
Published: March 14, 2011

r 2011 American Chemical Society 3204 dx.doi.org/10.1021/bi101373h | Biochemistry 2011, 50, 3204–3210

ARTICLE

pubs.acs.org/biochemistry

Glutathionylation of Peroxiredoxin I Induces Decamer to Dimers
Dissociation with Concomitant Loss of Chaperone Activity
Ji Won Park,†,‡ Grzegorz Piszczek,†,§ Sue Goo Rhee,*,‡ and P. Boon Chock*,†

†Laboratory of Biochemistry, Biochemistry and Biophysics Center, National Heart, Lung, and Blood Institute, National Institutes of
Health, Bethesda, Maryland 20892-8012, United States
‡Division of Life and Pharmaceutical Sciences, Ewha Womans University, Seoul 120-750, Korea

Glutathione, a major low molecular weight thiol in mamma-
lian cells, has long been considered to be a major redox

buffer in maintaining a reduced state of protein thiols in cells.1,2

Protein glutathionylation, greatly elevated under oxidative stress,
is considered to be a protective mechanism to prevent protein
thiols from being hyperoxidized to their irreversible derivatives,
since glutathionylated proteins are readily deglutathionylated in
the presence of deglutathionylating enzymes. In recent years,
this redox-sensitive, reversible protein covalent modification
has emerged as a major regulatory mechanism in cellular regula-
tion and in cell signaling mediated by redox signals known to be
generated in response to ligation of various cell surface recep-
tors.3�6 In vitro studies revealed that glutathionylation leads to
either inactivation or activation of dozens of enzymes.6�9 How-
ever, to date, only a few studies have revealed the glutathionyla-
tion-dependent changes in enzyme specific activity or protein
cytoskeletal function in a physiological context.7 They include
studies of the protein tyrosine phosphatase 1B,5,10 ras,11 mito-
chondrial complex II,12 and actin.13,14 Nevertheless, given the fact
that glutathione is present in cells in the millimolar range and
enzymic activity of a given protein can be altered by its glutathio-
nylation, reversible protein glutathionylation has emerged as a
major cellular regulatory mechanism.

Peroxiredoxins (Prxs), a family of peroxidases, known to
catalyze the removal of H2O2 and organic hydroperoxides, have

the ability to reversibly assemble into a doughnut-shaped homo-
decamer or even higher-order oligomeric structures.15 Prx I to
Prx IV belong to the 2-Cys Prx enzymes, which reduce H2O2

