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An additional cysteine in a typical 2-Cys peroxiredoxin of Pseudomonas
promotes functional switching between peroxidase and molecular
chaperone
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Peroxiredoxins (Prx) have received considerable attention during recent years. This study demon-
strates that two typical Pseudomonas-derived 2-Cys Prx proteins, PpPrx and PaPrx can alternatively
function as a peroxidase and chaperone. The amino acid sequences of these two Prx proteins exhibit
93% homology, but PpPrx possesses an additional cysteine residue, Cys112, instead of the alanine
found in PaPrx. PpPrx predominates with a high molecular weight (HMW) complex and chaperone
activity, whereas PaPrx has mainly low molecular weight (LMW) structures and peroxidase activity.
Mass spectrometry and structural analyses showed the involvement of Cys112 in the formation of
an inter-disulfide bond, the instability of LMW structures, the formation of HMW complexes, and
increased hydrophobicity leading to functional switching of Prx proteins between peroxidase and
chaperone.
� 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

2-Cys peroxiredoxin (typical 2-Cys Prx) is one of the most stud-
ied PRX due to its well established metabolic significance in variety
of organisms [1–7]. 2-Cys Prx performs several functions, particu-
larly peroxidase, molecular chaperone, thiol oxidase and also mod-
ulates cell signaling [8]. In contrast to other peroxidases, 2-Cys Prxs
possess an extremely reactive and conserved Cys residue in the
active site (peroxidatic Cys; CysP) capable to react with hydroper-
oxides and peroxynitrite [9]. Sulfenic acid intermediately formed
due to reaction of CysP reacts with a second Cys thiol (resolving
Cys, CysR) of other subunit of the homo-dimer and makes a disul-
fide bridge. However, this oxidized disulfide form may be reduced
(regenerated) back by means of different reductants [10]. But the
sulfenic acid intermediates are susceptible to further oxidation to
sulfinic acid leading to switching of its function from peroxidase
to molecular chaperone [11].

The capability of dual function (peroxidase and chaperone) of 2-
Cys Prx was first identified in 2-Cys Prx 1 (formerly PAG) [12] and
subsequently confirmed in other eukaryotes and prokaryotes
[1,2,11,13,14]. Environmental cues including oxidative stress and
high temperature shifts the quaternary structure of 2-Cys Prx
(dimer/decamer) to high molecular weight species with concurrent
loss of its peroxidase function and manifestation of molecular
chaperone function [2,11,13,14]. However, the key modulators of
this functional switch of 2-Cys Prx are not well known. Based on
limited information, post-translational modifications/interactions
e.g. site-specific phosphorylation, acetylation, covalent/non-
covalent interactions, etc. individually or in combination may be
predicted as plausible mechanism responsible for the functional
switch of 2-Cys Prx. Jang et al. [13] have observed the significant
change in the protein structure of human 2-Cys Prx isotype I
(hPrxI) from low molecular weight to high molecular weight pro-
tein complexes and its dual functions due to phosphorylation. A
study on 2-Cys Prx of Pseudomonas aeruginosa (PaPrx) suggested
the association of peroxidase and chaperone activities of PaPrx
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with dissociation of the complexes into low molecular weight spe-
cies and multimerization of protein complexes, respectively [15].
Hence, the dual functions of 2-Cys Prx are clearly associated with
their ability to form distinct protein structures. Saccoccia et al.
[7] have attempted to demonstrate the mechanism through which
chemical stresses, such as, H2O2 and acidic pH render functional
switch in a typical 2-Cys Prx of Schistosoma mansoni (SmPrxI). Fur-
ther, Angelucci et al. [16] have proposed the sequence of events
starting from the overoxidation of the sulfur atom of CysP of
SmPrx1, causing destabilization of the a2 helix, followed by
unwinding of the first turn of the a2 helix, unfolding of the C-
terminal tail and protrusion of the b3-a2 loop toward the nearby
dimer leading to quaternary structural changes resulting into the
formation of high molecular weight species of SmPrx1 endowed
with chaperone activity. The switching between alternative struc-
tures and functions of SmPrx1 was also explained by a combina-
tion of data produced by X-ray crystallography, transmission
electron microscopy (TEM) and site-directed mutagenesis [16].
König et al. [8] have also used several mutants with specific confor-
mational states e.g. peroxidase function (DC), hyperoxidized chap-
erone (C54D) and oxidized inactive protein (C54DC176K) to
demonstrate the importance of structural flexibility for switching
between peroxidase and chaperone function. Previous studies
attempting to explain the mechanism of structural and functional
switching of 2-Cys Prx were mainly based on the modification of
their reactive cysteines [7,8,16]. But the role of other interacting
molecules, proteins or other structural entity of 2-Cys Prx in regu-
lating the functional switching between peroxidase and chaperone
is still not known and hence, warrants further research.

