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Background: Oligomeric changes affect the function of typical 2-Cys peroxiredoxins.
Results: pH decrease favors decamerization and this effect depends on His''® and Asp”®.

Conclusion: Protonated His'!'®

attracts Asp”® inducing a conformational change that stabilizes the decamer.

Significance: Learning how pH modulates the oligomerization of typical 2-Cys peroxiredoxins is an important step into

understanding the pH effect on their function.

2-Cys peroxiredoxins belonging to the Prx1 subfamily are
Cys-based peroxidases that control the intracellular levels of
H,0, and seem to assume a chaperone function under oxida-
tive stress conditions. The regulation of their peroxidase
activity as well as the observed functional switch from perox-
idase to chaperone involves changes in their quaternary
structure. Multiple factors can modulate the oligomeric tran-
sitions of 2-Cys peroxiredoxins such as redox state, post-
translational modifications, and pH. However, the molecular
basis for the pH influence on the oligomeric state of these
enzymes is still elusive. Herein, we solved the crystal struc-
ture of a typical 2-Cys peroxiredoxin from Leishmania in the
dimeric (pH 8.5) and decameric (pH 4.4) forms, showing that
conformational changes in the catalytic loop are associated
with the pH-induced decamerization. Mutagenesis and bio-
physical studies revealed that a highly conserved histidine
(His''3) functions as a pH sensor that, at acidic conditions,
becomes protonated and forms an electrostatic pair with
Asp’® from the catalytic loop, triggering the decamerization.
In these 2-Cys peroxiredoxins, decamer formation is impor-
tant for the catalytic efficiency and has been associated with
an enhanced sensitivity to oxidative inactivation by overoxi-
dation of the peroxidatic cysteine. In eukaryotic cells, expo-
sure to high levels of H,O, can trigger intracellular pH vari-
ations, suggesting that pH changes might act cooperatively
with H,O, and other oligomerization-modulator factors to
regulate the structure and function of typical 2-Cys peroxire-
doxins in response to oxidative stress.
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Peroxiredoxins (Prxs)® are key components for antioxidant
protection and cell signaling pathways (1). They are classified
into distinct subfamilies, according to their active site architec-
ture and sequence similarity (2). The Prx1 subfamily comprises
typical 2-Cys Prxs that are highly expressed and found in all
living kingdoms (3). In eukaryotes, Prx1 subfamily members are
present not only in the cytosol (4, 5) but also in organelles such
as mitochondrion (4, 6), chloroplast (7), and endoplasmic retic-
ulum (8). This subfamily includes the bacterial AhpC proteins,
the human Prxs I to IV, the yeast thiol-specific antioxidant pro-
tein, and the tryparedoxin peroxidases (3).

Prx1 subfamily members are obligate homodimers that dis-
play two identical active sites located in opposite sides of the
dimer interface (9). In most cases, Prx1 homodimers can asso-
ciate noncovalently forming doughnut-like assemblies that are
usually decameric (3). The dimer-decamer interconversion
seems to play a role during the catalytic cycle, influencing the
catalytic efficiency (10). Some studies support that Prx1 sub-
family members can further form higher-order oligomers,
which seems to switch their function from peroxidase to chap-
erone (11, 12).

The redox state of the peroxidatic cysteine (Cp) is the best char-
acterized factor regulating the oligomerization of Prx1 subfamily
members (10, 13). When C, is reduced, the catalytic loop and
C-terminal extension adopt a fully folded (FF) conformation,
which stabilizes the decameric form. By reducing peroxides
(ROOH) to ROH, C,,is oxidized to sulfenic acid (C,-SOH) and the
active site becomes locally unfolded (LU), allowing the formation
of a disulfide bond between C,-SOH and the resolving cysteine
(Cg), located in the other subunit forming the catalytic interface
(3). This conformational change favors the dissociation of decam-

3 The abbreviations used are: Prx, peroxiredoxin; aSEC, analytical size-exclusion
chromatography; C,, peroxidatic cysteine; Cp-loop, catalytic loop; C, resolving
cysteine; DLS, dynamic light scattering; DTNB, 5,5-dithiobis-(2-nitrobenzoic
acid); FF, fully folded; LbPrx1m, mitochondrial tryparedoxin peroxidase from
Leishmania braziliensis; LU, locally unfolded; R,, hydrodynamic radius; TEV,
tobacco etch virus.
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ersinto dimers (10, 13). Under oxidative stress, some Prx1 subfam-
ily members can be inactivated by C, overoxidation and assume
higher-order oligomeric states that display chaperone function as
shown in vitro (11, 12, 14).