through the use of reducing equivalents provided by thioredoxin
(Trx). The peroxidative cysteine, Cys52 for Prx I, is located in the
NH2-terminal region. It is selectively oxidized by H2O2 to the
cysteine�sulfenic derivative, which in turn reacts with the thiol
moiety of Cys173 (for Prx I) in the COOH-terminal region of a
different subunit to form an intersubunit disulfide. The disulfide
is then reduced by Trx. During catalysis, the thiol group of the
peroxidative cysteine is occasionally overoxidized to sulfinic acid,
resulting in the inactivation of its peroxidase activity.16 Recently,
it was reported that the formation of high molecular weight com-
plexes is favored when the peroxidatic cysteine is in an over-
oxidized form due to oxidative stress or heat shock stress.17 The
structural change from low molecular weight oligomers to high
molecular weight complexes accompanies a functional change
from peroxidase to molecular chaperone. The chaperone activity
can protect a protein substrate from thermally induced aggrega-
tion, resembling the function of heat shock proteins that can also
form well-ordered oligomers.17
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ABSTRACT: Reversible protein glutathionylation, a redox-
sensitive regulatory mechanism, plays a key role in cellular
regulation and cell signaling. Peroxiredoxins (Prxs), a family of
peroxidases that is involved in removing H2O2 and organic
hydroperoxides, are known to undergo a functional change
from peroxidase to molecular chaperone upon overoxidation of
its catalytic cysteine. The functional change is caused by a
structural change from low molecular weight oligomers to high molecular weight complexes that possess molecular chaperone
activity. We reported earlier that Prx I can be glutathionylated at three of its cysteine residues, Cys52, -83, and -173 [Park et al. et al.
(2009) J. Biol. Chem., 284, 23364]. In this study, using analytical ultracentrifugation analysis, we reveal that glutathionylation of Prx
I, WT, or its C52S/C173S double mutant shifted its oligomeric status from decamers to a population consisting mainly of dimers.
Cys83 is localized at the putative dimer�dimer interface, implying that the redox status of Cys83 may play an important role in
stabilizing the oligomeric state of Prx I. Studies with the Prx I (C83S)mutant show that while Cys83 is not essential for the formation
of high molecular weight complexes, it affects the dimer�decamer equilibrium. Glutathionylation of the C83S mutant leads to
accumulation of dimers and monomers. In addition, glutathionylation of Prx I, both the WT and C52S/C173S mutants, greatly
reduces their molecular chaperone activity in protecting citrate synthase from thermally induced aggregation. Together, these results
reveal that glutathionylation of Prx I promotes changes in its quaternary structure from decamers to smaller oligomers and
concomitantly inactivates its molecular chaperone function.
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In addition, the peroxidase activity of the Prx I and Prx II
isoforms is known to be regulated by phosphorylation. On one
hand, Prx I is phosphorylated by cyclin-dependent kinase Cdk1
at Thr 90 and causes a greater than 80% decrease in its peroxidase
activity.18 On the other hand, Prx II is known to bind Cdk5/p35,
which in turn phosphorylates its Thr89 in cells treated with
1-methyl-4-phenylpyridinium ion (MPPþ).19 Like Prx I, this Thr
phosphorylation also diminishes Prx II peroxidase activity. These
observations can be attributed to the introduction of a negative
charge by phosphorylation at the Thr residue. Moreover, Jang
et al. showed that the mutation of Thr90 to Asp to mimic the
phosphorylation status induced a significant increase in chaper-
one activity and an elevation of the population of high molecular
weight oligomers.20

Based on previous studies, the regulation and switching of the
dual functions of Prxs appear to be mediated by post-transla-
tional modifications, such as sulfinylation and phosphorylation.
Recently, we showed that Prx I can be glutathionylated at three
of its four cysteine residues.21 In this study, we reveal for the first
time that glutathionylation can alter the activity a dual-function
enzyme, Prx I, mediated through its ability to regulate the olig-
omeric status of the protein.

’EXPERIMENTAL PROCEDURES

Materials. Glutathione disulfide (GSSG) and citrate synthase
(CS) from porcine heart were obtained from Sigma-Aldrich (St.
Louis, MO).
Preparation of Recombinant Proteins. Escherichia coli ex-

pressing plasmids encoding wild type human Prx I or two
mutants, C83S and C52S/C173S, were prepared as described.21

Briefly, cysteine mutants of Prx I were generated by standard
PCR-mediated, site-directed mutagenesis using Prx I (WT)
as the template. Escherichia coli BL21(DE3) cells harboring each
plasmid were cultured at 37 �C in LB medium supplemented
with ampicillin (100 μg/mL). After the addition of isopropyl-
1-thio-β-D-galactopyranoside (0.4 mM), the cultures were in-
cubated for 3 h at 25 �C, and then cells were lysed. The recombinant
proteins were purified as described.22 It should be pointed out that
prior to the last step of the purification procedures, when the protein
sample was fractionated with Superdex G200, the purified Prx I was
subjected to a 20 min incubation with 10 mM DTT.
Preparation of Glutathionylated Proteins. Glutathionyla-

tion was performed by disulfide exchange with GSSG. Typically,
50 μM of recombinant protein was incubated for 18 h with
10 mMGSSG at 4 �C in 50 mM Tris (pH 7.4) buffer containing
100 mMNaCl. It should be pointed out that when the unmodified
Prx I was incubated in the same buffer without the presence of
GSSG for the equivalent period of time, no spontaneous denatura-
tion of Prx I was detected. After the reaction, excess GSSG was
removed using either size exclusion chromatography (TSK-GEL
G3000SW; TOSOH Corp., Tokyo, Japan) or strong anion ex-
change chromatography (TSK Super Q-5PW; TOSOHTOSOH).
The glutathionylated proteins were identified using reverse phase
high-performance liquid chromatography (HPLC) mass spectro-
metric methods as previously described.21

