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ABSTRACT The formation of disulfide bonds is critical to the folding of many
extracytoplasmic proteins in all domains of life. With the discovery in the early 1990s
that disulfide bond formation is catalyzed by enzymes, the field of oxidative folding of
proteins was born. Escherichia coli played a central role as a model organism for the
elucidation of the disulfide bond-forming machinery. Since then, many of the enzymatic
players and their mechanisms of forming, breaking, and shuffling disulfide bonds have
become understood in greater detail. This article summarizes the discoveries of the
past 3 decades, focusing on disulfide bond formation in the periplasm of the model
prokaryotic host E. coli.

DISULFIDE BOND FORMATION AND FOLDING

Disulfide bonds usually contribute to the three-dimensional structure of a
protein and often are required for the full activity of a protein (1). Protein
disulfide bonds are formed by an oxidative reaction in which the thiol (RSH)
groups of two cysteines are joined by a covalent linkage. In contrast to other
covalent linkages in proteins, disulfide bonds are reactive and easily reversible
or isomerized by thiol:disulfide exchange reactions, both spontaneously or
catalyzed by enzymes (2). Proteins that include disulfides in their mature,
functional structure are usually oxidized during folding in a process known as
“oxidative folding.”

In many organisms, disulfide bond formation and isomerization occur in
specialized oxidizing compartments, such as the endoplasmic reticulum or
mitochondrial intermembrane space (2-4). In Gram-negative bacteria, pro-
teins that require disulfide bonds for their final folded state are translocated
across the cytoplasmic membrane into the periplasm, where enzymes that
catalyze the formation and isomerization of disulfide bonds reside. Although
proteins with disulfide bonds are also found in the cytoplasm of both eu-
karyotes and prokaryotes, most of them are transient and involve cysteines
located in redox-active sites of enzymes (also called oxidoreductases), with
the disulfides being formed and reduced in electron transfer reactions (5).
A few exceptions are certain lineages of archaea which contain disulfide-
rich cytosolic proteins, presumably due to a selective pressure for ther-
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mostable proteins (6), and some viruses that encode
their own oxidative folding machinery to make disulfide-
containing proteins in the cytoplasm of the infected
cells (7).

In vitro, disulfides are commonly formed by thiol:disul-
fide exchange, a reaction that has been widely studied
both in vitro and in vivo and whose output is easily
predictable based on the physicochemical properties of
the thiols involved (8). The pathway by which disul-
fides are generated de novo and transferred to nascent
proteins in vivo is, however, much more complicated and
requires the concerted action of several oxidoreductases,
electron transfer proteins, and cofactors. This article re-
views the process of disulfide bond formation in the
periplasm of Escherichia coli by the Dsb systems. In brief,
the DsbA-DsbB pair forms disulfides in proteins that
are translocated to the periplasm and passes electrons to
the respiratory chain (see “Formation of Disulfides by a
Thiol Oxidase” below), while the DsbC-DsbD pair uses
electrons transferred through the inner membrane to
isomerize mismatched disulfides (see “Isomerization of
Mismatched Disulfides and Protection of Lonely Cys-
teines” below) (Fig. 1). The engineering of the Dsb system
for improved protein expression is briefly described in
“Engineering E. coli for Disulfide Bond Formation” be-
low. During this period, several important reviews about
disulfide bond formation and Dsb systems were pub-
lished, and the reader is pointed toward them for details
(9-15). The formation and isomerization of disulfides
in eukaryotes has several similarities with the bacterial
periplasmic disulfide bond formation system and was
recently reviewed (2, 16) and will not be commented on
in this article.

FORMATION OF DISULFIDES BY A THIOL OXIDASE
DsbA

For decades, disulfides were supposed to be formed in the
periplasm of bacteria, due to the spontaneous reaction of
reduced cysteines with oxidants, in spite of the slow ki-
netics and lack of specificity of this process (17-19). The
discovery of a specific oxidase (DsbA) in a genetic screen
looking for factors involved in membrane protein in-
sertion (20) offered the first evidence of a disulfide-
forming enzyme in bacteria, opening an entire new field
that proved to be relevant for understanding both bac-
terial and eukaryotic oxidative folding. Shortly after the
discovery of DsbA, more members of this pathway were

discovered, exemplifying the power of genetic screens in
E. coli (for a historical note, see reference 21).

Periplasmic proteins destined to contain structural di-
sulfide bonds are translocated across the cytoplasmic
membrane into the periplasm via the Sec machinery (for
recent reviews see 22 and 23). The central component
of this pathway is an evolutionarily conserved protein-
conducting channel in the cytoplasmic membrane com-
posed of three integral membrane proteins: SecY, SecE,
and SecG. Substrate proteins must be in an unfolded
conformation to pass through this channel during the
process of translocation (22). Proteins can be translo-
cated through SecYEG by two mechanisms: in post-
translational export, protein synthesis and translocation
are uncoupled (24); in the cotranslational mechanism,
protein synthesis is tightly coupled to translocation,
avoiding the presence of an unfolded cytoplasmic inter-
mediate (25). Cells have a variety of mechanisms for
maintaining these proteins in an export-competent un-
folded state in the cytoplasm prior to translocation (22,
26). In addition, many periplasmic proteins (e.g., alkaline
phosphatase or PhoA [27]) require structural disulfide
bonds, which are only formed in the periplasm. Forma-
tion of structural disulfide bonds between cysteines in
proteins is catalyzed in E. coli by the periplasmic oxido-
reductase DsbA. The interaction between DsbA and the
cysteines of its reduced substrate has been shown to oc-
cur both co- and posttranslocationally (28). The inter-
action between DsbA and substrate protein may take
place between a completely unfolded protein, a protein
that has assumed some secondary structure, or one that
has folded even more extensively in the periplasm
(Haldar et al. in-press). The oxidation of a cysteine pair
into a disulfide bond in the substrate protein by DsbA
results in the consequent reduction of the redox-active
site cysteines in DsbA. The active site cysteines in DsbA
are restored to their oxidized active state by the inner
membrane protein, DsbB, that channels electrons to the
respiratory chain via its interaction with the quinone
pool (see “DsbB” below).

