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Peroxiredoxin 2 (Prdx2) is a thiol peroxidasewith an active site
Cys (C52) that reacts rapidly with H2O2 and other peroxides. The
sulfenic acid product condenses with the resolving Cys (C172) to
form a disulfide which is recycled by thioredoxin or GSH via
mixed disulfide intermediates or undergoes hyperoxidation to
the sulfinic acid. C172 lies near the C terminus, outside the active
site. It is not established whether structural changes in this re-
gion, such as mixed disulfide formation, affect H2O2 reactivity.
To investigate, we designedmutants to causeminimal (C172S) or
substantial (C172D and C172W) structural disruption. Stopped
flow kinetics andmass spectrometry showed thatmutation to Ser
had minimal effect on rates of oxidation and hyperoxidation,
whereas Asp and Trp decreased both by �100-fold. To relate to
structural changes, we solved the crystal structures of reduced
WT and C172S Prdx2. TheWT structure is highly similar to that
of the published hyperoxidized form. C172S is closely related but
more flexible and as demonstrated by size exclusion chroma-
tography and analytical ultracentrifugation, a weaker decamer.
Size exclusion chromatography and analytical ultracentrifuga-
tion showed that the C172D andC172Wmutants are also weaker
decamers than WT, and small-angle X-ray scattering analysis
indicated greater flexibility with partially unstructured regions
consistent with C-terminal unfolding. We propose that these
structural changes around C172 negatively impact the active site
geometry to decrease reactivity with H2O2. This is relevant for
Prdx turnover as intermediate mixed disulfides with C172 would
also be disruptive and could potentially react with peroxides
before resolution is complete.

Human peroxiredoxin 2 (Prdx2) is a cytoplasmic thiol
peroxidase that is a major contributor to cellular antioxidant
defense and redox regulation. It is a typical 2-Cys peroxiredoxin
with an active site (peroxidatic) Cys residue (CP) that reacts
extremely rapidly with H2O2 (1, 2). The initial product is a
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CP-sulfenic acid that undergoes a structural rearrangement to
condense with the resolving Cys (CR) located in the C-terminal
region of the opposing chain of the functional homodimer (as
shown in Fig. 1). At higher H2O2 concentrations, this occurs in
competition with further oxidation (hyperoxidation) to the
sulfinic acid. During turnover, the CP-CR disulfide is recycled by
reaction with thioredoxin/thioredoxin reductase (Trx/TrxR).
The sulfenic acid and the CP-CR disulfide also react with GSH to
form a mixed disulfide which is reduced by glutaredoxin (3).

The active site geometry dictates the exquisite specificity
and high reactivity of CP with H2O2 and other peroxides (4, 5),
and it is often assumed that mutations and/or modifications of
CR would have little impact on the CP environment and
reactivity. On this basis, a number of studies, especially those
investigating interacting partners or redox relays involving 2-
Cys peroxiredoxins, have been performed with the resolving
Cys mutated to Ser or Ala (e.g., (6, 7)). However, this
assumption is not necessarily justified as, for example, the
C172S variant of bacterial AhpC has a higher CP pKa and only
0.5% of the H2O2 reactivity of the WT enzyme (8). Also, the
reaction of the C173S/C83S mutant of Prdx1 with urate hy-
droperoxide is 10-times slower than for the WT (9). Structural
studies of both the C172S (10) and C172A (11) mutants of
AhpC showed that the mutations destabilized the folding of
the C-terminal region of the protein and that because of their
proximity (see Fig. 1B), this indirectly destabilized and perhaps
even shifted the folding of the peroxidatic active site.

If structural disruption around CR alters active site geometry,
this could impact on peroxide reactivity during catalytic turn-
over. As demonstrated for Prdx2, turnover by GSH involves
initial formation and reduction of a GS-Prdx disulfide (3), and
resolution of the CP-CR disulfide by Trx proceeds via an in-
termediate mixed disulfide inferred to be between Trx and CR.
Such mixed-disulfide derivatives of CR would be expected to be
more structurally disruptive than a Cys to Ser or Ala mutation.
Moreover, mixed disulfide formation with CR would release
reduced CP–SH, which could potentially react with H2O2

before resolution of the conjugate. If this were the case, the
mechanism of catalytic turnover of Prdx2 would involve steps
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Figure 1. Oxidation and recycling of reduced Prdx2. A, for the WT
enzyme, there is an initial fast reaction with H2O2 to give the sulfenic acid
(kox), then competition between interchain disulfide formation (rate con-
stant kss) and hyperoxidation by additional H2O2 (khyp). For simplicity,
oxidation of the two active sites on the functional dimer is not considered
separately. Blue and green represent fully folded (FF) and locally unfolded
(LU) structures respectively. Recycling can proceed via reduction of the
disulfide by thioredoxin (Trx) or glutathionylation of the sulfenic acid or
disulfide to give mixed disulfide intermediates (represented in gray boxes)
that are resolved as shown (2, 3). The structures and lifetimes of these in-
termediates are not known. The resolving Cys (C172) mutants cannot form
the disulfide so the only relevant reactions with H2O2 are formation of the
sulfenic and sulfinic acids. The FF/LU conformations of the mutants are not
known. B, Ribbon diagram of the AB dimer (off-white and gray chains,
respectively) of the human WT dithiol Prdx2 structure determined here (PDB
code 7KIZ). Highlighted is how the C-terminal region of chain B (residues
1690-1980 ; green) fold near the active site CP-loop region of chain A (residues
43–55; cyan), such that the unfolding of that C-terminal portion influences
the stability and integrity of the fully-folded CP-loop. CP and CR' residues side
chains are shown and labeled. Prdx2, peroxiredoxin 2.

Properties of resolving Cys mutants of Prdx2
involving mixed disulfides. To investigate the physiological
relevance of these intermediates and how they affect structure
and CP reactivity, we generated CR mutants designed to mimic
the disruptive effect of mixed disulfide formation.

We have performed a combination of functional analysis
and structural characterizations, and also report the first high-
resolution crystal structures of WT Prdx2 as well as the CR-to-
serine mutation (C172S) in the reduced state. Until now the
WT structure has been inferred from the original Prdx2
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crystallographic study performed on the hyperoxidized form
(12). The structure of the locally unfolded (LU) disulfide form
has also been reported (13). For our study, we selected the
commonly used C172S mutation, which is predicted to cause
minimal disruption to the overall structure, and two mutants
(C172D and C172W) that either through charge or bulk
should be more disruptive and are therefore potential models
for the effects of conjugation of CR to Trx or GSH during Prdx
recycling. We find that the modification of CR-to-Ser yields
nearly identical rate constants to WT for oxidation and
hyperoxidation by H2O2, whereas CR-to-Asp and CR-to-Trp
have highly decreased rates. We demonstrate that both latter
mutants are largely unstructured at the C terminus and pro-
pose that this is how they influence CP reactivity. Our study
highlights the important regulatory role of CR and the C-ter-
minal region of Prdx2 in its redox activities.

