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The Machinery for Oxidative Protein Folding in Thermophiles
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ABSTRACT

Disulfide bonds are required for the stability and function of many proteins. A large number of thiol-disul-
fide oxidoreductases, belonging to the thioredoxin superfamily, catalyze protein disulfide bond formation in
all living cells, from bacteria to humans. The protein disulfide isomerase (PDI) is the eukaryotic factor that
catalyzes oxidative protein folding in the endoplasmic reticulum; by contrast, in prokaryotes, a family of disul-
fide bond (Dsb) proteins have an equivalent outcome in the bacterial periplasm. Recently the results from ge-
nome analysis suggested an important role for disulfide bonds in the structural stabilization of intracellular
proteins from thermophiles. A specific protein disulfide oxidoreductase (PDO) has a key role in intracellular
disulfide shuffling in thermophiles. Here we focus on the structural and functional characterization of PDO
correlated with the multifunctional eukaryotic PDI. In addition, we highlight the chimeric nature of the ma-
chinery for oxidative protein folding in thermophiles in comparison with the mesophilic bacterial and eu-
karyal counterparts. Antioxid. Redox Signal. 10, 157–169.

157

THIOL DISULFIDE OXIDOREDUCTASE

Disulfide bonds between cysteine pairs are among the ma-
jor structural features of many proteins. Proteins capable

of catalyzing protein disulfide bond formation include a large
number of thiol-disulfide oxidoreductases, which occur in all
living cells, from bacteria to humans. Thiol disulfide oxidore-
ductases are characterized by an active site containing a CXXC
motif and by a thioredoxin (Trx) fold (five strands of � sheets
enclosed by four �-helices) (59). Trx, glutaredoxin (Grx), glu-
tathione S-transferase (GST), disulfide bond–forming protein
(Dsb)A (58), and protein disulfide isomerase (PDI) (20, 49, 50)
constitute the large Trx superfamily. These proteins in differ-
ent way contribute to the cellular redox environment, which is
essential for the folding and stability of other proteins. Although
Trx-like redox proteins or redox active domains share no over-
all sequence homology, they all contain a CXXC catalytic mo-
tif, which is located at the N terminus of the first helix in the
consensus Trx fold (59), and a cis-Pro loop, which precedes the
�3�4�3 motif. At physiologic pH, the N-terminal cysteine of
CXXC motif of the active site shows higher reactivity. This

residue is largely solvent exposed and has a low pKa, acting as
nucleophilic cysteine (R-S�), whereas the other is buried and
has a higher pKa value. The nature of the amino acids between
these two cysteines varies widely among the different enzymes.
Although these enzymes do have common features, they differ
greatly in the pKa values of the nucleophilic cysteine and in
their redox potentials, ranging from �270 mV for Trx to a value
between �90 and �125 mV for DsbA.

THE BACTERIAL MACHINERY FOR
OXIDATIVE PROTEIN FOLDING

In gram-negative bacteria, disulfide bond formation is assisted
by proteins of the Dsb family, which are either located in extra-
cytoplasmic compartments or secreted into the medium. The Dsb
family of oxidoreductases regulates the formation of disulfide
bonds in the bacterial periplasm through two distinct electron-
transfer pathways, the oxidation and the isomerization pathways
(22, 45, 62). In the Escherichia coli oxidation pathway, DsbA
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introduces disulfide bonds into newly translocated proteins by
donating its active-site disulfide bond. The active form of DsbA
is restored by the inner-membrane protein DsbB, which uses the
oxidizing power of the electron-transport system (32). Under aer-
obic conditions, electrons are passed from DsbB via ubiquinone
and the cytochrome bo and bd oxidase to molecular oxygen. Un-
der anaerobic conditions, DsbB uses menaquinone as an inter-
mediate electron acceptor, from which electrons are transferred
to either fumarate reductase or nitrate reductase (22, 45, 62). The
disulfide oxidation step catalyzed by DsbA is rapid and nonspe-
cific and, in proteins with multiple thiols, can result in the for-
mation of nonnative disulfide bonds. The DsbC–DsbD pathway
catalyzes the rearrangement of incorrect disulfide bonds, enabling
proteins to fold correctly (88). In this pathway, the isomerase
DsbC must be kept reduced in the oxidative environment of the
periplasm, a requirement that is mediated by the membrane pro-
tein DsbD. Recent genetic studies suggested that Dsb homologue
systems are also found in gram-positive bacteria (45, 82). In
Bacillus subtilis, two putative extracytoplasmic proteins (DdbA
and DdbD), which are homologues of Trxs, and two putative
membrane proteins (DdbB and DdbC), which show sequence ho-
mology to E. coli DsbB, have been identified. Genetic evidence
indicates at least three genes encoding proteins that play a role
in disulfide-bond formation. Moreover, the identification of
DsbA and DsbB homologues by BLAST searches in the protein
databases of both gram-positive bacteria and the previously men-
tioned B. subtilis supports the assumption that gram-positive bac-
teria may comprise oxidative pathways similar to those of gram-
negative bacteria.

THE EUKARYOTIC MACHINERY FOR
OXIDATIVE PROTEIN FOLDING

In eukaryotes, protein folding, modification, and quality con-
trol occur mainly in the endoplasmic reticulum (ER) (99).
Whereas different compartments in plants, such as the cytosol,
mitochondria, and chloroplasts, have their own protein-folding
machinery, the ER is unique in that it produces proteins for
other compartments of the cell. Newly synthesized polypeptide
chains destined for the secretory pathway are translocated into
the ER with the aid of signal-recognition particles (SRPs) and
receptors. Various folding factors resident in the ER recognize
nascent proteins; these folding factors include chaperones from
the heat-shock protein family, peptidylprolyl cis-trans iso-
merases, many lectins and glycoprotein-modifying enzymes
(2), and protein-folding catalysts from the PDI family, Ero fam-
ily, and Erv family. On the basis of findings in yeast (27), it is
estimated that approximately one third of all eukaryotic pro-
teins pass through the ER on their way to maturity, including
all cell-surface and secretory proteins and proteins located in
compartments along the exocytic or endocytic pathways (2).
The ER is also one of the few compartments in the eukaryotic
cell where proteins can acquire disulfide bonds (the mitochon-
dria are another). In eukaryotic cells, disulfide bond formation
and rearrangement are catalyzed both by PDI, a protein local-
ized in the ER, and by its homologues (23). The three-dimen-
sional structure of yeast PDI has recently been solved (102).
PDI is organized into four domains (a, b, b�, and a�) followed

by a C-terminal extension referred to as c. The a and a� do-
mains contain one catalytically active CGHC motif each,
whereas b and b� are redox inactive domains. The overall struc-
ture of yeast PDI has the shape of a twisted “U” with the a and
a� domains at the ends of the “U” and the b and b� domains
forming the base. Each domain adopts the thioredoxin fold with
minor variations, and the two active sites face each other on the
inside of the “U.” PDI catalyzes the oxidation and shuffling of
disulfides in substrate proteins. In turn, PDI is oxidized by the
ER oxidoreductin proteins Ero1-La and Ero1-Lb in mammalian
cells (13, 69), AERO1 and AERO2 in plants (21), and Ero1p
(35, 36, 96), or the ER oxidase Erv2p (34, 95, 103) in yeast.
ER oxidoreductins couple disulfide bond formation to reduc-
tion of molecular oxygen with the help of a bound flavin ade-
nine dinucleotide cofactor. This cascade, which involves a se-
ries of protein–protein interactions, leads to the formation of
native disulfides in substrate proteins (36, 96, 102).