DsbA is a monomeric soluble protein with 189 amino
acids in its mature form that is directed into the periplasm
by its 19-amino acid signal peptide. While most peri-
plasmic proteins are translocated posttranslationally, the
translocation of DsbA is cotranslational and is dependent
on SRP (signal recognition particle) for its interaction
with the SecYEG translocon (29). This cotranslational
export of DsbA appears to be necessary to avoid it being
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Figure 1 Disulfide bond formation in the periplasm. A protein requiring disulfide bonds for its stability is translocated into the periplasm via the
SecYEG translocon with its cysteines (arbitrarily labeled C1 to C4) in a reduced state (substratergp) (1). Disulfide bond formation is catalyzed by
DsbA, either during translocation, after translocation, or both (2). DsbA is reoxidized back to its active oxidized state by DsbB, and DsbB is
oxidized by ubiquinone in aerobic conditions or by menaquinone in anaerobic conditions (3). If the substrate is misoxidized (substrateoxy 1), its
disulfide bonds are isomerized to their native oxidized states (substrateoxs ) by DsbC (4). DsbC along with DsbG and CcmG are maintained in
their active reduced states by DsbD (5). DsbD in turn is reduced by the cytoplasmic thioredoxin TrxA, which receives its reducing potential
ultimately from cytoplasmic pools of NADPH (6). CcmG maintains CcmH in a reduced state. Through the interaction of CcmH with the
CcmCDEF membrane complex, oxidized cytochrome-c is reduced, enabling it to form thioether covalent bonds with its heme cofactor (7).
Proteins with thioredoxin folds are in red, and cysteines are in yellow. The amino acid residue numbers of the redox-active cysteines are indicated.

trapped in the cytoplasm, due to its rapid folding kinet-
ics (30). DsbA is composed of a domain with a classical
thioredoxin (Trx)-fold with a helical domain inserted
between its third and fourth beta strands (Fig. 2). Like
most members of the Trx-fold superfamily (31), DsbA
has a characteristic Cys-X-X-Cys motif (where X is any
amino acid). Several structures of DsbA have been de-
termined by both nuclear magnetic resonance and crys-
tallography (32-34), providing structural snapshots of its

mechanism (schematically presented in Fig. 3). The he-
lical domain folds around the Trx-fold, constructing a
hydrophobic patch around the active site in a fashion
similar to glutathione (GSH) transferases (31). An un-
charged groove running along the active site of DsbA may
promote the binding of DsbA to unfolded substrates
through hydrophobic interactions (35-38). This groove is
believed to have no specificity supporting DsbA’s ability
to oxidize a large spectrum of substrates (39).
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Figure 2 Domain organization of DshA. Crystal structure of oxidized
DsbA (PDB accession number 1FVK). The thioredoxin domain is in
blue, and the a-helical domain is in red. The active site disulfide bond
and the critical proline,s; are indicated.

Redox potential (or, more accurately, reduction poten-
tials) are commonly used in the thiol:disulfide exchange
literature, but their extrapolation to biology calls for
caution. The electrochemical potential of a compound
simply describes its tendency to become oxidized com-
pared to a reference known as a “standard hydrogen
electrode,” where the reversible oxidation of a hydrogen

molecule to protons and electrons by a platinum elec-
trode is given a redox potential of zero (40). Most of the
Trx-fold proteins participate in thiol:disulfide exchange
reactions, either reducing or catalyzing the formation of
disulfide bonds. Thioredoxin 1 of E. coli (Trx1, encoded
by the gene trxA) is the best-studied representative of this
family, and it is usually considered a “reducing” protein
because it has a redox potential of -270 mV (41); i.e., it
has a high tendency to become oxidized in thiol:disulfide
exchanges. Oxidized Trx1 is reduced by thioredoxin re-
ductase, which accepts electrons from NADPH. The
NADPH/NADP" pair has a redox potential of about -370
mV, meaning that the flow of electrons from NADPH
(=370 mV) to Trx1 (-270 mv) is favorable because of the
higher (more positive) redox potential of Trx, resulting
in a higher tendency to gain electrons. However, Trx1 is
not directly reduced by NADPH; instead, the enzyme
thioredoxin reductase (TrxR, encoded by the gene trxB in
E. coli) relays the electrons in between.

DsbA has a redox potential of -120 mV (42), which is
among the highest redox potentials reported for any Trx-
fold protein (42). The redox potential differences mea-
sured in vitro are indicative of the flow of electrons
in vivo. Thus, electrons flow from the higher redox po-
tential of DsbA (-120 mV) through an enzymatic cascade
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Figure 3 The mechanism of disulfide bond formation. DsbA catalyzes the formation of disulfide bonds in a polypeptide with reduced cysteines.
The cysteines within the Cys-X-X-Cys active site of DsbA are oxidized (S-S), and the thiol side-groups of cysteine residues in the substrate are
reduced (SH) (panel 1). Disulfide bond formation is initiated by deprotonation of a thiol group in the substrate (panel 2). The resulting thiolate
anion can initiate a nucleophilic attack on the disulfide bond of DsbA (panel 3). The resolution of the mixed-disulfide bonded complex could
occur by deprotonation of another thiol group (panel 4), which can attack the substrate-DsbA disulfide bond (panel 5). The result of this reaction

is the oxidation of the substrate and the reduction of DsbA (panel 6).
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that passes through the inner membrane, ultimately to-
ward the lowest reducing potential of NADPH (-370 mV).
In this way, DsbA tends to gain electrons from its partners,
i.e., to be reduced by thiols, forming disulfides. However,
the redox potential of reduced DsbA remains negative,
and it is still a long way from highly oxidizing agents such
as hydrogen peroxide (H,O,) or aqueous iron salts that
have redox potentials above zero.