Recently, we have identified a novel Prx from Pseudomonas
putida (PpPrx) having an additional Cys (Cys112) between two con-
served Cys residues (with Cys51 as the CysP and Cys171 as the CysR)
[17]. PpPrx is a kind of typical 2-Cys Prx having highly homologous
amino acid sequences with other typical 2-Cys Prx, including PaPrx
of P. aeruginosa (Fig. S1). Amino acid sequences alignment of PpPrx
and PaPrx exhibited 93% homology and 89% identity (Fig. S1), with
conserved Cys residues (Cys51 and Cys171) that form an intermolec-
ular disulfide bond essential for peroxidase activity. Like other 2-
Cys Prx e.g. PaPrx, PpPrx also efficiently displayed the ability of
functional switching between peroxidase andmolecular chaperone
functions [17]. But, being predominated with chaperone function
PpPrx exhibited totally contrasting tendency of displaying dual
function compared to PaPrx, which is predominated with peroxi-
dase function. This contrasting tendency of PpPrx seems to be asso-
ciated with the presence of an additional Cys (Cys112) that triggers
the conversion of low molecular weight (LMW) form of PpPrx to
high molecular weight (HMW) with increased chaperone activity.
Based on these facts, the present study is aimed to characterize
the importance of the presence of an additional Cys in regulating
conformational and functional changes in PpPrx. In contrast to pre-
vious studies [7,8,16], we demonstrate the significance of an addi-
tional Cys located between two conserved reactive Cys residues of
2-Cys Prx in regulating the structural and functional switching in
2-Cys Prxs of Pseudomonas species.
2. Material and methods

2.1. Bacterial strains and materials

The bacterial strains (P. putida KT2440, P. aeruginosa PAO1, and
Escherichia coli) used in the present study were cultivated aerobi-
cally in LB medium (0.5% sodium chloride, 0.5% yeast extract,
and 1% tryptone; DB, Franklin Lakes, NJ, USA) at 30 �C. Two wild
types (WT-PpPrx and WT-PaPrx) and mutant Prxs (C112S-PpPrx,
C112A-PpPrx, and A112C-PaPrx) were cloned and expressed in
E. coli KRX cells (Promega, Madison, USA) as described in our pre-
vious studies [15,17,18]. The His6-tagged Prx proteins were iso-
lated by metal-chelate affinity chromatography system using
nickel–nitrilotriacetate-agarose (Ni–NTA) (Peptron, Daejeon,
Korea). It was further eluted by thrombin in cutting buffer
(20 mM Tris–HCl, pH 8.4, 150 mM NaCl) at 4 �C for overnight to
remove His-tag to remove the chances of metal interference with
purified protein. Purified Prx proteins were dialyzed into 50 mM
HEPES (pH 8.0) for biochemical analysis. The concentration of the
protein was estimated by Bradford method [19] using bovine
serum albumin (BSA) as the standard.

2.2. Size exclusion chromatography (SEC)

SEC was carried out by fast protein liquid chromatography
(ÄKTAFPLC; Amersham Biosciences, Piscataway, NJ, USA) using a
Superdex 200 10/300 GL column equilibrated at a flow rate of
0.5 mL min�1 at 4 �C with 50 mM HEPES (pH 8.0) buffer containing
100 mM NaCl. Protein peaks obtained at A280 were isolated and
concentrated using a Centricon YM-30 (Millipore, Massachusetts,
USA).

2.3. Peroxidase activity assay

The thioredoxin (Trx)-dependent peroxidase activity of purified
Prxs was determined by method as described previously with
slight modifications [11,20–22]. Total protein or fractions (F-1
and F-2) separated by SEC were incubated in 50 mM HEPES (pH
8.0) containing 200 lM nicotinamide adenine dinucleotide phos-
phate (NADPH), 3.0 lM yeast Trx, and 1.5 lM yeast thioredoxin
reductase (TR). The reaction mixture was incubated at 30 �C for
5 min and thereafter variable volume of H2O2 was added from
the stock solution of 0.5 mM so as to obtain desired final concen-
trations in the solution. NADPH oxidation was monitored by mea-
suring the decrease in absorbance at 340 nm for 6 min using
spectrophotometer (Evolution 300 UV–VIS spectrophotometer;
Thermoscientific, Worcester, MA, USA).

2.4. Molecular chaperone activity assay

The molecular chaperone activity was assessed by determining
the prevention of thermal aggregation of heat-sensitive malate
dehydrogenase (MDH) by recombinant proteins as reported earlier
[14,21–23]. For this purpose, substrate (MDH, 1.0 lM) was incu-
bated in a 50 mMHEPES (pH 8.0) buffer containing various concen-
trations of total PaPrx, PpPrx or the protein fractions at 43 �C.
Thermal aggregation of the substrate was determined by taking
absorbance at 650 nm for 15 min using a spectrophotometer (Evo-
lution 300 UV–VIS spectrophotometer).

