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Cytosolic eukaryotic 2-Cys-peroxiredoxins have been widely reported
to act as dual-function proteins, either detoxifying reactive oxygen
species or acting as chaperones to prevent protein aggregation. Sev-
eral stimuli, including peroxide-mediated sulfinic acid formation at
the active site cysteine, have been proposed to trigger the chaperone
activity. However, the mechanism underlying this activation and the
extent to which the chaperone function is crucial under physiological
conditions in vivo remained unknown. Here we demonstrate that in
the vector-borne protozoan parasite Leishmania infantum, mitochon-
drial peroxiredoxin (Prx) exerts intrinsic ATP-independent chaperone
activity, protecting a wide variety of different proteins against heat
stress-mediated unfolding in vitro and in vivo. Activation of the chap-
erone function appears to be induced by temperature-mediated
restructuring of the reduced decamers, promoting binding of unfold-
ing client proteins in the center of Prx’s ringlike structure. Client
proteins are maintained in a folding-competent conformation until
restoration of nonstress conditions, upon which they are released
and transferred to ATP-dependent chaperones for refolding. Inter-
ference with client binding impairs parasite infectivity, providing
compelling evidence for the in vivo importance of Prx’s chaperone
function. Our results suggest that reduced Prx provides a mito-
chondrial chaperone reservoir, which allows L. infantum to deal
successfully with protein unfolding conditions during the transi-
tion from insect to the mammalian hosts and to generate viable
parasites capable of perpetuating infection.
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Peroxiredoxins (Prxs) are highly conserved and ubiquitous
peroxidases that constitute some of the most abundant pro-
teins in the cell (1). Typical 2-Cys-Prxs, the subfamily of Prxs
addressed in this study, are obligate homodimers of two inverted
subunits that rely on two cysteines for hydroperoxide detoxi-
fication: the peroxidatic cysteine (Cp), which interacts directly
with peroxides, and the resolving cysteine (Cr), which condenses
with the oxidized Cp of the other subunit by forming a disulfide
bond. The disulfide bond subsequently is regenerated by a thiol-
containing oxidoreductase, such as thioredoxin or another
member of the thioredoxin family (2). 2-Cys-Prxs have been
studied extensively in regard to their role in the detoxification of
reactive oxygen and nitrogen species (3). More recently, however,
they also have been implicated in other biological activities, in-
cluding H,O,; signaling, protein oxidation, and chaperoning
functions under stress conditions (4, 5). The chaperone activity
of 2-Cys-Prxs was first reported in 2004, when Jang et al. (6)
proposed that peroxide-mediated overoxidation of the active
cysteine Cp in yeast cytosolic 2-Cys-Prx (Tsa 1) inactivates the per-
oxidase function and triggers its conversion into high-molecular-
weight (HMW) oligomers that prevent in vitro protein aggregation
(6). Since this initial discovery, other factors, including phos-
phorylation or exposure to low pH, have been shown to prompt
the functional switch from peroxidases to chaperones in vari-
ous organisms (7-9), raising the possibility that cysteine over-
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oxidation is only one of several mechanisms that activate the
chaperone function of eukaryotic Prx.

Leishmania infantum, an intracellular protozoan parasite
with a digenetic life cycle (i.e., it shuttles between two hosts,
insects and mammals), encodes several 2-Cys-Prxs (10-12), one
of which is the mitochondrial homolog called mitochondrial
tryparedoxin-peroxidase mTXNPx (13). We showed that mTXNPx-
deficient promastigotes (i.e., the insect form) are significantly
more sensitive to a temperature shift from 25 °C to 37 °C than
promastigotes harboring functional mMTXNPx (13). This shift in
temperature is similar to the shift parasites encounter upon
transitioning from the insect to the mammalian host. Consistent
with this result, we found that mTXNPx-deficient amastigotes
(i.e., the mammalian form) are unable to survive within their
mammalian host (13). These phenotypes could not be attributed
to the peroxidase function of mTXNPx, because an L. infantum
line expressing a peroxidase-inactive mutant variant of mTXNPx
lacking Cp (mTXNPxC81S) was fully capable of surviving the
temperature shift to 37 °C and infecting mice (13). These results
suggested that the essential function observed in vivo is not based
on mTXNPx’s peroxidase activity but more likely involves a sec-
ond function of mTXNPx, potentially as molecular chaperone.
Moreover, the ability of the mTXNPxCS81S variant to rescue the in
vivo noninfective phenotype of mTXNPx-depleted parasites ex-
cluded the possibility that overoxidation of Cp was responsible for
the functional switch and raised the intriguing question as to how
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Fig. 1. Reduced mTXNPx prevents thermal aggregation of luciferase. Influence of mMTXNPXx,eq (A) or mTXNPx., (B) on the thermal aggregation of luciferase.
Native luciferase (0.1 pM) was incubated in the absence (0:1) or presence of different ratios of mTXNPx at 41.5 °C, and light scattering (expressed in arbitrary
units, A.U.) was monitored at 360 nm. Upon dilution of mTXNPx,q into the assay buffer, the concentration of residual DTT was 0.2 mM. The same amount of
DTT was added to the respective controls. (C) Influence of a 10-fold molar excess of reduced or oxidized mTXNPxC81S mutant variant on the in vitro ag-
gregation of thermally unfolding luciferase. The addition of 0.2 mM DTT did not significantly affect luciferase aggregation in the absence of chaperones. The
ratio of chaperone to client protein was calculated based on the monomeric form of mTXNPx. Arrows indicate the time point at which luciferase was added to

the reactions.

the dual functions of mTXNPx might be regulated in Leishmania
mitochondria.

Here we demonstrate that reduced, decameric mTXNPx acts
as powerful molecular chaperone, specifically protecting proteins
against temperature-induced aggregation. Our studies provide
compelling experimental evidence that mTXNPx is a fully in-
tegrated member of the mitochondrial proteostasis network of
parasites and that its role as chaperone is crucial for parasite
infectivity.