In conclusion, redox potentials govern what is thermo-
dynamically feasible, but this does not unequivocally
predict that the reaction will occur in vivo. The specificity
of protein-protein interactions, kinetics, and thermody-
namic parameters is the gatekeeper for any biologically
relevant thiol:disulfide exchange reaction, which is par-
ticularly important in understanding the plethora of
thiol:disulfide exchange reactions that take place in the
bacterial periplasm during oxidative folding. As exam-
ples, we can point to the genetic alterations that cause
cytoplasmic Trx1 to accumulate in the oxidized form in
the cytoplasm, resulting in a relatively efficient enzyme
that can catalyze the formation of disulfide bonds (43—
46). Conversely, under appropriate in vitro conditions,
DsbA can effectively reduce the disulfide bonds of insu-
lin (20).

The N-terminal Cys30 in the active site of DsbA has
ap K of 3.5, determining that it will be a thiolate under
physiological conditions when reduced (47). As in many
other Trx-fold proteins, the thiolate is stabilized by hy-
drogen bonds and charge interactions with lateral chains
from amino acids that are proximal, particularly His32
and Glu97 (48, 49). The sulfur atom of Cys30 is fully
exposed in the oxidized crystal structure of DsbA, al-
lowing it to be attacked by reduced cysteines in substrate
proteins without the need for substrate-dependent in-
teractions. The C-terminal Cys33 is buried inside the
protein and is unlikely to be involved in the initial mixed-
disulfide bonded complex with a substrate (47). The two
amino acids flanked by the active cysteines of DsbA are
key determinants of DsbA redox properties; exchanging
these two amino acids with those of other thioredoxin
family members results in striking effects on the redox
potentials of the proteins (50). Furthermore, oxidized
DsbA is more flexible and less stable than the reduced
form (51-53), as addressed by equilibrium unfolding ex-
periments. An important note on DsbA mechanisms is
that, as in any thiol:disulfide exchange, the reaction is
started by the nucleophilic attack of a thiol group
from the substrate on the DsbA active-site disulfide.

Disulfide Bond Formation in the E. coli Periplasm

Considering that there is no evidence of activation of
substrate cysteines by DsbA, this reaction is expected to
have a pH-dependent kinetic like any thiol:disulfide ex-
change does. However, oxidation of substrates by DsbA
is highly accelerated by the fact that Cys30 has a very low
pK,, making it an excellent leaving group, and by the
instability of the active-site disulfide bond, which drives
DsbA toward the reduction of this tense bond. Taken
together, cysteine pK, and conformational tension make
DsbA an excellent oxidant able to catalyze thiol:disulfide
exchange reaction at rates that are about a million times
faster than noncatalyzed reactions (8).

Another key residue important in the function of DsbA
is Pro151 (Fig. 2). This proline is one of the most con-
served residues in Trx-fold proteins (31) and is often
found in the cis conformation instead of the highly fa-
vorable trans conformation that most prolines adopt
within proteins (54). In most thioredoxin structures, this
cis-proline is found in close proximity to the active site,
facing the redox-active cysteines. Mutations in Prol51 to
alanine destabilize DsbA significantly (55), resulting in
alterations in the structure of the active site (56). Muta-
tion of Prol51 to serine, histidine, asparagine, trypto-
phan, or glycine results in accumulation of DsbA-DsbB
mixed-disulfide complexes (57), while a change to thre-
onine results in accumulation of DsbA-substrate mixed-
disulfide complexes (58). Purification of these complexes
resulted in the identification of numerous in vivo sub-
strates of DsbA in E. coli. The Prol51 residue appears
to be critical in resolving disulfide-bonded DsbA com-
plexes. Another residue that may play a critical role is the
one immediately before the conserved proline. Ren et al.
(59, 60) showed that this residue in Francisella tularensis
DsbA strongly modifies both the redox properties of Trx-
fold proteins and their ability to interact with substrates.

The dsbA gene is part of a two-gene operon with an up-
stream gene called srkA (yihE) for “stress response
kinase A.” There appear to be two promoters: a distal
promoter upstream of the srkA gene and a proximal
promoter within the 3’ end of this gene. Transcription
from the proximal promoter is constitutive at low levels
(61). Under normal laboratory growth conditions, dsbA
is expressed constitu-tively in the periplasm at a level of
about 850 molecules per cell (62). The expression of dsbA
is increased in response to cell envelope protein folding
defects. This increase is de-pendent on positive regulation
by the Cpx two-component system (63, 64). DsbA is also
induced at high pH in both aerobic and anaerobic
conditions (65).
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Due to the significant role disulfide bonds play in the
folding and/or stability of numerous periplasmic proteins,
mutations in DsbA and its homologues in other Gram-
negative bacteria result in a myriad of phenotypes. Bac-
teria lacking a functional copy of dsbA are viable but have
increased sensitivity to reduced dithiothreitol, benzylpen-
icillin (66), Cd**, Hg** (67), and Zn** (68). These mutants
are also defective in intracellular survival (69), infection
(70, 71), competence (72), biofilm formation (73), per-
tussis toxin (74), fimbriae (75), and pilus production (76).
Interestingly, DsbA mutants are also resistant to lysis by
Lyz endolysin of bacteriophage P1 because its proper
folding and activity rely on the formation of three di-
sulfides (77). Thus far, more than two dozen periplasmic
proteins in E. coli have been shown to be dependent on
DsbA for their correct folding (Agp, AppA, Art], Bla,
DegP, DppA, Flgl, GltI, GItX, His], Imp, Liv], LivK,
MepA, OmpA, OppA, PhoA, RcsF, Rna, STa, STb, UgpB,
Ybe], YbjP, YcdO, YedD, YggN, YodA, and ZnuA).