Besides the redox state, other factors such as post-transla-
tional modifications, ionic strength, and pH can also affect the
equilibrium of Prx1 oligomers (15). For the human Prx I, phos-
phorylation of Thr® triggers the formation of high molecular
weight complexes and seems to induce the functional switch to
chaperone (16), whereas Cys® glutathionylation (17) and Cys>*
nitrosylation (18) favor decamer dissociation. The ionic strength
seems to have opposing effects depending on the Prx1 subfamily
member. High ionic strength (>0.3 m NaCl) stabilizes the deca-
meric form of Prx1 members from plant and bacteria, but favors
the dimeric form of the rat Prx (7, 19, 20). Acidification favors the
decameric state of plant and mammalian Prx1 subfamily members
(7,21). The dimer-decamer equilibrium of these enzymes is highly
responsive to small pH variations in the physiological range
(between pH 7 and 8), suggesting that a dissociable group with a
pK, value in this pH interval affects the equilibrium between the
two oligomeric states (7, 21).

Intracellular pH variations play an important and underap-
preciated role in physiological and pathological situations such
as apoptosis, neurotransmission, and insulin secretion in mam-
mals as well as CO,, fixation in plants (22, 23). It has been shown
that such pH variations can modulate the structure and func-
tion of proteins, including caspases (22, 24) and enzymes
belonging to the Prx1 subfamily (7). Nevertheless, the molecu-
lar mechanisms by which pH controls Prx1 oligomerization
remain elusive.

Therefore, we investigated the structural basis for the pH-de-
pendent decamerization of Prx1 subfamily members using as a
model the mitochondrial tryparedoxin peroxidase from Leish-
mania braziliensis, here named LbPrxlm according to the
nomenclature proposed by Gretes et al. (25). Up-regulation of
this protein has been associated with protection against apop-
tosis-like death (26) and resistance to miltefosine (27), a drug
whose activity is linked to apoptosis and disturbance of lipid-
dependent cell signaling pathways (28). Moreover, Leishmania
Prx1m confers thermotolerance to the parasite and displays in
vitro chaperone activity, which seems to be crucial for virulence
(29). In this work, we solved the crystal structure of LbPrx1m at
basic and acidic conditions, providing, for the first time to our
knowledge, structural data of a Prx1 subfamily member in both
dimeric and decameric states induced by pH variations. Structural
comparisons along with site-directed mutagenesis and biophysical
studies revealed that His''® functions as a pH sensor. With
decreasing pH, His''® becomes protonated and attracts Asp’®,
inducing a conformational change in the catalytic loop that pro-
motes the decamerization. The ionic pair, His''® and Asp’®, is
present in most Prx1 subfamily members, suggesting that this
mechanism is conserved in typical 2-Cys Prxs.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Site-directed Mutagenesis—The
LbPrx1m gene (RefSeq XM_001562186.1) was cloned into a
pET28a-His-TEV vector between Ndel and Sall restriction
sites as described in Ref. 30. The Asp”® — Ala and His''® — Ala
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mutants were produced using the QuikChange™ site-directed
mutagenesis kit (Stratagene).

Protein Expression and Purification—The wild-type (wt)
LbPrxIm and mutants were expressed in Escherichia coli
BL21(DE3)ASIyD cells harboring plasmid pRARE?2 as described
(30). For protein purification, cells were resuspended in buffer
A (20 mM sodium phosphate, pH 7.4, 500 mm NaCl, and 5 mMm
imidazole) containing 2 mm PMSEF, disrupted by sonication and
centrifuged at 20,000 X g for 30 min (277 K). The supernatant
was loaded onto a nickel-charged Hi-trap chelating column (5
ml, GE Healthcare) coupled to an Akta FPLC system (GE
Healthcare). After washing the resin with 10 column volumes of
buffer A, bound proteins were eluted using a non-linear imid-
azole gradient from 5 to 1000 mm. Fractions containing the
target protein were dialyzed against 25 mm Tris-HCI (pH 7.5)
and loaded onto a Q-Sepharose Fast Flow column (5 ml, GE
Healthcare). The target protein was eluted with 0.15 m NaCl
during a 0—1 M NaCl gradient. The fractions were pooled, con-
centrated, and subjected to a size-exclusion chromatography
using a HiLoad 16/600 Superdex 200 column (GE Healthcare)
pre-equilibrated with 25 mm Tris-HCI (pH 7.5). The protein
was purified and analyzed under non-reducing conditions,
unless otherwise stated. The oxidation state of samples was
verified by SDS-PAGE under reducing and non-reducing
conditions.