Results

Effect of CR mutations on H2O2 reactivity at the Prdx2 active
site

Mutation of C172 to Trp or Asp but not Ser decreases the reaction
rate of reduced Prdx2 with H2O2

Stopped flow analysis of changes in Trp fluorescence was
used to determine rate constants for the reaction of the
reduced Prdx mutants with H2O2. As described previously (9,
14–16), WT Prdx2 gave a rapid fluorescence loss attributable
to oxidation of the CP thiol group, followed by slower recovery
(Fig. 2A). This recovery is associated with disulfide formation,
plus at higher H2O2 concentrations, hyperoxidation (16, 17).
The CR mutants cannot form disulfides, and the recovery
phase is not expected unless there is hyperoxidation. The
mutants all showed an initial drop in fluorescence (Fig. 2, B–
D), but the returning fluorescence was detected only with
C172S. With a 2-fold excess of H2O2 recovery was slower for
C172S than for the WT (Fig. 2B), but as expected for hyper-
oxidation and described in detail in (17), the rate increased
with increasing H2O2 concentration. In contrast, the C172D
(Fig. 2C) and C172W (Fig. 2D) mutants did not present this
returning fluorescence even at higher H2O2 concentrations but
showed a slow, H2O2 concentration-independent, continuous
drop of fluorescence similar to that observed with no H2O2

added, which is most likely attributable to photobleaching.
Analysis of the fast phase over a range of H2O2 concentra-

tions was performed for WT Prdx2 and for each mutant (as
shown in inserts, Fig. 3). Second-order rate constants, deter-
mined from plots of the pseudo first-order rate constants
versus H2O2 (Fig. 3), are shown in Table 1. The value for WT
Prdx2 is similar to other reported values using this method
(16). The C172S mutant was equally reactive. However,
substituting C172 with Trp or Asp decreased reactivity with
H2O2 by at least two orders of magnitude.

Mutation of C172 to Trp or Asp decreases the rate of Prdx2
hyperoxidation

We previously analyzed Prdx2 hyperoxidation by moni-
toring the second phase, slow increase in Trp fluorescence



Figure 2. Prdx2 fluorescence after oxidation by H2O2. A, prereduced Prdx2 WT (0.5 μM), (B) Prdx2 C172S (0.5 μM), (C) Prdx2 C172D (1 μM), and (D) Prdx2
C172W (1 μM) were incubated with H2O2 (1 μM in A and B or 10 μM in C and D) in 50 mM sodium phosphate buffer (pH 7.4; 25 �C). Reactions were
monitored over time by the variation of intrinsic protein fluorescence in the stopped-flow. MS data establishing the structures and purity of the mutants are
shown in Figure S1. Prdx2, peroxiredoxin 2.

Properties of resolving Cys mutants of Prdx2
using stopped flow (as in Fig. 2, A and B) (17) and by product
analysis using LC/MS (3, 18). WT Prdx2 gave an [H2O2]-in-
dependent increase in fluorescence because of disulfide for-
mation plus an [H2O2]-dependent component because of
hyperoxidation of the sulfenic acid (Fig. 2A). Analysis of these
data, described in (17), gave a second-order rate constant
(khyp) of 4200 M−1s−1 (Table 1). With the C172S mutant, only
the [H2O2]-dependent recovery was seen, and analysis of this
reaction (17) gave a similar khyp of 3400 M−1s−1. Using LC/MS
to monitor sulfinic acid formation and catalase competition to
determine a khyp, we previously obtained values of
6000 M−1s−1 for both WT Prdx2 and the C172S mutant (3, 18).
These are somewhat higher but in general agreement with
those obtained by stopped flow.

For the C172D and C172W mutants, no [H2O2]-dependent
recovery phase was seen over the same time scale (Fig. 2, C and
D), indicating that mutation of C172 to Asp or Trp dramati-
cally decreases the rate of Prdx2 hyperoxidation. To measure
the rate directly, we carried out LC/MS analysis to follow
accumulation of the sulfinic acid over time. As shown in
Figure 4, this occurred over several minutes. Under these
conditions, oxidation of the reduced Prdx to the sulfenic acid
is relatively rapid, the rate determining step is the subsequent
slower oxidation to the sulfinic acid, and the rate constant
measured is khyp. As shown for the C172D mutant, the rate of
oxidation increased with H2O2 concentration (Fig. 4A), and a
plot of pseudo first-order rate constant versus H2O2 concen-
tration (Fig. 4B) gave a second-order rate constant, khyp of
24 M−1s−1. The reaction of C172W with H2O2 followed a
similar time course to that of the C172D mutant (Fig. 4C) and
gave a similar second-order rate constant of 33 M−1s−1

(Table 1).
It was not possible to use the same approach to obtain a rate

constant for the C172S mutant, as even with 10 μMH2O2, LC/
MS showed that all the protein was hyperoxidized within 20 s.
This is consistent with the khyp values obtained from stopped
flow and catalase competition. Thus, our results establish that
the mutation of CR to Ser has little effect, but replacement with
Trp or Asp decreases the hyperoxidation rate constant by
more than 100-fold.

To demonstrate that the reaction of the sulfenic acid with
H2O2 is the rate determining step, we also followed the reac-
tion with the C172D and C172W mutants by trapping the
sulfenic acid with N-ethylmaleimide (NEM) (instead of
reducing before analysis as in Fig. 4). With this method, MS
analysis of the untreated proteins showed major peaks corre-
sponding to the addition of 1, 2, and 3 NEM (Fig. 5, A and D).
At 25 s after addition of H2O2 (B,D), these were replaced with
peaks with an additional 16 Da. This is consistent with partial
alkylation of the two Cys residues present in the mutants plus
J. Biol. Chem. (2021) 296 100494 3



Figure 3. Kinetics of the oxidation of Prdx2 by H2O2. A, prereduced Prdx2 WT (0.5 μM), (B) Prdx2 C172S (0.5 μM), (C) Prdx2 C172D (1 μM), and (D) Prdx2
C172W (1 μM) were incubated with various concentrations of H2O2 and monitored over time in the stopped-flow as in Figure 2. The kobs of the first rapid
phase of the reaction is plotted against H2O2 concentration and the second-order rate constants (given in Table 1) calculated from the slope. The kobs for
each H2O2 concentration was calculated by fitting the experimental fluorescence decay (inset) as a single exponential for the Prdx2 WT and Prdx2 C172S
mutant (A, B) or as a single exponential plus linear decay for the slower Prdx2 C172D and Prdx2 C172W mutants (C, D). Data are representative from two
independent experiments. V, voltage; Prdx2, peroxiredoxin 2.
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an additional non-Cys site, with the 16 Da (one oxygen) cor-
responding to conversion of one Cys residue to a sulfenic acid
and derivatization by NEM. At 150 s (C,F), these peaks had
declined and were replaced by peaks with one less NEM and
an additional 32 Da, as expected for conversion of the sulfenic
to the sulfinic acid. These results support a mechanism in
which the sulfenic acid is formed and decays slowly on reac-
tion with H2O2.
Structural effects of CR mutations