Neither DsbA nor its partner, DsbB (see below), are es-
sential for aerobic growth of E. coli (20), despite the fact
that two proteins which are essential have disulfide bonds
that are required for either their stability, FtsN (78), or
folding, LptD (79). The pathway is essential for anaerobic
growth, which also requires these two proteins, sug-
gesting that aerobic growth may be dependent on back-

Periplasm

ground oxidation sufficient for the activity of at least
those two proteins (79). An explanation involving an al-
ternative pathway is possible. Such a pathway can be
constructed by export of the cytosolic reductase Trx1 to
the periplasm (80) or overexpression of the periplasmic
rhodanese (PspE), which partially restores disulfide bond
formation in a dsbA-null strain (81). However, no such
pathway has been found in wild-type E. coli.

DshB

The C30-C33 disulfide bond of DsbA becomes reduced
during its interaction with substrates and must be re-
oxidized to regain oxidase activity. It is reoxidized by
DsbB, which transfers the electron pair it extracts from
DsbA to the electron transport chain via quinones, to
ubiquinone during aerobic growth or to menaquinone
when growing anaerobically. DsbB was discovered in
the same screen as DsbA (82) and at about the same
time using other approaches (66, 83). DsbB is an integral
membrane protein of 176 amino acids with 4 trans-
membrane helices and 2 pairs of active-site Cys residues
at positions 41 to 44 in the first periplasmic loop and 104
to 130 in the second (Fig. 4). As shown in Fig. 5 (based on
Fig. 8 in reference 84), a de novo disulfide bond is formed
between the cysteine residues at C41 and C44 of DsbB via
a transient charge transfer complex formed between C44

Cytoplasm

NH,*

Figure 4 Topology of DshB. The topology of DsbB based on alkaline phosphatase fusion studies (188). The active site cysteines are shown in their
oxidized states, and the putative transmembrane domain amino acids are highlighted.
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Figure 5 Mechanism of DshA reoxidation by DshB. A reduced DsbA interacts with oxidized DsbB, resulting in the reoxidation of DsbA and
reduction of DsbB. The DsbA-DsbB complex is formed via a disulfide bond between Cs; of DsbA and Cig4 of the second periplasmic loop of
DsbB. The resolution of this complex is believed to occur through two pathways. In pathway A, a disulfide bond is formed between the first and
second periplasmic loop, which is resolved by the oxidation of DsbB by quinones. In pathway B, the DsbA-DsbB complex is resolved by quinones
without the interaction of the first periplasmic loop. Figure based on Fig. 8 in reference 84.

of DsbB and a quinone. It has also been demonstrated
that the Arg48 in DsbB plays a critical role in this charge
transfer (84-86). Subsequent transfer of this bond to
reduced DsbA by disulfide exchange involves disulfide
bonds between C41 and C130 of DsbB and an intermo-
lecular disulfide between C104 of DsbB and C30 of DsbA.
Two conformationally distinct pathways differing in the
order of formation of these two bonds may both be in-
volved (84).

Diversity of Disulfide Bond Formation Pathways

in Bacteria

Bioinformatic analysis (87) suggests that there is an
unexpected diversity in the mechanisms of disulfide
bond formation in bacteria. Strict anaerobes and obli-
gate intracellular bacteria which do not live in oxidizing

ASMScience.org/EcoSalPlus

environments do not generally oxidize cysteines of ex-
ported proteins. Among bacteria predicted to gener-
ally oxidize cysteines of exported proteins, some aerobic
and facultative bacteria have DsbA-DsbB oxidative path-
ways that are homologous to that of E. coli, notably
most aerobic proteobacteria and members of the phylum
Deinococcus-Thermus. Others, including most Actino-
bacteria, Cyanobacteria (including chloroplasts), aerobic
Deltaproteobacteria, and some Spirochetes, have a ho-
mologue of the metazoan protein vitamin K epoxide re-
ductase instead of DsbB. Subsequent work has shown
that the vitamin K epoxide reductase of Mycobacterium
tuberculosis together with a linked Gram-positive type
DsbA (see below) constitute an essential disulfide bond
formation pathway in that organism (88) and is a pro-
totype for a second type of disulfide bond formation
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pathway found in a wide variety of organisms. M. tu-
berculosis vitamin K epoxide reductase is not homologous
to DsbB but is also capable of functional replacement of
DsbB in E. coli (87). It has a transmembrane architecture
that is reminiscent of that of DsbB (89), and mutational
analysis supports strong mechanistic similarity (90).

Structural analysis of homologues of DsbA with greater
than 35% sequence identity suggests division into two
main classes on the basis of the topology of their beta
strands (91, 92). These classes roughly correspond with the
phylogenetic distinction between Gram-negative (class I)
and Gram-positive (class II) DsbAs. Class I can be further
subdivided into the subclasses Ia with a long continuous
groove adjacent to the active site cysteines and Ib with a
smaller binding pocket. Class II DsbAs have various other
features in this region. Many of these homologous path-
ways have been reviewed recently (9).

