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Abstract

Significance: The discovery of the oxidoreductase disulfide bond protein A (DsbA) in 1991 opened the way to the
unraveling of the pathways of disulfide bond formation in the periplasm of Escherichia coli and other Gram-negative
bacteria. Correct oxidative protein folding in the E. coli envelope depends on both the DsbA /DsbB pathway, which
catalyzes disulfide bond formation, and the DsbC/DsbD pathway, which catalyzes disulfide bond isomerization.
Recent Advances: Recent data have revealed an unsuspected link between the oxidative protein-folding pathways
and the defense mechanisms against oxidative stress. Moreover, bacterial disulfide-bond-forming systems that differ
from those at play in E. coli have been discovered. Critical Issues: In this review, we discuss fundamental questions
that remain unsolved, such as what is the mechanism employed by DsbD to catalyze the transfer of reducing
equivalents across the membrane and how do the oxidative protein-folding catalysts DsbA and DsbC cooperate with
the periplasmic chaperones in the folding of secreted proteins. Future Directions: Understanding the mechanism of
DsbD will require solving the structure of the membranous domain of this protein. Another challenge of the coming
years will be to put the knowledge of the disulfide formation machineries into the global cellular context to unravel the
interplay between protein-folding catalysts and chaperones. Also, a thorough characterization of the disulfide bond
formation machineries at work in pathogenic bacteria is necessary to design antimicrobial drugs targeting the folding
pathway of virulence factors stabilized by disulfide bonds. Antioxid. Redox Signal. 19, 63-71.

Introduction The first bacterial catalyst of disulfide bond formation,
disulfide bond protein A (DsbA), was identified in the peri-
THE OXIDATION REACTION between two cysteine thiol plasm of Escherichia coli by the group of Jon Beckwith (3) three
groups leads to the formation of a disulfide bond and the =~ decades after the discovery of PDI. In contrast to PDI, DsbA
simultaneous release of two electrons and two protons (i.e.,  only functions as a disulfide-introducing protein and exhibits
two hydrogens). This process is critical for the correct folding  only very weak isomerase activity. In E. coli, the isomerization
and structural stability of many secreted and membrane of non-native disulfides is ensured by another protein, DsbC.
proteins. The pathways of disulfide bond formation and isomeriza-
Together with peptidyl prolyl cis/trans isomerization (18), tion in bacteria have been reviewed recently in several ex-
disulfide bond formation is often a rate-limiting step of the cellent articles, including some published in this journal (21,
folding process of a protein. Therefore, cells contain dedicated ~ 24). We refer the reader to these reviews for in depth coverage
pathways that catalyze disulfide bond formation to ensure of the initial experiments that led to the unraveling of the
fast and correct folding in vivo. The study of oxidative protein ~ bacterial disulfide bond machineries. Here, we first briefly
folding was initiated by Anfinsen and his colleagues in the summarize the major achievements of the past 20 years and
early sixties, using ribonuclease A as a model. In a series of ~ describe the most important properties of the oxidoreductases
experiments that are now presented in some biochemistry involved in protein disulfide formation in the E. coli peri-
textbooks, they discovered protein disulfide isomerase (PDI), plasm. Then, we focus on the challenges ahead and on two
the primary catalyst of disulfide bond formation in the en- fascinating mysteries that remain unsolved. We also highlight
doplasmic reticulum (17). In this compartment, PDI catalyzes a new link that has been established recently between oxi-
both disulfide bond formation and disulfide bond isomeri- dative protein folding and the defense mechanisms against
zation, ensuring the correct pairing of cysteine residues [re- oxidative stress. In the last part of this review, we discuss the
viewed in Ref. (19)]. diversity of bacterial oxidative folding pathways.