Analytical Size Exclusion Chromatography (aSEC)—Analyt-
ical SEC experiments at different pH values were carried out on
a Superdex 200 10/300 GL column (GE Healthcare) using a flow
rate of 0.5 ml min~'. LbPrx1m samples, previously incubated
with the Chelex® 100 resin (Bio-Rad), were diluted to 48 um
using the respective aSEC buffers and loaded onto the column
pre-equilibrated with 50 mm MMT (pL-malic acid, MES, and
Tris base), pH values of 4, 5, 6, 7, or 8, 150 mm NaCl, and 10 mm
EDTA. The D76A and H113A mutants (48 um), previously
incubated at pH 4.0 (50 mm MMT, pH 4, 150 mm NaCl, 10 mm
EDTA)oratpH7.0with DTT (25 mm Tris-HCI, pH 7.0, 150 mm
NaCl, 5 mm EDTA, and 2 mm DTT) by 30 min, were loaded
onto the column pre-equilibrated with the corresponding buf-
fers. To evaluate whether the N-terminal His tag and the pro-
tein redox state influence the pH effect on the dimer-to-
decamer conversion, the same assay was performed with
LbPrx1m pre-treated with TEV protease. For the cleavage,
LbPrx1m at 1 mg ml~ ' was treated with His-tagged TEV pro-
tease (0.01 mg ml ') for 30 min at 298 K. The samples were
loaded onto a nickel-nitrilotriacetic acid Superflow resin (Qia-
gen) to separate the cleaved protein (collected from the flow-
through) from the remaining uncleaved LbPrx1m and His-
tagged TEV protease. Analytical SEC runs were performed in
the presence and absence of 2 mmM DTT, in 25 mm Tris-HCI (pH
7.0,7.5,and 8.0) containing 150 mM NaCl and 5 mm EDTA. All
these experiments were carried out under chelating conditions
because some divalent cations stabilize the LbPrx1m decamer
at alkaline pH values.* The SEC column was calibrated using
low and high molecular weight markers (GE Healthcare).

“M. A. B.Morais, P. 0. Giuseppe, T. A. C. B.Souza, T. G. P. Alegria, M. A. Oliveira,
L. E.S. Netto, and M. T. Murakami, unpublished data.
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Quantification of Free Thiol Groups—LbPrx1m samples (48
uM) in 25 mm Tris-HCI (pH 7.5), 150 mMm NaCl, and 5 mm
EDTA were treated with 2 mm DTT for 30, 60, 120, and 240 min
at room temperature. Excess DTT was removed using the
HiTrap Desalting column (5 ml, GE Healthcare). The samples
were incubated with 100 um DTNB for 1 h. The 2-nitro-5-
thiobenzoate production was monitored spectrophotometri-
callyat412nm (€,,, = 14,150 M~ ' cm ™ ') and the eluted protein
concentrations were used to calculate the number of free thiols
per molecule.

Dynamic Light Scattering (DLS)—DLS measurements were
performed under non-reducing conditions on a Dynapro
Molecular Sizing instrument at 291 K. Protein samples at 48 um
were previously centrifuged for 20 min at 20,000 X g. Data were
collected with intervals of 10 s with at least 100 acquisitions.
The diffusion coefficient (D) was determined from the analysis
of measured time-dependent fluctuations in the scattering
intensity and used to calculate the hydrodynamic radius (R,,) of
the protein via Stokes-Einstein equation. Data analysis was per-
formed using the software Dynamics V6.3.40.

Crystallization, Data Collection, Processing, and Structure
Determination—LbPrx1m sample was concentrated to 10 mg
ml ™" for crystallization trials. Crystals of the dimeric form were
grown by the sitting-drop vapor-diffusion method in drops
containing 0.5 ul of the protein sample mixed with an equal
volume of reservoir solution (27% (w/v) PEG4000, 0.1 m Tris-
HCI, pH 8.5, 0.2 M Li,SO,) added by 5 mm EDTA at 291 K. The
decameric form was crystallized in 0.1 M MMT buffer (pH 4.4),
13.9% (w/v) PEG1500, and 25 mm CaCl, by the hanging drop
method in drops containing 2 ul of protein and 1 ul of mother
liquor at 291 K.

X-ray diffraction data were collected at the W01B-MX2
beamline (LNLS, Campinas, Brazil). Data were indexed, inte-
grated, merged, and scaled using HKL2000 (31) or XDS (32).
Structures were solved by molecular replacement using the
atomic coordinates of Hbp23 (PDB code 1QQ2, 60% sequence
identity) as template and the program MOLREP (33) for the
dimer or PHASER (34) and PHENIX AutoBuild Wizard (35) for
the decamer. Model refinement was carried out alternating
cycles of REFMACS5 (36) or phenix.refine (37), with visual
inspection of the electron density maps and manual rebuilding
with COOT (38). Refinement cycles included non-crystallo-
graphic symmetry, secondary structure, and reference model
restraints as well as translation/libration/screw parameters
from the TLSMD server (39). The model quality was assessed
using MolProbity (40). Data collection and refinement statistics
are shown in Table 1. Dimeric and decameric LbPrx1m struc-
tures were deposited in the RCSB Protein Data Bank under
accession codes 4KCE and 4KB3, respectively.