2.5. LC–MS analysis and database search

For the identification of disulfide bonding, each protein sample
was divided into two identical samples. First sample was initially
reduced with 10 mM dithiothreitol (DTT) for 30 min and followed
by alkylation with 20 mM iodoacetic acid (IAA) in the dark for
30 min at 37 �C. The mixture was diluted to 5-fold with of ammo-
nium bicarbonate (50 mM, pH 8.0) followed by the addition of
trypsin (1:50 protease:substrate ratio) and incubated overnight
at 37 �C. The other sample was also digested similarly but without
any reduction and alkylation.

Peptides from the protein samples were analyzed using one-
dimensional liquid chromatography/tandem mass spectrometry
(1D LC–MS/MS) and identified by MS/MS using a nano-LC–MS sys-
tem equipped with a Nano Acquity UPLC system (Waters, Milford,
MA, USA) and an LTQFT mass spectrometer (ThermoFinnigan, Wal-
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tham, MA, USA) having a nano-electrospray source. An aliquot
(4.0 lL) of the peptide samples was loaded onto a C18 trap-
column (i.d., 300 lm; length, 5 mm; particle size, 5 lm; Waters)
using autosampler and subsequently desalted and concentrated
on the column at a flow rate of 5 lL/min. Thereafter, the trapped
peptides were back-flushed and separated on a 100 mm microcap-
illary column consisting of C18 (Aqua; particle size 3 lm) packed
into 75 lm silica tubing with an orifice i.d. of 6 lm.

The mobile phases, A and B were composed of 0 and 100% ace-
tonitrile each containing 0.1% formic acid. The LC gradient was ini-
tially started with 5% B for 5 min and gradually ramped up to 15% B
for 5 min followed by 50% B for 55 min, 95% B for 5 min and
remained at 95% B over a 5 min period and 5% B for another
5 min period. The column was re-equilibrated with 5% B for
15 min before the next run. A 2.2 kV voltage was applied to pro-
duce an electrospray. One high-mass resolution (100,000) MS spec-
trum was acquired for each duty circle of mass analysis using the
FT-ICR analyzer, followed by five data-dependent MS/MS scans
using the linear ion trap analyzer. Normalized collision energy
(35%) was used throughout the collision-induced dissociation
(CID) phase for MS/MS analysis. All MS/MS spectral data were
manually analyzed for peptide identification. Oxidized methionine
and carbamidomethylated Cys (only for reduced and alkylated pro-
tein sample) were considered as a modification [24].

2.6. TEM and single particle image processing

Fractionated proteins were diluted 50-fold with 50 mM HEPES
at pH 8.0 for negative staining. After the dilution, 5.0 lL of the final
mixture was applied to a glow-discharged carbon-coated grid
(Harrick Plasma, Ithaca, NY, USA) for 3 min in air and negatively
stained using 1% uranyl acetate (Sigma–Aldrich). Whereas, the pro-
teins were diluted 10-fold with 50 mM HEPES at pH 8.0, mixed
with an equal volume of glycerol for metal shadowing. The result-
ing mixture was sprayed onto freshly cleaved mica and thereafter
rotary shadowed with platinum at an angle of 6�. The grids were
examined in a Philips CM120 electron microscope (FEI, Hillsboro,
OR, USA) at 80 kV. Images were recorded by a 2K � 2K F224HD
slow scan CCD camera (TVIPS, Gauting, Germany) at a magnifica-
tion of 65,000� (0.37 nm/pixel). Single particle image processing
was performed using SPIDER (Health Research Inc., Rensselaer,
NY, USA) and averaged images were generated by alignment and
classification of windowed particles from micrographs [25]. The
particles used in the processing were as follows: 239 (F-1; WT-
PpPrx); 577 and 1043 (F-1 and F-2; C112S-PpPrx); 459 and 942
(F-1 and F-2; C112A-PpPrx); 261 and 706 (F-1 and F-2; WT-
PaPrx); and 592 (F-1; A112C-PaPrx).

2.7. Fluorescence measurement

Hydrophobic domain exposure of the Prx proteins was deter-
mined by an Infinite M200 (Tecan Group Ltd., Männedorf, Switzer-
land), for this purpose spectrum of five Prx proteins was obtained
after binding of 10 lL of 10 mM 1,10-bi(4-anilino)naphthalene-5,50-
disulfonic acid (bis-ANS; Invitrogen Corporation, Carlsbad, CA,
USA) to 100 lg of respective Prx proteins. The excitation wave-
length was set at 380 nm and emission spectra were monitored
from 400 to 600 nm [26].