1Brussels Center for Redox Biology, de Duve Institute, Université catholique de Louvain, Brussels, Belgium.
2WELBIO, Brussels, Belgium.
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Oxidative Protein Folding in E. coli
The proteins involved

Disulfide bond formation by the DsbA-DsbB machin-
ery. Disulfide bonds are introduced into cell envelope pro-
teins by the DsbA (3) (Fig. 1). In E. coli, about 300 proteins
(~40% of the envelope proteome) are known or predicted
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FIG. 1. Disulfide bond formation in the Escherichia coli
periplasm. Disulfide bonds are introduced by disulfide bond
protein A (DsbA), which is then recycled by the inner
membrane (IM) protein DsbB. DsbB generates disulfides
de novo from quinone reduction. The electrons are then
transferred to the respiratory chain. The final electron ac-
ceptor is molecular oxygen (O,) under aerobic conditions
and nitrate or fumarate under anaerobic conditions. Three-
dimensional structures of E. coli DsbA (protein database
[PDB] entry code 1A2L) and E. coli DsbB (PDB entry code
27UQ) are drawn in ribbon form. Cysteine residues are
drawn in space-filling form and colored in blue. Black arrows
indicate the flow of electrons. The figures were generated
using MacPyMol (Delano Scientific LLC 2006). To see this
illustration in color, the reader is referred to the web version
of this article at www liebertpub.com/ars
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substrates of DsbA (15, 47). DsbA, like PDI and many other
oxidoreductases, belongs to the thioredoxin superfamily.
Proteins from that family have a canonical CXXC catalytic
motif located in a highly conserved fold, which consists of
four f-strands surrounded by three o-helices (37). The cata-
lytic CXXC motif of DsbA is maintained in an oxidized state
in vivo (22), which enables DsbA to react with proteins en-
tering the periplasm to oxidize them. The oxidation reaction
occurs in two successive steps. First, there is a nucleophilic
attack by an active cysteine residue of the substrate on the first
cysteine of the oxidized CXXC motif of DsbA. This results in
the formation of a mixed-disulfide complex between DsbA
and the target protein. Then, the mixed disulfide is attacked
by another cysteine of the substrate, which results in the ox-
idation of the substrate and the reduction of DsbA (3). The
increased stability of the reduced form of DsbA compared to
its oxidized form endows DsbA with a strongly oxidizing
redox potential compared to most structural disulfides in
substrate proteins, so that DsbA readily oxidizes thiols to
disulfide bonds in its substrates.

In E. coli, DsbA is recycled back to the oxidized form by the
inner membrane protein DsbB (2) (Fig. 1). DsbB has four
transmembrane segments and two periplasmic loops, each
containing one pair of conserved cysteine residues that are
maintained in an oxidized state (pairs 1 and 2). DsbB uses
those cysteine residues to channel the electrons away from
DsbA and to deliver them to bound quinone molecules. Thus,
DsbB generates disulfides de novo with concomitant quinone
reduction.

The reaction between DsbA and DsbB is initiated by the
nucleophilic attack of the first cysteine residue of DsbA’s
CXXC motif on the oxidized cysteines of the second peri-
plasmic loop of DsbB (pair 2), which leads to the formation of
a DsbA-DsbB mixed-disulfide complex. The structure of this
complex, which was solved by Inaba, Ito, and their collabo-
rators (20), provided insightful information that significantly
advanced our understanding of the mechanism used by DsbB
to generate disulfides. The mixed disulfide is then transferred
to DsbA, which releases the cysteine residues of pair 2 of DsbB
in the reduced form. Reoxidation of these cysteines occurs by
electron transfer to the cysteines of pair 1, which are finally
recycled back to the oxidized state by transferring the elec-
trons to an ubiquinone molecule. The electrons are then
transferred to the electron transport chain, molecular oxygen
being the terminal electron acceptor (1). The DsbA-DsbB
system is also able to function anaerobically. Under these
conditions, DsbB transfers the electrons to menaquinone and
then to other terminal electron acceptors such as fumarate and
nitrate (1) (Fig. 1).

Disulfide bond isomerization by the DsbC-DsbD
system. DsbA is a powerful oxidant that preferentially in-
troduces disulfides in a vectorial manner into proteins enter-
ing the periplasm (23), that is, between cysteine residues that
are consecutive in the primary amino acid sequence. There-
fore, proteins that require formation of nonconsecutive dis-
ulfides to attain their native structure are often incorrectly
oxidized by DsbA. An isomerization system is present in the
E. coli periplasm to catalyze the rearrangement of non-native
disulfide bonds (39) (Fig. 2).