Results

Reduced mTXNPx Functions as an Efficient Molecular Chaperone in
Vitro. Previous findings indicated that mTXNPx displays ATP-
independent chaperone activity in vitro, preventing citrate syn-
thase from nonspecific aggregation at elevated temperatures
(13). To characterize this activity further and to gain insights into
the mechanism by which this chaperone function is regulated, we
purified mature mTXNPx from Escherichia coli and analyzed its
ability to protect several in vitro chaperone client proteins from
thermal aggregation. Because Leishmania lines expressing the
peroxidase-inactive variant mTXNPxCS81S retained the capacity
to infect mice and withstand heat-shock treatment (13), we
reasoned that overoxidation of the active site cysteine is unlikely
to be the physiological stimulus triggering mTXNPx’s conversion
into a chaperone. Therefore we focused only on the reduced and
oxidized subpopulations of wild-type mTXNPx, knowing that
substantial amounts of both species are constitutively present in
Leishmania promastigotes (13). As observed with other Prxs,
purification of mTXNPx in the absence of reducing agents yields
>90% disulfide-bonded, dimeric protein (mMTXNPxy), indicative
of its high propensity to air-oxidize (SI Appendix, Fig. S14).
We found that large quantities of the reducing agent DTT
were necessary to generate mTXNPx,.q (S Appendix, Fig. S14)
and that the constant presence of moderate amounts of DTT
(0.2 mM) was required to prevent spontaneous reoxidation of
mTXNPx,.q during activity assays. To compare the chaperone
function of mTXNPx,.q and mTXNPx, directly, we tested their
influence on the aggregation of thermally unfolding luciferase,
which aggregates rapidly in the absence of Prx (Fig. 14, 0:1).
In the presence of a 10-fold molar excess of mMTXNPx.q4, the
thermal aggregation of luciferase was decreased significantly,
and with a 20-fold excess of mTXNPx,.q aggregation was sup-
pressed completely (Fig. 14). Similarly, when purified mTXNPx
was reduced by its physiological reducing system, it almost
completely suppressed the aggregation of luciferase (SI Appen-
dix, Fig. S1B). In contrast, however, when the same amount of
mTXNPx,, was added to the incubation reaction, no significant
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effect on luciferase aggregation was detected (Fig. 1B). Similar
results were obtained when two other classical chaperone client
proteins, malate dehydrogenase (SI Appendix, Fig. S1C) and
citrate synthase (SI Appendix, Fig. S1D), were tested as client
proteins. In each case, mTXNPx,.q prevented thermal aggrega-
tion of the model proteins, whereas mTXNPx,, had only negli-
gible effects. We concluded from these results that reduced
mTXNPx works as an effective ATP-independent molecular
chaperone and that overoxidation of the active site cysteine is
not a crucial factor in the activation process.

The mTXNPx Chaperone-Active Species Is the Decamer. Leishmania
mTXNPx, like most other typical 2-Cys-Prxs (14), undergoes
redox-dependent changes in its quaternary structure, cycling
between reduced ~230-kDa decamers and oxidized 46-kDa
disulfide-bonded dimers (SI Appendix, Fig. S24). We conducted
isothermal titration calorimetry of both oxidized and reduced
mTXNPx and confirmed that the reduced mTXNPx undergoes
the typical, highly cooperative decamerization process also ob-
served for other members of the Prx family. We determined
a critical transition concentration (CTC; i.e., the minimal con-
centration at which mTXNPx,.q forms decamers) (15, 16) of 0.75
uM (SI Appendix, Fig. S2B), which is well below the intracellular
concentration of mTXNPx in promastigotes (2-6 pM) or amas-
tigotes (49-102 pM) (SI Appendix, Fig. S2C). Because the CTC
also was found to be below the concentration of mTXNPx,.q
that we typically use for our activity assays, we concluded that
mTXNPx,.q is decameric in our assays. In contrast, we did not
observe any decamerization for mTXNPx,, even at concen-
trations as high as 100 pM, indicating that mTXNPx, is dimeric
in our assays. This observation, together with the data shown
above, implied that the minimal chaperone-active Prx species is
likely the reduced decamer. Absence of the active site cysteine,
as in the peroxidase-inactive mutant mTXNPxCS81S (13), main-
tains the protein in a mixture of decameric and higher oligomeric
conformations under nonreducing conditions and in a purely
decameric conformation upon its reduction (SI Appendix, Fig.
S24). Analysis of the in vitro chaperone function of purified
mTXNPxC81S revealed that this mutant variant is constitutively
chaperone active, exerting a very similar propensity to prevent
protein aggregation in both the reduced and oxidized form (Fig.
1C). These results are in excellent agreement with our previous
in vivo studies showing that this mutant variant rescues the heat-
shock phenotype of mTXNPx-deficient promastigotes and
restores their infectivity (13). These findings also suggest that no
oligomeric structure higher than the reduced decamer is neces-
sary to confer chaperone activity to Leishmania mTXNPx. Our
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Fig. 2. mTXNPx,eq maintains luciferase in a refolding competent state. (A) Luciferase (0.1 pM) was incubated in the absence (Inset) or presence of a 40:1
molar ratio of mMTXNPx,eq for 20 min at 42 °C. Samples were cooled to 25 °C. After 10 min (indicated by the arrow), the samples were supplemented with 2 mM
MgATP, 0.1 mg/mL BSA, and, where indicated, with a 20:4:20:1 ratio of DnaK:DnaJ:GrpE (KJE) system to luciferase. At the indicated time points, aliquots were
removed, and luciferase activity was determined. (B) Luciferase (0.1 pM) was inactivated in the absence of any chaperone system (=), in the presence of a 10:1,
20:1, or 40:1 molar ratio of MTXNPx,ea/mTXNPx., to luciferase, or in the presence of a 20:4:20:1 ratio of DnaK:Dnal:GrpE (KJE) to luciferase at 42 °C. All
samples shown in the left panel contained 0.2 mM DTT, whereas samples shown in the right panel did not contain any reducing agents. After 20 min, the
temperature was shifted to 25 °C for 10 min, and 2 mM MgATP and 0.1 mg/mL BSA were added to all samples. In addition, all samples except those that
already contained the KJE system were supplemented with a 20:4:20:1 ratio of DnaK:DnalJ: GrpE:luciferase. After 120 min of incubation at 25 °C, luciferase
activity was measured. Luciferase activity before incubation at 42 °C was set to 100%.

titration experiments using increasing amounts of wild-type
mTXNPx,..q4 were consistent with this conclusion and showed
that a 10-fold molar excess of mTXNPx monomers is both nec-
essary and sufficient to suppress significantly the aggregation of
one molecule of client protein (Fig. 14). Together, our data
demonstrate that the redox status of mTXNPx is crucial for its
chaperone function, most likely via its influence on the oligo-
meric structure of the Prx.