THIOREDOXIN/GLUTAREDOXIN,
UBIQUITARIOUS REDUCTANTS

Trxs and Grxs, also included in the Trx superfamily of disul-
fide oxidoreductase, are small (�12 kDa) ubiquitous acidic pro-
teins whose main function is to preserve redox homeostasis in
the cytoplasm by acting as disulfide reductase in several biologic
reactions, playing important roles in cellular responses, includ-
ing cell growth, cell cycle, gene expression, and apoptosis (30,
40, 79). Both proteins contain the conserved motif (CXXC) in
an active site to form a disulfide bond after reduction of exposed
disulfides in a variety of substrate proteins. The reduced form is
regenerated by the flavoenzyme thioredoxin/glutathione reduc-
tases, respectively, which in turn are kept reduced by NADPH
(39). Furthermore, these proteins function as electron donors for
the ubiquitous family of Trx peroxidases or peroxiredoxins (Prx)
involved in the defense against oxidative damage (91).

The active-site sequence —WCGPC— is highly conserved
in Trxs, whereas Grxs have the conserved —CPYC— in all but
two members (T4-Grx has a Val in place of Pro, and Pig-Grx
has a Phe in place of Tyr).

As a general rule, significant differences exist between Trxs
and Grxs at their N-termini, where the former typically has ad-
ditional 15 to 20 residues. These extra residues form well-de-
fined secondary structures that lie on either side of the central
�-sheet core, not implicated in the redox functionality of these
proteins. In addition the Grx fold is slightly different from the
Trx fold, being constituted by central four-stranded �-sheet core
surrounded by two helices on one side and a third on the other.

THE CHIMERIC PATHWAY FOR
OXIDATIVE PROTEIN FOLDING 

IN THERMOPHILES

The ancestral Trx and Grx from methanogenes

MtH0895 is a small 77-residue protein identified in 1992
from the thermophilic archaeon Methanobacterium thermoau-
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totrophicum as a conserved hypothetical protein with unas-
signed function (60). Because of its small size and good solu-
tion behavior, this protein was chosen for detailed structural
analysis by NMR spectroscopy (9). In addition, as the solution
structure was determined, it became obvious that MtH895 ex-
hibited a Grx-like fold. MtH0895 does not contain the addi-
tional N-terminal secondary structural elements, suggesting that
it is more like a Grx. The suspicions were raised about the true
function of this protein when a literature search revealed that
M. thermoautotrophicum does not contain glutathione or a glu-
tathione-like cytosolic thiol (9), essential for Grx function. To
confirm the suspicions, a detailed investigation was undertaken
to determine the true nature of MtH0895 through sequence,
structural, and biochemical analysis. Little similarity is found
in the primary sequences between MtH0895 and the members
of the Trx superfamily. Sequence comparisons between
MtH0895 and “standard” Trxs indicate that only a few residues
are fully conserved. These include the two active-site cysteines,
a cis-proline at the loop preceding �3, a glycine residue be-
tween �3 and �4, and a second glycine immediately after �4.
MtH0895, however, has a unique -CANC- motif, which is not
found in any known member of the Trx or Grx superfamily. It
is believable that the absence of a Pro residue in the MtH0895
active site may confer some conformational flexibility and
therefore may have some effect on the stability of the redox-
reaction process in this enzyme. Detailed analysis of its three-
dimensional structure along with molecular docking simula-
tions of the interaction with T7 DNA polymerase (a Trx-specific
substrate) and comparisons with other known members of the
Trx/Grx family of proteins strongly suggest that MtH0895 is
more akin to a Trx. Furthermore, measurement of the pKa val-
ues of its active-site thiols along with direct measurements of
the Trx/Grx activity has confirmed that MtH0895 is, indeed, a
Trx and exhibits no Grx activity.

A group of previously unknown proteins from several other
archaea that have significant (34–44%) sequence identity with
MtH0895 were also identified. These proteins have unusual ac-
tive site -CXXC- motifs not found in any known Trx or Grx.
On the basis of the results, it was predicted that these small pro-
teins are all members of a new class of truncated Trx func-
tioning essentially as Trxs rather than Grxs and exhibiting no
activity as glutathione mixed disulfide reductants (53, 60).

MtH0807 is another 85-residue thiol-redox protein isolated
from the same anaerobic archaeon M. thermoautotrophicum. Its
small size, its participation in certain redox reactions, and the
presence of a “classic” Grx active-site sequence led to the sug-
gestion that it might be a Grx. However, preliminary studies
indicated that it exhibited neither Grx-like nor Trx-like proper-
ties. To clarify the true role of this protein and its structure/func-
tional relation with the paralogous Trx (MtH0895, 28% se-
quence identity), a series of biochemical and biophysical studies
was undertaken. Comparative enzymatic assays and thiol titra-
tion experiments were combined with NMR structural studies
and detailed 3D structure comparisons (1). Structurally, the re-
sults show that MtH0807 has a Grx-like fold (central four-
stranded �-sheet core surrounded by two helices on one side
and a third on the other). However, more-detailed comparisons
with other members of the Trx superfamily indicate that
MtH0807 has several key structural and active-site characteris-
tics more similar to a Trx. Furthermore, biochemical tests show

that MtH0807 behaves as a true Trx. The absence of Grx ac-
tivity could be due to absence of glutathione (GSH) in M. ther-
moautotrophicum (9, 53, 60). When glutathione became more
abundant 1 to 2 billion years ago (26, 61), MtH0807-like pro-
teins could have evolved toward a Grx function, by using GSH
to provide the reducing equivalents for ribonucleotide reduc-
tase for DNA synthesis. The relatively small number of residue
changes (i.e., two positively charged residues around the active
site) that may be needed to convert MtH0807 to a fully func-
tional Grx (60) suggests that the evolutionary process may have
been relatively quick and easy.