2.8. Circular dichroism (CD) spectroscopy

Recombinant proteins in 10 mM Tris–HCl (pH 7.4) were used
for far ultraviolet (UV)-CD spectral analysis with a Jasco J-715
spectropolarimeter (Jasco Co., Great Dunmow, UK) following the
procedure as described earlier [27].
3. Results

3.1. Comparison of peroxidase and molecular chaperone functions
between PpPrx and PaPrx proteins

Previously, we have reported that 2-Cys Prxs (PpPrx and PaPrx)
from the Pseudomonas had both peroxidase and molecular chaper-
one activities. PpPrx possess considerably lower peroxidase activ-
ity but exhibited 40–50-fold higher chaperone activity compared
to PaPrx [15,17]. PaPrx exhibited approximately 4–5-fold higher
peroxidase activity than that of PpPrx [15,17].

To address the relationship between function and structure, we
compared the structure of PpPrx and PaPrx by SEC. When the SEC
patterns of PpPrx and PaPrx were compared, only two major peaks
were detected for each protein. The majority of PpPrx molecules
were present in the first fraction (F-1) and slightly in the second
fraction (F-2), whereas PaPrx showed the opposite profile, its mole-
cules were largely present in F-2 fraction and minor in F-1 fraction
at the same retention time (Fig. 1A). The proteins (largest multi-
meric complexes) in the F-1 fraction could not pass through 10%
native-polyacrylamide gel due to its large molecular size and
therefore retained at the top of the separating gel (Fig. S2). In con-
trast, the F-2 fraction, consisting of proteins with MWs ranging
from about 50 to 300 kDa, contained partial multimer complexes
(Fig. S2).

F-1 (HMW protein complexes) and F-2 (LMW forms) fractions
displayed opposite pattern in peroxidase and chaperone activities.
The F-1 fraction exhibited high chaperone activity and low perox-
idase activity, whereas the F-2 fraction displayed high peroxidase
activity with low chaperone activity (Fig. 1B). These results sug-
gested that oligomerization of the protein into HMW complexes
promotes chaperone activity while dissociation of the HMW com-
plexes into LMW species enhances peroxidase activity. Thus, the
switching between the dual functionality of Prxs is associated with
their ability to form distinct protein structures (Fig. 1).

To explain the reciprocal activity profiles of PpPrx and PaPrx,
we compared their sequence- and structure-based alignments.
Both Prxs possessed two highly conserved Cys residues in the
same corresponding positions, Cys51 and Cys171, and almost iden-
tical amino acid sequences. However, PpPrx possessed an addi-
tional Cys residue, Cys112, located between the two conserved
Cys residues, while PaPrx possessed Ala112 (Fig. S1). The addi-
tional Cys between the active Cys residues is also found in
Encephalitozoon cuniculi and Phytophthora infestans. It is generally
believed that Cys residues function as structural regulatory fac-
tors by virtue of their inter- and intra-disulfide bonds and also
function as redox sensors by the oxidation and reduction of
exposed free cysteines [28,29].

3.2. Effect of Cys112 on Prx oligomerization and dual functionality

To address this critical function of an additional Cys residue,
we performed site-directed mutagenesis, in which Cys112 in
PpPrx was substituted with Ser (C112S) or Ala (C112A) and sub-
stituting Ala112 for Cys (A112C) in PaPrx. Wild type (WT)-Prxs
and Prx mutants displayed considerably different structural pat-
terns as evident from the result of non-reducing and native PAGE
gels of these proteins (Fig. 2A and B). Various oligomeric protein
complexes containing both HMW complexes and several LMW
forms were observed in WT-PpPrx. The C112S- and C112A-
PpPrx mutants primarily generated dimers as well as fewer
HMW complexes than WT-PpPrx (Fig. 2A). On the other hand,
the majority of LMW protein species in PaPrx underwent
oligomerization to HMW complexes by the replacement of
Ala112 with Cys (A112C; Fig. 2A and B).



Fig. 1. Structure-dependent regulation of peroxidase and chaperone activities
in vitro. (A) SEC analysis of PpPrx and PaPrx proteins. The separated proteins were
divided and pooled into two fractions (F-1 and F-2) for further analysis. The
numbers in the chromatogram represent the molecular weights of the standard
proteins: blue dextran (>2000 kDa), thyroglobulin (669 kDa), ferritin (440 kDa),
aldolase (158 kDa), ovalbumin (44 kDa), and carbonic anhydrase (29 kDa). (B)
Comparison of structure-dependent enzymatic efficiency (peroxidase and chaper-
one activities). The two separated fractions (F-1 and F-2) of the PpPrx and PaPrx
proteins were compared with each total fraction. The relative activities of the two
separated fractions (F-1 and F-2) were compared to those of the respective total
fraction, whose activities (peroxidase and chaperone) were set to 100%. The relative
activities of the two separated fractions were measured: chaperone (h), peroxidase
(j). The data shown are the means of at least three independent experiments.