Reduced mTXNPx Maintains Clients in Folding-Competent Conformation.
Several studies have shown that Prxs can suppress the aggre-
gation of different client proteins in vitro. However, to our
knowledge, few mechanistic studies have addressed the fate of
client proteins once bound to 2-Cys-Prxs. To investigate whether
mTXNPx,.q has the ability to delay the unfolding process and/or
refold its unfolded client proteins, we examined the influence of
mTXNPx,.q on the inactivation and reactivation of thermally
denatured luciferase. We incubated luciferase in the absence or
presence of chaperone-active mTXNPx,.q at 42 °C and moni-
tored luciferase activity over time. Within 20 min of incubation,
luciferase activity was below 10%, independent of the absence
(Fig. 24, Inset) or presence (Fig. 24) of mTXNPx,cq4. This result
is reminiscent of other chaperones, such as heat-shock protein 22
(Hsp33), which prevent protein aggregation without slowing
protein unfolding. We then shifted the temperature to 25 °C and
further monitored luciferase activity. However, we did not ob-
serve any significant luciferase reactivation (Fig. 24, open cir-
cles), indicating that mTXNPx,.q either is unable to release its
client proteins or releases them in a refolding-incompetent form.
Because many ATP-independent chaperones such as Prx are
unable to refold their client proteins and instead transfer them
to ATP-dependent foldases, such as the heat-shock protein 77
(Hsp70) system (17), we tested whether mTXNPx,.q also could
cooperate with other chaperone systems in the folding of its
client proteins. We supplemented the incubation reaction after
its shift to 25 °C with the bacterial DnaK/DnalJ/GrpE (KJE)
system, which is highly homologous to the mitochondrial Hsp70
system (18, 19). Addition of the KJE system to preformed
mTXNPx,.q:luciferase complexes resulted in a substantial in-
crease in luciferase reactivation (Fig. 24, closed circles), which
was dependent on the amount of mTXNPx,.q present during
thermal inactivation (Fig. 2B). In the presence of a fourfold
molar excess of mTXNPx,.q decamers to luciferase, nearly 40%
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of luciferase molecules reactivated upon the shift to non-heat-
shock temperatures and the addition of the KJE system (Fig. 2).
In contrast, when the thermal inactivation of luciferase was
conducted in the absence of mMTXNPx,.q (Fig. 24, Inset) or in the
presence of mTXNPx.y (Fig. 2B), KJE-mediated reactivation of
luciferase was less than 10%. We concluded from these results
that chaperone-active mTXNPx,.4 maintains its client proteins in
a folding-competent conformation.

mTXNPx Functions as a General Chaperone both in Vitro and in Vivo.
Little is known about the client specificity of Prxs or the extent to
which they affect protein aggregation in vivo. To address the
potential client specificity of mTXNPx, we first investigated the
influence of purified mTXNPx on the heat-induced aggregation
of proteins within a soluble bacterial extract under both reducing
and nonreducing conditions. We used extracts of a bacterial
strain that lacks the heat shock sigma factor 632 (gene name,
rpoH) and therefore contains reduced levels of most E. coli
chaperones. This approach allowed us to minimize the influence
of other chaperones in the assay and focus primarily on the
chaperone function of mTXNPx. We prepared cell lysates of the
rpoH-deletion strain (Fig. 34, lane T) and supplemented these
with different amounts of oxidized or reduced mTXNPx. We
then incubated the lysates at either 30 °C or 45 °C for 60 min,
separated the aggregated from the soluble proteins by centrifu-
gation, and analyzed the precipitated proteins on a reducing
SDS/PAGE. As shown in Fig. 34, mTXNPx,4 exerts a highly
promiscuous protein-protective effect, protecting the great ma-
jority of thermolabile E. coli proteins against temperature-
induced protein aggregation. In contrast, and in agreement with
our data shown above, mTXNPx,x was unable to affect the ag-
gregation behavior of thermolabile E. coli proteins. These studies
demonstrate that reduced mTXNPx functions as a highly effec-
tive general chaperone.

To determine whether mTXNPx exerts a similarly broad
protein-protective effect in Leishmania, and, if so, under which
physiological conditions, we analyzed protein aggregation in wild-
type and mtxnpx~ promastigotes at 37 °C, a temperature at
which promastigotes lacking mTXNPx show a thermosensitive
phenotype (13). Because temperature-sensitive phenotypes are
common in cells lacking chaperones and usually are associated
with protein aggregation, we reasoned that we should observe
significantly increased protein aggregation in promastigotes of
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Fig. 3. mTXNPx displays general chaperone activity. (A) Aliquots of a solu-
ble extract (T) from the chaperone-deficient E. coli rpoH mutant strain
were prepared, supplemented with increasing amounts of mMTXNPX,eq (in the
presence of 1.5 mM DTT) or mTXNPx,, (in the absence of DTT), and heat
treated for 60 min at 45 °C. Samples without mTXNPx served as controls. The
insoluble proteins then were separated from the soluble supernatant by
centrifugation and were analyzed on reducing SDS/PAGE. The order of the
lanes in the gel was rearranged electronically to facilitate data interpretation.
(B) Wild-type, mtxnpx~, or mtxnpx /+mTXNPx L. infantum promastigotes
were incubated at 25 °C or 37 °C. Parasites were collected at the indicated
time points, and their aggregated proteins were isolated and analyzed by
SDS/PAGE. The major protein band that is present in all lanes is likely GP63,
a GPl-anchored membrane protein and one of the most abundant proteins
in Leishmania.