Analytical Ultracentrifugation. Sedimentation velocity ex-
periments were conducted with a Beckman Optima XL-I analy-
tical ultracentrifuge (Beckman, Palo Alto, CA) equipped with a
four-hole An60Ti rotor and cells with 12 mm double-sector Epon
centerpieces and sapphire windows. Proteins were dialyzed over-
night in the experimental buffer containing 50 mM Tris/HCl, pH

7.4, 100 mM NaCl, with or without 10 mM GSSG. For all exper-
iments, 0.4 mL of the protein sample and dialysate buffer were
loaded into sample and reference centerpiece channels, respectively.
The rotor was accelerated to 50 000 rpm after thermal equilibrium
was reached at 20 �C at rest (typically 1 h). Interference and absor-
bance scans were started immediately after the rotor reached the
set speed and collected until no further sedimentation boundary
movement was observed. To obtain optical density (OD) values
within the recommended signal range of 0.05 OD to 1.5 OD,23 the
absorption of low-concentration samples was measured at 230 nm.
For high-concentration samples absorption at 280 nm and the
interference signal were used. OD of the WT Prx I measured with
theXL-I equippedwith a 12mmpath length cell was 1.2OD for the
50 μM sample at 280 nm and 0.05 OD for the 0.2 μM sample at
230 nm. Density and viscosity of the buffer were determined with
the DMA-58 densitometer and AMVn viscometer (Anton-PAAR
KG, Graz, Austria). Partial specific volumes were determined from
amino acid composition using the SEDNTERP program.24 Data
analysis was conducted using the c(s)/c(M) or ls-g*(s) method in
Peter Schuck’s software program SEDFIT.23,25 The same program
was used to calculate weight-average sedimentation coefficients
from distributions and to convert the sedimentation coefficients to
values at standard conditions of 20 �C in water, s20,w in svedberg
(Sv) units. Menisci positions and frictional ratios were optimized
during the fitting procedure. The final accepted fits had standard
deviations of less than 0.009 units.
Glutathionylation of Prx I and Prx II in Hela Cells Induced

by H2O2. HeLa (human cervical adenocarcinoma) cells were
purchased from American Type Culture Collection (Manassas,
VA) (ATCC number CCL-2) and maintained in Dulbecco’s
minimum essential medium supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA) and 1% penicillin/streptomy-
cin (Invitrogen). Glutathionylation was monitored with the
biotinylated glutathione using its membrane-permeable deriva-
tive, BioGEE (biotinylated glutathione ethyl ester), prepared
as described previously.26 HeLa cells were incubated with 250
μM BioGEE for 1 h prior to H2O2 treatment. The soluble
proteins covalently bound to biotin were extracted with strepta-
vidin�agarose. The agarose beads were washed three times with
radioimmune precipitated buffer (1% Nonidet P-40, 0.1% SDS,
0.5% sodium deoxycholate, 150 mMNaCl, and 50 mM Tris, pH
8.0) and twice with phosphate-buffered saline containing 2 mM
EDTA and 0.1% SDS. Proteins bound to streptavidin via a
disulfide bond were then eluted from the beads by incubation
for 30 min with phosphate-buffered saline/EDTA/SDS contain-
ing 10 mM DTT. Proteins in the eluent were resolved by SDS-
PAGE and detected by Western blotting.
Chaperone Activity Assay. Chaperone activity of Prx I