Comparisons between MtH0807 and its paralogue, MtH0895,
indicate that these two archaeal Trxs share very similar folds,
but exhibit very different activities and likely serve somewhat
different roles. On the basis of its greater relative abundance
and significantly stronger redox activity, it may be that
MtH0807 is the primary Trx for M. thermoautotrophicum,
whereas MtH0895 plays a minor or supportive role. These two
molecules (MtH0807 and MtH0895) may represent a group of
ancient proteins that were ancestral to both Trxs and Grxs. An
important question that may be asked is why does a simple ar-
chaeon like M. thermoautotrophicum have two Trxs? It is im-
portant to note that most eubacteria and all eukaryotes have
both Trxs and Grxs encoded in their genomes. This redundancy
in redox function for these organisms may have arisen because
the activities sustained by Grx and Trx (DNA synthesis, tran-
scriptional control, and protein-function regulation) are so es-
sential to an organism’s viability (39). The same may be true
for M. thermoautotrophicum and other archaea. Structural char-
acterization and biochemical-assay comparisons between
MtH0807 and MtH0895 indicate that both proteins have simi-
lar structures, and both use the same reducing system (the Trx
system). MtH0807 is, however, more oxidative and seem to
have very little reductive ability as compared with MtH0895.
Evidence suggests that MtH0807 is the much more abundant
protein in M. thermoautotrophicum, especially when grown un-
der native-like anaerobic conditions (60). The strong reducing
environment in which this organism thrives (53) suggests the
need for a strongly oxidizing form of Trx to provide the re-
ducing equivalents to ribonucleotide reductase for DNA syn-
thesis. It appears that MtH0807 fills the bill. In contrast,
Mt0895, which is the less abundant protein, may be a “backup”
to MtH0807, or it may be involved in other, less important
disulfide redox activities within the cytoplasm. Alternately,
MtH0895 may be the Trx produced when M. thermoauto-
trophicum is exposed to more aerobic conditions. Although both
MtH0895 and MtH0807 are true Trxs, in some respects,
MtH0807 seems to play the role of a Grx (with its strong oxi-
dizing potential and other physical features), whereas MtH0895
seems to play the role of a Trx. Given the “archaic” nature of
archaea and their hypothesized role in eubacterial and eukary-
otic evolution, MtH0807 and MtH0895 may be molecular “fos-
sils” representing an early branch point in the evolution of Grxs
and Trxs. In Methanococcus jannaschii, another Trx-like pro-
tein (Mj0307) with a —CPHC— in the active site, which had
never been observed in either Trxs and Grxs, and a thioredoxin
reductase homologue were identified. The Trx-like protein ex-
hibits biochemical activities similar to those of Trx, although
its structure is more similar to Grx. This protein presents the
lowest value so far known among redox potentials of the Trx
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superfamily (60). This indicates that the lower redox potential
is necessary to keep catalytic disulfide bonds reduced in the cy-
toplasm; moreover, the experimental data suggested that a Trx-
like protein with a Grx-like structure is enough to maintain re-
dox homeostasis in methanogens like M. jannaschii and M.
thermoautotrophicum.

Trx/Grx from thermophilic microorganisms

The Trx of Alicyclobacillus acidocaldarius (BacTrx) is the
first Trx so far described from a thermophilic source (5). Struc-
tural stability investigated by CD, DSC, and nanogravimetry
have demonstrated that it is endowed with a higher conforma-
tional heat capacity when compared with the Trx from E. coli
(EcTrx), showing a denaturation temperature (105°C) 15°C
higher than EcTrx, which is itself a remarkably stable molecule
(70, 71). The comparison with other Trxs, such as Trx-2 from
a cyanobacterium of the Anabaena genus (94), Trx h from the
eukaryotic green alga Chlamydomonas reinhardtii (54), and hu-
man Trx (11), showed that BacTrx model is closer to bacterial
and cyanobacterial Trxs than to eukaryotic ones. As also pointed
out by Mittard et al. (64), the superimposition of thioredoxins
from different sources clearly reflects their phylogenetic rela-
tion. The BacTrx 3D structure (Fig. 1), determined by NMR
methods, was compared with EcTrx, determined by x-ray crys-
tallographic diffraction, and a number of structural differences
observed could contribute to its thermostability. The results of

structural analysis indicated that protein stability is due to cu-
mulative effects: an increased number of ionic interactions
cross-linking different secondary structural elements and
clamping the C-terminal �-helix to the core of the protein, lead-
ing to a more rigid structure. In comparing the primary struc-
ture of Trx from thermophilic sources (68, 70–72) with EcTrx,
no great differences seem to be found (Fig. 2), justifying any
way differences in stability as 15°C with BacTrx. More in-
detail flexible residues, such as Gly21, Gly65, and Gly97, found
in EcTrx, are never found in the same position in any ther-
mophilic Trxs. In addition, no charged residues, as well as D102
in BacTrx, are found in the C-terminal tail of EcTrx. This fea-
ture is fundamental because it is assumed that the C-terminal
helix plays a protective role on the whole molecule because of
the multiple ionic interactions with residues located in the pro-
tein core.

To investigate further the determinants of protein stability,
four mutants of BacTrx were designed, i.e., K18G, R82E,
K18G/R82E and D102X, in which the last four amino acids
were deleted (71). These were constructed on the basis of mo-
lecular dynamics studies and the prediction of the structure of
BacTrx performed by a comparative molecular-modeling tech-
nique by using EcTrx as the reference protein.

The mutants obtained by PCR strategy were expressed in E.
coli and then characterized. CD spectroscopy, spectrofluorime-
try, and thermodynamic comparative studies allowed us to de-
termine the relative physicochemical behavior of the four pro-
teins in comparison with that of the wild-type protein (Table
1). As predicted for the molecular dynamics analysis at 500 K
in vacuo, the wild-type structure is more stable than that of the
mutants; the Tm of the four proteins shows a decrease of �15°C
for the double and the truncated mutants, and �12°C for the
single mutants. The proteins also revealed a different resistance
to denaturants such as guanidine HCl and urea, and the wild-
type protein always proved the most resistant. The results ob-
tained show the importance of hydrogen bonds and ion pairs in
determining protein stability and confirm that simulation meth-
ods are able to direct protein engineering in site-directed mu-
tagenesis (7, 73).

A Trx from the thermophilic bacterium Thermus ther-
mophilus was isolated, and its structure solved to 1.8-Å reso-
lution (83). The folded portion of this Trx is in a more com-
pact form than standard Trxs, although this protein contains,
like other Trxs from thermophilic microorganisms, a 30-residue
N-terminal extension and a significantly longer C-terminal �-
helix.