mTXNPx-deletion lines compared with wild-type promastigotes
or parasites cultured at 25 °C. We therefore grew wild-type and
mtxnpx~ promastigotes at both 25 °C and 37 °C for up to 5 d,
took aliquots at defined time points, and separated soluble
from insoluble proteins. We then analyzed the aggregated
proteins on SDS/PAGE (Fig. 3B). Although we did not observe
any significant protein aggregation in either strain background
at 25 °C (Fig. 3B, Lower), we detected substantially higher
levels of protein aggregation in mitxnpx™ parasites than in wild-
type parasites cultivated at 37 °C. Moreover, the proteins that
were protected in wild-type cells and aggregated in heat-treated
mixnpx~ promastigotes showed a wide variation in size, in full
agreement with our bacterial lysates studies. Introduction of
an ectopic copy of mTXNPx into the m#xnpx™ deletion strain
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(muxnpx™/+mTXNPx) largely diminished protein aggregation
at 37 °C (Fig. 3B), consistent with our previous findings that
an ectopic copy of mTXNPx completely rescues the temper-
ature-sensitive phenotype (13). These results corroborate the
general chaperone function of mTXNPx and demonstrate that
mTXNPx plays an important role in preventing temperature-
induced protein aggregation in parasites.

mTXNPx,.q Undergoes Structural Rearrangements at Heat-Shock
Temperatures. Our data showed that decameric mTXNPXeq
works as an efficient molecular chaperone under heat-shock
conditions both in vivo and in vitro but is unable to suppress
aggregation of chemically denatured client proteins at 30 °C,
even when present at very high molar excess (SI Appendix, Fig.
S3). These results made us wonder whether temperature-
induced structural changes might contribute to the chaperone
activity of reduced mTXNPx. To address the effect of tem-
perature on mTXNPx structure and function, we incubated di-
meric mMTXNPx,, and decameric mTXNPx,.4 at either 25 °C or
42 °C (i.e., the temperature at which we observed chaperone
activity in vitro) and compared surface hydrophobicity and sec-
ondary structure. We decided to focus on these two parameters
because most molecular chaperones rely on the exposure of
hydrophobic patches to bind unfolding clients (20, 21), and
many ATP-independent chaperones, including Hsp33, sHsps,
and HdeA, have been shown to undergo significant unfolding
as part of their stress-specific activation (22). Analysis of the
surface hydrophobicity of mTXNPx,.4 using 4,4’-bis-anilino-1,1'-
binaphthyl-5,5'-disulfonic acid (bis-ANS) binding revealed a sig-
nificant increase in the fluorescence signal and a 30- to 40-nm
blue shift in the emission maximum at 42 °C compared with 25 °C
(Fig. 44, red traces), fully consistent with the temperature-
induced exposure of hydrophobic surfaces (23). In contrast, no
significant increase in bis-ANS binding was detected for chaperone-
inactive dimeric mTXNPx,, irrespective of the temperature
(Fig. 44, black traces). Subsequent analysis of bis-ANS binding
as function of the temperature confirmed these observations
and revealed that mTXNPx,.q4 begins to expose hydrophobic
surfaces at ~35 °C with an apparent midpoint of transition at
~40 °C. In contrast, incubation temperatures above 50 °C were
required to detect any increase in bis-ANS binding to mTXNPx,y,
likely coinciding with mTXNPx unfolding (Fig. 44, Inset). Con-
sistent with these results, circular dichroism analysis revealed
a substantial decrease in the a-helical content of mTXNPX .4
but not in mTXNPx,, upon incubation at physiological heat-
shock temperatures (Fig. 4B, Inset). These results strongly sug-
gest that reduced decameric but not oxidized dimeric mTXNPx
undergoes major conformational changes in a physiologically
relevant temperature range leading to increased surface hydro-
phobicity and coinciding with the activation of its chaperone
function.

Reduced mTXNPx Decamer Binds Unfolded Luciferase in the Center of
Its Ringlike Structure. The ringlike structure of chaperone-active
Prx decamer, which has been studied extensively by EM and has
been solved by X-ray crystallography (24-26), prompted our
subsequent studies, which were aimed at directly visualizing
client protein binding. For these experiments, we incubated
mTXNPx,.q4 either alone or in the presence of luciferase at 30 °C
or 42 °C, using a 1:1 ratio of mTXNPx,.q4 decamer to lucifer-
ase. We then analyzed its structure by EM. We found that
mTXNPx,.q preferentially forms typical ringlike structures fea-
turing a large central cavity at both 30 °C and 42 °C in the ab-
sence of any client proteins and at 30 °C when the client protein
is native and presumably correctly folded (Fig. 54 and SI Ap-
pendix, Fig. S4). Top-down orientations are preferred; however
many side-views are visible that identify a single-ring arrange-
ment. Stacked ring complexes, which have been characterized
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Fig. 4. mTXNPx undergoes temperature-mediated structural changes.
(A) Bis-ANS binding to mTXNPXx,eq (red lines) or mTXNPx, (black lines) at
either 25 °C (broken lines) or 42 °C (solid lines). (Inset) Bis-ANS binding of
MTXNPX,eq or mMTXNPX,, as a function of temperature monitored at 500 nm.
(B) Far-UV circular dichroism spectra of mTXNPx,eq (red lines) or mTXNPxcx
(black lines) at either 25 °C (dashed lines) or 42 °C (solid lines). (Inset)
Temperature-dependent changes in the secondary structure of mTXNPX,eq
or mTXNPx., recorded at 197 nm. Temperature was increased at a rate of
1 °C/min. All spectra were buffer corrected.