Fig. 2. Additional Cys-mediated structural and functional changes in two Prxs
in vitro. The proteins were separated by 12% non-reducing PAGE (A) or 10% native
PAGE (B). (C and D) SEC profiles of WT and Prx mutant proteins. The chromatograms
of the Prx mutants were compared to those of each WT-Prx protein. (E) Comparison
of changes in additional Cys-mediated enzymatic efficiency (peroxidase and
chaperone activities). The Prx mutant proteins were compared with each WT-Prx.
The relative activities of Prx mutants were compared to those of the respective
predominant activity of each WT-Prx, whose activities (PpPrx: chaperone and
PaPrx: peroxidase) were set to 100%. The relative activities of Prx mutants were
measured: chaperone (h), peroxidase (j). The data shown are the means of at least
three independent experiments.
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The SEC profiles of C112S-PpPrx and C112A-PpPrx were com-
pared with those of WT-PpPrx (Fig. 2C). Like native PAGE gel pro-
tein patterns, the SEC chromatogram also showed that the protein
structures of C112S-PpPrx, C112A-PpPrx, and WT-PaPrx primarily
consisted of LMW structures together with a small number of
HMW complexes, whereas the predominant forms of WT-PpPrx
and A112C-PaPrx were HMW complexes with a small number of
LMW species (Fig. 3A–D).

A comparative electron microscopic (EM) analysis demon-
strated the prevalence of HMW and LMW complex structures in
the F-1 and F-2 fractions, respectively, of the WT and Prx mutants
(Fig. 3). The characteristic appearance of HMW complexes in F-1
fractions were resolved by negative staining followed by single
particle image processing (Fig. 3A–E). The protein complexes
appeared as spherical shapes with a diameter of 20–40 nm (inset
averaged images in Fig. 3A–E) suggesting that all WT and mutant
proteins are capable of forming spherically shaped oligomers,
although the native and non-reducing PAGE results displayed very
distinct populations (Fig. 2A and B). In the F-2 fractions of WT-
PpPrx and A112C-PaPrx, small featureless particles were visualized
in negatively stained and metal-shadowed fields (upper and lower
panels in Fig. 3F and J, respectively). Whereas, in the F-2 fractions
of WT-PaPrx, C112S-, and C112A-PpPrxs, homogenously dis-
tributed particles were visualized in each field (black and white
arrowheads in Fig. 3G–I, respectively), adopting a ring-like shape
with a consistent diameter of �15 nm (Fig. 3K–M, respectively).
These results, in conjunction with the SEC results (Fig. 2C and D),
suggest that probably Cys112 in Prxs participates in the instability
of LMW oligomeric complexes (Fig. 3F and J), and enhances the for-



Fig. 3. Observation of additional Cys-mediated structural changes by transmission electron microscopy (EM). (A–E) Negatively stained fields of fractionated proteins taken
from high MW fractions (F-1). Insets in each figure display the averaged images of globular-shaped polymers as they appeared in the high MW field. (F–J) Negatively stained
images (upper panels in the first row) and metal shadowed images (lower panels in the second row) of middle MW fractions (F-2). Black arrowheads, white arrowheads, and
black arrows (G–I) indicate individual ring-shaped complexes found in the fields of C112S-PpPrx, C112A-PpPrx, and WT-PaPrx, respectively. Note that there is no strong
evidence for existing ring-shaped oligomers in the fields of WT-PpPrx and A112C-PaPrx (F and J). Scale bar in (J) represents 100 nm in all fields and the inset images (A–J). (K–
M) Representative averaged images of ring-shaped oligomers processed from individual complexes from negatively stained fields of (G), (H), and (I) are shown in the top row.
Metal shadowed images of individual ring-shaped oligomers are shown in the second and third rows. Averaged images in (A–E) and (K–M) contained 30–70 and 50–90
particles, respectively. Scale bar, 50 nm, applies to the images as shown (K–M).

B.C. An et al. / FEBS Letters 589 (2015) 2831–2840 2835
mation of HMW complexes (Fig. 3A and E). The SEC and EM results
confirmed that PpPrx primarily consists of HMW complex struc-
tures, whereas PaPrx consists predominantly of oligomeric
structures.

To investigate the effect of Cys112 in PpPrx and PaPrx on its dual
functionality, we compared the peroxidase and molecular chaper-
one activities of the mutant proteins. The molecular chaperone
activity was dramatically decreased in the mutant proteins
(C112S or C112A) compared with WT-PpPrx, while the peroxidase
activity was significantly increased in these mutants by approxi-
mately 4–5-fold higher than WT-PpPrx (Fig. 2E). In contrast, the
molecular chaperone activity of WT-PaPrx was increased by
approximately 50-fold by the substitution of Cys in place of Ala
(A112C), demonstrating that the dual enzymatic activities of
A112C-PaPrx were significantly altered to resemble those of WT-
PpPrx (Fig. 2E).

