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1st glutathione-interaction site

Transition state of the oxidative
half-reaction with RSSG
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Dithiol mechanism for
nonglutathione disulfide substrates

B Monothiol mechanism for
glutathionylated substrates
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B Organisms Isoform Localization Structure Mechanism
Mammalia Prxl Cytosol Prx1-type Typ. 2-Cys
(opisthokonts)  Prxll Cytosol Prx1-type Typ. 2-Cys
Prxlil Mitoch. Prxi-type Typ. 2-Cys
PrxIV ER Prx1-type Typ.2-Cys
Prxv Mitoch. Prx5-type  Aty. 2-Cys
PrxVI Cytosol Prx6-type 1-Cys
S. cerevisiae Tsa1l Cytosol Prx1-type Typ. 2-Cys
(opisthokonts) Tsa2 Cytosol Prx1-type Typ. 2-Cys
Ahp1 Cytosol Prx5-type Typ. 2-Cys
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Abstract

Peroxiredoxins use a variety of thiols to rapidly reduce hydroperoxides and
peroxynitrite. While the oxidation kinetics of peroxiredoxins have been studied
in great detail, enzyme-specific differences regarding peroxiredoxin reduction
and the overall rate-limiting step under physiological conditions often remain
to be deciphered. The 1-Cys peroxiredoxin 5 homolog PfAOP from the malaria
parasite Plasmodium falciparum is an established model enzyme for glutathi-
one/glutaredoxin-dependent peroxiredoxins. Here, we reconstituted the cata-
Iytic cycle of PIAOP in vitro and analyzed the reaction between oxidized
PfAOP and reduced glutathione (GSH) using molecular docking and stopped-
flow measurements. Molecular docking revealed that oxidized PFAOP has to
adopt a locally unfolded conformation to react with GSH. Furthermore, we
determined a second-order rate constant of 6 x 10° M~" s~ at 25°C and ther-
modynamic activation parameters AH*, AS*, and AG* of 39.8 kI/mol, —0.8 J/
mol, and 40.0 kJ/mol, respectively. The gain-of-function mutant PfAQPM M
had almost identical reaction parameters. Taking into account physiological
hydroperoxide and GSH concentrations, we suggest (a) that the reaction
between oxidized PFAOP and GSH might be even faster than the formation of
the sulfenic acid in vive, and (b) that conformational changes are likely rate
limiting for PIAOP catalysis. In summary, we characterized and quantified the
reaction between GSH and the model enzyme PfAOP, thus providing detailed
insights regarding the reactivity of its sulfenic acid and the versatile chemistry

of peroxiredoxins.
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1 | INTRODUCTION
Peroxiredoxins are highly versatile thiol-dependent
hydroperoxidases that can also act as redox sensors and
chaperones.'™ In addition to their subcellular localiza-
tion, members of the peroxiredoxin family are grouped
into three different mechanistic and six major structural
subfamilies."*” The human malaria parasite Plasmo-
dium falciparum has four peroxiredoxin isoforms,® one
of which, termed antioxidant protein (PfAOP), is a
member of the peroxiredoxin 5 subfamily.” PfAOP is
dually localized in the cytosol and the apicoplast
of P. falciparum.'® Although PfAOP is supposed to pro-
tect P. falciparum from hydroperoxides, deletion of the
encoding gene was shown to have no effect on the fitness
of the asexual blood stages and their susceptibility
toward diamide, tert-butyl hydroperoxide (tBuOOH)
or the antimalarial endoperoxide artemisinin.'!
Recombinant PFAOP forms predominantly dimers, has a
so-called 1-Cys mechanism because it requires only one
cysteine residue for catalysis, and has become a model
enzyme glutathione/glutaredoxin-dependent
peroxiredoxins.'>™'® Reduced PFAOP reacts with a hydro-
peroxide or peroxynitrite, yielding a sulfenic acid enzyme
species.'”* Reduced glutathione (GSH) and the gluta-
redoxin PfGrx are probably the physiological reductants
of cytosolic PFAOP in accordance with high peroxidase
activities in reconstituted hydroperoxidase assays
in vitro.*>'* While GSH is the first reducing agent for the
sulfenic acid species of PTAOP, PfGrx deglutathionylates
PfAOP and therefore acts as the second reducing
agent.'™? Even though GSH is also present in the
apicoplast, the exact reduction mechanism in this organ-
elle remains unknown. Using yeast as a cellular test tube,
H,0,-dependent oxidation of heterologous PfAOP in the
mitochondrial matrix was shown to directly or indirectly
result in the formation of glutathione disulfide (GSSG)."*
Previous analyses revealed that the active site residue
C117 of PfAOP can be glutathionylated in vitro and in
Escherichia coli, yielding a mixed PFAOP-SSG disulfide.'?
Furthermore, kinetic measurements with recombinant
wild-type and mutant PfAOP, including the gain-of-
function mutant PFAOP“'™™, suggested that conforma-
tional changes and the first reduction of oxidized PFAOP
by GSH are rate limiting for catalysis.'*'® However,
while the oxidation of PFAOP has been characterized for
different substrates and mutants in vitro and in yeast,'*
the isolated reduction of PfAOP has not been studied
to date.