RESULTS

Acidification Shifts the Dimer-Decamer Equilibrium to the
Decameric State—LbPrx1m purified under non-reducing con-
ditions assumes the disulfide-bonded state (SS), as shown by
SDS-PAGE analysis (Fig. 14). Analytical SEC experiments of
this sample at different pH values revealed that decreasing pH
induces the oxidized LbPrx1m dimers to associate into decam-
ers (Fig. 1C). At pH 8, LbPrxlm was essentially dimeric,
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Resolution (A)

Observed reflections

40.0-2.9 (3.1-2.9)
397,953 (54,334)

TABLE 1
Data collection and refinement statistics
Decamer Dimer
Data collection
Space group P2,2,2, P4,2.2
Cell dimensions
a, b, c(A) 90.2, 98.9, 228.1 132.5,132.5, 44.6
Molecules per AU” 10

2
40.0-2.8 (3.0-2.8)
137,931 (18,831)

Unique reflections 44,560 (6,943) 10,240 (1,506)
Rierge (%) 25.4 (219.5) 20.0 (322.1)
R.... (%) 26.9 (234.8) 20.9 (335.5)
Jol 9.9 (0.9) 10.6 (0.9)
CC,° 1.0 (0.5) 1.0 (0.5)
Completeness (%) 99.5 (97.6) 98.7 (92.9)
Multiplicity 9(8) 13 (13)
Refinement
Resolution (A) 20.0-2.9 19.9-2.8
No. reflections 44,517 10,200
Ryond Risee 0.23/0.28 0.24/0.28
No. atoms
Protein 12,942 2,592
Mean B-factors (A?)
Protein 83 54
Root mean square deviations
Bond lengths (A) 0.006 0.007
Bond angles (%) 1.122 1.069
Ramachandran Plot
Favored (%) 96.9 95.4
Allowed (%) 2.8 4.6
Disallowed (%) 0.3 0.0
Molprobity clashscore 10.4 5.8

“ AU, asymmetric unit.
? Values in parentheses are for highest-resolution shell.
¢ CC,,, correlation between intensities from random half-datasets (51).

whereas at pH = 7 LbPrx1m was predominantly decameric,
indicating that the decamer-to-dimer transition occurs in a
narrow pH range between pH 7 and 8.

Corroborating the aSEC results, DLS measurements of oxi-
dized LbPrx1m (48 uM) at pH 8 and 4 indicate averaged R;, of
2.9 and 5.7 nm, respectively (Fig. 1D). These values are in agree-
ment with the theoretical R, estimated for the dimer (3.1 nm)
and decamer (6.1 nm) based on the molecular mass of the
respective oligomers (46 and 230 kDa).

To evaluate the influence of the protein redox state on this
transition, we analyzed samples treated with 2 mm DTT (Fig.
1F). Under this condition, LbPrx1m assumes a reduced state,
according to SDS-PAGE analysis and thiol quantification (Fig.
1, A and B). The DTT-treated samples maintained a number of
free thiols close to three, which is consistent with the number of
cysteines of LbPrx1m (Cys®!, Cys'’, and Cys>*%).

Analytical SEC experiments with or without DTT were per-
formed at different pH conditions using TEV-cleaved LbPrx1m
(without His tag) (Fig. 1, E and F). Unlike the mitochondrial Prx
III (41), removal of the His tag did not influence the dimer-
decamer equilibrium of oxidized LbPrxlm. Regarding the
reduced protein, it remained dimeric at pH 8 and decameric at
pH 7, similarly to the oxidized form (Fig. 1, E and F). However,
treatment with DTT increased the decameric fraction at pH 7,
suggesting that, at this pH, reduced decamers are more stable
than those oxidized. At pH 7.5, the oxidized protein remained
predominantly dimeric, whereas those that were reduced
eluted as a mixed population of dimers, intermediate species,
and decamers. These results indicate that, at this pH, C, reduc-
tion is not sufficient to fully convert dimers into decamers.
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FIGURE 1. Acidification shifts the dimer-decamer equilibrium to the decameric state. A, SDS-PAGE under non-reducing conditions of LbPrx1m samples (3
1g) showing reduced monomers (SH) upon pre-treatment with 2 mm DTT (+) and disulfide-bonded (SS) dimers in the absence of DTT (—). B, content of
LbPrx1m thiols determined by a DTNB assay with samples pre-treated with 2 mm DTT for 30, 60, 120, and 240 min. The values correspond to the calculated
average of three independent experiments. C, SEC chromatograms of oxidized (5S) LbPrx1m (wt) at 48 um. The protein was pretreated with Chelex 100
(Bio-Rad) and loaded onto a column pre-equilibrated with 50 mm MMT (pH 4-28), 10 mm EDTA, and 150 mm NaCl. Numbers above the graphic represent the
molecular masses (kDa) of standard proteins used for column calibration. Gray dotted lines indicate their respective elution volumes. D, DLS assays of oxidized
LbPrxTm (wt) at 48 um in pH 4 and 8. R, = hydrodynamic radius (nm), %Pd = polydispersity (%), %M = fraction of mass (%) corresponding to the peak. E and
F, SEC chromatograms of TEV-cleaved LbPrx1m at 48 um under non-reducing conditions (E) and in the presence of 2 mm DTT (F) in 25 mm Tris-HCl buffer (pH 7.0,