previously (27), are not observed under these conditions. Strik-
ingly, upon incubation of mTXNPx,.4 and luciferase at 42 °C
many of the mTXNPx,.4 particles contained additional electron
density in the center, suggesting that thermally unfolded lucif-
erase is bound within the ringlike structure (Fig. 5B and SI Ap-
pendix, Fig. S4). The side-views also showed additional density
protruding from one side of the ring. We collected single-particle
datasets for mTXNPx,.q alone (9,963 particles) and with lucif-
erase (10,222 particles) and generated reference-free 2D pro-
jection averages. The 2D averages of mTXNPx,.q alone showed
five well-defined lobes of density in the top-down views that are
likely dimers arranged as the fivefold symmetric ring (Fig. 5C).
The diameter of the rings was measured to be ~130 A with a
50-A internal cavity and an overall width of ~40 A, agreeing
with previous crystal structures (28). In the 2D averages of
mTXNPx,.q with luciferase, the ring complex appears to contact
directly a central, globular luciferase structure that is positioned
in its center (Fig. 5D). Although the density for luciferase is
structurally variable, we observed as many as five contact points
in the complex, strongly suggesting that the interaction is based
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on mTXNPx,.q dimers. Notably, in the side-view projection
averages, we observed that luciferase protrudes from one side of
the decamer ring, indicating that a preferential orientation for
client binding likely exists. This result also shows that only
portions of the client proteins are bound to mTXNPXq,
a finding that agrees well with our earlier results demonstrating
that mTXNPx functions as a general chaperone that does not
seem to impose any size limitation on its client proteins (see Fig.
3). Overall, these data demonstrate that mTXNPx,.4 forms single
decameric rings that use direct contacts to position the luciferase
client in the center of its ring. Based on the small interaction
region, we concluded that only a defined set of residues that face
the center of the mTXNPx ring is likely to be involved in rec-
ognizing and binding unfolding client proteins.

mTXNPx Chaperone Function Is Critical for Parasite Infectivity.
Analysis of the 2D class average particles of mTXNPx in com-
plex with luciferase suggested that the N-terminal extensions of
Prx, which face the interior of the decamer (28), might serve
a critical role for client binding and therefore for the chaperone
function of mTXNPx. This idea also was fully consistent with
an earlier observation in our laboratory that an N-terminal His-
thrombin tag variant of mTXPNx (His. THR.mTXNPx) failed to
protect luciferase against heat-induced aggregation in vitro (Fig.
6A4). These results confirmed the involvement of the N terminus
of mTXNPx in client interaction and suggested that addition of
extra residues abolishes client binding. Fortuitously, His-thrombin
tag variants containing the additional mitochondrial targeting
sequence (MTS) were found previously to be decameric and to
exert full peroxidase activity (29); we now were able to determine

| B

Fig. 5. The mTXNPx,.q decamer binds thermally unfolded luciferase in the
center of its ring. (A and B) Representative EM micrographs and selected
single-particle images of negatively stained MTXNPx,q decamers alone
(A) or after incubation with thermally unfolded luciferase (B). (C and D)
Reference-free 2D projection averages showing top-down and side views
of the mTXNPx,.q decamer alone or with luciferase. The percentage of
MTXNPX,.4 decamers in complex with luciferase varied between experi-
ments. (Scale bars: 200 A for the micrograph images and 50 A for the boxed
particles and averages.)
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Fig. 6. Chaperone activity of mTXNPxs is critical for Leishmania virulence. (A) Influence of a 20-fold molar excess of His.THR-mTXNPx,.q on the in vitro
thermal aggregation of luciferase. See the legend of Fig. 1 for details. (B) Analysis of mTXNPx expression in mtxnpx~ (lane 1), mtxnpx~/+mTXNPx (lane 2), and
two mtxnpx~/+MTS.His.THR-mTXNPx (lanes 3 and 4, respectively) promastigote clones using a polyclonal antibody raised against the recombinant His. THR-
MTS.mTXNPx. Purified mTXNPx and His.THR-mTXNPx were used as controls for the expected size of the proteins, and their position on the blot is indicated.
Ponceau S staining of the blot is shown as loading control. (C) Localization of the His. THR-mTXNPx chimera in mtxnpx~ promastigotes using indirect im-
munofluorescence with the anti-mTXNPx antibody (green) merged with DAPI (blue). Controls as described above are included. (D) Growth rate of mtxnpx~
(black circles), mtxnpx~/+mTXNPx (black squares), and two mtxnpx~/+MTS.His.THR-mTXNPx clones (dark gray triangles). (E) Parasite burden of BALB/c mice
after 2 and 8 wk of infection. BALB/c mice were inoculated i.p. with stationary-phase promastigotes of the mtxnpx/+mTXNPx clone (squares) or two mtxnpx/+
MTS.His.THR-mTXNPx clones (triangles). After 2 and 8 wk of infection, the number of parasites per gram of spleen (parasite burden, PB) was determined. Each
point represents one animal. The red line indicates the detection limit of the technique (logso = 2.7). Animals with parasite burdens below this limit are “not

detected” (ND) and are represented by red symbols.

directly the specific role of mTXNPx’s chaperone function in
Leishmania infectivity and persistence in mammals. We trans-
fected the previously established mtxnpx-knockout cell lines (13)
with pSSU-PHLEO-MTS.His. THR-mTXNPx, a plasmid con-
taining the coding sequence for a His-thrombin tag between
the predicted mTXNPx MTS and the mature protein (SI Ap-
pendix, Fig. S5). Western blot analysis confirmed the presence of
a slower-migrating mTXNPx species in the resulting trans-
formants, indicative of the presence of a His-thrombin tag (Fig.
6B). We ascertained the correct targeting of His. THR-mTXNPx
into mitochondria by immunofluorescence (Fig. 6C). To test
whether the chaperone function of mTXNPx is indeed essential
for Leishmania virulence, we then inoculated BALB/c mice with
mxnpx”[+mTXNPx or two different lines of muxnpx™/+MTS. His.
THR-mTXNPx transfectants and evaluated the parasite burden
in the spleens at 2 and 8 wk postinfection. Despite permitting
wild-typelike growth of promastigotes at 25 °C (Fig. 6D), the
chaperone-inactive His. THR-mTXNPx variant was unable to
restore the virulence of the mtxnpx™ parasites (Fig. 6E). Based on
these results, we conclude that the molecular chaperone activity
is crucial for Leishmania survival within the mammalian host.