was analyzed by measuring its ability to inhibit thermally induced
aggregation of substrate protein, citrate synthase (CS) in a pH
7.4 buffer containing 50 mM Tris/HCl and 100 mM NaCl. The
reaction was initiated by adding 0.1 mL of protein sample, contain-
ing CS in the presence or absence of Prx I WT or mutants, to a
preheated (45 �C) reaction cuvette containing 1.4mL of Tris buffer
solution. Protein aggregation was monitored by measuring the light
scattering using a spectrofluorometer, equipped with a thermostatic
cell holder, at 360 nm (Photon Technology International, Birming-
ham, NJ). In the case of the glutathionylated Prx I (WT) sample, it
contains a residual GSSG due to technical difficulties in removing
GSSG without affecting disulfide bond formation between cysteine
residues in Prx I.
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’RESULTS AND DISCUSSION

Effect of Glutathionylation on the Oligomeric State of WT
Prx I and Its (C52S/C173S) and (C83S) Mutants.Human Prx I
is known to reversibly assemble into homodecamers or even
higher-order oligomeric structures.15We showed that, of the four
cysteine residues, Cys52, -83, and -173 can be glutathionylated,
and the deglutathionylation is catalyzed specifically by sulfiredoxin.21

To investigate the effect of protein glutathionylation on the oligo-
meric status of Prx I, sedimentation velocity (SV) experiments
were carried out with the glutathionylated and non-glutathionylated
recombinant Prx I WT as well as its C52S/C173S and C83S
mutants. The purified recombinant Prx I, either the WT, C52S/
C173S, or C83S mutant, contains neither a glutathionylated nor
an oxidized derivative based on the fact that the LC-MS analysis
revealed only one peak with amolecular mass essentially identical to
the theoretical mass of the nonmodified WT Prx I and its mutants.
The calculated masses are 21 979.2, 21 947.0, and 21 963.1 Da for
theWT,C52S/C173S, andC83Smutants, and the observedmasses
are 21 978.4, 21 947.1, and 21 963.9 Da, respectively.
The amount of Prx I measured in 13 different mammalian cell

lines is in the range of 1�4 μg per mg of soluble proteins.27 To
convert these quantities into cellular concentration, the volume
of cytosol, 1.3� 10�9 cm3, was calculated based on the assumption
that the cell, such as 3T3, is round with a diameter of 17 μm28 and
cytosol representing 50% of the cell volume. In mammalian cells,
protein and DNA represent 18% and 0.25% of the total cell
weight.29 Since the weight of DNA in each cell is nearly constant
with a value of 6.6� 10�12 g, calculated using an average molecular
weight of 666 g/mol for the nucleotide pairs, we obtained a value of
4.2 � 10�10 g of soluble proteins in each cell, assuming 12% of
cellular proteins are membrane bound and insoluble. Therefore,
1�4 μg of Prx I per mg of soluble proteins translates to 15�60 μM
cellular concentration. Thus, sedimentation velocity experiments
were carried out primarily with 50 μM of Prx I. The solid line in
Figures 1 and 2A shows that at 50 μM 97% of the WT Prx I
sediments as a single species. The data can be described by a single
peak in the c(s) sedimentation coefficient distribution analysis. The
averaged s20,w of the peak is 8.5 Sv, taken together with the frictional
ratio obtained from fitting the broadening of the sedimentation
boundary, corresponds to a molar mass of 220.6 kDa and compares
well with the mass of Prx I decamer. The decamer has a molar mass