7.5, and 8.0) containing 5 mm EDTA and 150 mm NacCl.

Thus, collectively, these data point out that LbPrx1m dimer-
decamer equilibrium is susceptible to small variations around
physiological pH, being shifted to the decameric state upon
acidification and to the dimeric state at mild basic conditions,
regardless of whether C,, is reduced or disulfide bonded.

LbPrxIm Crystallized as a Dimer at Basic pH and as a
Decamer at Acidic pH—In accordance with aSEC and DLS
results, LbPrx1m crystals grown at pH 8.5 presented a dimer in
the asymmetric unit, whereas those grown at pH 4.4 displayed a
decamer. Energetic analyses using PDBePISA (42) confirmed
that the dimer found in the asymmetric unit is the most stable
assembly detected in the crystal, indicating the absence of
higher order oligomers generated by symmetry.

The LbPrx1m decamer is a doughnut-like structure formed
by the association of five homodimers (Fig. 2). Each homodimer
is stabilized by an anti-parallel intermolecular association
between 7 strands from both subunits (Fig. 24). This interface
is named by Sarma and colleagues (43) as B-type interface (B for
“B-sheet” based). To form the decamer, five B-type dimers
interact each other via dimer-dimer interfaces named A-type
(A for alternate or ancestral) (43) (Fig. 2B).
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LbPrx1m is oxidized in both crystal structures. In the dimeric
crystalline form, the electronic density map allowed the mod-
eling of the disulfide bond between Cys®' (C,,) from chain B and
Cys®** (Cg) from chain A (Fig. 2, A and C). In the other active
site, part of the catalytic loop (Cp-loop) and the whole C-termi-
nal extension (after residue Asn'®®) are disordered, probably
due to a higher flexibility of this region. In all decamer subunits,
the Cp-loop is well ordered and assumes a locally unfolded con-
formation, exposing C. The electron density map allowed the
modeling of the disulfide bond of C, from subunits A, C, and G
with Cj from subunits B, D, and H, respectively (Fig. 2, B and
D). In the remaining chains, the region from Asn'*® to Asn*** is
disordered. A similar pattern was already observed in the
oxidized forms of Prx IV (44) and AcePrx-1 (45) and can be
either due to inherent flexibility of C, and adjacent residues or
due to disulfide bond disruption by radiation damage during
data collection.

His'"® Is a pH Sensor for Decamerization—Comparison
between the dimeric (pH 8.5) and decameric (pH 4.4) struc-
tures of LbPrx1m showed that the C,-loop is locally unfolded
and undergoes conformational changes upon decamerization
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A

FIGURE 2. Crystal structures of LbPrx1m in dimeric and decameric forms. A, schematic representation of the LbPrx1m dimer crystallized at pH 8.5.
Secondary structure elements are labeled and dimer subunits are colored in pink (chain A) and green (chain B). C, (C87) and C, (C204) are labeled and
represented by ball-and-sticks. Dotted lines illustrate disordered regions absent from the crystallographic model. B, schematic representation of the LbPrx1m
decamer compared with the LbPrx1m dimer. Decamer subunits are labeled (A-J) and the dimer interface (B-type) as well as the dimer-dimer interface (A-type)
are highlighted. C, and C; are represented by ball and sticks. The inset shows an amplified view of the C,-C, disulfide bond at the C:D dimer. Schematic
representations of dimer (C) and decamer (D) highlight the active sites where C,-C, bonds were observed (C-C) and the active sites where only C, was modeled.

In all cases, locally unfolded conformations were observed.