In the genome database of the aerobic hyperthermophilic
archaeon Aeropyrum pernix K1, a new gene that codes for a
37-kDa protein (ApTrx) with a redox-active site motif
(CPHC) was found (43). ApTrx is larger in size than the other
Trx homologues because of an extended region at the N-ter-
minus. This region showed no homology to sequences in the
databases, and the function is unknown. The active-site mo-
tif is the same as that of E. coli DsbA, the most powerful ox-
idant among thiol-disulfide oxidoreductases (108). The two
central residues within the active site motif play a critical role
in determining the redox potential (31). Nevertheless, the re-
dox potential of ApTrx is �262 mV, which is very different
from that of E. coli DsbA (�125 mV). This indicates that
amino acids other than those within the active site are also
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FIG. 1. (A) Family of the 20 solution structures represen-
tative for BacTrx. The structures, superimposed for minimal
RMSD of the backbone atoms N, C�, and C� of residues 2–105,
are represented as C� traces. (B) Comparison of the tertiary
structures of BacTrx (thin lines) and EcTrx (bold lines). (C)
Superimposition of the �-strands of EcTrx (bold lines) onto a
representative BacTrx structure (thin lines). (D) Superimposi-
tion of the �-helices of EcTrx (bold lines) onto a representa-
tive BacTrx structure (thin lines). The molecules represented as
C� trace were superimposed with the main-chain atoms (N, C�
and C�) (residues 5–104 with 7–106 for BacTrx and EcTrx, re-
spectively). The sequences were aligned by a least-squares fit
of C�-trace.
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important in determining redox potential (90) and that the
lower redox potential is necessary to keep catalytic disulfide
bonds reduced and to cope with oxidative stress (53). How-
ever, ApTrx exhibits biochemical activities similar to classic
Trxs. ApTrx contains two extra cysteine residues, but its ac-
tivity is not affected by preincubation with dithiothreitol, in-
dicating that the activity of ApTrx is not dependent on the re-
dox state of the protein. A. pernix results to have multiple
Trx-like proteins similar to ApTrx justified by a peculiar role

of the redox system in A. pernix in different growth or stress
conditions (43).

Investigations of the genomic-sequence databases of Sul-
folobus solfataricus led to the identification of two putative 
Trxs with a deduced molecular mass of 15.228 Da and 15.220
Da, respectively [i.e., SsTrxA1 and SsTrxA2 (Sso0368 and
Sso2232)] (77). In the tested conditions, both of these Trxs
proved to be inactive in the DTNB-coupled reduction with a
thioredoxin reductase Sso2416 from S. solfataricus (SsTR). Se-
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FIG. 2. Primary structures of thermophilic Trxs and their homologues. Trxs of the same size have been chosen exclud-
ing methanogenes and taking only one Trx from each source. Trx sequence data were taken from the following genomic
sources: EcTrx from Escherichia coli, tll0812 from Thermosynechococcus elongates BP-1, 1QUAx33 from A. acidocaldarius,
CHY_2202 from Carboxydothermus hydrogenoformans, TTC1385 from Thermus thermophilus HB2, AF1284 from Ar-
chaeoglobus fulgidus DSM 4304, Saci1485 from S. acidocaldarius DSM 639, STS171 from S. tokodaii str. 7, Sso0368 from S.
solfataricus P2, PTO0121 from Picrophilus torridus DSM 9790, CT0841 from Chlorobium tepidum, aq_1916 from A. aeolicus,
Ta0866 from Thermoplasma acidophilum DSM 1728, TVN0777 from Thermoplasma volcanium GSS1, TTC1057 from T. ther-
mophilus HB27, PF1457 from P. furiosus, TM_1031 from Thermotoga maritima, TK0838 from Thermococcus kodakarensis
KOD1, and GK0859 from Geobacillus kaustophilus HTA426. In red are showed cysteines of active sites.

TABLE 1. DENATURATION VALUES OF WILD-TYPE AND MUTANTS BACTRX

Tm Tm � 1M GuCl Tm � 2M urea Urea (M) GuCl (M)

BacTrx 103 84.5 88.2 6.7 2.9
K18G 91 78.1 78.8 5.2 2.6
R82E 91 81.5 81.4 5.5 2.7
K18G/R82E 89 76.3 73.1 4.6 2.4
D102X 86 65.2 70.6 4.0 2.0

The values were calculated on the presence of temperature or temperature plus 1 M guanidine
HCl or temperature plus 2 M urea or guanidine HCl or Urea.
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quence analysis showed that SsTrxA1 and SsTrxA2 present
�30% identity with the well-characterized Trxs of E. coli, Trx1
and Trx2, used as substrates for E. coli TR. Several structurally
and functionally important amino acids conserved in various
Trxs were seen to be conserved in both these SsTrxs as well.
They include (Trx1 numbering) Trp28, Cys35 and Cys 38 (re-
dox cysteines), Pro40 (maintains the conformation of the redox
disulfide of Trx), Tyr49, Lys/Arg57 (influences the pKa of ac-
tive Trx cysteines), Asn59 and Asp/Glu61 (clustered with the
redox active site of Trx), Ala67 and Ile/Val75 (structural),
Pro76 (in van der Waals contacts with the Trx disulfide bridge),
Thr77 and Gly84 (structural), and Gly92 (protein-interaction
area).

Disulfide-bonded proteins in thermophiles: 
PDO, a primary catalyst of disulfide bond
formation in thermophiles

Thermophilic microorganisms include inhabitants of fairly
extreme environments. One way to adapt to harsh surround-
ings is to evolve proteins to be resistant to inactivation from
various extreme conditions. It now appears that, at least for
some thermophiles, this evolution has resulted in the unusual
situation in which large numbers of cytoplasmic proteins are
disulfide bonded (8, 57), indicating that disulfide bond for-
mation plays a critical role in the structural stabilization of
intracellular proteins. These findings raise the question of
what kind of cytoplasmic system catalyzes the formation of
disulfide bonds in these microorganisms. In thermophilic or-
ganisms, a potential key role in disulfide bond formation has
recently been ascribed to a new cytosolic protein disulfide
oxidoreductase (PDO) family (74, 76), whose members have
a molecular mass of �26 kDa and are characterized by two
Trx folds comprising a CXXC active-site motif each. No-
tably, proteins from this family were not observed in certain
key organisms, such as M. jannaschi, Methanococcus kand-
leri, and Archaeoglobus fulgidus. Therefore, its precise cor-
relation with richness in protein intracellular disulfides can
be considered strong evidence for a true relation to this cel-
lular property. As this family plays a major role as a cyto-
plasmic system in catalyzing the formation of disulfide
bonds, it provides a basis for further elucidating of protein-
folding mechanisms in such microorganisms.

