes disordered during the local
unfolding of subfamily Prx1 enzymes) wrapping around the Srx in an intimate embrace.
Indeed, as far as is now known, the resurrection reaction only occurs for Prxs from
subfamily Prx1, consistent with these being the only group of Prxs for which facile
hyperoxidation is a physiologically relevant process.

For what reason has Prx hyperoxidation been selected?

Originally Prx hyperoxidation was seen as an unfortunate by-product of having the reactive
Cys-sulfenic acid intermediate necessarily being exposed to peroxide during the catalytic
cycle [4, 53], basically along the lines of the old saying that “if you play with fire you’ll get
burned.” But with the observations that facile hyperoxidation was not a general Prx
property, and was associated with Prx1 subfamily enzymes having certain sequence
fingerprints —a ‘GGLG’ segment halfway through the protein, and a “YF’ motif in a helix at
the C-terminal end of the enzyme — it was proposed that the sensitivity to hyperoxidation
was a feature of certain Prxs that had been selected for during the evolution of eukaryotes
[44]. The discovery of the ATP-dependent resurrection activity associated with sulfiredoxin
made the case even more compelling that the sensitivity to hyperoxidation must have been
selected for during evolution. And, while there is still debate over the potential physiological
purposes of the facile hyperoxidation of certain family Prx1 subfamily members, there is
little doubt that it has been strongly selected, and so must serve one or more positive
purposes. As has been summarized [54], roles for which there is some evidence include: the
originally proposed role of a peroxide floodgate (Figure 6), that of a triage agent to conserve
redox power under conditions of high oxidative stress [55], that of a protein chaperone
function that has been observed for high molecular weight assemblies (multiple stacked
decamers) of Prxs that are promoted by hyperoxidation [25], and that of an SOS *fire alarm’
signal serving as a checkpoint of sorts [56]. These four proposed roles are not exclusive, in
that any or all of them may be true, and they are also not exhaustive in that there may be
important roles that have not yet been recognized. It is worth noting that the first two of the
proposed roles for sensitivity are based on the loss-of-function of the enzyme, and the
second two are based on a gain-of-function associated with the hyperoxidized form. Also,
worth noting is that among the proposed roles, the hypothesis that sensitive Prxs act as
floodgates that allow for local buildup of peroxide concentrations for signaling purposes
(Figure 6) is unique in that it is relevant to normal non-stress-related physiology as opposed
to conditions of oxidative stress. One concrete example of a mitochondrial Prx acting as
floodgate to help regulate corticosteroid biosynthesis was recently described [57].
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The delicate nature of the balances governing Prx catalytic properties

In the first report that certain Prx1 subfamily enzymes had a sensitivity to hyperoxidation
that had been selected for during evolution, the sensitivity was found to be correlated with
the presence of two sequence fingerprints, a ‘GGLG’ segment halfway through the protein,
and a “YF’ motif in a helix at the C-terminal end of the enzyme [44]. The C-terminal ‘YF’
motif packed against, and could be seen to stabilize, the FF active site region and mutations
altering or removing the C-terminal “YF’ motif converted the enzymes to become much
more robust [58, 59]. Now, as can be gathered from the above description of the catalytic
cycle, it must be understood that sensitivity versus robustness to hyperoxidation is more
complicated,; it is not an “either/or’ phenomenon, but is a continuum with the relative
stabilities of the FF and LU states being a crucially important factor governing Prx
functionality [60]; Figure 7). If a Prx has an FF active site that is too stable then it will carry
out the peroxidation step readily, but the resolution step will be slow and the enzyme will
thus be very sensitive to hyperoxidation. In contrast, if a Prx has an FF active site that is not
stable enough, then the peroxidation step will not work well but it will be protected against
hyperoxidation. This implies that in general Prxs would be expected have their FF/LU
equilibria delicately balanced, and it should be expected that single mutations at a variety of
places might easily shift properties fairly strongly one way or the other, i.e. toward being
more sensitive to hyperoxidation and a more potent peroxidase, or more robust to
hyperoxidation but also less potent as a peroxidase ([60]; Figure 7).