After comparing all results of the structural and enzymatic
analyses in Figs. 2 and 3, it is concluded that the presence of the
additional Cys increases the formation of HMW complex structures
with a concomitant increase in chaperone activity. Therefore, we
strongly expect that the Cys112 residue induces a significant
change in protein structure from the LMW structure to HMW
complexes by the formation of an inter-disulfide bond (Cys112–
Cys112).
3.3. Identification of inter-disulfide linked (Cys112–Cys112) dipeptides
by mass spectrometry

In order to explain the increase of HMW complex structures by
the Cys112 residue of WT-PpPrx and A112C-PaPrx, mass spectro-
metric analysis of WT-PpPrx and A112C-PaPrx was performed in
the presence and absence of dithiothreitol (DTT) treatment to
reduce the disulfide bonds. In the LC–MS/MS analysis of tryptic
digests without DTT treatment, triply charged monoisotopic
molecular ions of inter-disulfide linked (Cys112–Cys112) dipeptides
were observed at a mass-to-charge ratio (m/z) of 996.80 for WT-
PpPrx and m/z 994.83 for A112C-PaPrx (Fig. 4). Mass differences
between experimental and theoretical MW were 7 ppm and
3 ppm, respectively (Table 1). Fig. 4 denotes MS/MS spectra
obtained frommanually assigned inter-disulfide-linked dipeptides.
The dipeptides clearly displayed peptide backbone fragments pro-
viding amino acid sequence information, as well as characteristic
fragments of disulfide linkage, including Cys persulfide (monomer
peptide +32 Da) and dehydroalanine (monomer peptide �34 Da)
[24]. During analysis of tryptic digests with DTT and iodoac-
etamide (IAA) treatments, the carbamidomethylated peptides
YTLAADMTHEICcamK for WT-PpPrx and YTLAADTKHEICcamK for
A112C-PaPrx were identified rather than inter-disulfide-linked
dipeptides (Table 1 and Fig. S3).



Fig. 4. MS and MS/MS spectra of inter-disulfide linked dipeptides. (A) YTLAADMTHEICK-YTLAADMTHEICK (Cys112–Cys112, theoretical triply charged monoisotopic molecular
ion: m/z 996.78) from WT-PpPrx. (B) YTLAADTKHEICK-YTLAADTKHEICK (Cys112–Cys112, theoretical triply charged monoisotopic molecular ion: m/z 994.82) from A112C-
PaPrx. Manual assignment of MS/MS spectra shows fragments of peptide backbone and characteristic fragments of disulfide linkage including cysteine persulfide (monomer
peptide +32 Da) and dehydroalanine (monomer peptide �34 Da).
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The mass spectrometric results clearly indicate that the Cys112

residue causes the inter-disulfide bond to link dimer together;
therefore, WT-PpPrx and A112C-PaPrx can cause structural
alterations from LMW species to HMW complexes by inter-
disulfide bond (Cys112–Cys112; Figs. 2 and 3). Conversely, WT-
PaPrx, C112A-PpPrx, and C112S-PpPrx displayed the predomi-



Table 1
Molecular masses of single Cys112 peptide and inter-disulfide bonded (Cys112–Cys112) dipeptide depend on DTT.

Protein name DTT Peptide sequence Molecular weight (Da) Observed ion (m/z)

WT-PpPrx � 2987.3 996.80 (M+3H)3+

WT-PpPrx + YTLAADMTHEICcamK 1551.7 776.86 (M+2H)2+

A112C-PaPrx � 2981.5 994.83

A112C-PaPrx + YTLAADTKHEICcamK 1548.8 775.39 (M+2H)2+

Ccam: S-carboxyamidomethylcysteine.

Fig. 5. Additional Cys-mediated hydrophobicity and secondary structure changes of the two Prxs in vitro. (A) Fluorescence spectra of bis-ANS bound to 100 lg/mL WT-PpPrx
(j), C112A-PpPrx (N), and C112S-PpPrx (r). (B) Fluorescence spectra of bis-ANS bound to 100 lg/mL WT-PaPrx (j), and A112C-PaPrx (N). Both controls (d) were measured
in the absence of Prx protein. (C) Changes in the far UV-CD spectra of the five Prx proteins were measured using a protein concentration standard of 100 lg/mL. [h]M is the
mean residue mass ellipticity. (D) The comparison of the secondary structure index values was based on the far UV-CD spectra.
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nance of LMW structures (Figs. 2 and 3). Thus, the Cys112 residue is
likely to be a regulatory factor for structural and functional
changes in PpPrx.