Here, we qualitatively reconstituted and monitored
the catalytic cycle of PfAOP in vitro. Furthermore,

for

&6

using stopped-flow measurements, we quantified the
second-order rate constant and estimated the activation
energy and thermodynamic activation parameters AH",
AS*, and AG® for the rapid GSH-dependent reduction
of oxidized PfAOP, thus providing insights into the
reactivity of its sulfenic acid and the transition state of
the first reduction step of the catalytic cycle of
peroxiredoxins.

2 | RESULTS

2.1 | Hydroperoxide- and glutaredoxin-
dependent reversible glutathionylation of
PfAOP

To qualitatively study the proposed hydroperoxidase
mechanism for PFAOP (Figure 1a), we reconstituted the
reaction with recombinant proteins and monitored it by
western blot analyses and gel mobility shift assays
(Figure 1b-d). Treatment of reduced wild-type enzyme
(PFAOPYT) with 1equiv of tBuOOH and subsequent
addition of 1lequiv of GSH yielded PfAOP-SSG
(Figure 1b). PfAOP has two cysteine residues, the
peroxidatic residue C117 and the nonessential residue
C143.*" Comparative studies with PfAOP“*** and
PFAOP“!'™ revealed a specific glutathionylation of active
site residue C117 (Figure 1c). The glutathionlyation of
residue C117 was reversed by the addition of reduced
PfGrx“3*5/C*8S " This glutaredoxin mutant was used
because it is catalytically fully active and has only one
cysteine residue so that alternative parallel or subsequent
thiol-disulfide exchange reactions cannot occur.'>'®'’
The addition of equimolar amounts of PfGrx©325/C88S
resulted in an almost complete loss of the glutathione sig-
nal for PFAOPS'**.88G, while only traces of the mixed
disulfide between PEAOP“'* and PGrx“**/“*5 were
formed, suggesting a preferential nucleophilic attack of
PfGrx=3*5/C%85  at the glutathione sulfur atom of
PfAOPS'#3.8SG. Increasing the ratio between PfGrx=32/
585 and PEAOP“'*® to 2:1 also resulted in the loss of the
glutathione signal but yielded more mixed disulfide
between both proteins (Figure 1c). Since the anti-
glutathione antibody did not detect glutathionylated
PIGrx©325/C885 e confirmed the transfer of the
glutathione-moiety from PfAOP to the single cysteine res-
idue of PfGrx“3*5/C88S by Jabeling available thiol groups
with a 1.24 kDa methyl ether poly(ethylene glycol),,
maleimide (mmPEG,,) (Figure 1d). The thiol group of
pure reduced PfGrx“**“* was modified by mmPEG24
and resulted in an altered SDS-PAGE mobility as expected.
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FIGURE 1 Legend on next page.

Incubation of PfGrx™?5/“%% with GSSG or PfAOP-SSG  In summary, the reconstituted reaction in vitro supports a
prevented the modification of PIGrx™**¥/“* by mmPEG,,  stepwise oxidation, glutathionylation, and PfGrx-
in accordance with the formation of PfGrx“**>“*%.g5G. dependent deglutathionylation of residue C117 of PFAOP.
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