This delicate balance has been most well documented in Prx1 subfamily enzymes, such as
human PrxIl and PrxI1l and Salmonella typhimurium AhpC. The PrxIl and PrxIll enzymes
are forms that are naturally rather sensitive to hyperoxidation, but with PrxIl being about 10-
fold more sensitive than PrxIll [61], and the S. typhimurium AhpC is naturally rather robust
against hyperoxidation. For all of these enzymes mutations that alter the stability of the
decamer and/or the FF active site region and/or the FF C-terminal region influence catalysis
and the proclivity toward hyperoxidation. In one detailed study, a set of four C-terminal
residues were identified that differed between human PrxIl and PrxIll, and by mutating
these, PrxIl was made less sensitive to hyperoxidation, and PrxIll was made more sensitive
[62]. In a study of S. typhimurium AhpC, the thermodynamic influence of decamer
formation on the stability of the FF active site was shown in that a point mutation far from
the active site but that disrupted decamer formation both decreased the kcat/Ky, for
peroxidation by a factor of 100 and also decreased the enzyme’s sensitivity to
hyperoxidation [63]. Furthermore, using S. typhimurium AhpC we have recently shown that
even very subtle mutations, such as the Cp-> Ser, Cr-> Ser or Cr-> Ala mutations that are
often used to study Prx properties actually can measurably shift the FF/LU equilibrium and
change the enzyme properties [60]. This latter result provides a sobering reminder that in
some cases the approach used to study Prx catalysis may alter the very properties one is
interested in characterizing.

Also, closely related to this, post-translational modifications can modulate activity and
sensitivity to hyperoxidation and may have important physiological roles. It has been
recently shown that acetylation of a single C-terminal lysine [64] or nitration of a single C-
terminal tyrosine [65] that occur in vivo destabilize the FF state of human PrxIl and make
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the enzyme more robust, and, in the case of acetylation, enhance its chaperone activity [66].
Recently, we have suggested that targeting the stabilization of either the FF or the LU
conformation of Prxs provides a novel strategy for Prx inhibitor design [60]. Stabilizing the
FF form would lead to Prx inhibition through promoting hyperoxidation, and stabilizing the
LU form would lead to Prx inhibition through slowing peroxidation. Because such inhibitors
need not target the conserved active site there is a greater opportunity for developing
selective inhibitors.

Pointers to further information

In this primer on the basics of the structural, catalytic, and conformational properties of
Prxs, | have sought to emphasize how the modulation of the stabilities of their FF and LU
conformations is a crucially important factor that influences the activities of Prxs and is also
a factor that during evolution will have been subjected to optimization for each Prx so as to
make it well suited for its purpose. Given the apparent importance of the Prxs both for redox
defense and for modulating redox signaling, these principles should aid researchers in
designing and interpreting studies that sort out the roles of Prxs as well as in successfully
targeting Prxs for therapeutic interventions. For those interested in learning more about Prxs,
recent reviews and articles provide more in-depth information about structure-function
relations and enzymology (e.g. [29]), about the potential roles of Prxs as triage agents [67],
and chaperones (e.g. [26, 68]) and in redox signaling, aging, and disease (e.g. [69-76]),
about the use of Prxs in nanotechnology [27], and about Srx [51, 77].
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ABBREVIATIONS

Prx peroxiredoxin

Gpx glutathione peroxidase

TSA thiol-specific antioxidant

AhpC alkyl hydroperoxide reductase C

CP peroxidatic Cys

CR resolving Cys

FF fully folded

LU locally unfolded
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Figure 1.
The interplay of five chemical steps and two conformational states in Prx catalysis. The

steps are described in the text. The orange block arrows emphasize that the sensitivity of a
Prx to hyperoxidation depends on the competition between the hyperoxidation (reaction 4,
requiring the FF conformation) and the resolution (reaction 2, requiring the LU
conformation.
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Figure 2.
Relative mMRNA expression levels for six mammalian Prxs in bovine tissues. For more detail

about the tissue types and experimental details, see the work from which the data were taken
[11].
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Figure 3B
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Figure 3.
Views of the Prx active site and Prx1 subfamily decamer. A. The fully-folded active site