3.4. Effect of Cys112 on hydrophobicity and secondary structure

The fluorescence levels of bis-ANS bound to C112S-PpPrx and
C112A-PpPrx were significantly lower than that of WT-PpPrx
(Fig. 5A). However, the fluorescence spectrum of bis-ANS bound
to A112C-PaPrx displayed a significant increase compared to WT-
PaPrx (Fig. 5B). These results suggest that the substitution of Cys
for Ala (A112C) in WT-PaPrx greatly increased the exposure of
hydrophobic domains, resulting in the polymerization of protein
into HMW complexes and providing binding sites for partially
denatured substrate proteins.

The far-UV CD spectra of the Prxs were used to compare the
structural differences between WT Prx and Prx mutant proteins
(Fig. 5C and D). The wavelength scan CD spectra in the far ranges
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of C112S-PpPrx and C112A-PpPrx demonstrated that the molar
ellipticity increased to a greater extent for each mutant spectrum
than the WT-PpPrx spectrum due to the substitution of the addi-
tional Cys for Ser or Ala (C112S or C112A). In contrast, the spec-
trum of A112C-PaPrx displayed a greater tendency to decrease
molar ellipticity compared to that of WT-PaPrx due to the substitu-
tion of Ala with Cys (A112C; Fig. 5C). Changes in secondary struc-
ture components stemming from the exclusion of the additional
Cys were as follows (Fig. 5D): a-helical content increased from
14.0% to 33.0%, b-sheet content decreased from 40.0% to 21.0%, b-
turn content increased from 0% to 17.0%, and random coil content
decreased from 46.0% to 28.0%. The substitution of Cys for Ala
(A112C-PaPrx) altered the secondary structure components in sim-
ilar levels to WT-PpPrx as follows: a-helical content decreased
from 51.0% to 14.0%, b-sheet content increased from 2.0% to
38.0%, b-turn content decreased from 21.0% to 0.5%, and random
coil content increased from 25.0% to 47.0%. Remarkably, these data
suggest that the additional Cys functions as a key modulator for
both protein function and structure of Prx proteins.

4. Discussion

The present study demonstrates the significance of an addi-
tional Cys (Cys112) in the structural and functional switching of
2-Cys Prx of Pseudomonas species. PpPrx and PaPrx exhibit dual
functions i.e. as peroxidases and/or molecular chaperones, depend-
ing on the dynamic and reversible changes in their polymeric
structures. In this study, the structural and functional comparisons
of PpPrx and PaPrx revealed a novel critical component in the
structural polymerization mechanism, namely, that polymeriza-
tion between subunits can vary in strength and duration. More-
over, the Prx proteins have only a weak tendency to associate
with polymerization depending upon environmental conditions,
such as, temperature, and pH. Other proteins polymerize dynami-
cally in response to biochemical stimuli, such as, a change in
nucleotide binding, hydrophobic interaction, the redox status of
Cys residues, or the phosphorylation status of amino acid residues.
Such changes can have a dramatic effect on the affinity of the sub-
units for each other, often by several orders of magnitude
[13,30,31].

Homo-oligomeric proteins were originally characterized by
their mode of interaction [32]. In general, the factors controlling
polymeric assembly of 2-Cys Prxs are poorly understood. Recently
an association between local unfolding in the active site with disul-
fide bond formation and structural rearrangements at the polymer-
ization interface was reported [33]. Such local unfolding process
occurs together with the shift of a surface loop driving the struc-
tural rearrangements in the interface and leading to decamer dis-
sociation and disulfide bond formation [33]. In contrast, another
report proposed that the nucleophilic attack by the resolving Cys
(CysR) on the peroxidatic cysteine sulfenic acid promotes the struc-
tural rearrangements at the interface and drives the decamer apart
[34]. But the availability of only two forms of the enzyme, the
reduced decamer and the disulfide-containing dimer, making it
impossible to distinguish between events that occurred immedi-
ately prior to dissociation and the structural rearrangements that
occurred afterward. König et al. [8] have used five novel variants
with specific conformational states e.g. peroxidase function (DC),
hyperoxidized chaperone (C54D) and oxidized inactive protein
(C54DC176K) to demonstrate the importance of structural flexibil-
ity for switching between peroxidase and chaperone function.
Analysis of CD spectra of reduced and oxidized form these variants
revealed that highest percentage of helical arrangement among all
variants both under reducing and non-reducing conditions, con-
firming the expectation that the introduction of negative charge
fosters the compact multimeric state. Apparently a negative charge
possibly introduced by phosphorylation strongly affects thiol
redox-dependent conformational rearrangements.