(Fig. 3, A and B). In the dimeric form, this loop assumes an open
conformation that exposes to the surface the residues Asp’®,
Asp'®®, and Ser''? (Fig. 3A). Conversely, in the decameric form,
an intramolecular hydrogen bond network involving Tyr”?,
Asp”®, Ser'®®, Asp'©®, and Ser''?, as well as electrostatic inter-
actions of His'*® with Asp”®, locks the Cp-loop in a closed con-
formation (Fig. 3B). Upon this conformational change, Phe””
and Phe” are placed at orientations that permit hydrophobic
contacts with residues Ile®, Tyr**!, Leu''*, and Ala'*® from the
adjacent subunit, favoring the decameric assembly (Fig. 3B).
Among these residues, only His''® might have its protonation
state affected in the pH interval where the dimer-to-decamer
transition was observed. Changes in the His''? side chain pro-
tonation probably contribute with decamer stabilization
through electrostatic interactions with Asp”® at pH below 8.0.

To test the hypothesis that His''® is relevant for the pH-in-
duced decamerization of LbPrx1m and evaluate the role of
Asp”® in this process, we performed aSEC experiments with
H113A and D76A mutants in the presence (pH 7) and absence
(pH 4) of reducing agent (Fig. 3C). Samples treated with DTT
were analyzed in neutral pH because the reducing power of
DTT is lowered at acidic medium.

As expected, the H113A mutant eluted as a dimer in both
conditions, demonstrating that LhPrx1m depends on His''? to
decamerize in neutral to acidic conditions regardless of
whether C,, is reduced or disulfide bonded (Fig. 3C). The D76A
mutant also eluted as a dimer when reduced and displayed two
elution peaks when oxidized. DLS analysis of this sample indi-
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cated an average R,; of 3.5 nm and a polydispersity of 27%,
supporting the predominance of D76A dimers observed in the
aSEC profile (Fig. 3, C and D). Thus, aSEC and DLS data show
that D76A substitution prevented the pH-induced decameriza-
tion of LbPrx1m independent of the C, redox state.

Together, these results indicate that the ionic interaction
involving His''® and Asp”® side chains is pH-sensitive and cru-
cial for decamerization upon acidification of LbPrx1m in both
reduced and disulfide-bonded states. Supporting this conclu-
sion, the theoretical pK, of His''® and Asp”® side chains in the
decamer structure, calculated using the program PROPKA 3.0
(46), are 7.37 and 2.87, respectively, indicating that pH varia-
tions in the 7.0 to 8.0 interval might affect the protonation state
of His''® and consequently the ionic interaction with the neg-
atively charged Asp’®, which correlates with the dimer-to-
decamer transition occurring in this pH range (Fig. 1C).

DISCUSSION

This work reveals that acidification in a narrow and physio-
logical pH range favors the decamerization of both oxidized
and reduced forms of LbPrx1m, a typical 2-Cys Prx from pro-
tozoa. The same phenomenon has already been observed for
oxidized forms of typical 2-Cys Prxs from plant and mammal (7,
21), but the structural basis for this pH effect was unknown so
far.

Based on crystallographic, site-directed mutagenesis, and
biophysical studies, we proposed a model to explain how pH
modulates the dimer-decamer equilibrium of LbPrx1m (Fig.
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FIGURE 3. Structural basis for the pH-induced decamerization of LbPrx1m. Panels A and B show a structural comparison between the active sites of LbPrx1m
dimer (A) and decamer (B) highlighting the C-loop (light orange schematic) and residues (sticks) involved in the decamerization process as well as C,, (Cys®"). For
clarity purposes, the C,-C, disulfide bond was omitted in both structure representations. Dashed lines represent hydrogen bonds. Labels outlined in white
indicate residues from the other subunit (violet surface, panel B) that compose the A-type interface. C, SEC chromatograms of LbPrx1m at 48 um (wt and mutants
D76A (D76A) and H113A (H113A) under non-reducing (solid lines, 50 mm MMT, pH 4, 10 mm EDTA, and 150 mm NaCl) and reducing (dashed lines, 25 mm Tris-HCl,
pH 7.0, 5 mm EDTA, 150 mm NaCl, and 2 mm DTT) conditions. Numbers above the graphic represent the molecular mass (kDa) of standard proteins used for
column calibration. D, DLS assays of wt and the D76A mutant at 48 um in 50 mm MMT (pH 4), 10 mm EDTA, and 150 mm NaCl. R, = hydrodynamic radius (nm),

%Pd = polydispersity (%), %M = fraction of mass (%) corresponding to the peak.

4A), in which the pH decrease triggers LbPrx1m decamer for-
mation by modulating the protonation state of His''®. As the
pH decreases, His''® becomes positively charged and attracts
Asp”®, located at the C,-loop. This interaction induces a con-
formational change in the C,-loop, locking it in a closed con-
formation and positioning Phe”” and Phe”® to create the A-type
interface. As the pH increases, electrostatic interactions
between His''® and Asp”® become weaker and LbPrxlm
decamers start to dissociate into dimers.