Homologues of DsbA with even less homology are also
widespread. For example, Salmonella enterica serovar Ty-
phimurium contains, in addition to a DsbA and a DsbB, a
second pair of homologues in DsbL and Dsbl (with, re-
spectively, 27% and 30% homology to DsbA and DsbB)
together in an operon with an aryl sulfate-sulfotransferase,
assT, which is dependent on oxidation by DsbL/I for ac-
tivity. A similar DsbL/Dsbl pair was found in uropatho-
genic E. coli strain CFT073, which is also highly divergent
from DsbA/B (19/24% sequence identity) but clearly pa-
ralogous in function (93, 94). DsbL is more oxidizing than
DsbA (redox potential of —-95 mV) and differs in the
substrate-binding groove harboring basic residues instead
of the hydrophobic patch of DsbA, suggesting narrower
substrate specificity. It is one of the few genes specific
to the uropathogenic strains and is involved in antibiotic
resistance (93). DsbL and DsblI are also key components
of the disulfide bond formation pathway of S. enterica
serovar Typhimurium, where they play a role in general
disulfide bond formation as well as ensuring complete
oxidation of the linked AssT (95). Similar DsbL/I ho-
mologues are found in many proteobacteria both with
and without associated assT genes, suggesting that hori-
zontal gene transfer may have been involved (87).

ISOMERIZATION OF MISMATCHED DISULFIDES
AND PROTECTION OF LONELY CYSTEINES

DshC

About two-thirds of the E. coli periplasmic proteins whose
structure has been determined have one or two disulfide

bonds, and these bonds are usually formed between cys-
teines that are close in the primary structure. This cor-
relates with the assumption that DsbA has no substrate
specificity and may simply react with the first cysteine of
the polypeptide chain to cross into the periplasm and join
it into a disulfide bond with the next cysteine to appear.
The indiscriminate oxidation of cysteines by DsbA is
demonstrated by the introduction of nonnative disulfide
bonds in secreted B-galactosidase (LacZ) (96). Further
evidence of this lack of selectivity for substrates by DsbA
is provided by DsbA acting on nonnatural substrates such
as the cysteine-containing Bacteroides B-lactamase, which
is not ordinarily translocated into the E. coli periplasm but
acquires nonnative disulfide bonds that interfere with
their folding and thus with their activity when secreted to
the periplasm via a peptide signal (20, 97). However, a few
cases of periplasmic proteins are known whose structure
have one or more nonconsecutive disulfide bonds, such as
phytase (AppA, four disulfide bonds), a murein endo-
peptidase (MepA, three disulfide bonds), and periplasmic
RNA degrading enzyme (RNase I, four disulfide bonds).
The formation of a disulfide bond between nonconse-
cutive cysteines poses a challenge to the linear mecha-
nism of oxidative folding catalyzed by DsbA. E. coli,
and other bacteria express a protein disulfide isomerase
(DsbC) that is necessary to correct the “errors” that are
made by DsbA. DsbC acts by promoting rearrangement
of disulfide bonds, allowing generation of the proper array
in the final folded product (98, 99). In concordance, the
folding of each of the periplasmic proteins with the non-
consecutive disulfide bonds mentioned above (AppA,
MepA, and RNase I) shows strong dependence on DsbC
(100, 101).

There is a fairly strict correlation between native disulfide
bond patterns and DsbC dependence; proteins that con-
tain nonconsecutive disulfide bonds in their final struc-
ture are dependent on DsbC for proper folding, while
proteins that should be made with consecutive disulfide
bonds show very little or no dependence on DsbC (100-
103). For example, two nearly identical proteins of E. coli,
phytase and glucose-1-phosphatase, differ in that the
former contains one nonconsecutive disulfide bond, while
the latter contains only consecutive disulfide bonds. Phy-
tase is dependent on DsbC for assembly into an active
enzyme, while glucose-1-phosphatase is not (100). Intro-
duction of a nonconsecutive disulfide bond into glucose-
1-phosphatase results in a DsbC-dependent enzyme, and
removing the nonconsecutive disulfide bond from phytase
makes its folding DsbC independent.
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DsbC is a 236-amino acid homodimer directed to the
periplasm by a 20-amino acid-long amino-terminal signal
peptide. Each monomer of DsbC is composed of a di-
merization domain linked to a Trx-fold domain by a short
a-helix (Fig. 6) (104-106). The Trx-fold domain con-
tains four cysteines: Cysl41 and Cys163 form a struc-
tural disulfide that is essential for the folding and stability
of DsbC (107), while Cys98 and Cys101 form the redox-
active pair, located in the conserved position into the
Trx-fold (103). The redox-active site cysteine pairs are
maintained in a reduced state by the inner-membrane
protein, DsbD (see below). The dimerization of the two
monomers of DsbC results in the formation of an un-
charged hydrophobic pocket (Fig. 6) that has been pos-
tulated to be responsible for the recognition of misfolded
proteins due to hydrophobic interactions. Since misox-
idized proteins will most likely be misfolded, the chap-
erone properties of DsbC would allow it to recognize and
bind to those proteins that contain incorrect disulfide
bonds (108). The in vitro chaperone activity of DsbC is
independent of its redox-active cysteines but is dependent
on the dimerization domain (109).