of 221.1 kDa. Figure 1 also depicts the concentration dependence of
the SV profiles for the WT Prx I. To compare both the shift and
width of the decameric peaks, these data were analyzed in terms of
the least-squares sedimentation coefficient distribution (ls-g*(s)),
since at lower protein concentrations the c(s) distribution peakmay
be broadened due to the decrease in signal-to-noise ratio. The data
obtained with 5 μMWT Prx I show the position of the decameric
peak to be identical to that obtained with 50 μMprotein. When the
concentration of Prx I was set at 2 μM, themain peak of the ls-g*(s)
distribution shows a small shift to a lower S, with an averaged s20,w
value of 8.38 Sv. At this concentration, the ls-g*(s) profile also shows
a small second peak with an averaged s20,w value of 3.8 Sv, rep-
resenting 23% of the loaded protein. This is reminiscent of the
theoretical predictions from Gilbert�Jenkins theory of bimodal
reaction boundaries of rapidly oligomerizing systems with n larger
than 2. At 0.2 μM Prx I, the ls-g*(s) profile exhibits a very broad
peak, further indicating a dynamic equilibrium between the decamer
and smaller species. The profile indicates that, relative to the time
scale of sedimentation, the oligomerization reaction is rapid, and at
low concentrations the high Sv value peak represents the reaction
boundary.30 To determine whether the 8.5 Sv peak obtained at
50 μM of Prx I represents a limiting size of the oligomer, the s20,w

Figure 2. Analysis of the oligomeric status of Prx I by sedimentation
velocity methods. Sedimentation coefficients distributions were cor-
rected to standard conditions, and the c(s20,w) profiles were plotted as a
function of sedimentation coefficient. Experiments with glutathiony-
lated proteins at 50 μM were carried out in a buffer containing 10 mM
GSSG (see Experimental Procedures). (A) Sedimentation coefficient
distribution of reduced (solid line) and glutathionylated (dashed line)
WT Prx I. (B) Reduced (solid line) and glutathionylated (dashed line)
Prx I (C52S/C173S) doublemutant. (C) 50 μMreduced (solid line), 10
μM reduced (dash-dot-dashed line), and glutathionylated (dashed line)
Prx I (C83S) mutant.

Figure 1. Concentration dependence of sedimentation velocity profiles
for purified WT Prx I. The normalized ls-g*(s), obtained as described in
Experimental Procedures, was plotted as a function of sedimentation
coefficients corrected to s20,w values. The concentrations of WT Prx I
used were 50 μM (solid line), 5 μM (dashed line), 2 μM (dash-dot-dot-
dashed line), and 0.2 μM (short dashed line).
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values of the peaks obtained at different protein concentrationswere
extrapolated to infinite concentration by plotting 1/s20,w vs 1/c,
where c represents the protein concentration. The extrapolated
value was 8.5 Sv within the uncertainty of the measurements. In
parallel, it can be easily shownmathematically that, under conditions
of virtual saturation, the broadening of reaction boundaries from
rapid self-associating systems asymptotically approaches the diffu-
sional broadening of the complex species, in a manner analogous
to the reaction boundaries of a heteroassociating system.28 Thus, as
one would expect, this saturation condition allows the complex
molar mass to be determined with the c(M) model, which suggests
that the largest oligomer is the decamer. Together, these data imply
that the dissociation constant for the WT Prx I decamer is in the
submicromolar range, 2 orders of magnitude lower than the cellular
concentrations of Prx I. Thus, all consecutive SV measurements
were performed at 50 μM protein concentration.
Unlike the reduced form of Prx I, the SV profile of the

glutathionylated WT Prx I exhibits a distinctly different sedi-
mentation coefficient distribution with three main peaks in the
range of 2�5 Sv (Figure 2A). The SV profile indicates that
glutathionylation disrupts the oligomerization of Prx I in such a
way that the decameric population, which represents 97% of the
total reduced form of Prx I, was totally eliminated even at 50 μM

protein concentration. Instead, the glutathionylated Prx I was
converted mainly to small oligomeric species present in the
state of dynamic equilibrium. The Sv value of the second peak is
similar to the value of 3.1 Sv observedwith the oxidized cross-linked
Prx I dimer (Lee, D. Y., and Piszczek, G., data not shown). This
corresponds well with the apparent molar mass estimates from
c(M) for the first and second peaks of 21 and 38 kDa, respectively,
suggesting that the interconversion of species under these condi-
tions may be slow relative to the time scale of sedimentation. This
leads to estimated fractions of 22%monomers and 63%dimers with
an average s20,w values of 2.3 and 3.2 Sv, respectively, with both
molecules being fairly hydrodynamically compact. Interestingly, the
percentage of the monomer so determined is in agreement with the
24% of triple glutathionylated Prx I monomers revealed by LC-MS
analysis of the similarly glutathionylated WT Prx I.21