X-ray crystal structures of reduced WT and C172S mutant of
Prdx2

Recombinant Prdx2 (Prdx2SH) and the C172S variant
(Prdx2C172S) crystallized under the same conditions, and their
structures were solved at 1.7 Å and 2.15 Å resolution,
4 J. Biol. Chem. (2021) 296 100494
respectively (Table 2). As the Prdx2SH crystals were catalyti-
cally active, we also produced the hyperoxidized sulfinate form
in crystallo using a H2O2 soak (see Experimental procedures;
Fig. S2) and solved the structure (Prdx2SO2) at 2.3 Å resolution
(Table 2). Extensive efforts to crystallize the C172D and
C172W variants were not successful. The three solved struc-
tures all include a decamer (Chains A through J) in the
asymmetric unit of the crystal, and all residues (Ala2-Asn198)
were modeled for each chain. All subunits adopt the fully
folded (FF) conformation, shown as a ribbon diagram for
Prdx2SH in Figure 1B and have unambiguous electron density
for the CP and CR thiols in Prdx2SH, the CP sulfinate in
Prdx2SO2, and the Ser172 side chain in Prdx2C172S (Fig. 6).
Also, all of the structures are highly similar to each other
(rmsd <0.3 Å) and to that originally published (12) for the
sulfinate form of the natural enzyme (Fig. 6E). The close



Table 1
Rate constants determined for oxidation and hyperoxidation of WT
and mutants of Prdx2

Prdx2 kox (M
−1s−1) khyp (M−1s−1)

WT (1.3 ± 0.3) × 108 4200 (6000)
C172S (1.1 ± 0.4) × 108 3400 (6000)
C172D (2.3 ± 1.2) ×106 24 ± 3
C172W (1.35 ± 0.05) × 106 33

Prdx2, peroxiredoxin 2.
Values of kox were determined from the stopped flow data in Figure 3. Analyses were
performed in duplicate, and means and ranges are shown. Values of khyp for WT and
C172S were determined by stopped flow and are taken from (17). Those in parenthesis
were determined by catalase competition (3, 18). The value for C172D is from
Figure 4B (slope +SE) and for C172W from the single analysis in Figure 4.

Properties of resolving Cys mutants of Prdx2
alignment of all these structures confirms the long held
assumption that for this enzyme, the CP sulfinate form mimics
the functional FF active site (12).

Structural impact of mutating the resolving Cys to Ser

These structures provided a basis for assessing the impact of
the C172S mutation on protein structure and dynamics. While
a Ser side chain is nominally isosteric with a Cys side chain, the
hydroxyl is both smaller and much more polar than the thiol,
meaning it can fit in smaller spaces and requires a polar,
hydrogen-bonding environment for stability. As seen in the
Prdx2C172S structure, the Ser172 side chain adopts a different
χ1 side chain rotamer so it does not sit in the fully hydrophobic
pocket in which the Cys172 thiol resides (Figs. 6D and S3).
Instead, it is inserted into a tightly packed position in which it
can form one hydrogen bond with a buried water molecule and
make additional weak polar interactions with nearby backbone
amides involved in β-sheet hydrogen-bonding polar in-
teractions. The ability of the Ser side chain to adopt a
conformation that allows it to donate a hydrogen bond and
have a weakly polar environment mitigates what would have
been a major destabilizing factor if it was oriented into the
pocket filled by the Cys172 side chain and had no hydrogen
bonding partners at all. According to a MolProbity analysis
(19), the Ser172 hydroxyl does not clash with neighboring
Figure 4. Kinetics of hyperoxidation of C172D mutant (A and B) and C172W
treated with (�) 0.311, () 0.416, or (▴) 0.636 mM H2O2. B, pseudo first-order rate
constant. C, time course of hyperoxidation of reduced C172W (5 μM) treated a
mutant (�). Each recombinant protein was reduced with DTT and treated as des
catalase (10 ug/ml), then reversibly oxidized proteins (sulfenic acid) were reduc
species with molecular masses corresponding to reduced protein (21,907 Da fo
with an additional 32 Da. Prdx2, peroxiredoxin 2
atoms (not shown). The loss of hydrophobic driving force
related to the burial of Cys172-SG and the small cavity left at
its position would be expected to be destabilizing
(e.g., (20, 21)), but fulfilling the full hydrogen-bonding poten-
tial of a buried water would provide some stabilization.

Because all of the chains of the Prdx2C172S structure remain
in the FF form, we sought evidence of more subtle impacts on
stability by looking at the mobility of the chains as seen in
crystallographic B-factors. For instance, in studies of the bac-
terial Prdx AhpC, changes in B-factors gave evidence that the
AhpC CP-to-Ser mutant stabilized the FF form (e.g., (11)), and
mutants disrupting the decamer-building interface destabilized
the FF form (e.g., (22)). Because of the juxtaposition of the
folded C terminus of one chain with the active site of the
partner chain in the dimer (see Fig. 1B), we looked for coor-
dinated increases or decreases in the B-factors of the relevant
regions in the two chains. Interestingly, for the one chain in
the decamer (chain I) that has no crystal packing interactions
involving the C-terminal region (Fig. S4), there are both a
notable increase in B-factors of the C-terminal region and a
corresponding increase in B-factors of the active site loop in
the partner subunit (chain J) of the dimer (Fig. 7). This rela-
tionship, although less marked, is also apparent for other
partner subunits (Fig. S4). From this, we conclude that the
C172S mutation imparts slight destabilization to the overall
Prdx2 structure.

Size-exclusion chromatography and analytical
ultracentrifugation show reduced forms of the C172 mutants form
less stable decamers

When analyzed by size-exclusion chromatography (SEC)
under reducing conditions (Fig. 8), WT Prdx2, at ~0.2 mg/ml
(10 μM), eluted as a single peak in the decamer position. This
contrasts with the disulfide form of the protein (top panel)
which, as expected (23, 24), was about 40% dissociated into a
slower moving (dimer) species. The C172S, C172D, and
C172W mutants (Fig. 8, bottom three panels) were all partially
dissociated (60, 45 and 62% decamer, respectively) to two
mutant (C) of Prdx2. A, time course of oxidation of reduced C172D (5 μM)
constants (k0) from exponential plots in (A) plotted to give second-order rate
s in (A) with 0.636 mM H2O2 () plotted alongside equivalent data for C172D
cribed in the Experimental procedures section. Reactions were stopped with
ed with 15 mM DTT and analyzed by LC/MS. Mass spectra showed only two
r C172D and 21,978 Da for C172W) and the hyperoxidized (sulfinic acid) form