Discussion

The Reduced Decamer Serves as the Basic Chaperone-Activatable Prx
Species. Following the pioneering work of Jang et al. (6), several
studies independently validated the conclusion that cytosolic
2-Cys Prxs serve a dual purpose: as peroxidases that detoxify
hydroperoxide and as chaperones that protect proteins against
irreversible aggregation. The latter function was associated with
the formation of HMW complexes of Prx. The switch between
these two apparently mutually exclusive functions of Prx was
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attributed largely to cysteine-overoxidation (6). However, phos-
phorylation (7), exposure to low pH (8, 9), and other stimuli (30,
31) also were found to prompt chaperone activity. These results
raised the obvious question as to whether all of these mecha-
nisms work in an independent way to generate chaperone-active
Prx species or whether they share a single, unifying activation
mechanism. Our study now proposes that the reduced Prx deca-
mer serves as the basic, chaperone-activatable scaffold, which is
sensitive to structural rearrangements that likely are required for
the chaperone to interact with unfolded clients. Our conclusion
that mTXNPx does not have to be posttranslationally modified or
form HMW complexes to exert chaperone function explains ear-
lier in vivo findings in yeast, which showed that both wild-type and
the peroxidase-inactive Tsal variant lacking the active site cysteine
protect yeast cells against stress conditions at which no significant
ROS production (and hence no overoxidation or HMW complex
formation) was detected (6). These results also help explain how
organisms such as Leishmania, which experience little Prx cysteine
overoxidation (13) and lack the sulfinic acid reductase sulfiredoxin,
are able to exploit their Prxs as an additional reservoir of
chaperone activity under protein-unfolding stress conditions.
Our data clearly demonstrate that reduced mTXNPx deca-
mers serve as potent molecular chaperones under heat-shock
conditions in vitro, disagreeing with earlier studies that reported
no detectable chaperone activity in reduced Prx (8, 32). Our
studies now show that to exert full chaperone activity, Prx needs
to be (i) maintained in a reduced, decameric form, (if) devoid of
N-terminal tags, and (iii) used at concentrations that promote
decamerization. Therefore, the simple absence of reducing
agents in the assay buffer, the presence of N-terminal tags, or
even the use of insufficient Prx concentrations (below the kqy
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of Prx decamerization) in the activity assays will abrogate the
chaperone function of reduced Prx. In contrast, posttranslational
modifications or active site mutations that have been reported to
induce chaperone activity are known to stabilize Prx’s decameric
structure (7, 30) and likely work simply by maintaining the
chaperone activity of reduced Prx under the assay conditions
used. Because intracellular conditions are highly reducing and
Prx concentrations typically are much higher than the k4 of
decamerization, much of the cellular Prx will be in its chaperone-
activatable form, making posttranslational modifications likely
unnecessary to achieve chaperone function in vivo. What ap-
pears to be necessary for chaperone activation of Prx, however, is
a structural remodeling of the decameric structure, which can be
induced by elevated temperatures (an inherent part of most in
vitro chaperone assays) and possibly by low pH or other protein-
unfolding stress conditions, such as oxidative stress (33). In
conclusion, our data suggest that Prxs are capable of integrating
different unfolding stimuli and translating them into structural
rearrangements that trigger chaperone activation. This ability
makes Prx a member of a growing class of stress-specific
chaperones whose activation demands local unfolding events
(20-22, 34). What remains to be investigated is the extent to
which these local unfolding events influence the peroxidase ac-
tivity of reduced Prx and whether this mode of regulation not
only applies to mitochondrial Prx but also extends to the cyto-
solic members of the 2-Cys Prx family.

Prxs Work as Ringlike Chaperones. Based on our biochemical and in
vivo studies, we now provide the long-sought explanation for the
functional relevance of Prx’s oligomeric structures. We found that
unfolding luciferase binds to the center of Prx’s ringlike structure
and that, by using N-terminal residues that face the interior of the
decamer, Prx binds and stabilizes client proteins. These results are
in contrast to previous conclusions based on the analysis of the
pH-activated Schistosoma mansoni Prx (SmPrxI) structure, which
suggested that client proteins might bind to a hydrophobic surface
that is exposed upon unfolding of the C terminus (8, 9). Although
we cannot exclude the possibility that this region also is involved in
client interaction, substantial rearrangements would be required
to achieve these additional interactions. In either case, the fact
that Prx binds clients in the center of its ringlike structure places
Prx in the same category as other ringlike chaperonins, such as
GroEL, which equally accommodate their client proteins in a
central cavity (35). These results support the previous notion that
Prxs are the most likely origin of chaperonins (36).