The main player of the E. coli isomerization pathway is
the PDI DsbC. DsbC is a soluble homodimeric protein
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FIG. 2. Disulfide bond isomerization in the E. coli peri-
plasm. Non-native disulfides are repaired by the soluble
homodimeric protein DsbC. DsbC is kept reduced in the
periplasm by the membrane protein DsbD. DsbD receives
electrons from cytoplasmic thioredoxin (Trx), which is kept
reduced by thioredoxin reductase (TR), at the expense of
reduced nicotine adenine dinucleotide phosphate (NADPH).
The three-dimensional structures of E. coli DsbC (PDB entry
code 1EE]), DsbDo (PDB entry code 1JPE), and DsbDy (PDB
entry code 2FWF) are drawn in ribbon form. Cysteine resi-
dues are drawn in space-filling form and colored in blue.
Black arrows indicate the flow of electrons. The figures were
generated using MacPyMol (Delano Scientific LLC 2006). To
see this illustration in color, the reader is referred to the web
version of this article at www liebertpub.com/ars

characterized by a V-shaped structure (36). Each monomer of
DsbC presents an N-terminal dimerization domain and a C-
terminal thioredoxin-like domain with a CXXC active site that
is found predominantly in the reduced state in vivo (22). The
dimerization of DsbC allows the formation of an uncharged
cleft, which plays an important role in substrate binding. This
is nicely illustrated by the fact that fusion of the N-terminal
dimerization domain of DsbC to either DsbA or thioredoxin
allows those proteins to function as disulfide isomerases in the
periplasm [reviewed in Ref. (14)].

Upon binding of the substrate into DsbC’s uncharged cleft,
the N-terminal cysteine of the CXXC motif of DsbC performs a
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nucleophilic attack on an incorrect disulfide present in the
substrate. This results in the formation of an unstable mixed-
disulfide complex between DsbC and the substrate protein.
This mixed disulfide is then attacked by another cysteine
residue of the misfolded protein, creating a more stable dis-
ulfide in the target protein and releasing DsbC in the reduced
state (here DsbC functions as an isomerase). Alternatively, the
second cysteine of the CXXC motif of DsbC attacks the mixed
disulfide, which results in the reduction of the substrate and
the oxidation of DsbC (in that case, DsbC functions as a re-
ductase).

The protein that recycles DsbC back to the reduced state is
the inner membrane protein DsbD (39). DsbD is a 59-kDa
monomeric protein composed of three distinct structural do-
mains: an N-terminal periplasmic domain (DsbD«) with an
immunoglobulin-like fold, a membrane-embedded domain
with eight transmembrane segments (DsbDf), and a C-
terminal periplasmic thioredoxin-like domain (DsbDy)
(Fig. 2). Each of these domains contains a pair of conserved
cysteine residues that are redox active and essential for the
function of DsbD (see below) (26).

DsbD functions as an electron hub that dispatches re-
ducing equivalents to various periplasmic oxidoreduc-
tases. The function of DsbD is to transfer reducing
equivalents from the cytoplasmic thioredoxin system to the
periplasm (39), by a mechanism that is still not fully under-
stood (see below) (Fig. 2). The thioredoxin system, which in-
volves thioredoxin and thioredoxin reductase, maintains
cytoplasmic proteins reduced at the expense of nicotinamide
adenine dinucleotide phosphate (NADPH) (10).

DsbC is not the only substrate of DsbD. In fact, this protein
functions as an electron hub that dispatches reducing equiv-
alents to various redox pathways present in the cell envelope
(Fig. 3). For instance, DsbD provides reductants to CemG, an
oxidoreductase involved in the maturation of cytochrome c
(46). Moreover, we recently found that DsbG, a homodimeric
protein that is homologous to DsbC, uses electrons received
from DsbD to control the global sulfenic acid content of the
periplasm (13) (Fig. 3). Sulfenic acids are highly unstable
modifications that form on cysteine residues exposed to reac-
tive oxygen species (ROS). Further oxidation of sulfenic acids
leads to sulfinic (—SO,H) and sulfonic (—SO;H) acids, which
irreversibly modify proteins. The role of DsbG is to protect
envelope proteins containing a single cysteine residue from
oxidation to sulfenic acid to prevent their inactivation (13).