J. Biol. Chem. (2021) 296 100494 5



Figure 5. Formation and further oxidation of the sulfenic acid of Prdx2 C172D (A–C) and C172W (D–F) Prdx2 mutants. Reduced proteins (5 μM) were
treated with catalase (10 μg/ml) followed immediately by NEM (20 mM) either directly (A, D) or after incubation with 300 μM H2O2 (as in Fig. 4) for 25 s (B, C)
or 150 s (E, F), and samples were analyzed by LC/MS. The untreated proteins (underivatized masses 21,907 Da for C172D and 21,978 Da for C172W) show
peaks corresponding to addition of 1, 2, &3 NEM (each +125 Da). The NEM+16 Da peaks correspond to conversion of one thiol to the sulfenic acid, which is
derivatized by NEM (46). The +32 Da peaks correspond to the sulfinic acid with replacement of one NEM with O and are shown in red. Note that variable
alkylation of Prdx2 by NEM has been observed previously and can be attributed to relatively slow derivatization of the Cys residues of this protein as well as
some additional alkylation of amino groups (3, 35). For molecular masses of untreted proteins see Figure S1. NEM, N-ethylmaleimide; Prdx2, peroxiredoxin 2.
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later-eluting peaks, the main one eluting after the WT disulfide
and the other just before. These positions were highly repro-
ducible, and tiny amounts of both can be seen in the trace for
Table 2
Data collection and refinement statistics

Prdx2SH

Data statisticsb

Space group C2
Wavelength (Å) 1.0
Unit cell: a, b, c (Å); β (�) 229.8, 88.1, 127.1; 100.0
Resolution (Å) 49.7–1.70 (1.74–1.70)
Unique reflections 271,919 (19,847)
Multiplicity 6.7 (6.4)
Average I/σ 8.9 (0.6)
Rmeas (%) 11.6 (303)
Completeness (%) 99.3 (98.5)
CC1/2 99.8 (19)

Refinement statistics
Amino acid residues 1970
Solvent atoms 1689
Non-H atoms 17,587
RMS bonds (Å) 0.011
RMS angles (�) 1.0
u, ψ favored (%) d 97
u, ψ outliers (%) d 0.2
<Bprotein> (Å2) 42
<Bsolvent> (Å2) 54
Rwork (%) 18.3
Rfree (%) 22.1
PDB code 7KIZ

Prdx2, peroxiredoxin 2.
a Data merged from three crystals.
b Highest resolution shell in parentheses.
c In the lowest resolution bin, the Rmeas value for this dataset is just 4.7%; the high overall
thanks to the �23-fold multiplicity have an improved signal-to-noise that is not reflecte

d Based on Molprobity (19).
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the WT protein. The prominent peak with the longest reten-
tion time is most likely the reduced dimer with structural
differences compared with the WT disulfide affecting its
Prdx2SO2
a Prdx2C172S

C2 C2
0.976 1.0

231.0, 88.0, 125.6; 100.2 233.2, 88.3, 125.2; 99.2
49.6–2.29 (2.35–2.29) 35.2–2.15 (2.21–2.15)

109,799 (8119) 136,298 (10,028)
22.5 (21.6) 5.0 (4.7)
10.6 (0.9) 7.5 (0.7)
46.1 (533)c 25.2 (283)
97.9 (98.8) 99.8 (99.9)
99.5 (32) 99.2 (20)

1970 1970
1738 1753
17,669 17,662
0.002 0.002
0.6 0.5
97 97
0.4 0.3
50 50
54 55
18.2 19.5
23.3 23.7
7KJ0 7KJ1

Rmeas value results from the many weak high resolution reflections in the data set that
d in their Rmeas values (38).



Figure 6. The peroxidatic and resolving Cys residues in the Prdx2SH and Prdx2SO2 and Prdx2C172S crystal structures. A, electron density (contoured at
2.25 ρrms) shown for the Cys51 (CP) thiol and surrounding atoms (off-white carbons with side chains labeled) in Prdx2SH. B, as in panel (A), but for the Cys51
sulfinate and surrounding atoms (magenta carbons) in Prdx2SO2 (see also Fig. S2). C, as in panel A, but for the Cys172 (CR) and surrounding atoms (cream
carbons from chain A, gray carbons and numbering denoted with 0 from chain B) in Prdx2SH. D, as in panel C, but for the Ser172 residue (teal carbons from
chain A, light teal carbons for chain B) in Prdx2C172S. E, overlay of the Prdx2SH (off-white carbons), Prdx2SO2 (purple carbons), and Prdx2C172S (teal carbons)
active sites with PDB entry 1QMV (green carbons). Prdx2, peroxiredoxin 2.
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mobility, and the minor one possibly the tetramer. When SEC
was performed with 3 mg/ml protein (Fig. S5), the decamer
increased to 62 and 76% for the C172D and C172W mutants,
respectively, consistent with the species being in dynamic
equilibrium. Although all protein variants eluted predomi-
nantly in the decameric region, there were small and repro-
ducible differences in their elution volumes. Both C172D and
Figure 7. The C172S mutation leads to increased chain mobility for the one
by crystal packing interactions. The difference in backbone B-factors (Prdx2C
function of residue number for a composite chain that includes the chain J (c
curve) C-terminal region (pink shading). An �20-residue overlap of the two c
regions between residue 1 and 170 making crystal packing interactions are ind
region of residues 150 through the C terminus. Secondary structural elemen
regarding the B-factor comparisons and the crystal packing information and b
C172W mutants eluted earlier than the WT species, whereas
C172S elution was slightly delayed. However, SEC-static light
scattering analysis performed on the WT and C172W mutant
confirmed that both showed the expected molecular weight of
the decamer (Fig. S6). The earlier SEC elution suggests that the
mutations, as well as altering the self-association equilibria and
favoring dissociation, expand the structure of the decamer.
dimer with the relevant C-terminal and active site regions undisturbed
172S minus Prdx2SH smoothed over a sliding 5-residue window) is shown as a
yan curve) active site region (blue shading) and the interacting chain I (red
hains (representing helix 5) is included to show their consistency. Chain J
icated (black-edged cyan rectangles). Chain I makes no crystal contacts in the
ts along the chain are shown schematically. Figure S3 has further details
ackbone B-factor traces for all ten chains. Prdx2, peroxiredoxin 2.

J. Biol. Chem. (2021) 296 100494 7



Figure 8. Size-exclusion profiles of the Prdx2 variants. The top panel
shows WT Prdx2 as the disulfide, prepared, and run under nonreducing
conditions. For this, the column was equilibrated and the sample run with
PBS, pH 7.4. The other panels show profiles for reduced WT and mutated
C172 mutants run in SEC buffer containing DTT. Analyses were performed at
a concentration of 0.2 mg/ml (10 μM) as described in the Experimental
procedures section. For the reduced proteins, percentages are shown for
the combined 14 and 16.5 ml peaks. The different elution times of the
decameric fractions are indicated on the left. Prdx2, peroxiredoxin 2.