Physiological Implications of mTXNPx as a Temperature-Sensitive
Chaperone. In this study, we demonstrated that mTXNPx pre-
vents protein aggregation in Leishmania promastigotes under
temperature conditions that resemble those found at the initiation
of an infection within a mammalian host. This result confirms
our previous findings that mTXNPx confers thermotolerance to
parasites and suggests that the crucial in vivo function of this
protein is that of a chaperone. Temperature shifts are part of
Leishmania biology, and parasites evolved different mechanisms
to cope with this stressful situation. According to our model (Fig. 7),
reduced mTXNPx decamers sense the environment changes that
occur as promastigotes shuttle from 25 °C to 37 °C and use
structural rearrangements to protect a wide range of thermo-
labile proteins against aggregation. Importantly, mTXNPx is a
highly abundant protein in Leishmania, and at least 50% of the
mTXNPx found in promastigotes exposed to 37 °C is in its re-
duced and hence chaperone-activatable decameric form (13).
This observation suggests that there is a substantial pool of
mitochondrial chaperone activity that can be called upon instan-
taneously when needed while avoiding time-consuming protein-
translation and mitochondrial-trafficking processes. Although
the chaperone function of mTXNPx is likely to be important
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Fig. 7. Physiological role of mTXPNx’s chaperone function in Leishmania. Ex-
posure of Leishmania promastigotes (the insect stage) to the mammalian body
temperature of 37 °C leads to the protein unfolding. This change in tempera-
ture is sensed by reduced mTXNPx decamers and translated into structural
rearrangements, which likely contribute to the activation of its chaperone
function. Once they are chaperone active, mTXNPx decamers bind the client
proteins in the center of their ringlike structure, preventing the client proteins
from forming cytotoxic aggregates. Client proteins are maintained in a refold-
ing-competent state and can be reactivated by members of the Hsp70 system in
the presence of ATP. The working cycle of mTXNPx chaperone appears to be
crucial for Leishmania to adapt to and survive the temperature encountered in
the mammalian host and hence to generate viable amastigotes.
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for differentiation and, consequently, for the formation of viable
amastigotes, it is worth noting that mTXNPx is expressed
throughout the infective process. Hence it is likely that this
function provides additional protection to the parasite in other
circumstances, such as during fever episodes. In conclusion, this
study sheds light on previously undefined aspects of the chap-
erone function of Prxs and provides unambiguous evidence for
the importance of mTXNPx’s chaperone function on Leishmania
biology and infectivity.

Materials and Methods

Protein Purification and Preparation of Oxidized and Reduced mTXNPx. Mature
mTXNPx (i.e., lacking the first 26 amino acids that compose the mitochon-
drial-targeting sequence MTS) was purified from E. coli under nonreducing
conditions. It was subjected to thrombin treatment to remove the N-termi-
nal His tag, leaving behind a four-amino acid scar (GlySerHisMet) at the N
terminus (13). The protein was >90% oxidized, dimeric, and fully peroxidase-
active (i.e., mTXNPX,,). To prepare mTXNPX,eq, MTXNPX,, Was incubated in
the presence of 5 mM DTT or its physiological reducing system consisting of
200 pM NADPH, 0.5 U/mL L. infantum trypanothione reductase (TR), 50 pM
trypanothione disulfide (TS,; Bachem), and 2.5 uM L. infantum tryparedoxin
2 (TXN2) for 30 min at 30 °C. TR and TXN2 were purified as previously de-
scribed (37). Upon reduction, mTXNPx was diluted into the different assay
buffers maintaining a DTT concentration between 0.2 and 1.5 mM in the
final activity assay. Equivalent concentrations of DTT or components of the
reducing enzymatic cascade were added to control samples lacking mTXNPx.
DnaK, DnaJ, and GrpE were purified as previously described (38).

Chaperone Activity Assays. To investigate the chaperone activity of reduced
and oxidized mTXNPx, 100 nM luciferase (Promega) was incubated in 40 mM
Hepes (pH 7.5) at 41.5 °C in the absence or presence of different molar ratios
of mTXNPx. Light scattering was measured using a fluorescence spectro-
photometer (Hitachi F4500) equipped with a temperature-controlled cu-
vette holder and stirrer (Aey/em, 360 Nm; slit widths, 2.5 nm). To determine the
effect of MTXNPx,.q On the reactivation of luciferase, 100 nM of luciferase was
incubated either alone or in the presence of different ratios of mMTXNPX,cq in
40 mM Hepes (pH 7.5), 50 mM KCl for 20 min at 42 °C. The reaction then was
cooled to 25 °C. After 10 min, the samples were supplemented with 2 mM
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MgATP and 0.1 mg/mL BSA and, where indicated, with 2 M DnaK, 0.4 uM
DnalJ, and 2 uM GrpE. At defined time points, luciferase activity was measured
by luminescence using a FLUOstar Omega microplate reader (BMG Labteck)
(39). To determine the influence of mTXNPx on ex vivo protein aggregation,
200 pug of a soluble cell lysate from the E. coli ArpoH strain was prepared as
described (40), supplemented with either 25 or 50 pg of mTXNPx, and
incubated at 45 °C for 60 min under constant shaking at 500 rpm. Samples
containing mMTXNPX,eq Were supplemented with 1.5 mM DTT to prevent
the reoxidation of mTXNPx. The insoluble protein fraction was separated
by centrifugation at 16,100 x g for 30 min and analyzed by reducing
SDS/PAGE.

Preparation of mTXNPx,.q Client Complexes and EM. Chaperone-active
MTXNPX,eq (10 pM) alone or in the presence of luciferase (1 pM) was incubated
for 1 min on ice and 2 min at room temperature. Samples then were trans-
ferred to an incubator and were heated slowly from 30 °C to 42 °C for 10 min
to allow complex formation. Samples were centrifuged at 16,100 x g for
30 min at 4 °C to remove large aggregates. Proteins in the soluble supernatant
were negatively stained with 0.75% (wt/vol) uranyl formate (pH 5.5-6.0) on
400-mesh carbon-coated copper grids (Pelco) as previously described (41).
Samples were imaged under low-dose conditions using a G2 Spirit transmission
electron microscope (FEI) operated at 120 kiloelectron volts. Micrographs
were taken at 52,000x magnification with 2.16 A per pixel using a 4 x 4 k
CCD camera (Gatan). Single particles of mMTXNPx,eq and mTXNPXx,eq:lucif-
erase complexes were selected manually using Boxer in the EMAN soft-
ware package (42) and totaled 9,963 and 10,222, respectively. Reference-
free 2D classification and projection averages were determined using
SPIDER (43).