Investigation into genomic-sequence databases indicated that
members of PDO family are present only in thermophilic mi-
croorganisms. Three members of this family have been char-
acterized from both the structural and functional points of view.
One was isolated from the archaeon Pyrococcus furious (Pf-
PDO) (6, 24, 84–86), another from the bacterium Aquifex ae-
olicus (AaPDO) (16, 76), and one from the archaeon A. pernix
K1 (ApPDO) (18). All these enzymes were found to be orga-
nized into two structural units. Although these two structural
units can be functionally related to the active domains of the
eukaryotic enzyme PDI, unlike those of PDI, they pack tightly
together and are thus structurally unseparated. Recently another
member from S. solfataricus (SsPDO) has been characterized
in vitro and in vivo (77).

PfPDO

The first member of the PDO family studied from both the
structural and functional points of view was PfPDO. The anal-
ysis of the crystal structure showed that it was composed of two
structural units containing one CXXC motif each (Fig. 3): a
CQYC sequence, which has never been observed in any other
protein disulfide oxidoreductase, is present at the N-terminal
half of the protein, and a CPYC, the conserved active sequence
of the Grx, located at the C-terminal half of PfPDO, which could
explain why this protein has been initially classified as Grx (37).
An uncommon combination of two Trx-related structures,
which together, in tandem-like manner, formed a closed pro-
tein domain with a central eight-stranded �-sheet constituting
the protein core and eight �-helices distributed asymmetrically
on both sides of the central sheet was observed. The two active
sites exhibited markedly different geometric parameters and
solvent accessibilities. The N-terminal site was completely
buried and showed unusual dihedral angles, which were in-
dicative of unfavorable disulfide bond conformation. In con-
trast, the C-terminal site had a stable and exposed disulfide bond
(85). The structural comparison with other PDO proteins
showed that each of the structural units in PfPDO is a Trx fold
motif, albeit with the insertion of an additional �-helix (�1 or
�5) at the N-terminus. Their sequence identity is rather low:
the N-unit is only 18% identical to the C-unit.

PfPDO was demonstrated to be able to catalyze the oxida-
tion of dithiols, as well as the reduction and the rearrangement
of disulfides. In the presence of GSH, up to 70°C, PfPDO cat-
alyzes the formation of a disulfide bond between the two cys-
teines of the peptide NRCSQGSCWN, an activity similar to
that observed for DsbA at 25°C (92). At 30°C, PfPDO is able
to catalyze the reduction of insulin disulfides in the presence
of dithiothreitol. The disulfide rearrangement was also observed
at a similar temperature by using RNase with scrambled disul-
fides as substrate.

The first cysteine of each redox site was mutated to investi-
gate the effect on the protein function. By using the two single
mutants (C35S and C146S) and the double mutant (C35S/
C146S), the C-terminal site of PfPDO was demonstrated to be
determinant for the reductive activity. This result is in agree-
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FIG. 3. Ribbon diagram of the PDO from P. furiosus.
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ment with crystallographic data, which suggested a reductive
nature for the C-unit (74, 85). The lower capacity of the N-unit
to reduce disulfuric bridges can be due to intrinsic factors, such
as a higher redox potential and a major conformational tension
of the disulfide, but it could also depend on external factors
such as steric impediments caused by a closed conformation of
the active site in the N-unit. As regards the oxidative activity,
the two units also display differences in their functional prop-
erties, with the site at the C-terminal always predominant, be-
cause at 50°C, the mutant with a nonmutagenized site at the N-
terminal shows a very low activity. Higher temperatures, closer
to the physiologic temperature at which the microorganism P.
furiosus lives, may be necessary to get more kinetic energy and
to allow an open conformation at the site. Otherwise, a differ-
ent substrate may be required because of the polar nature of the
amino acids close to the active site. Conversely, both sites are
necessary to the disulfide isomerase activity. Only the wild-type
PfPDO is able to refold scrambled RNase. This is in agreement
with a functional model of PDI in which the domains function
synergically (25, 49). As reported earlier, the emerging model
of PDI comprises four structural domains, a, b, b�, and a�, plus
a linker region between b� and a� and a C-terminal acidic ex-
tension. In this model of PDI function, individual domains with
specialized roles contribute to different activities to catalyze
complex isomerizations in substantially folded protein sub-
strates. Mutations at the first cysteine of the active site in ei-
ther the amino- or carboxyl-terminal thioredoxin domain inhibit
the capacity of PDI to catalyze thiol-disulfide exchange reac-
tions in vitro, reducing enzymatic activity to negligible levels.
The redox/isomerase activities of PDI, as in Trx, are due to the
reactivity of the N-terminal Cys residue in two Trx-like boxes
(-CGHC-) within the a and a� domains of the protein (19). Pf-
PDO resembles eukaryotic PDI, as it has two Trx-like motifs.
In PDI, the Trx-like regions are separated from each other in
the primary structure, whereas in PfPDO, they are connected
directly. The fact that similar functional results have been ob-
tained for PhPDO, another PDO of the same family isolated
from the archaeon P. horikoshii (47), indicates that the Trx units
of the archaeal members of this new protein family are neither
equivalent nor identical with the a and a� domains of PDI in ei-
ther functional or structural terms.

The effect of pD and temperature on the structure and sta-
bility of PfPDO was investigated with molecular dynamic (MD)
simulations and FT-IR spectroscopy (75). pD affects differently
the thermostability of �-helices and �-sheets. The experiments
allowed us to detect a secondary structural reorganization at a
definite temperature and pD, which may correlate with a high
ATPase activity of the protein detected at 90°C and at basic
values (not far from its physiologic pH value) (74). FT-IR ex-
periments conducted at pD 10.0 showed a protein structural re-
organization at this value of pD. The FT-IR and computational
results may suggest that the protein undergoes partially un-
folding with a concomitant relaxation of the tertiary structure,
followed by a reorganization of part of the structure in a new
� conformation. This reorganization could explain the ATPase
activity for PfPDO at that pH. The property of PfPDO to bind
and hydrolyze ATP supports its correlation to PDI (81). An
ATP-binding site and an ATPase activity related to its chaper-
one role have been reported in PDI (38). The ATPase activity

does not seem to be linked to the isomerase or redox activities.
This is in full agreement with a report stating that the site of
phosphorylation, and thus probably the ATPase active site, lies
somewhere within the central domain of the PDI, and that this
site is far away from the redox active sites in the sequence. In
addition, the computational analysis underlines that the �-he-
lix regions are more sensitive to increases of pH and tempera-
ture with respect to the �-sheets.