Figure 9. Sedimentation coefficient distribution determined by
analytical ultracentrifugation. 2DSA-Monte Carlo model displaying the
sedimentation coefficient (S) distribution of WT Prdx2 (black), C172D Prdx2
(cyan), C172S Prdx2 (gray), and C172W Prdx2 (magenta). All ~0.35 mg/ml
(15 μM); experimental conditions are described in the Experimental
procedures section. Prdx2, peroxiredoxin 2.

Properties of resolving Cys mutants of Prdx2
The subtle differences in decameric structure of the mutants
were further investigated using analytical ultracentrifugation
(AUC) using the sedimentation velocity method, with size
distributions obtained by two-dimensional spectral analysis
using UltraScan (Fig. 9). The sedimentation profile of WT
Prdx2 (black trace) is consistent with a single peak at 8.66 S
and gave a predicted molar mass of 220 kDa, which is very
close to the calculated decameric mass of 219 kDa (Table S1).
In contrast, the sedimentation of all three Prdx2 mutants
showed the presence of multiple species consistent with a self-
association reaction boundary, with the distribution between
decamers and smaller species consistent with the observation
by SEC. The smaller species were found at 2 to 3 S (corre-
sponding to molar masses between 27 and 40 kDa) and were
not investigated further. Detailed data analysis performed on
the largest detected peak showed similar sedimentation co-
efficients of 8.66 S and 8.52 S for the WT protein and the
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C172S mutant, whereas the C172D and C172W mutants had
values of 7.60 S and 7.70 S, respectively. The calculated molar
mass of these species (Table S1) suggest that like the WT, all
the mutants are decameric. The calculated frictional ratios (f/
f0) from these data allow conclusions to be drawn about the
shape of the complexes, where a perfect sphere would yield a
value of 1. In our analysis, the WT protein showed a f/f0 value
of 1.47, and the C172S mutant a value of 1.38, which is
consistent with a prolate overall shape. In contrast, the C172D
and C172W mutants yielded larger f/f0 values of 1.67 and 1.80,
respectively, indicating that these mutants are more asym-
metric and less compact than the WT and C172S proteins.

Small angle X-ray scattering data indicate that the C172D and
C172W mutants are partially unstructured

As neither the C172D nor C172W mutant yielded crystals,
we performed additional analyses on these samples in solution,
as well as the WT protein, using small-angle X-ray scattering
(SAXS). Analyses were performed with data from the deca-
meric fraction (see Experimental procedures). The
background-subtracted scattering curves of two different
concentrations are shown in Figure 10, A–C, and the high-
quality data were used for calculation of the pair-distance
distribution function (PDDF). WT Prdx2 showed a compact
fold and the shape of the PDDF is similar to other barrel-
shaped complexes with ring-like structure (Fig. 10D). Calcu-
lation of the PDDF using the experimental WT crystal struc-
ture yields a good match to the experimental SAXS curve,
indicating that highly similar conformations are present in the
crystal and in solution (Figs. 10 and S7A). Using a Kratky plot
to qualitatively assess the flexibility of the structure further
indicates that WT Prdx2 has little structural disorder (Fig.
S7B). In contrast, the PDDFs of both mutants extend to
larger distances, indicating a less compact average conforma-
tion in solution (Fig. 10D). The clear maxima evident in the
WT sample are rather smeared out, indicating a less
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Figure 10. SAXS analysis of the Prdx2 mutants. Double logarithmic SEC-SAXS scattering curves of two concentrations of WT (A), C172D (B), and C172W
(C) mutants of Prdx2 are shown. First data points were removed for analysis, as indicated by dashed lines. The inset displays the Guinier plot for low
scattering angles with three to eight leading points removed, indicating the lack of substantial interparticle attraction or repulsion. D, the pair distance
distribution functions P(r) of the WT (black), C172D (cyan) and C172W (magenta) decameric species shows larger structures for the two mutant samples. The
orange dashed line shows the calculated function of the reduced WT Prdx2 high-resolution X-ray structure. Prdx2, peroxiredoxin 2; SAXS, small-angle X-ray
scattering; SEC, size-exclusion chromatography.

Properties of resolving Cys mutants of Prdx2
well-defined barrel-like shape. Furthermore, Kratky plots
imply a greater level of flexible, disordered regions, as shown in
Figure S7B.

Discussion

H2O2 reactivity

The main aims of our study were to establish how modifi-
cation and structural changes around the resolving Cys of
Prdx2 affect the reactivity of the peroxidatic Cys and assess
whether this has relevance for the recycling of the oxidized
Prdx. We first determined how mutations of CR affect the rates
of oxidation and hyperoxidation of Prdx2 by H2O2. Consistent
with our premise that substituting Cys with Ser would be
minimally disruptive, we obtained rates of oxidation of the
reduced form and hyperoxidation of the sulfenic acid of the
C172S mutant that were indistinguishable from those of the
WT. In contrast, the C172D and C172W mutations, which we
expected to be more disruptive, had a major effect on H2O2
reactivity. Each mutation decreased the rates of oxidation and
hyperoxidation by approximately 100-fold compared with WT
Prdx2. We therefore conclude that changing the charge or
adding more bulk at the resolving Cys site of Prdx2 disrupts
the overall Prdx2 structure sufficiently to affect the geometry
of the active site and decrease the reactivity of the peroxidatic
Cys with H2O2. The CP and CR regions cannot therefore be
considered as structurally independent.

Structural features of WT and C172S mutant

To obtain structural information, we first performed a high-
resolution X-ray crystallographic analysis of reduced WT
Prdx2, which previously has been solved only for the sulfinic
acid (12) and disulfide (13) forms of the protein. We replicated
the sulfinic acid structure after in situ oxidation by H2O2 and
show that the added oxygens are accommodated with minimal
change in geometry at the active site. This validates the
generally held assumption that the reduced and hyperoxidized
J. Biol. Chem. (2021) 296 100494 9
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Prdx2 are in the FF form, and their structures are nearly
identical. Furthermore, the SAXS data are fully consistent with
the solution structure of the WT protein matching the
conformation seen in the crystals.