The His''® and Asp”® pair as well as other residues involved
in the oligomerization of 2-Cys Prxs are highly conserved in
Prx1 subfamily members, suggesting that the proposed padlock
mechanism can be extended for most typical 2-Cys Prxs (Fig.
4B). Supporting this hypothesis, the position and orientation of
Asp”® and His''? counterparts are fully conserved in homolo-
gous decamers, regardless the C, redox state (Fig. 5). Moreover,
the enzyme PfTrx-Px2, which crystallized as an oxidized dimer
at pH 6.5 (47), has an Asn replacing the corresponding Asp”®,
suggesting that lack of the Asp-His ionic pair rendered its olig-
omerization pH-insensitive.

The dimer-to-decamer transition of LbPrx1m, the human
Prx II (21), and the chloroplast 2-Cys Prx from Pisum sativum
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(7) occur in a narrow pH range between pH 7 and 8, supporting
that small variations of the physiological pH can have major
effects in the dimer-decamer equilibrium of typical 2-Cys Prxs
in vivo. It has been reported that pH variations regulate impor-
tant cellular process, such as apoptosis in mammalian cells (48)
and CO,, fixation in plants (23). Apoptotic stimuli induce cyto-
sol acidification, usually of 0.4 pH units (48), whereas the dark-
light transition induces a rise in the chloroplast stromal pH
from 7.0 to 8.0 (23). Mitochondrial pH can vary up to 0.5 pH
units (basal pH ~ 8) in mammalian cells (22). According to our
results (Fig. 1) and other studies (7, 21), the dimer-decamer
equilibrium of Prx1 members is responsive to such pH varia-
tions, suggesting that changes in pH homeostasis can influence
the quaternary structure of cytosolic, mitochondrial, and chlo-
roplast Prx1 members such as the human Prx II, LbPrx1m, and
pea 2-Cys Prx, respectively.

The pH effect on the oligomerization of typical 2-Cys Prxs
supports the hypothesis that intracellular pH affects mecha-
nisms controlling the cellular concentration of reactive oxygen
species (48). Changes in the oligomeric state of these enzymes
influence both the peroxidase activity and the functional
switch. The decameric form stabilizes the FF conformation
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LbPrx1m YPMDFTFVCPTEIIAFSD. . .VSCDSEYSHLAWV
LdPrxlm YPMDFTFVCPTEIIAFSD. . .VSCDSVYSHLAWV
LmPrxlm YPMDFTFVCPTEIIAFSD. . .VSCDSVYSHLAWV
TcPrxlm YPMDFTFVCPTEITAFSD. . .VSCDSQYSHLAWI
ThPrx1lm YPLDFTFVCPTEIVSFSD. . . VSCDSHFSHLAWV
S LbPrxla YPLDFTFVCPTEIIQFSD. . .CSVDSEYAHLQWT
‘g LdPrxla YPLDFTFVCPTEIIAFSE. . .CSMDSEYAHLQWT
= ImpPrxla YPLDFTFVCPTEVIAFSD. . .CSIDSEYAHLQWT
TcPrxla YPMDFTFVCPTEICQFSD. . .CSMDSEYSHLAWT
ThPrxla YPLDFTFVCPTEICQFSD. . . CSMDSEFSHLAWT
H113 pH 8 PfTrx-Px2  YPLNYTFVCPTEIIEFNK...ISVDSVYSHLAWK
%pH SBHSGH I Pv2Cys YPLDFTFVCPSEIIALDK. . .CSVDSKYTHLAWK
switch | pH 7 - HsPrxI YPLDFTFVCPTEIIAFSD. . .ASVDSHFCHLAWV
€ HsPrxII YPLDFTFVCPTEIIAFSN. . .VSVDSQFTHLAWI
§ HsPrxIII YPLDFTFVCPTEIVAFSD. . . VSVDSHFSHLAWI
HsPrxIV YPLDFTFVCPTEIIAFGD. . .CSVDSQFTHLAWI
locked S ScTSAL IPLAFTFVCPTEIIAFSE. . .ASTDSEYSLLAWT
C,-loop decamer 2 ScTSA2 VPLAFSFVCPTEIVAFSD. . .ASTDSEYSLLAWT
_ ZmBAS1 YPLDFTFVCPTEITAFSD. . .VSIDSVFSHLAWY
é AtBAS1 YPLDFTFVCPTEITAFSD. . .VSVDSVFSHLAWV
PsBAS1 YPLDFTFVCPTEITAFSD. . .VSVDSVFSHLAWV
HpRAhpC WPKDFTFVCPTEIIAFDK. . .VSIDSEQVHFAWK
g MtAhpC WPKDFTFVCPTEIAAFSK. . . VSIDSEFAHFQWR
8 AxAhpC YPADFSFVCPTELEDVQK. . . VSTDTHFVHKAWH
StAhpC YPADFTFVCPTELGDVAD. . . VSTDTHFTHKAWH
& TaAhpC YPADFTFVCPTEVEGFAE. . . VSADTVYVHQAWV
g ThaAhpC YPADFTFVCPTELEELAD. . . VSTDTAYVHKAWH