While it seems likely that the chaperone properties of
DsbC allow it to interact with misfolded proteins, the
complete in vivo mechanism of disulfide bond isomeri-
zation remains to be elucidated. The first step is the attack
on the incorrect disulfide bond exposed in the misfolded
protein by the amino-terminal cysteine of the DsbC active
site, resulting in the formation of a mixed disulfide. Two
mechanisms have been proposed for the resolution of this
intermediate. In the reducing model, the DsbC-substrate
mixed-disulfide complex is resolved by the carboxyl-
terminal Cys101 of the DsbC active site, resulting in the
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reduction of the substrate and the oxidation of DsbC.
Further steps to generate the correct disulfide bonds
would require one or more new cycles of oxidation by
DsbA, and DsbC needs to be recycled back to its reduced
state by DsbD. Supporting this mechanism, DsbC has
been characterized in vitro to be an efficient reductase
(110), and a periplasmic Trx-fold containing protein
from Bacte-roides fragilis known as TrxP could
complement dsbC-null strains via its reductase
activity, despite having no detectable isomerase activity
(111). A second model, called the isomerase model, has
been proposed for the reduction of the intermolecular
disulfide. The mixed-disulfide bonded complex
between DsbC and its sub-strate undergoes
thiol:disulfide exchange reactions within the substrate,
resulting in a new disulfide. This intra-thiol:disulfide
exchange reaction can proceed until the substrate
protein is in its native oxidized state, with the final
reaction resulting in the resolution of DsbC in its
reduced state and the substrate in its oxidized state. Di-
sulfide bond isomerization of a substrate by DsbC does
not result in any net gain or loss of electrons. Thus, at the
end of the isomerization reaction, DsbC remains in its
reduced form. The existence of a system devoted to
maintain DsbC in its reduced state suggests that the re-
ducing model for DsbC is more likely. However, DsbC
may also be oxidized by oxidants in the milieu, suggesting
that a role for DsbD may be to maintain DsbC in its
reduced state to perform its action through electron-
neutral isomerization (112, 113).

A new role for DsbC in the recycling of oxidized peri-
plasmic proteins that contain odd or unique reactive
cysteines was proposed. Because they are not involved in
the formation of a disulfide, single cysteine residues can

Figure 6 Domain organization of DshC. (A) The crystal structure of the homodimer DsbC showing the two domains (thioredoxin in blue and
dimerization in green) separated by the short a-helix linker in red (PDB accession number 1EE]). Redox-active cysteines (Cog to Cjo1) are
represented as yellow spheres, and the structural disulfide bond (Ci4; to Cye3) is indicated. (B) The molecular surface of DsbC is superimposed,
visualizing the pocket formed by the dimerization of DsbC. (C) Top-down view of DsbC displaying the noncharged pocket devoid of acidic (red)

and basic (blue) amino acid residues.
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be oxidized to sulfenic acid (Cys-SOH). The sulfenic acid
form of cysteine is highly reactive and prone to react with
oxidants of thiols forming higher oxidized species (sul-
finic [Cys-SO,H] or sulfonic [Cys-SO,H]) or disulfides,
respectively, leading to inactivation or misfolding of the
oxidized protein (114, 115). DsbC (and in some cases
DsbG; see below) was shown to react with sulfenic acids
on the 1,p-transpeptidase YbiS (116), L-arabinose-binding
protein AraF (117), and thiosulfate sulfur transferase
PspE (81), resulting in mixed disulfides that lead to the
oxidation of DsbC and release of reduced substrate. Ox-
idized DsbC is reduced by its cognate reductase DsbD
(see below). DsbC has also been shown to play a major
role in the insertion of proteins in the outer membrane.
For example, the folding and function of RcsF, an outer
membrane lipoprotein involved in the biofilm formation
membrane (118), and LtpD, a protein essential for lipo-
polysaccharide insertion in the outer membrane (119),
depend on both DsbA and DsbC.

DsbC is the most versatile of the Dsb members. While its
biological function is allegedly to isomerize disulfides,
DsbC can efficiently reduce insulin in vitro with kinetics
similar to thioredoxin (110) or act as an oxidase in vivo
when the interaction with the reducing DsbD is removed
(103). The versatility of DsbC is believed to be essen-
tial for reducing mismatched disulfide bonds but raises
questions about how reductases, isomerases, and oxidases
are maintained in the needed redox state in the periplasm.
Since the in vitro properties of the active site cysteines and
the Trx-fold of DsbC are similar to those of DsbA (120),
the lack of oxidation of DsbC by DsbB is intriguing. The
most widely accepted hypothesis is the steric hindrances
between DsbB and DsbC dimeric V-shaped structures.
Modeling of DsbC-DsbB interactions based on the DsbA-
DsbB cocrystal (121, 122) revealed that while one mono-
mer of DsbC can interact with DsbB, the other monomer
of DsbC clashes with the inner membrane. This model
is supported by the fact that mutations that disrupt the
dimerization of DsbC, resulting in periplasmic DsbC
monomers, can efficiently interact with DsbB (123). These
mutant DsbC monomers are now capable of acting as
general oxidases and can functionally complement DsbA,
acting as oxidases that are reoxidized by DsbB (123). In
addition, chimeras of DsbC where the thioredoxin do-
main was replaced with DsbA, Trxl, or the Trx-fold
redox-active domain “a” of the eukaryotic isomerase PDI
promoted isomerization of misoxidized substrates in vivo
and displayed chaperone activity in vitro at varying levels
(110, 124). Moreover, when PspE (see “DsbA” above) is
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overexpressed in a dsbA-null background, the restoration
of disulfide-bond capacity depends on DsbC reacting with
oxidized PspE (81). The steric hinderances between DsbB
and DsbC can also be alleviated by mutations in DsbB.
Mutations in DsbB that disrupt its association with the
inner membrane permit DsbB to oxidize DsbC, again
resulting in oxidized DsbC to functionally complement
DsbA (125).

The separation of the DsbA/B oxidative pathway from the
reductive DsbD/C pathway within the periplasmic com-
partment is of paramount importance to maintaining
DsbA in its oxidized state while maintaining DsbC in its
reduced state (102, 126, 127). Intriguingly, even though
DsbA (-120 mV) and DsbC (-129 mV) have similar re-
dox potentials, they do not equilibrate. (50). While this
reaction is thermodynamically possible, it has been shown
to be too slow to be biologically relevant (100 M™'s™
[120]), suggesting that both proteins have structural fea-
tures that isolate them from reacting with each other.