For the reduced C172S mutant, the –OH side chain adopts
an H-bond stabilized orientation different from the –SH, but
otherwise its structure is very close to the FF form of the WT,
with the active site unperturbed. This is consistent with the
high reactivity with H2O2 being preserved. However, the
crystallographic B-factors for the C172S mutant are indicative
of slight destabilization. Structural differences are also evident
from the solution studies, where our combined analysis using
SEC and AUC indicates a weaker dimer–dimer interface and a
greater propensity for the reduced decamer to dissociate. SEC
analysis showed about 40% dissociation at 10 μM, whereas WT
Prdx2 remains fully decameric at 1 μM (23, 24). As the dec-
amer:dimer ratio decreases with decreasing protein concen-
tration, the C172S mutant should be mostly dissociated at the
10-fold lower concentrations we used for the kinetic analyses.
Consistent with our findings, Pastor-Flores et al. (25) investi-
gated Prdx2 oligomerization in living cells and found evidence
for dissociation of the C172S decamer under these conditions.
The fact that high H2O2 reactivity was maintained in this
mutant implies that for Prdx2, the decameric structure is not
necessary for high reactivity. In contrast, others have reported
that mutations that disrupt the dimer–dimer interface in the
yeast Prdx, TSA1, and in bacterial AhpC result in up to 50-fold
decrease in peroxide reactivity (22, 26, 27). The extent of this
effect presumably reflects how much the overall structure is
altered and not just the dimer–decamer equilibrium.

The finding that the C172S mutation does not affect the
peroxide reactivity of Prdx2 is useful validation for applying
this mutant for mechanistic studies of cellular redox in-
teractions of Prdx2. The same mutation in the yeast Prdx,
TSA2, also had minimal effect on the crystal structure and
caused only a 2-fold decrease in reactivity with H2O2 (7).
However, the same mutation in bacterial AhpC decreased the
reaction rate of CP-SH with H2O2 to 0.5% (8). It is possible to
rationalize this difference in behavior by recognizing that the
“set points” of the FF-LU equilibrium (see Fig. 9 of Perkins
et al. (11)) in WT Prdx2 and AhpC are different because of an
extra helix in the C terminus of Prdx2 making the folding of
the rest of protein more stable. For AhpC, the WT protein has
an FF state that is already marginally destabilized, so adding
the CR→Ser mutation pushes it so that substantial amounts of
the LU form are present; however, for Prdx2, the FF form of
the WT protein is highly stabilized so that even with a
destabilization caused by the C172S mutation, the FF form
may still be stable enough to be the dominant form under
reaction conditions.

C172D and C172W structures

For the C172D and C172W mutants, their lack of ability to
crystallize is consistent with disruption of folding of the C-
terminal region. The solution studies including SAXS analysis
are also indicative of structural disruption. There is some
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preservation of the decameric structure, although the dimer
interface is weakened, and under our SEC conditions, both
mutants were partially dissociated. Of note, the extent of
dissociation is similar to that of the C172S mutant so this
cannot explain their dramatic drop in H2O2 reactivity. How-
ever, the consistent slight shift in running characteristics of the
decamer peak on SEC, and the higher frictional ratios revealed
by AUC suggest a structural difference to the WT conforma-
tion. In addition, the SAXS data reveal a pair-distance distri-
bution function that is consistent with a larger structure. The
Kratky plot shows partial unfolding of the C172D and C172W
mutants, whereas the WT sample shows compact character-
istics and highly matches the FF crystal structure. We there-
fore interpret the combined data as evidence that mutation of
CR to Asp or Trp results in locally unfolding of the C-terminal
region. In view of the proximity of these regions of opposing
subunits (Fig. 1B), it is reasonable to infer that structural
disruption extends beyond the C terminus to the active site
and affects the alignment of CP and/or residues that form
critical hydrogen bonds that are crucial for activating H2O2

and other peroxides. This would explain why these less
compact mutants lead to decreased reactivity.

Implications for Prdx2 turnover

Decreased reactivity of CP when CR is derivatized has im-
plications for the turnover of Prdx2. The redox cycle of Prdx2,
and other 2Cys Prdxs, involves rapid oxidation to the sulfenic
acid, rearrangement from FF to LU form, disulfide formation
in competition with hyperoxidation by excess peroxide, and
reduction to complete the cycle (Fig. 1A). The intermediate
steps in the oxidation pathway have been well studied (18, 28,
29), but the reduction mechanism is less characterized.
Reduction by Trx/TrxR or by GSH/Grx initially involves for-
mation of a mixed disulfide intermediate with either the
reactive thiol (C32) of Trx or with GSH (Fig. 1A). If the mixed
disulfide were with CR, then CP would be released as its
reduced form. The crystal structures of the WT and C172S
mutants clearly show that there is no room to add bulk to the
C172 side chain, so mixed disulfides must disrupt the structure
of the C-terminal region. Based on the effects of the C172W
and C172D mutations, this should decrease rates of both
oxidation and hyperoxidation. Therefore, if the mixed disulfide
intermediates were sufficiently long lived, H2O2 could oxidize
CP before the resolution step was complete, and the perox-
idatic cycle could proceed without the Prdx becoming fully
reduced. Turnover could be slower, and hyperoxidation less
evident.

This mechanism provides a possible explanation for previ-
ous observations of glutathionylation (3). GSH forms mixed
disulfides with Prdx2, by reacting with the sulfenic acid and by
exchange with the disulfide (3). Both CP and CR can be glu-
tathionylated, with rapid exchange between the two and slow
resolution of the mixed disulfides. When reduced Prdx2 is
treated with high H2O2 so that most becomes hyperoxidized,
GSH competes for the sulfenic acid but is only partially pro-
tective. However, when Prdx2 disulfide is treated with GSH
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and high H2O2, most of the Prdx2 becomes diglutathionylated,
and there is very little hyperoxidation (3). In this case, initial
disulfide exchange to give a mixed disulfide is followed by
oxidation of the released CP-SH to the sulfenic acid, which
preferentially reacts with GSH rather than undergoing
hyperoxidation. These observations could be explained by the
sulfenic acid having lower reactivity with H2O2 when CR is
glutathionylated.

Based on kinetic data on the relative rates of hyperoxidation
and condensation, the possibility of a mixed disulfide with Trx
reacting with H2O2 during Prdx2 turnover also warrants
consideration. These rates have been assessed either by treating
reduced Prdx2 with stoichiometric concentrations H2O2 or by
measuring inactivation during turnover of the enzyme in a
peroxidase assay with Trx/TrxR and NADPH. Three studies
measured the ratio of rate constants khyp/kss using the first
approach, either by monitoring Trp fluorescence with stopped
flow (16, 17) or by MS analysis (18) and obtained ratios of
(7–16) × 103 M−1. Progressive inactivation due to hyper-
oxidation during turnover has been followed by several groups.
Bolduc et al. (13) used the method of Nelson et al. (30) to
determine the H2O2 concentration that gives 1% inactivation at
each cycle of disulfide formation (Chyp1%). They obtained a value
of �5 μM, which translates to a khyp/kss ratio of �2000 M−1.
Other reports show kinetic traces with little inactivation over
100 cycles with 0.25 mM H2O2 (pH 7.4) (31) or 1 mM H2O2

(pH 7.0) (32), implying an even lower ratio. Thus, there is a
suggestion of less inactivation during turnover, but more direct
studies are needed to establish if this is the case.