Another example of the role played by DsbD in the defense
mechanisms against oxidative stress was reported in Neisseria
gonorrhoeae. In this bacterium, DsbD provides electrons to the
N-terminal domain of PilB (4), a multidomain protein that
exhibits methionine sulfoxide reductase (Msr) activity (Fig. 3).
Msrs are antioxidant enzymes that catalyze the reduction of
methionine sulfoxides (MetO) back to the reduced state.
MetO are formed upon exposure of methionine residues to
ROS, which leads, if unrepaired, to alterations in protein
conformation and loss of biological activity.

Unsolved mysteries

The work performed over the past 20 years has led to the
identification and detailed characterization of most of the pro-
teins that catalyze disulfide bond formation and isomerization
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FIG. 3. DsbD is an electron
hub that transfers reducing
equivalents to several oxido-

o reductases present in the cell
.—CHZ-CHZ-g_CHg envelope. In E. coli, DsbD
provides reducing equiva-

lents to DsbC, the isomerase
that corrects non-native dis-
ulfides, to CcmG, an oxido-
reductase involved in the
maturation of cytochrome c
and to DsbG, which controls
the global sulfenic acid con-
tent of the periplasm. In
Neisseria  gonorrhoeae, DsbD
shuttles electrons to the N-
terminal domain of PilB, a
multidomain protein that ex-
hibits methionine sulfoxide
reductase (Msr) activity. To
see this illustration in color,
the reader is referred to the
web version of this article at
www.liebertpub.com/ars

in the E. coli periplasm. The oxidation and isomerization path-
ways have been reconstituted in vitro; the kinetic constants of
the various electron transfer reactions have been determined,
and the structures of most of the players involved have been
solved [reviewed in Refs. (14, 24)]. However, despite these tre-
mendous achievements, fundamental questions remain un-
answered. Here, we focus on two major unsolved mysteries that
require further investigation.

How does DsbD transfer reducing equivalents across the
membrane? A fascinating remaining mystery is the mech-
anism by which DsbD transfers reducing equivalents from the
cytoplasmic thioredoxin system to periplasmic oxidoreduc-
tases such as DsbC and DsbG without using a cofactor. Ele-
gant work by Beckwith and collaborators has revealed that
the activity of DsbD depends on a cascade of thiol-disulfide
exchange reactions involving the 3 pairs of cysteine residues
of DsbD (26). First, thioredoxin reduces the disulfide bond
involving the two cysteine residues of DsbDp. Then, the
electrons are transferred from those membrane-embedded
cysteines to those of DsbDy, DsbDe,, and finally to the catalytic
site of the periplasmic oxidoreductases (Fig. 2).

The reactions taking place in the periplasm, that is, the re-
duction of DsbDo by DsbDy and the reaction between DsbDa
and DsbC, have been thoroughly characterized [for instance,
see Refs. (11, 40)]. We would like to highlight recent data
reported by Redfield and coworkers, who characterized in
detail the thiol-disulfide exchange reaction between the two
soluble y and o domains of DsbD (35). In particular, they
demonstrated that the strength of the interaction between the
two soluble subunits of DsbD depends on their respective
redox states. They showed that complex formation is facili-
tated by a relatively high affinity (K, of 86 uM) of the oxidized
DsbDu for the reduced DsbDy, whereas reduced DsbDo has a
lowered affinity (K; of 2.4-3.5mM) for the oxidized DsbDy.
These oxidation state-dependent interactions between both

partners avoid the formation of nonefficient complexes that
would prevent the transfer of reductants across the membrane.

In contrast to the abundance of details regarding the reac-
tions taking place in the periplasm, we have a much poorer
understanding of the mechanism used by DsbDf to transfer
reducing equivalents across the inner membrane. This is
clearly one of the most intriguing questions that remains to be
solved regarding the bacterial oxidative folding pathways. It
is likely that the solution to this problem will come from
solving the structure of the membranous domain of DsbD,
which is still unknown. The current working model for the
structure of DsbDJ is a low-resolution structure based on the
work of Cho et al. (6, 7, 9). Using small thiol-modifying
reagents, these authors determined the accessibility of the
catalytic cysteine residues of DsbDf as well as that of
membrane-embedded residues that they substituted by cys-
teines. Their data suggest that DsbDf adopts an hourglass
structure in which the catalytic cysteine residues are located
at the juncture of the two cavities where they are exposed to
both thioredoxin in the cytoplasm and DsbDy in the peri-
plasm. The redox states of these cysteines do not seem to affect
the conformation of the membranous domain.