Another molecule that needs to be considered to un-
derstand the redox biology of the periplasm is glutathione
(GSH). While GSH plays an active role in the redox re-
actions within the endoplasmic reticulum (128), little is
known about its potential role in bacterial periplasm.
GSH is actively exported to the periplasm via CydCD
(129), and recombinant glutaredoxin 1 can support GSH-
dependent disulfide bond formation in the periplasm
(130). However, a possible role for GSH in the mecha-
nism of Dsb-dependent folding still remains to be de-
termined, since the kinetics for the reaction between
DsbC and GSSG (30 to 60 M™'s™" [108, 120]) is out-
competed by the reaction with DsbD by 10° orders of
magnitude (131, 132). However, DsbA oxidase activity is
inhibited by GSH (133), probably because its reduction
by GSH is significantly faster (10° M™'s™ [53]), and may
be biologically relevant considering that the periplas-
mic concentrations of GSH are estimated to be in the
low millimolar range (129). Suggesting a possible connec-
tion between GSH and Dsb proteins in the periplasm, a
new Dsb member, DsbM, was described in Pseudomonas
aeruginosa which has structural similarity to DsbA and, to
a lesser extent, to the Trx-domain of DsbC (134). While
DsbM is cytoplasmic, it was reported to have a GSH-
dependent reductase activity against an oxidized OxyR
mechanism of direct regulation of OxyR by reduction
(135, 136), suggesting that well-known Dsb proteins such
as DsbA and DsbC may have GSH-dependent mecha-
nisms that are still undisclosed.
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The dsbC gene is in a bi-cistronic operon with the down-
stream gene rec/, which encodes a 5’3" exonuclease.
Promoter analysis of dsbC shows putative CpxR binding
sites, indicating regulation by the Cpx two-component
stress response, similar to that of DsbA. DsbC transcrip-
tion is also under the control of the ¢" pathway (137),
which responds to cell envelope stress and relays the signal
via a regulated cascade of intermembrane proteolysis. The
cytoplasmic RNase E also regulates dsbC mRNA tran-
script levels. RNase E is an essential endoribonuclease that
degrades mRNAs and assists the maturation of a variety
of rRNAs and tRNAs in E. coli. Mutations in rne, which
encodes RNase E, result in an increased half-life of dsbC
mRNA, leading to increases in disulfide bond isomerase
activity in E. coli (138).

DshG

DsbG was discovered in 1997 by screening for mutants
which conferred sensitivity or resistance to dithiothreitol
when overexpressed (139). It was quickly recognized that
DsbG is related to DsbC (24% identity) and may provide
additional thiol:disulfide isomerase activity. DsbG is a
homodimer with 231 amino acids in its mature form. The
crystal structure reveals a dimeric structure similar to
DsbC but with some interesting differences (140). The
a-helix linker of DsbG is 2.5 turns longer, making the
hydrophobic pocket of DsbG significantly larger. Fur-
thermore, unlike the uncharged pocket of DsbC, there are
seven negatively charged amino acids within the pocket
of DsbG and three in the dimerization domain, sug-
gesting a different substrate specificity and activity be-
tween DsbC and DsbG. In vitro, DsbG cannot reduce
insulin but does promote refolding of substrate pro-
teins, presumably by the same mechanism as DsbC (141).
Multicopy expression of DsbG complements a dsbC
mutant and promotes isomerization and proper assem-
bly of bovine pancreatic trypsin inhibitor in vivo. The
in vivo function of DsbG is dependent on DsbD, which
reduces the oxidized form of DsbG as it does with DsbC
(142).

Oxidoreductases that lack the resolving cysteine in their
active sites have poor kinetics in resolving from their
mixed-disulfide bonded substrates. This biochemical
property was utilized to capture the substrates of DsbG.
In coimmune precipitation of DsbG active-site mutants
that are not able to resolve the mixed disulfide with its
substrate, Depuydt et al. (116) identified three peri-
plasmic 1,b-transpeptidases—YbiS, ErfK, and YnhG—as
substrates of DsbG. These transpeptidases catalyze the
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cross-linking of peptidoglycan in a reaction that depends
on a single essential and conserved cysteine in the pep-
tidase active site. Those cysteines can be oxidized to Cys-
SOH in the periplasm, leading to the inactivation of the
peptidase. DsbG reacts with the sulfenic form of YbiS,
forming a mixed-disulfide intermediate that resolves re-
leasing reduced YbiS and oxidized DsbG, which is sub-
sequently reduced by DsbD (116).

DsbG and AhpC (a cytoplasmic peroxiredoxin) are lo-
cated adjacent to each other on the E. coli chromosome
and are transcribed in opposite directions. Both are reg-
ulated by the oxidative stress regulator, OxyR. OxyR is a
cytoplasmic Lys-R type transcriptional regulator which is
activated upon having its cysteines oxidized to form a
disulfide bond. Footprinting analyses have confirmed the
binding of oxidized OxyR 54 bp upstream of the dsbG
gene (143). However, in vitro analysis demonstrated that
it was the ahpCF-proximal binding site 238 bp upstream
of dsbG which was responsible for the upregulation of
both dsbG and ahpCF transcripts. The evidence that only
oxidized OxyR was capable of binding upstream of dsbG
along with the fact that dsbG transcripts were detected
with primer extension analysis only after the induction
of oxidative stress indicates that DsbG is induced under
conditions of oxidative stress.