Spectroscopic Properties of Reduced and Oxidized mTXNPx. To determine
temperature-dependent changes in the surface hydrophobicity of mTXNPx,
3 pM of MTXNPX,eq Or MTXNPX,, Were incubated with 25 pM bis-ANS in 40 mM
Hepes (pH 7.5), and fluorescence emission spectra were recorded at either 25 °C
or 42 °C as described (20). To determine bis-ANS binding as a function of
temperature, the protein:bis-ANS mixtures were heated from 25 to 70 °C (at
a rate of 1 °Umin), and changes in bis-ANS fluorescence were monitored con-
tinuously at 500 nm. To determine temperature-mediated changes in the sec-
ondary structure of the mTXNPx, far-UV CD spectra of 0.1 mg/mL mTXNPX,eq OF
mMTXNPx,, were recorded in 10 mM sodium phosphate buffer (pH 8) at 25 °C
and 42 °C using a Jasco-J810 spectropolarimeter. To monitor the thermostability
of mTXNPx, the CD signal at 197 nm was followed from 20 to 80 °C. The
temperature was increased at a rate of 1 °C/min and was controlled by
a Jasco Peltier device. All spectra were buffer-corrected.

Protein Aggregation in Vivo. Aggregated proteins from L. infantum promas-
tigotes exposed to either 25 °C or 37 °C were prepared as previously described
(44). Briefly, 107 promastigote cells were collected, washed with lysis buffer [50
mM potassium phosphate buffer (pH 7), 1 mM EDTA, 5% (vol/ivol) glycerol]
and stored at —80 °C. Cell lysis was achieved by thawing samples at 37 °C and
subsequent sonication. Upon removal of intact cells by centrifugation (775 x g,
10 min, 4 °C), total cell extracts were centrifuged again (11,385 x g, 20 min,
4 °C), and pellets were resuspended in lysis buffer. Membrane proteins then
were solubilized by addition of 20% (vol/vol) Nonidet P-40 and were separated
from aggregates by centrifugation (11,385 x g, 20 min, 4 °C). Pellets con-
taining aggregated proteins were analyzed by SDS/PAGE.

Parasite Culture and Genetic Manipulation. L. infantum promastigotes
(MHOM MAG67ITMAP263) were cultured at 25 °C in RPMI medium 1640 with
GlutaMAX-I (GIBCO) supplemented with 10% (vol/vol) inactivated FBS (FBSi;
GIBCO), 50 U/mL penicillin (GIBCO), 50 mg/mL streptomycin (GIBCO), and
25 mM Hepes sodium salt, pH 7.4 (Sigma). For growth-rate determination,
L. infantum promastigotes, previously synchronized by three or four daily
passages at 106 cells/mL, were seeded at 10° cells/mL, and their density was
examined over time in Neubauer counting chambers. Transfection of pro-
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mastigotes was performed as described (45). Isolated clones were trans-
ferred from agar plates containing selective drug [17.5 mg/mL phleomycin
(Sigma)] into liquid medium.

Generation of mtxnpx~/MTS.His.THR-mTXNPx Mutants. The pSSU-PHLEO-
infantum-MTS.His.THR-mTXNPx fragment to complement mtxnpx™ L. infantum
promastigotes was assembled according to the scheme in S/ Appendix, Fig.
S3A. To generate this construct, a DNA fragment corresponding to His.THR-
mTXNPx was PCR amplified with primers P1 and P2 (S/ Appendix, Table S1)
from pET28c-mTXNPx (13), which harbors the mTXNPx ORF in frame with
an N-terminal His/thrombin tag. The resulting PCR product was cloned into
the Sacll and Xbal sites of pSSU-PHLEO-infantum-mTXNPx (13). Before this
cloning step, the pSSU-PHLEO-infantum-mTXNPx (13) vector was manipu-
lated by site-directed mutagenesis with primers P3 and P4 to eliminate the
Sacll restriction site located in the 5’ small subunit 18S rRNA (SSU) fragment
of the plasmid. The resulting pSSU-PHLEO-infantum-MTS.His. THR-mTXNPx
construct was further subjected to site-directed mutagenesis with primers
P5 and P6 to remove an undesired Ndel restriction site in the His.THR-
mTXNPx ORF. Before transfection of mtxnpx™ promastigotes, the construct
was linearized by digestion with Ndel-Pmel and purified from agarose gel
by electroelution. Expression of His. THR-mTXNPx in the resulting mtxnpx/+MTS.
His.THR-mTXNPx clones was confirmed by Western blot and indirect im-
munofluorescence according to previously described procedures (13, 45).

Animals and Ethics Statement. BALB/c and National Marine Research Institute
(NMRI) mice were purchased from the animal facility house at Instituto de
Biologia Molecular e Celular (IBMC). All mice used in this study were raised in
specific pathogen-free conditions. Mice were euthanized in a 20% iso-
fluorane atmosphere. The experimental animal procedures were approved
by the local Animal Ethics Committee of IBMC, University of Porto, Portugal
and were licensed by the General Directory of Veterinary (DGV), Ministry of
Agriculture, Rural Development and Fishing, of the Portuguese govern-
ment, on May 18, 2006 (reference 520/000/000/2006). All animals were
handled in strict accordance with good animal practice as defined by na-
tional authorities (DGV, Law nu1005/92 October 23) and European legis-
lation (EEC/86/609.)

Determination of Parasite Burden by Limiting Dilution Assay. Parasite lines
were passaged through NMRI mice before the infection experiment. BALB/c
male mice then were inoculated i.p. with 10® L. infantum stationary-phase
promastigotes. Experimental groups were randomized as to mouse age,
cage, and cage location. Mice were euthanized 2 and 8 wk after infection.
The spleens were excised, weighed, and homogenized in Schneider’s me-
dium (Sigma) supplemented with 10% (volivol) FBSi, 100 U/mL penicillin,
100 mg/mL streptomycin, 5 mM Hepes (pH 7.4), 5 mg/mL phenol-red (Sigma),
and 2% (vol/vol) sterile human urine. The number of parasites per gram of
organ (parasite burden) was calculated as described in ref. 46. Briefly,
homogenates were diluted to 10 mg/mL and subsequently titrated in
quadruplicate across a 96-well plate in serial fourfold dilutions (four
titrations per spleen). After 2 wk of growth at 25 °C, the last dilution
containing promastigotes was recorded, and the parasite burden was
calculated.
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