How do oxidative protein-folding catalysts cooperate with
periplasmic chaperones? A second fascinating mystery is
how the protein-folding catalysts DsbA and DsbC coordinate
their action with the periplasmic chaperones that assist the
assembly of outer membrane (OM) proteins in Gram-negative
bacteria. There are two major groups of proteins present in the
OM: (i) lipoproteins that are present in the periplasm, but are
anchored by a lipid moiety to the inner leaflet of the OM, and
(i) p-barrel proteins that are integral membrane proteins
[reviewed in Ref. (31)]. After secretion to the periplasm, OM
proteins are transported across this hydrophilic compartment
by dedicated chaperones that deliver them to specific OM
insertion machineries: lipoproteins are escorted by LolA,



DISULFIDE BOND FORMATION IN BACTERIA

whereas SurA and Skp assist the assembly of ®-barrel pro-
teins (44) (Fig. 4). Two OM proteins, the ®-barrel LptD and the
lipoprotein ResF, have recently been shown to require the
formation of nonconsecutive disulfides for activity, which
raises interesting questions regarding how and where dis-
ulfides are introduced into proteins destined for the OM.
LptD has received much attention lately. It is an essential f3-
barrel protein that inserts lipopolysaccharides (LPS) into the
OM [reviewed in Ref. (42)] and that has recently been shown
to be the cellular target of a new class of peptidomimetic an-
tibiotics (45). Although the mechanism used by LptD to insert
LPS in the OM has not been elucidated yet, some key results
have been obtained regarding the assembly pathway of this
protein (Fig. 4). First, LptD has been shown to interact pref-
erentially with the chaperone SurA (48): the chaperone is
thought to bind to unfolded LptD upon entry into the peri-
plasm and to deliver the protein to the Bam assembly complex
for insertion in the OM (27, 50). Second, LptD forms a very
stable complex with the lipoprotein LptE in the OM (5), which
is required for LptD assembly. Third, LptD contains two pairs
of cysteine residues that have recently been shown to form
two nonconsecutive disulfides (connecting C1 to C3 and C2 to
C4) bridging the N-terminal periplasmic soluble domain of
the protein to the C-terminal domain that likely adopts a
membrane-embedded f-barrel conformation (41). Interest-
ingly, disulfide bond formation does not appear to be re-
quired for LptD folding and stability. However, formation of

FIG. 4. Protein-folding cata-
lysts cooperate with peri-
plasmic chaperones in the
assembly of outer membrane
(OM) proteins. The f-barrel
protein LptD and the lipopro-
tein ResF are synthesized in the
cytoplasm. They are trans-
ported unfolded across the IM
by the SEC translocon. RcsF is
first addressed to the IM com-
plex LolCDE and then trans-
ferred to the chaperone LolA.
LolA transports RcsF across the
periplasm and delivers it to
LolB, which incorporates lipo-
proteins into the OM. After
translocation by SEC, LptD is
escorted across the periplasm
by the chaperone SurA. SurA
delivers f-barrel proteins to the
Bam machinery, which inserts
them in the OM. The assembly
of LptD requires the formation
of the LptD/LptE complex. The
oxidative  folding
DsbA and DsbC are involved
in the formation and isomeri-
zation of the nonconsecutive
disulfides of RcsF and LptD.
How they cooperate with LolA
and SurA is not clearly estab- S
lished. To see this illustration in

color, the reader is referred to

the web version of this article at

www liebertpub.com/ars

67

at least one of the nonconsecutive disulfides is required for
function (41). Both DsbA and DsbC have been trapped in
complex with LptD (12, 25), indicating that these oxidore-
ductases play a role in the assembly pathway of the protein.
However, it is not known when oxidation of LptD takes place.
Does DsbA introduce the disulfides into LptD upon entry of
the protein in the periplasm, as would be suggested by the
current model for disulfide bond formation? Or, does SurA
interact with LptD first, the disulfides being introduced upon
or after assembly of LptD in the OM, and what is the role of
DsbC? The fact that the formation of the LptD/LptE complex
in the OM is required for proper oxidation of LptD (5) sug-
gests that the oxidation of this protein is only completed after
LptD reaches the OM. Clearly, further investigation is re-
quired to firmly establish the oxidative folding pathway of
this protein and to determine how DsbA and DsbC assist the
assembly of ®-barrel proteins.