Jang et al.17 reported that peroxidase activity is not required for
cytosolic yeast Prx to function as a molecular chaperone, while
its peroxidative cysteine, Cys47, serves as a H2O2 sensor in
response to oxidative stress to induce a structural change from a
low molecular weight form to a high molecular weight chaper
one complex. We investigated the effect of glutathionylation on
the oligomeric state of the human Prx I (C52S/C173S) double
mutant which has neither the peroxidase activity nor peroxidative

Figure 3. Glutathionylation of Prx I and II in H2O2-treated HeLa cells. To induce glutathionylation with biotinylated glutathione, cells were
preincubated with 250 μMBioGEE for 1 h and subsequently exposed to indicated concentration ofH2O2 for 10min. Proteins covalently bound to biotin
were extracted using streptavidin agarose, then eluted with DTT, and subjected to Western blot analysis with anti-Prx I (upper panel) or anti-Prx II
(middle panel) antibody. Histogram (lower panel) depicts as means ( SE (n = 3) from the densitometric analysis.
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cysteine. Figure 2B shows that 94% of the reduced form of Prx I
(C52S/C173S) sediments as a single peak with an average s20,w
value of 8.2 Sv, consistent with a decamer with slightly higher
hydrodynamic friction. However, the glutathionylated form of
this double mutant shows a distinctly different sedimentation
pattern (Figure 2B). The decamers were converted to smaller
oligomers with the major peak representing 46% of the protein
consistent with dimers with a s20,w value of 3.0 Sv in the presence
of at least two other boundary components at calculated average
s20,w values ranging from 5.1 to 7.9 Sv. The elucidation of the
detailed features of the self-association and apparent intermedi-
ates is beyond the scope of the present work. The main finding in
the present context is that the data unambiguously demonstrate
that monoglutathionylation of the Prx I (C52S/C173S) mutant
at Cys 83 also converts the decamer observed with the non-
glutathionylated enzyme to a number of lower molecular weight
species, with the smallest species being a dimer.
The Cys83 is localized at the putative dimer�dimer interface,

and its redox status may play a role in stabilizing the oligomeric
state of Prx I. Lee et al.31 reported recently that a Cys83�Cys83
disulfide bond is formed at each of the five dimer�dimer interfaces
of the decamer of Prx I. However, Matsumura et al.32 had shown
that the Cys83�Cys83 disulfide bond formation at the di-
mer�dimer interfaces is not essential for decamer formation. To
address this issue, the Prx I (C83S) mutant was prepared, glu-
tathionylated, and subjected to sedimentation velocity analysis.
Figure 2C shows that at 50 μM C83S mutant 50% of the loaded
protein exists as decamers with a small amount of high molecular
weight species as depicted by a broad shoulder of the decameric
peak. This peak shows an average s20,w value of 9.1 Sv, significantly
higher than the values found for the decamers of WT and C52S/
C173Sdoublemutant. This high value could be attributed to amore
compact shape of the decamer formed by the Prx I(C83S) mutant.
Another distinct peak, representing 25% of the loaded C83S
mutant, and exhibiting an average s20,w value of 2.9 Sv, is attributed
to the dimers. Independent of the details of the oligomerization
process, these results clearly indicate that Cys83�Cys83 disulfide
bonds are not essential for the formation of high molecular weight
oligomer, although the SV profile implies that the dissociation
constant for the high molecular weight oligomer of Prx I(C83S)
mutant is significantly higher than that observedwith either theWT
or Prx I (C52S/C173S) double mutant. In addition, like the WT
and (C52S/C173S) double mutant, glutathionylation of C83S
mutant also induces a conversion of the decamer to a population
consisting mainly of dimers and monomers (Figure 2C).
Preferential Glutathionylation of Cys83 in Cell. To assess