The actual mechanism of Prdx2 turnover under different
conditions will depend on the kinetics of oxidation and
reduction of the different intermediates in the cycle. Producing
pure forms of conjugates between CR and Trx or GSH is
challenging because of the multitude of exchange and reso-
lution reactions possible. We propose that the C172D and
C172W mutants to some extent mimic the mixed disulfides, in
which case we infer that mixed disulfide formation would
destabilize the FF active site and decrease the peroxide reac-
tivity of CP. However, further information on the lifetime and
reactivity of the mixed disulfides is needed to assess their
impact on the function of Prdx2 and potentially other Prdxs.

Experimental procedures

Constructs and recombinant WT and mutant Prdx2 proteins

The pET28a-His-Prdx2 construct, which has been described
previously (33), encodes N-terminally His-tagged human
Prdx2 with a linker sequence of 30 amino acids. Mutagenesis
reactions to create resolving cysteine substitutions (C172D and
C172W) were made as described previously (33) on the
same WT His–Prdx2 template, using the following oligonu-
cleotides: C172D forward, 50- CTGGTCCAAGCTTTCCAGT
ACACAGACGAGCATGGGGAAGTTGATCCCGCTGGCTG-
30; C172D reverse, 50- CAGCCAGCGGGATCAACTTCC
CCATGCTCGTCTGTGTACTGGAAAGCTTGGACCAG-30;
C172W forward, 50- CTGGTCCAAGCTTTCCAGTAC
ACAGACGAGCATGGGGAAGTTTGGCCCGCTGGCTG-30;
C172W reverse, 50- CAGCCAGCGGGCCAAACTTCCC
CATGCTCGTCTGTGTACTGGAAAGCTTGGACCAG-30.

Successful mutagenesis was confirmed using introduced
restriction sites and sequencing, and constructs were trans-
formed into competent BL21 codon+ Escherichia coli (Stra-
tagene) for protein expression and purification. The C172S
mutant was generated as previously (3), and His-Prdx2 WT
and mutants were expressed according to reported methods
(33, 34). Proteins were isolated from E. coli in the absence of
dithiothreitol (DTT) and the His tag and linker sequences were
cleaved off with Factor Xa protease (Roche). Protein concen-
trations were measured using Direct Detect (Merck-Millipore),
and preparations were aliquoted in 20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (Hepes) pH 7.5, 100 mMNaCl
and stored at −80 �C.

Mass spectrometry analysis showed the purified WT Prdx2
to be in its disulfide form, and the C172 mutants to be pre-
dominantly glutathionylated (M + 305) as previously reported
for C172S, (3). On SDS-PAGE, each mutant ran as a single
monomeric band in a similar position to WT. The recombi-
nant proteins were reduced by DTT before experiments, with
excess DTT removed using Micro Bio-Spin 6 columns (Bio-
Rad) as described (3, 35). LC/MS of the reduced proteins gave
molecular masses of 21,881 Da for C172S, 21,906 Da for
C172D, and 21,976 Da for C172W, which is consistent with
disulfide reduction and removal of the GSH, and the theo-
retical protein masses of 21,876 Da, 21,904 Da, and 21,975 Da,
respectively (Fig. S1).

Kinetics of Prdx oxidation by H2O2 using stopped-flow

Prdx2 oxidation was followed by monitoring intrinsic fluo-
rescence changes (9, 14, 15). Prereduced proteins (0.5 μM WT
Prdx2 with �2.5 μmol SH/μmol protein or C172S Prdx2 with
�1.5 μmol SH/μmol protein; one μM C172D or C172W Prdx2
with �1.5 μmol SH/μmol protein) were mixed with increasing
concentrations of H2O2 in a stopped-flow instrument (Applied
Photophysics SX20MV), excitation ʎ280 nm, emission above
ʎ340 nm. The reactions were performed at 25 �C in 50 mM
sodium phosphate buffer pH 7.4 containing 0.1 mM
diethylenetriaminepenta-acetic acid. Buffer solutions were
pretreated with 10 μg/ml catalase to remove any trace H2O2

(35). An excess of H2O2 was used for pseudo first-order con-
ditions. Observed rate constants (kobs) for fluorescence
decrease were determined by fitting data to single exponential
equations for the fastest enzymes (WT and C172S Prdx2) and
to single exponential plus linear equation for C172D and
C172W Prdx2. The fittings were set from 2 to 50 ms. The
values of kobs obtained from the decreasing fluorescence were
plotted against H2O2 concentrations, and the corresponding
second-order rate constants were determined from the slope
of these linear fittings.

Time course of hyperoxidation of the C172D and C172W
mutants

Proteins (5 μM) were incubated at room temperature with
stated concentrations of H2O2 in 20 mM sodium phosphate
J. Biol. Chem. (2021) 296 100494 11
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buffer, pH 7.4 containing 0.1 mM diethylenetriaminepenta-
acetic acid. Aliquots were taken at intervals, the reaction was
terminated by adding 10 μg/ml catalase and 10 mM DTT to
reduce reversible oxidation products. Samples were analyzed
by LC/MS for reduced Prdx2 and accumulation of +32 Da
adduct. In some experiments, reactions were stopped with
10 mM N-ethylmaleimide (NEM) to block the sulfenic acid
plus any residual thiol, and LC/MS analysis was performed for
the derivatized sulfenic acid plus hyperoxidized products.

LC/MS analysis

Samples containing 0.5 μg protein were injected onto an
Accucore-150-C4 (50 × 2.1-mm, 2.6-μm) column (60 �C) using
a Dionex Ultimate 3000 HPLC system coupled to a Velos Pro
mass spectrometer (Thermo Scientific) as described previously
(3). The entire protein peak was deconvoluted and protein
species corresponding to more than 5% of the total quantified.
For NEM-derivatized samples, peaks corresponding to addition
of varying numbers of NEM were observed. These have been
combined for quantification of each particular species.

X-ray crystallography

Recombinant Prdx2 WT at 14.5 mg/ml in storage buffer
with 9 mM DTT was crystallized at 4 �C in hanging drops
using a reservoir solution of 0.1 M Tris pH 8.5 and 25% PEG
3350 and 0.2 M salt. For the crystals yielding the dithiol Prdx2
(Prdx2SH) data, the salt was ammonium sulfate; and for the
crystals used to generate the hyperoxidized Prdx2 structure
(Prdx2SO2) structure, as well as for the C172S variant
(Prdx2C172S), the salt was magnesium chloride. For data
collection, all crystals were passed through artificial mother
liquor containing 20% glycerol as cryoprotectant and then
mounted in a loop and frozen by plunging into liquid nitrogen.
For generating the Prdx2SO2 crystals, the artificial mother li-
quor also contained 10 mMH2O2, and crystals were soaked for
varying times up to �5 min before being frozen.