Despite having highly conserved sequence- and structure-based
alignments, WT-PpPrx and WT-PaPrx, WT-PpPrx consisting pri-
marily HMW complex structure possessed an approximately 40–
50-fold stronger molecular chaperone activity than WT-PaPrx,
whereas WT-PaPrx existed predominantly in the dimeric LMW
form. The chaperone activity was measured based on the thermal
aggregation of the substrate, MDH. However, the exact substrates
of chaperone proteins in vivo is not known precisely, and interac-
tion of MDH and chaperone has been found stable and well estab-
lished, therefore MDH was used as a substrate for chaperone
activity assay of Prx proteins in the present study. The PpPrx
mutants (C112S and C112A) showed similarities with WT-PaPrx
in that they displayed a tendency to form polymeric HMW com-
plexes of various MWs, which were converted into LMW struc-
tures. This resulted in a significant decrease in molecular
chaperone activity and a concomitant increase in peroxidase activ-
ity, similar to WT-PaPrx. The substitution of Ala for Cys residue at
position 112 in PaPrx caused WT-PaPrx to behave like WT-PpPrx.
Further, we identified inter-disulfide (Cys112–Cys112)-bonded
dipeptides of WT-PpPrx and A112C-PaPrx using mass spectrome-
try, suggesting that inter-disulfide (Cys112–Cys112) bonding can
function by combining dimers into higher-order structures. This
function of an additional Cys may clearly explain its effect on struc-
tural change of Prx (from LMW to HMW structures). We also inves-
tigated the effect of the additional Cys on protein hydrophobicity
as related to chaperone function, and the associated change in sec-
ondary structure. Our results revealed that various secondary
structural elements were transformed by the presence of the addi-
tional Cys, thereby providing a structural explanation for the
increase in chaperone activity. The additional Cys markedly
increased the exposure of the hydrophobic, b-sheet, and random
coil-regions, while decreasing the exposure of the a-helix and b-
turn regions on the protein structure.

This study provides valuable information related to the func-
tional switch of Prx proteins by explaining the effect of Prx poly-
meric structures formed due to the presence of the additional
Cys on its enzymatic activity. Comparison of the 2-Cys Prx struc-
tures, WT-PpPrx and WT-PaPrx, revealed the importance of the
additional Cys and led to the identification of the molecular switch
responsible for the polymerization. First, we found that the Cys
addition and exclusion mutants displayed opposite tendencies in
structural and functional switching compared to their wild-type
homologs (Figs. 2 and 3), whereby we were able to formulate a
comprehensive association model to explain how Prxs are con-
verted into HMW structures that function as molecular chaperones
against stress. We were therefore able to explain why WT-PpPrx
and WT-PaPrx can have completely different functions as peroxi-
dases or molecular chaperones. Considering the general mecha-
nism for structural changes in other Prxs and WT-PaPrx, perhaps
Cys112 residue of WT-PpPrx may not be involved in the formation
of these dimeric protein structures, because WT-PaPrx and
C112S-PpPrx also generated dimeric protein structures under
non-reducing conditions (Fig. 2A). The dissociation of HMW com-
plexes into LMW species occurs during the process of removing
H2O2, and this structural change activates the peroxidase function
of Prx. However, the polymeric structural changes of WT-PpPrx
and A112C-PaPrx are caused by the presence of Cys112, which func-
tions as a highly efficient ‘‘combiner” of dimers into higher-order
structures by inter-disulfide bonding (Cys112–Cys112) between
dimer or each dimer (Figs. 2 and 4). The structural change from
LMW to HMW complexes is associated with a peroxidase-to-
chaperone functional switch.



Fig. 6. A model for the additional Cys-dependent structural and functional switching of Prx from peroxidase to a molecular chaperone. In the mechanism involved in
regulation of the structural changes, the additional Cys of Prx functions as a highly efficient ‘‘polymeric sensor” for HMW complex formation in Pseudomonas.
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5. Conclusions

The present study demonstrates the participation of Cys112-
dependent reactions in the oligomerization of 2-Cys Prx protein
and regulation of its function during oxidative stress. The model
suggested based on the present data may help to explain the rea-
sons for the observation that WT-PpPrx possesses a much greater
inhibitory effect on the inactivation of MDH than does WT-PaPrx,
even under heat shock conditions. Our experimental evidence with
respect to Cys112 supports the hypothesis that the molecular chap-
erone function of 2-Cys Prx is increased by the addition of a Cys
residue (Fig. 6). The presence of an additional Cys (Cys112) in a
Prx protein facilitates its polymerization and increases the forma-
tion of HMW complex structures as the dominant structures by
hydrophobic interactions and inter-disulfide bond formation to
link dimer or each dimer together, which act as super-
chaperones to prevent the denaturation of protein substrates from
external stresses. In contrast, the absence of the additional Cys sta-
bilizes LMW structures of Prx and a reduction in the formation of
HMW complex structures. In consequence, LMW structures
increase and this structural change induces the peroxidase activity
of Prx.
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