the biological relevance of Cys83 glutathionylation in context to
our observation showing that glutathionylation of Cys83 alone
will lead to the conversion of the decameric Prx I to lower
molecular weight species (Figure 2B), a comparative study on the
glutathionylation of Prx I and Prx II was carried out with HeLa
cells, based on the fact that Prx I and Prx II show 78% identity
in their amino acid sequences and share the same peroxidase
catalytic mechanism,33,34 except that Prx II does not contain Cys83.
These conditions provide one a unique situation to investigate
whether Cys83 can be glutathionylated selectively in living cells.
Tomonitor glutathionylation of Prx I and II in cells, HeLa cells were
pretreated with a cell-permeable form of GSH, the biotinylated
glutathione ethyl ester (BioGEE), followed by treatment with
10�50 μM of H2O2 for 10 min.

21 The blot analysis of biotinylated
proteins shows that, relative to Prx I, the glutathionylated Prx II was
hardly visible (Figure 3). This implies that Cys83 is easily accessible

for glutathionylation with biotinylated glutathione, but not the
peroxidative and the resolving cysteine residues. This observation
may explain why glutathione is a poor electron donor for Prx I- and
Prx II-catalyzed peroxidation reactions, likely due to the inaccessi-
bility of the catalytic cysteine to glutathione.27

Effect of Glutathionylation on the Chaperone Activity of
Prx I. Yeast and human Prx I and Prx II have been shown to form
homodecamer or higher oligomeric structures.15,17 Jang et al.17

reported that the high molecular weight complexes exhibit
molecular chaperone activity. These authors demonstrated that
the peroxidase activity of yeast Prx I is correlated positively with
the lowering of the size of its oligomer, with the dimeric form
exhibiting the highest peroxidase activity. However, in the case of
molecular chaperone activity, the opposite correlation was ob-
served, in which the dimer fails to support the chaperone activity
while the decameric Prx I or its higher molecular weight complexes
generated under hyperoxidative conditions exhibit high chaperone
activity. The chaperone activity of Prx isozymesmight be important

Figure 4. Glutathionylation induces a substantial reduction in chaper-
one activity of Prx I and its (C52/173S) mutant. Chaperone activity of
Prx I was monitored by its ability to protect citrate synthase (CS) from
thermally induced aggregation. In these experiments, aggregation of 2
μM of CS at 45 �C, pH 7.4, was monitored either alone or in the
presence of 10 μM de-glutathionylated or glutathionylated Prx I. (A)
Effect of WT Prx I. Solid circle, 2 μM CS alone; open circle, 2 μM CS
plus 10 mM GSSG; open square, 2 μMCS plus 10 μMWT Prx I; solid
square, 2 μM CS plus 10 μM glutathionylated WT Prx I; solid triangle,
10 μMWTPrx I alone. (B) Effect of Prx I (C52S/C173S): Solid circle, 2
μMCS alone; open square, 2 μMCS plus 10 μMPrx I (C52S/C173S);
solid square, 2 μM CS plus 10 μM glutathionylated Prx I (C52S/
C173S); solid triangle, 10 μMPrx I (C52S/C173S) alone. (C) Effect of
Prx I (C83S): Solid circle, 2 μMCS alone; open diamond, 2 μMCS plus
10 μM Prx I (C83S); open square, 2 μM CS plus 10 μM WT Prx I.
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under oxidative stress or heat shock stress in protecting proteins
from irreversible damage. Since at 50 μM of protein glutathionyla-
tion ofWTPrx I and its C52S/C173Smutant shifted Prx I structure
from over 94% decamers to a population of low molecular weight
oligomers, and in the case of C83S mutant, the observed 50% high
molecular weight species was shifted to dimers and monomers, we
assessed the effect of glutathionylation on the chaperone activity
of Prx I. This was done by monitoring the thermally induced
aggregation of a protein substrate, such as citrate synthase (CS), by
light scattering measurement. Figure 4 shows the time courses for
the aggregation of 2 μM CS at 45 �C in the presence of 10 μM
nonglutathionylated or glutathionylated Prx I. Figure 4A,B shows
that both theWTPrx I and its C52S/C173Smutant exhibit efficient
chaperone activity. However, glutathionylation diminished their
chaperone activity. In addition, the fact that the glutathionylated
Prx I C52S/C173S mutant substantially inhibits its chaperone
activity indicates that glutathionylation of Cys83 alone is sufficient
to exert the functional effects of this covalent modification on Prx I.
Interestingly, in the case of the C83S mutant, despite the fact that
at 50 μM 50% of the loaded C83S mutant was observed as
decamers, at 10 μM C83S mutant fails to support chaperone
activity (Figure 4C). This observation could indicate that either
the structure of the decameric C83S mutant fails to support its
chaperone activity or at 10 μM the concentration is too low
for forming a sufficiently high population of decamers due to a
high dissociation constant for the decamers of this mutant, as
indicated by the data shown in Figure 2C. To differentiate these
two possibilities, SV analysis was carried out with 10 μM C83S
mutant, and the results showed that at this concentration there
are no detectable decamers (see dash-dot-dashed line in
Figure 2C). Together, these results support the notion that
while the Cys83�Cys83 disulfide bond is not essential for
decamer formation, Cys83 indeed participates in stabilizing the
decamer of Prx I.