FIGURE 4. The padlock model proposed for the pH-induced decamerization of LbPrx1m. A, in this model, His''® functions as a pH sensor switch. With
decreasing pH, His'"® becomes protonated and attracts the residue Asp’, inducing the Cp-loop to change from an open to a closed conformation that
promotes the decamerization. B, sequence alignment of Prx1 subfamily members from divergent phylogenetic groups. Species abbreviations are as follows:
Lb, L. braziliensis; Ld, Leishmania donovani; Lm, Leishmania major; Tc, Trypanosoma cruzi; Tb, T. brucei; Pf, Plasmodium falciparum; Pv, P. vivax; Hs, Homo sapiens; Sc,
Saccharomyces cerevisiae; Zm, Zea mays; At, Arabdopsis thaliana; Ps, P. sativum; Hp, Helicobacter pylori; Mt, Mycobacterium tuberculosis; Ax, Amphibacillus xylanus;
St, Salmonella typhimurium; Ta, Thermoplasma acidophilum; Tba, Thermococcus barophilus. Conserved residues Asp”® and His''® (LbPrx1m numbering) are
highlighted in violet.

A

LbPrx1m (4KB3) HsPrxIV (3TJB)

LU (SS)

StAhpC (1YEP)
LU (SS)

HsPrxIV (3TJJ)
LU (SOH)

HsPrxIV (2PN8)
FF (SH)

FF (SHY)

S ey o

FIGURE 5. The structural conservation of the Asp”®-His"'? interaction in decamers of Prx1 subfamily. Structural comparisons between LbPrx1m and
homologous decamers with C, in sulfenylated (SOH), disulfide-bonded (SS), and reduced (SH) states revealed that the positions of Asp’® and His''® counter-
parts (sticks) are fully conserved and compatible with the formation of an ionic interaction between their side chains. All structures are presented in the same
orientation (A-F). The Cp-loop and the C-terminal of the neighbor subunit forming the active site are highlighted in light orange and violet, respectively. Dashed
lines indicate inter-atomic distances of 2.4-2.6 A. PDB codes are presented in parentheses after the protein names (abbreviated as in Fig. 4). For clarity purposes,
one alternative conformation of the C,, side chain from 3TJJ was omitted and the side chain of His”® from PDB 1N8J was flipped as suggested by Molprobity
analysis (40). *, C46S mutant mimics the C, reduced state (SH*). FF, fully folded conformation. LU, locally unfolded conformation.

required for the nucleophilic attack of the C, thiolate on the
peroxide substrate, rendering the sulfenylation (C,-SOH) and
eventually the overoxidation of C, (3). Supporting this idea,

2-Cys Prx mutants unable to decamerize display lower catalytic
efficiency and are less responsive to peroxide-mediated inacti-
vation (49). Upon the disulfide bond formation between
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Cp-SOH and Cx-SH, Prx1 subfamily decamers tend to dissoci-
ate into dimers, a process that seems to be important for the
recycling step by another protein or small molecule thiol (20).
For instance, recycling of rat Prx I by reduced thioredoxin is
more efficient when the protein is in the dimeric state (20).

In light of these evidences and considering our findings, we
suggest that pH-induced decamerization may have a dual effect
depending on the redox state of the Prx1 species. By stabilizing
reduced (SH) decamers, acidification probably boosts the per-
oxidation step of the catalytic cycle. On the other hand, by sta-
bilizing oxidized (SS) decamers, it might hinder the recycling
step, decreasing the conversion rate of SS to SH forms. An inef-
ficient recycling step has been associated with a lower fre-
quency of C, overoxidation (44). The latter process has been
implicated in H,O, signal transduction (50) and was associated
with a peroxidase-to-chaperone switch (11, 12), suggesting that
the pH effect on enzyme oligomerization may influence H,O,
signaling pathways and the cell response to oxidative stress.
Despite the redox state being considered the major driving
force for decamer-dimer transition, our results demonstrated
that pH changes in a narrow physiological range can also be a
key factor in this event. Therefore, more studies are required to
shed light on how the redox state cross-talks with other oli-
gomerization-modulating factors such as pH to regulate the
structure and function of Prx1 subfamily members in vivo.
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