AaPDO

Subsequently, a detailed characterization of another member
of this family, AaPDO, was reported in the literature (16, 76).
Like PfPDO, this protein was able to reduce, oxidize, and iso-
merize disulfide bridges at a high degree of catalytic efficiency
and is thus the first example of a bacterial disulfide isomerase
not belonging to the Dsb family. Unlike the C- and N-terminal
active sites of the archaeal members PfPDO and PhPDO, those
of AaPDO, CESC, and CGYC are able to perform all the cat-
alytic functions, although with nonequivalent contributions.
Three active-site mutants, C34S, C148S, and C34S/C148S,
were cloned, expressed, and functionally characterized. The re-
sults indicated that unlike the double mutant, the two single mu-
tants were able to perform all the catalytic functions of the en-
zyme and that the two active sites had similar functional
properties. This catalytic similarity was also reflected at the
structural level: the two active-site disulfides were similar in
terms of accessibility and had comparable structural features
compatible with stable disulfide bonds (76). These findings pro-
vide evidence that the two active sites of AaPDO perform cat-
alytic functions and operate independently, in that either cen-
ter alone imparts activity to the enzyme. Taken together, these
results suggest that the two structural units of AaPDO can re-
liably represent the a and a� domain of the eukaryotic PDI. Al-
though recent years have seen a tremendous increase in litera-
ture data on PDI, the list of what we do not know about this
enzyme is still long. The results obtained indicate that AaPDO
is the most PDI-like prokaryotic protein known so far.

ApPDO

A catalytic characterization of the archaeal ApPDO was pro-
vided, besides performing structural analyses and computa-
tional studies (18). The functional characterization demon-
strated that ApPDO is able to catalyze the reduction, oxidation,
and isomerization of disulfide bonds, as are all the other mem-
bers belonging to PDO family. The enzyme structural analysis
showed that it is made up of two structural units with a Trx
fold, which contain a CXXC motif each, CETC and CPYC at
N-terminal and C-terminal units, respectively, as had been ob-
served for previously characterized members of this family (76,
85). The two CXXC disulfides have similar dihedral angles typ-
ical of a stable conformation.

To shed light on the catalytic properties of each CXXC mo-
tif, the theoretic pKa values of the cysteines were determined
(Table 2). In the literature, it had been widely reported that the
pKa values of the two cysteines were related to the redox po-
tential of the active site, thus playing a critical role in the de-
termination of the physiologic functions of the members of the
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Trx superfamily (31, 51, 52). The results showed that the pKa

values of the N-terminal cysteines (Cys1) of both the active
sites were similar and lower than those observed for the C-ter-
minal cysteines (Cys2), thus suggesting that both ApPDO ac-
tive sites were able to perform catalytic functions (67). At this
point, the theoretic values of the cysteine pKas in AaPDO and
PfPDO were also determined. Similar results to those obtained
for ApPDO were obtained for AaPDO; the low pKa values ob-
served for the N-terminal cysteines of the two active sites are
in agreement with the experimental observation that both of
them perform catalytic functions (17). Different results were
obtained for PfPDO: the pKa value of the first cysteine of the
N-terminal CQYC motif was particularly high, thus suggesting
the inability of this site to perform the catalytic function. These
data are in agreement with mutagenesis and kinetic studies, in-
dicating that this site is less predisposed to any reductive or ox-
idative activity. These results suggest that despite similar func-
tional and structural characteristics, the members of the PDO
family greatly differ in terms of the contribution of each active
site to total catalytic activity (Fig. 4).

SsPDO

PDOs from the hyperthermophilic archaeon S. solfataricus
were analyzed in a general research project to provide insight
into the functions, structural diversity, and evolution of PDOs.
Among hyperthermophilic archaea, S. solfataricus is a good
model system, both because it is easily grown in aerobic con-
dition and because the database recently created by the se-
quencing of its genome (97) has promoted notable advance-
ments in genetic and molecular understanding.

The analysis of the complete sequenced S. solfataricus P2
genome (97) has revealed that the protein encoded by the ORF
Sso0192 (SsPDO) is a homologue of PfPDO because it has two
redox sites, CQYC and CPYC, respectively, located at the N-
and C-terminals and a deduced molecular mass of �26 kDa
(77). Secondary structure previsions confirm the homology with
the other members of PDO family. SsPDO displays several pro-
tein oxidoreductase activities, significantly lower than those of
its homologue PfPDO. The lower efficiency can probably be
traced to the lower redox efficiency of its cysteines and, possi-
bly, to a modulation of its activity by conformational changes
induced by substrates, cytoplasmic cofactors, or physiologic
conditions. Moreover, a GSH-dependent low thiol-transferase
activity of SsPDO and the absence of genes encoding glu-
tathione synthesis enzymes, such as glutamylcysteine syn-
thetase or a glutathione synthetase homologue, strongly suggest
that SsPDO is not involved in any glutathione-dependent sys-
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FIG. 4. (A) Reduction of insulin catalyzed by PDOs: PfPDO
(— —); AaPDO (����������); ApPDO(–�–�–); control (—��—).
(B) The disulfide bond-forming activity of PDOs is monitored
by using the synthetic decapeptide NRCSQGSCWN, and the
oxidation of this dithiol peptide to the disulfide state is ac-
companied by a change in time retention on a Vydac C18. The
oxidative activity is reported as a ratio between the peak of ox-
idized versus oxidized plus reduced peptide. The assays of ox-
idative activity were performed at 323 K, with an incubation
time of 30 min, at increasing concentrations of PDOs. PfPDO
(— —); AaPDO (����������); ApPDO (–�–�). (C) Assay of iso-
merase activity of PDOs by reactivation of “scrambled”
ribonuclease A. The recover of the activity of ScRNaseA in
function of time is reported after preincubation with PDI 
(–––); PfPDO (— —); AaPDO (����������); ApPDO (–�–�); con-
trol (—��—). The activity of RNaseA against RNA is measured.