Data were collected at beamline 5.0.2 with λ= 1.0 Å
(Prdx2SH and Prdx2C172S) and beamline 5.0.3 with λ= 0.98 Å
(Prdx2SO2) at the Advanced Light Source. A full 360� of data
were collected for Prdx2SH (0.25 s, Δu = 0.25� exposures) with
a detector distance of 225 mm and for Prdx2C172S (0.5 s, Δu =
0.5� exposures) with the detector at 300 mm. For Prdx2SO2,
data were merged from three crystals (all with 1 s, Δu = 1�

exposures) using detector distances of 300, 250, or 260 mm for
crystals soaked about 45 s, 90 s, and 5 min, respectively.
Among multiple data sets collected for peroxide-soaked crys-
tals (ranging from 3 s to 5 min), these three data sets yielded
electron densities showing that CP-SO2 had been formed
(Fig. S2), and so, they were merged to provide a single
improved data set for analysis. Although we tried to capture
the CP-SOH form, we were not successful. Images were pro-
cessed using XDS (36) and the CCP4 program suite (37). For
Prdx2C172S, substantial decay was apparent in the latter im-
ages, and only the first 525 images were included in the final
data reduction. In all cases, a CC1/2 of �0.2 was used to define
the resolution cutoff (38), and the same 5% of reflections,
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randomly selected from the Prdx2SH data set were marked for
cross-validation.

The structure of Prdx2SH, with one decamer in the asymmetric
unit, was solved by molecular replacement using Phenix (39),
using the decamer of hyperoxidized human Prdx2 (PDB code
1QMV; 100% sequence identity) as the searchmodel. All manual
model building was done in Coot (40). Refinements were carried
out using Phenix (39) with riding hydrogens. Electron density for
the N termini is ill-formed and has been interpreted as a mixture
of two alternate conformations although even with this model
uninterpreted density remains. Based on mass spectrometry, we
know that the purified protein starts with Ala-2, so we have not
included Met-1 in the model. For the 1.7 Å resolution Prdx2SH
structure, TLS refinement was done using one group for each of
the ten chains in the asymmetric unit along with their associated
waters (i.e., ten total TLS groups). The isomorphous structures of
Prdx2C172S and Prdx2SO2 were built starting from a near-final
refined model of Prdx2SH, and these structures were refined us-
ing individual isotropic B-factors. Data collection and refinement
statistics are in Table 2.

Size exclusion chromatography

SEC was performed with an AKTA chromatography system
using a Superdex 200 Increase 10/300 Gl column operated at
4 �C (both Cytiva). Frozen stock samples (�5 mg/ml) were
thawed on ice, diluted to 10 μM (~0.2 mg/ml), and incubated
with 10 mM DTT for 30 min. Samples (100 μl) were injected
using a 500 μl loop, and runs were performed with 0.5 ml/min
flow rate using a degassed running buffer consisting of 20 mM
Hepes, 100 mM NaCl, freshly added 10 mM DTT, adjusted to
pH 7.4, by addition from a stock solution of 4 M NaOH (SEC
buffer). Identical experiments were also performed at 3.0 mg/
ml protein concentration. For integration, peak areas were
defined manually and calculated by using Unicorn 7.1 (Cytiva).

For molecular mass determination of the decameric species
using SEC-static light scattering, reduced WT and C172W
mutant were separated as above, except at room temperature
with a flow rate of 0.4 ml/min and the column connected to a
Viscotek 302 to 040 Triple Detector PGC/SEC system (Mal-
vern). Molecular weights were calculated from the acquired
refractive index, right-angle, and low-angle light scattering data
using Omnisec 4.7.0. For calibration, a 3 mg/ml solution of
bovine serum albumin (AlbuMAX I, Gibco) was run under the
same conditions.

Small-angle X-ray scattering

SAXS data were acquired at the Australian Synchrotron on
the SAXS/WAXS beamline equipped with a PILATUS 1 M
detector (170 × 170 mm, effective pixel size 172 ×172 μm). The
X-ray wavelength provided was 1.0332 Å, and the sample de-
tector distance was set at 2700 mm, which produced a q range
of 0.006 to 0.4 Å-1. Protein samples were thawed on ice and
incubated with 10 mM TCEP (Bond-Breaker, Thermo Scien-
tific) for 30 min. Data were collected during two independent
measurements, first with WT and C172W concentrations of
7.0 mg/ml and a C172D concentration of 4.4 mg/ml and the
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second measurement using the same concentrations and a 1:1
dilution. Data merging indicated that the highest concentration
was of good quality, and a single high concentration curve has
been used for further analysis. Samples were injected onto an
online Superdex 200 5/150 Gl column (Cytiva) equilibrated
with SEC running buffer (see above) at 0.45 ml/min. The
scattering data were detected during the course of protein
elution using exposures of 1 s in a 1.0 mm glass capillary at 12
�C. The scattering data were processed using ScatterBrain IDL
2.822 (Australian Synchrotron Facility) to apply data reduction,
integration of individual frames, and conversion to one-
dimensional data. Further data analysis has been performed
using the ATSAS 3.0.2 package (41).

Analytical ultracentrifugation

The reduced forms of WT Prdx2 and the mutants were
analyzed by AUC using the sedimentation velocity method.
For all but the C172S mutant, SEC was performed as above,
and the decamer elution peak was pooled and concentrated to
0.35 mg/ml using Amicon Ultra-15 Centrifugal Filter Units
with 30 kDa molecular weight cut-off. SEC and AUC were
performed on the same day. The C172S mutant was analyzed
at the same concentration without prior SEC. Sedimentation
velocity experiments were performed in an XL-I analytical
ultracentrifuge (Beckman Coulter) using double sector sap-
phire cells and epon charcoal centre-pieces in an An-50 Ti 8-
hole rotor. Data were obtained at 45,000 rpm using 380 μl
Prdx2 solution and 400 μl of buffer (20 mM Hepes, 100 mM
NaCl, 10 mM TCEP, pH 7.4) as the reference. Data were
collected at 20 �C using radial absorbance scans at 285 nm and
step size of 0.003 cm and analyzed using UltraScan 4.0 (42).
Data were evaluated by 2DSA (43), followed by 50 Monte-
Carlo interactions providing 95% confidence intervals for all
measured parameters (44). The data were further analyzed
using the enhanced van-Holde/Weischet method in
UltraScan-III. All fitting procedures were performed on the
UltraScan LIMS cluster. The buffer viscosity (1.026 cp), buffer
density (1.0039 g/ml), and an estimate of the partial specific
volume for each protein sample based on the amino acid
sequence was determined using UltraScan-III (WT: 0.7380;
C172S: 0.7381; C172D: 0.7378; and C172W: 0.7386) (45).

Materials

All biochemicals were from Sigma unless stated otherwise.

Data availability

Coordinates and structure factors for Prdx2SH, Prdx2SO2

and Prdx2C172S have been deposited in the Protein Data Bank
with accession numbers 7KIZ, 7KJ0, and 7KJ1, respectively.

Supporting information—This article contains supporting
information (42).
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