Similar questions can be raised regarding the small OM
lipoprotein ResF (14kDa). ResF functions as a sensor that
activates a signaling cascade controlling the transcription of
genes involved in cell division, motility, and biofilm forma-
tion in response to various envelope stresses [reviewed in Ref.
(34)]. We recently solved the structure of ResF, which revealed
that the protein has two nonconsecutive disulfide bonds (C1-
C3 and C2-C4) essential for folding and activity (Fig. 5) (30).
The formation of these disulfides depends on DsbA and DsbC
(25, 30). Interestingly, one of the nonconsecutive disulfides
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FIG. 5. Three-dimensional structure of the RcsF protein.
Two nonconsecutive disulfides are present in the three-
dimensional structure of RcsF, which is drawn in ribbon
form (PDB entry code 2Y1B). The first disulfide bond in-
volves Cys74 (C1) and Cys118 (C3) and links an amino acid
in the f2-strand to a residue in the f3-$4 loop. The second
disulfide between Cys109 (C2) and Cys124 (C4) is a cross-
strand disulfide (CSD) that connects the 3 and f4 strands.
Cysteine residues are indicated on the structure. The figures
were generated using MacPyMol (Delano Scientific LLC
2006). To see this illustration in color, the reader is referred to
the web version of this article at www liebertpub.com/ars

bridges, two cysteine residues that are on two adjacent f-
strands, forms a so-called cross-strand disulfide (CSD) (49).
CSD usually plays a functional role, suggesting that the ac-
tivity of ResF might be redox regulated. Here also, further
work is required to elucidate how DsbA, DsbC, and LolA, the
chaperone dedicated to lipoproteins, cooperate in the assem-
bly process of ResF (Fig. 4).

A Variety of Disulfide Bond-Forming Systems
Among Gram-Negative Bacteria

The E. coli Dsb system is generally considered as the par-
adigm of oxidative protein-folding pathways in bacteria.

DsbA

DsbB

Periplasm

Membrane

Cytoplasm
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However, bioinformatic analysis of whole-genome sequenc-
ing data, completed by molecular studies of disulfide bond
machineries in bacteria other than E. coli, has revealed that
there is a significant diversity of bacterial disulfide bond-
forming systems [reviewed in Ref. (43)].

First, many bacterial genomes encode a repertoire of thiol-
disulfide oxidoreductases that is significantly expanded com-
pared to the E. coli K12 system. For instance, the genome of
Neisseria meningitidis, a causative agent of epidemic meningi-
tis, encodes three DsbA proteins, two of which are anchored in
the inner membrane by a lipid moiety, while the third one is
soluble like E. coli DsbA. Neisserial DsbAs differ in terms of
redox properties, surface characteristics, and substrate speci-
ficity (29). In other bacteria, additional redox pairs that are
responsible for the oxidation of specific substrates are present
in addition to the classical DsbA-DsbB and DsbC-DsbD
pathways. For instance, in Salmonella enterica serovar Typhi-
murium, DsbL and Dsbl, which are homologous to DsbA and
DsbB, respectively, specifically oxidize a periplasmic aryl
sulfate sulfotransferase, an enzyme that detoxifies phenolic
substances and antibiotics (33). Alternatively, other disulfide
bond systems diverge from the E. coli machinery by the fact
that they lack an isomerization pathway, such as in Wolbachia
pipientis, an insect parasite (28).

One of the most interesting findings in this area was re-
ported recently by Dutton et al. (15, 16). The observation that
some bacteria, including cyanobacteria and certain actino-
bacteria, ¢-, and ™-proteobacteria, possess a DsbA homolog,
but lack a homolog of DsbB, has led them to the identification
of a protein with a DsbB-like activity. This protein is the bac-
terial homolog of the eukaryotic vitamin K epoxide reductase
(VKOR), an enzyme that catalyzes the reduction of vitamin K
epoxide, a quinone derivative, to vitamin K. Vitamin K is re-
quired as an essential cofactor for enzyme-catalyzed carbox-
ylation reactions responsible for blood coagulation (38).
Interestingly, the VKOR homolog from Mycobacterium tuber-
culosis (Mtb VKOR) can efficiently restore disulfide bond