A

B

C

TABLE 2. ESTIMATED PKAS FOR THE ACTIVE SITE CYSTEINES

COMPUTED ON APPDO, AAPDO, AND PFPDO

ApPDO AaPDO PfPDO

N-terminal site Cys1 9.2 9.5 12.0
Cys2 25.4 23.0 26.5

C-terminal site Cys1 7.3 6.0 8.0
Cys2 �30 26.9 25.3
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tem. These results, the absence of genes encoding glutathione
synthesis enzymes from the genomes of other archaea, such as
P. horikoshii, P. furiosus, A. pernix, and S. tokodaii, and the
fact that no GSH or GSSG is found in P. horikoshii cell ex-
tracts combine to suggest that PDO activity is typical of a
non–GSH-dependent system. A chaperone activity has been de-
tected for SsPDO. Compared with the eukaryotic PDI used as
a positive control (100), SsPDO was found to catalyze 80% re-
folding in chemically denatured lysozyme and to perform the
same ATPase activity already demonstrated for its homologue,
PfPDO (74). In particular, the ATP-dependent refolding activ-
ity showed on an endogenous protein, SsADH (S. solfataricus
alcohol dehydrogenase) (14), suggests a potential role of SsPDO
in vivo. In addition, the high level of cytosolic disulfide bonds
in thermophilic S. solfataricus proteins is clear evidence of the
extent to which the presence of SsPDO is relevant. All these
data taken together indicate that disulfide bond formation and
their maintenance is a strategy adopted by S. solfataricus to sta-
bilize its proteins and led us to assume that the overall function
of SsPDO is to preserve the folded state in cytoplasmic pro-
teins.

Many reports have highlighted the key role of sulfhydryl
groups (-SH) in oxidative stress response and, specifically, the
role of the Grx/Trx system in the maintenance of cell redox ho-
meostasis (42). To shed further light on the in vivo role of
SsPDO, the expression of SsPDO was analyzed in oxidative
stress. Compared with the marked response to H2O2 observed
for the Trx from Rhodobacter sphaeroides (55) or the Grx from
E. coli (78), all the oxidative agents used for the tests produced
very small increases in mRNA and protein levels, suggesting
that SsPDO is not directly involved in the oxidative stress re-
sponse.

Conclusions on the PDO family

Based on its apparent cellular function and the presence of
two structural units with an active site each, a link can be drawn
between the PDO family and the eukaryotic enzyme, PDI (23,
105). PDI resides in the ER, where it catalyzes the isomeriza-
tion of protein disulfide bonds in an oxidizing environment. It
is possible to speculate that the enzyme used by eukaryotes to
form protein disulfide bonds in the ER might have originated
from a similar enzyme contained in a disulfide-rich thermo-
phile. Based on these considerations, the members of the PDO
family can be considered as the simplest PDI forms found in
thermophiles. To test this hypothesis, the theoretic values of the
catalytic cysteine pKas of the a and a� domains of yeast PDI
have also been calculated (102). The pKa values obtained for
the N-terminal cysteines of both active sites were found to be
lower than those determined for the C-terminal cysteines. More-
over, as already observed for the members of the PDO family,
the pKa value of the N-terminal cysteine of the a domain was
found to be slightly different from that of the a� domain. This
difference is in agreement with experimental data, which indi-
cate a higher redox potential for the a� domain (�152 mV) than
for the a domain (�188 mV) (102). These findings are further
evidence of the functional similarity between the two enzyme
families. However, the different three-dimensional organization
of the N- and C-terminal units of the PDO family compared
with the a and a� domains of PDI strongly point to different

mechanisms of action for these two biologic systems. Hence
the need for further experimental studies to clarify how differ-
ent three-dimensional structures can give rise to similar func-
tional behavior.

TR/PDO SYSTEM AND ITS
INVOLVEMENT IN THE 
REDOX HOMEOSTASIS

The maintenance of the proper intracellular redox environ-
ment in microorganisms is guaranteed by redox and antioxidant
systems. TR, a homodimeric flavoenzyme, catalyzes the trans-
fer of reducing equivalents from NADPH to a redox-active
disulfide of Trx via FAD. On the basis of the differences in
size, structure, and catalytic mechanisms, two classes of TR can
be distinguished (4). The low-molecular-mass proteins from E.
coli (106) and Saccharomyces cerevisiae (15) are dimers of 35-
kDa subunits, whereas the high-molecular-mass proteins from
higher eukaryotes, including mammals (29, 101), C. elegans
(12), and Plasmodium falciparum (104) are dimers of 55- to
58-kDa subunits. TRs of both classes are members of a larger
family of pyridine nucleotide disulfide oxidoreductases that in-
cludes lipoamide dehydrogenase, glutathione reductase, and
mercuric reductase (28). The bacterial enzyme is highly spe-
cific for the homologous Trx as a substrate (63). In contrast,
mammalian TR has a broader substrate specificity and can
reduce not only thioredoxins from different species but also
many nondisulfides, such as 5,5�-dithiobis(2-nitrobenzoic acid)
(DTNB), selenite, selenoglutathione, vitamin K, and alloxan
(10, 41). Recently a TR from the hyperthermophilic archaeon
A. pernix was isolated and characterized (APE1061) (ApTR).
ApTR is phylogenetically closer to the bacterial TRs, showing
a relatively high homology to the TR of E. coli (34% identity
and 54% similarity). ApTR possesses two conserved motifs re-
sponsible for binding of FAD near the N-terminus (GXGXX
[G/A]) and the C-terminus (GXFAAGD) and a NADPH do-
main near the middle of the protein (GGGXXA), in addition to
a redox-active center (CSVC). DTNB, not directly reduced by
low-molecular-mass TR (80), can be reduced directly by ApTR,
indicating that it has a broader substrate specificity than that of
low-molecular-mass TRs. ApTR/ApTrx has been the first ex-
ample of a functional Trx system in aerobic hyperthermophilic
archaea (43). A TR-homologue gene (PH1426) (PhTR) was
also found in the genome sequence of P. horikoshii. The gene
was cloned, and the corresponding expressed protein was char-
acterized (47). The protein had some reductase activity against
Trx from E. coli as well as the redox protein PhPDO. PhTR is
a typical, homodimeric flavoprotein. PhTR belongs to the low-
molecular-mass class of thioredoxin reductase, because it has
a subunit molecular mass of 36 kDa. The apparent KM value
of ApTR for ApTrx was 12.3 � 2.7 �M, whereas that of PhTR
for PhPDO was 0.6 � 0.02 �M, indicating that the affinity of
PhTR for PhPDO is higher than that of ApTR for ApTrx (43,
47). In an obligate anaerobic archaeon, the high affinity of
PhTR for PhPDO may be essential to maintain a sufficiently
low redox potential in the cytoplasm. The P. horikoshii Trx sys-
tem described may also play a critical role in resistance to ox-
idative stress against traces of oxygen and for the maintenance
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of redox homeostasis in the cytoplasm. This is the first report
of Grx-homologue protein that directly mediates the electron
transfer from a TR-like flavoprotein to protein disulfide in ar-
chaea. In some obligate anaerobic bacteria, systems for oxida-
tive-stress response related to some redox-proteins have been
found (66, 87, 98).