’CONCLUDING REMARKS

Our study reveals that glutathionylation of Prx I, an enzyme
which possesses both peroxidase activity and molecular chaper-
one function, induces a structural change from decamer to a
population of smaller oligomers, consisting mainly of dimers.
This oligomeric structural change is accompanied by a loss of its
molecular chaperone activity. Site-directed mutagenesis study
shows that among the three glutathionylation sites, Cys52, -83,
and -173, glutathionylation of Cys83 alone is sufficient to induce
the dissociation of the Prx I decamer and inhibit its chaperone
activity. Interestingly, comparative study on the glutathionyla-
tion of Prx I and Prx II in living cells induced by 10�50 μM of
H2O2 revealed that Prx I, which contains Cys83, is preferentially
glutathionylated. This observation suggests that glutathione may
not be easily accessible to interact with the peroxidative Cys52
and the resolving Cys173 in the dimer, relative to Cys83. This
notion is consistent with the finding that glutathione is a
poor electron donor for the Prx I- and II-catalyzed peroxidation
reactions.27 Together these results suggest that reversible glutathio-
nylation of Cys83 regulates the oligomerization and chaperone
activity ofWT Prx I. Furthermore, it has been reported that in yeast
Prx I there is a correlation between the oligomeric structure of the
enzyme and its dual functional activities; namely, the chaprone
function is associated with the high molecular weight oligomers
while the peroxidase is linked to the dimers.17 If this correlation
between Prx I structure and the activity of this bifunctional enzyme

also holds for mammalian Prx I, it implies that reversible glutathio-
nylation can regulate the activity of a dual function enzyme.

It is intriguing that by incorporating a reversible glutathionyla-
tion regulatory mechanism Prx I would gain a fine-tuned mech-
anism to regulate its dual functional activities in response to cell
signaling and oxidative stress. Protein glutathionylation is a
sensitive mechanism in responding to cell signaling including
growth factor treatment13,14,35 in the absence of any global
increase in H2O2. The glutathionylation induced dissociation
of the decameric Prx I to peroxidase active dimers would enhance
its efficiency to remove the H2O2 locally generated during cell
signaling process and allow a transient accumulation of H2O2 for
cell signaling.36 On the other hand, when there is a global
increase in H2O2, Prx I will be hyperoxidized to form higher
order of aggregates due to oxidation of the peroxidative cysteine,
Cys52, to its sulfinic or sulfonate derivative. The dissociation of
the sulfinic derivative containing aggregates will require sulfir-
edoxin to catalyze its reduction, while the sulfonate containing
aggregates are likely not dissociable. In response to the emer-
gency of global oxidative stress, the chaperone activity is needed
to prevent global protein denaturation.
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