pocket of a representative Prx is shown with the molecular surface (with grey carbons, red
oxygens, blue nitrogens and yellow sulfurs. In the substrate binding pocket is shown an
H,0, molecule (green) as seen in the Michaelis complex of an Aeropyrum pernix Prx [17]
and hydrogen bonds (cyan dashed lines) from backbone atoms and the conserved Thr and
Aurg side chains that stabilize the Cp residue and substrate. Also shown are dozens of
oxygens (red) representing the positions of water molecules that are bound to various un-
liganded FF actives sites (gathered as described in [18]). The water positions clearly define a
track along which the substrate oxygens will be stabilized as they move during the reaction.
B. Decamer commonly seen for Prx1 subfamily enzymes such as mammalian PrxI, Prxll,
Prx1ll and PrxIV. Emphasized is how it is constructed of a pentamer of B-type dimers
associating through the A-type interfaces.
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Figure 4.
Proposed transition state stabilization by the conserved FF Prx FF active site. In the reaction

transition state the S...O” bond is partially formed, the O...0OB bond is partially broken,
and the central O” atom is expected to have two lone pairs and its hydrogen in a trigonal
planar arrangement. The hydrogen bonds from the environment can be seen to be well-
suited to stabilize exactly that structure. Adapted from [18].
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Details of local unfolding
depend on position of Cg

Figure 5.
Four positions of the resolving thiol in 2-Cys Prxs. Shown is a portion of a ribbon backbone

diagram of a Prx1 subfamily B-type dimer in the FF conformation, highlighting side chains
of the Cp (red) and CRg (pale blue from the C-terminus of the second chain). Also mapped to
the backbone are the positions of Cg in other Prx subfamilies that are in helix a2 (violet; as
in some PrxQ subfamily members), helix a3 (green; as in most Tpx and some PrxQ
subfamily members), helix a5 (orange; as in some PrxV subfamily members). Not shown is
a fifth Cr position seen in some PrxV subfamily members that is in the N-terminal region of
the second chain of an A-type dimer [38]. The color-coded arrows indicate that forming the
disulfide in each of these cases must involve a different kind of local unfolding for the Cp
and Cg to come together.
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no peroxidase

sensitive

robust

Distance from source

The floodgate hypothesis concept. The left-hand image shows how if peroxide were
generated at one site in a cell it would form a radial peroxide gradient from high (yellow) to
low (purple). The right hand sketch shows how the peroxide gradient would look in three
scenarios: with no peroxidase a simple gradient (orange trace) would be generated; with a
high amount of a robust peroxidase, little peroxide would build up (green trace); and with a
high amount of a sensitive peroxidase, peroxide would build up locally where the peroxidase
was inactivated but not further away where active peroxidase was still present (pink trace).
Thus the “floodgate” does not allow the whole cell to be flooded with peroxide, but creates a
barrier-less compartmentalization of the peroxide buildup.
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(decreasing peroxidase activity)

(increasing hyperoxidative inactivation)
I 1

LU FF
Active site loop Conformation

How FF *LU thermodynamics impact Prx functionality. The series of violet to red curves
are steps of 1.36 kcal/mol changes in the relative stability of the FF and LU conformations,
and the number with each curve gives the equilibrium [FF]/[LU] ratio that would yield.
Striking is how comparing the blue to the yellow curve, just a 2.72 kcal/mol change in
relative stability alters the fraction of protein in the FF state from ~10% to ~90% and would
result in a roughly 10-fold increase in peroxidase activity and a 100-fold increase in
susceptibility to hyperoxidation. Yet a further 2.72 kcal/mol change in relative stability (to
the red curve) would increase peroxidase activity only another 10%, but increase
susceptibility to hyperoxidation by another 100-fold. Adapted from [60].
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Estimated levels of peroxiredoxins, glutathione peroxidases, and catalases in Saccharomyces cerevisiae. Data

based on GFP tagged proteins from [10]. Alternate names of the five Prxs in S. cerevisiae are given.

enzyme Estimated molecules/cell | Prx subfamily | Cellular location
cTpx! (Tsal, YMLO28W) 378,000 Prx1 cytosol
cTpxIl (Tsa2, YDR453C) 4,800 Prx1 cytosol
cTpxIll (Ahplp, YLR109W) | 16,200 Prx5 cytosol
mTpx (Prx1p, YBLO064C) 4,500 Prx6 mitochondria
nTpx (Dot5p, YILO10W) 1,840 PrxQ nucleus
Gpx1 Low signal

Gpx2 2,000

Gpx3 8,100

Catalase A 600

Catalase T 600
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