Trx-like
protein

FIG. 6. Architecture comparison between the E. coli DsbB-DsbA complex and Synechococcus vitamin K epoxide re-
ductase (VKOR) fused to its Trx-like partner. Three-dimensional structures of the E. coli DsbB-DsbA complex (PDB entry
code 2HI7) and Synechococcus VKOR fused to its Trx-like partner (PDB entry code 3KP9) are shown by ribbon diagram. E. coli
DsbB is characterized by a four-helix bundle scaffold, whereas Synechococcus VKOR has five transmembrane o-helices. The
electron-accepting cofactor, ubiquinone (UQ), is represented by magenta sticks. Dotted lines indicate membrane boundaries.
The figures were generated using MacPyMol (Delano Scientific LLC 2006). To see this illustration in color, the reader is
referred to the web version of this article at www liebertpub.com/ars
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formation in E. coli dsbB mutants in a DsbA-dependent manner
(15). These results suggest that Mtb VKOR and E. coli DsbB
function in an analogous way in vivo, and that VKOR can
substitute for DsbB in bacteria that do not encode the dsbB
gene. It is noteworthy that when expressed in E. coli, Mtb
VKOR is inhibited by warfarin, an anticoagulant that blocks
the human VKOR function, whereas DsbB activity is unaf-
fected by this drug (16).

Recently, the structure of a natural fusion protein from
Synechococcus sp. has been solved, in which a VKOR homolog
and its DsbA-like redox partner are found in complex (32)
(Fig. 6). The structure revealed that VKOR and DsbB share
three-dimensional structure similarities, which was unex-
pected because of the absence of sequence homology between
these two proteins. The structural similarities suggest that
DsbB and VKOR generate disulfide bonds viz a similar
mechanism of action.

We also would like to highlight a recent work that revealed
the diversity of the proteins from the DsbD superfamily.
Using bioinformatic programs to seek homologs of E. coli
DsbD, Cho et al. detected a new class of reductive proteins
whose prototype is Salmonella typhimurium ScsB (8). Although
the ScsB class has domains comparable to those of DsbD, the
N-terminal periplasmic domain of ScsB is quite different from
DsbDu, suggesting that ScsB proteins act on a different array
of substrate proteins from those already known for DsbD.
Indeed, Caulobacter crescentus ScsB was found to transfer re-
ducing equivalents to ScsC, a novel bacterial disulfide isom-
erase, and to TIpA, a thioredoxin-like protein that in turn
reduces a peroxidase PprX. These results reveal that the range
of electron transfer reactions involving DsbD-like proteins is
much broader than has been understood. Furthermore, they
suggest that the unraveling of the redox pathways at work in
bacteria other than E. coli will likely lead to the identification
of novel types of DsbD substrates.

Conclusions

We have a good knowledge of the pathways of disulfide
bond formation in E. coli: the proteins involved have been
identified, and their major characteristics have been deter-
mined. Understanding the details of the mechanism em-
ployed by DsbD to transport reducing equivalents across the
membrane probably remains the most important problem to
be solved to complete the molecular characterization of the E.
coli Dsb proteins.

The unraveling of the E. coli disulfide bond formation
machinery has allowed discovery of the basic principles of
the bacterial oxidative folding pathways in general. It is
now established that in bacteria, disulfides are generated by
membrane proteins such as DsbB or VKOR that connect oxi-
dative protein folding to the electron transport chain. The
generated disulfides are then donated to folding proteins by
oxidoreductases from the thioredoxin superfamily. In some
bacteria, such as E. coli, an isomerization pathway exists next
to the oxidation pathway. This reducing pathway uses elec-
trons derived from the cytoplasmic pool of NADPH to correct
wrongly formed disulfides.

One of the challenges of the coming years will be to put the
knowledge of the disulfide formation machineries into the
global cellular context. For instance, it will be interesting to
determine how the oxidative protein folding catalysts coop-
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erate with the other proteins involved in protein assembly.
Another important challenge will be to characterize in details
the oxidative folding pathways at work in bacteria other than
E. coli, including pathogens. As many virulence factors are
stabilized by disulfide bonds, this could lead to the design of
new antibiotics.
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