To better characterize the role of SsPDO, the PDO already
cited, recently the Trx system of S. solfataricus was investi-
gated in greater detail; investigations of the genomic sequence
databases led to the identification of two TRs (i.e., SsTR and
Sso2765) (3, 93).

The data reported suggest that SsPDO is part of a Trx-like
system that plays a central role in the biochemistry of cyto-
plasmic disulfide bonds in S. solfataricus. The recombinant
SsTR, homologous to ApTR, was expressed in E. coli. Specific
inhibitors of human (33) and mitochondrial (89) TR act on SsTR
activities. Conversely, a typical inhibitor of eubacterial TR (33)
was almost unable to affect the activity of SsTR. These find-
ings, together with the broad substrate SsTR specificity, active
both on DTNB and SsPDO, support the hypothesis that this ar-
chaeal enzyme, more structurally related to eubacterial ones, is
functionally closer to eukaryal enzymes (109). SsTR was found
to be active with SsPDO with a very low value of KM (0.3 �M,
60°C) with catalytic properties similar to those of the system
(PhTR/PhPDO, KM 0.6 �M, 25°C) identified in the anaerobic
archaeon P. horikoshii. No homology was found for ApTrx in
the S. solfataricus genome. The KM value for ApTR versus Ap-
Trx was found to be 12.3 �M at 25°C.

The Trx system has been shown to mediate the NAD(P)H-
dependent recycling of a ubiquitous family of antioxidant en-
zymes: the Prxs (Fig. 5). Prxs are divided into three classes:
typical 2-Cys Prx, atypical 2-Cys Prx, and 1-Cys Prx (107). All
Prxs share the same basic catalytic mechanism, in which an ac-
tive-site cysteine (the peroxidative cysteine, Sp) is oxidized to
a sulfenic acid by the peroxide substrate. The recycling of the
sulfenic acid back to a thiol is what distinguishes the three en-
zyme classes.

Prxs exert their protective antioxidant role in cells through
their peroxidase activity (ROOH and 2e� � ROH � H2O),
whereby hydrogen peroxide, peroxynitrite, and a wide range of
organic hydroperoxides (ROOH) are reduced and detoxified.
The redundance of Prxs in a wide range of cells and a recent
finding that a bacterial Prx (AhpC) instead of catalase is re-
sponsible for the reduction of endogenously generated H2O2 ar-
gue that Prxs are important players in peroxide detoxification
in cells. The gene, which has some homology to Prx, has been
found in archaea such as Thermoplasma volcanium, Thermo-
toga maritima, Thermoplasma acidophilum, S. tokodaii, and A.

pernix. A gene (APE2278) encoding the Prx homologous pro-
tein of yeast and human was identified in the genome of A.
pernix. The recombinant protein shows peroxidase activity in
vitro (ApPrx). ApPrx forms a hexadecamer composed of two
identical octamers, and its action mechanism appears to be iden-
tical to that of 2-Cys Prx (44, 65). The novel oligomeric struc-
ture may represent a tactic for getting a multifunctional anti-
oxidant system and achieving hyperthermostability. ApPrx,
reflecting ancestral features of an antioxidant defense system,
is dependent on a NADPH/ApTR/ApTrx system to reduce H2O2

in vitro.
Another archaeal Prx from P. horikoshii (PH1217) (46, 48)

was recently characterized and subsumed within the 2-Cys fam-
ily. PH1217 has peroxidase activity, but the electron donor part-
ner might be different from that found in A. pernix because in
the genome database of P. horikoshii were not found either a
homologue of A. pernix Trx-like or other types of Trxs.

The genome analysis of the archaeon S. solfataricus showed
the absence of putative catalases and the presence of four pu-
tative Prxs: Bcp1, Bcp2, Bcp3, and Bcp4, the roles of which
should be clarified in detail and which could play a key func-
tion in the detoxification processes. Sequence analysis sug-
gested the classification of Bcp2 and Bcp3 in 1-Cys Prx, but
Bcp1 and Bcp4 in 2-Cys Prx. The involvement of the Bcp2 as
scavenger of peroxide has been demonstrated, but the physio-
logic partner in the recycling of this enzyme has not been found
(56). The presence of 2-Cys Prxs and the novel SsPDO/SsTR
system, recently characterized in S. solfataricus, suggest that
this redox system could be the physiologic partner in the detox-
ification of the peroxide, although studies in this direction are
necessary to demonstrate it.

CONCLUSIONS

Important progress has been made over the past several years
toward understanding how disulfide bonds are formed in cel-
lular proteins in the ER of eukaryotes and the periplasmic space
of prokaryotes. Striking similarities have been revealed between
the eukaryotic and prokaryotic protein oxidation and reduction
pathways at functional, mechanistic, and structural levels. In
this field, the discovery of a new family of protein disulfide
oxidoreductases suggested a new and important role of the
disulfide bonds in thermophilic proteins as structural stabiliz-
ing agents of intracellular proteins. Numerous problems related
to protein disulfide oxidoreductases in thermophiles remain un-
solved but can probably successfully be studied by genetic and
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FIG. 5. Mechanism of peroxide
reduction by 2cys-Prx and
NADPH/TR/Trx redox system.
In the presence of peroxide, the
peroxidative cysteine (SP) of Prx
condenses to form a disulfide bond
with the second cysteine (resolving
cysteine, SR). Reduction of 2-Cys
Prxs involves protein or domain
containing a CXXC motif, such as
Trx, TR, and NADPH.
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in vivo approaches. How would the phenotype of a thermophilic
microorganism react on a knockout of a PDO gene? What are
the pathways and the regulation mechanisms for PDO-depen-
dent protein disulfide formation in thermophilic microorgan-
isms? What is the global redox potential in these cells? The
study in the model systems, as well as S. solfataricus and P.
horikoshii, has allowed us to answer to some of these questions,
among them the reduction system for PDOs, but the physio-
logic substrates and the peptide-binding regions remain to be
elucidated. Overall, understanding the molecular mechanism of
PDO function will help to complete a considerable part of the
complex puzzle of oxidative protein folding in the cell. In turn,
a better understanding of in vivo protein folding could have an
impact on protein engineering in basic research, industry, and
medicine, and could help to unravel the molecular basis of dis-
eases arising from protein misfolding.
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Dsb, disulfide bond forming; DTT, dithiothreitol; ER, endo-
plasmic reticulum; Grx, glutaredoxin; GSH, reduced glu-
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isomerase; PDO, protein disulfide oxidoreductase; Prx, perox-
iredoxin; TR, thioredoxin reductase; Trx, thioredoxin.
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