Chaperone activities for DsbC and DsbG have been dem-
onstrated in vitro using classical chaperone function as-
says, which monitor their ability to prevent aggregation
and assist with refolding of denatured model substrates
(109, 141, 144). Moreover, a recent publication demon-
strated that DsbG also has cysteine-independent chap-
erone activity in vivo, in a fashion similar to Spy (144),
adding this protein to the list of chaperones that con-
tribute to the folding of periplasmic proteins (145). This
ability to chaperone protein folding is thought to be
important primarily for the function of DsbC and DsbG
as disulfide bond isomerases, because proteins contain-
ing incorrect disulfide bonds are likely to become mis-
folded. The ability to break and reform bonds must
therefore be intimately connected to the refolding of de-
natured protein, preferably alongside the ability to spe-
cifically recognize nonnative structures (146). Despite
this connection between their two functions, DsbC and
DsbG have low selectivity between misfolded proteins
containing oxidized cysteines and other misfolded pro-
teins that lack them (109, 141). They are thus capable of
providing general protection against folding stress within
the periplasm.
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The structures of DsbC (105) and DsbG (140) demon-
strate unequivocally that both proteins are evolutionarily
related, sharing a V-like structure with N-terminal di-
merization domains required for the chaperone activity
and C-terminal catalytic domains at the prongs of the V
fork. The major difference between DsbC and DsbG is that
the latter is larger, with an extended a-helical connection
region altering the relative orientations of the C-terminal
domains. For both proteins, the substrate-binding sites are
thought to reside in hydrophobic patches located on the
inside of the C-terminal domains and linkers, with the
distance between the two binding sites able to change due
to flexibility in the hinge region. However, in DsbG there
are some additional acidic, negatively charged residues
within the substrate-binding region, perhaps conferring a
substrate specificity different from that of DsbC (140).
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To be active as isomerases, DsbC and DsbG require their
redox-active cysteines to be maintained in their reduced
states (103). This reaction is performed by the inner-
membrane protein DsbD, a 546-amino acid membrane
protein whose primary function is to connect cytoplas-
mic thioredoxins to DsbC (for reviews, see 147 and 148).
DsbD is the largest and most complex protein of the
Dsb family, formed by three domains named a, p, and y
(Fig. 7). The amino-terminal a domain has an immuno-
globulin (Ig)-like fold and contains two of the six essen-
tial cysteines, Cys103 and Cys109 (149); the central (p)
domain has eight transmembrane segments and two es-
sential cysteines: Cys163 in the first transmembrane
segment and Cys285 in the fourth (150). The central
membrane-embedded B domain of DsbD is the only
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Figure 7 Proposed mechanism of isomerization by DshC. For clarity, only a monomer of DsbC is shown. Reduced active DsbC recognizes
misoxidized substrate (1) and forms a mixed-disulfide bonded complex. This complex (2) can be resolved by the reduction of the disulfide bond
in the substrate, resulting in the oxidation of DsbC (3). A secondary cycle of reduction is necessary for the substrate to be fully reduced (4),
allowing DsbA to reoxidize the substrate (5). Alternatively, the disulfide bonds in the complex can be shuffled (6) by the isomerase action of DsbC,

resulting in native disulfide bonded substrate and reduced DsbC (7).
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domain for which a structure is yet to be determined. Fi-
nally, the carboxyterminal y domain has a Trx-fold and the
last of the essential cysteines displayed in the unusual Trx-
like active site CVAC (Cys461 and 464) (Fig. 8) (132, 151).

The three redox centers of DsbD are essential for its
electron transfer activity, but the domains do not need to
be linked, because they can efficiently reduce DsbC and
DsbG when split (152, 153). Based on cumulative in vivo
and in vitro data, the mechanism of DsbD can be de-
scribed as a cascade of thiol:disulfide exchanges that
initiate from the cytosolic pool of NADPH, ultimately
The first step in the reduction of the disulfide pair in the
central transmembrane domain of DsbD is catalyzed
by cytosolic Trx1. This connection between a cytosolic
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reductase and an integral membrane protein was dem-
onstrated by the isolation of heterodimers formed be-
tween Cys163 of the B domain and active-site Cys32 of
Trx1 (152). After donating its electrons, Trx1 is released
in its oxidized state and DsbDp disulfide is reduced. The
next step is the attack of Cys163 of the  domain on the
oxidized Trx-fold-containing active site of the y domain.
It is important to remember that Trx1 is cytoplasmic,
while the y domain resides in the periplasm, suggesting
that the cysteines in the p domain are accessible from
both sides of the membrane. How this single intramem-
brane disulfide embedded in a constrained environment
interacts with targets on both sides of the membrane and
50 to 60 A apart is not completely understood, but the
most plausible explanation for this mechanism is that re-
duction of transmembrane disulfide triggers a conforma-
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Figure 8 Domain organization of DshD. The predicted membrane topology of DsbD from the web-based program Phobius (http://phobius.binf
.ku.dk). The immunoglobin-like a domain is crystallized (PDB accession number 1L6P) devoid of its signal peptide from the amino acids Argg to
Asn,ps. The amino acids of the f domain from Asn, 6 to Thry,, are depicted as circles. The redox-active cysteines (Cy¢3 to C,g5) are highlighted as
yellow circles. The thioredoxin-like y domain from Alas,; to Prosyg is crystallized (PDB accession number 1UC7). Active site cysteines in the
crystal structures are shown as yellow spheres (a domain Cjo; to Cig9 and B domain Cyg; to Cyes). The membrane is shaded gray.
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tional change that exposes those cysteines to the periplas-
mic y domain (154, 159). A set of conserved prolines was
suggested to play a role in this redox-dependent mecha-
nism (160). Additional models have proposed a funnel-like
opening and closing of DsbD, allowing for the interaction
of the periplasmic y domain with the redox-active mem-
brane embedded cysteines in the f domain (148).

Following the thiol:disulfide exchange between Trx1 and
the B domain, the interdomain disulfide between the
and y domains is resolved by the attack of Cys285, re-
sulting in the reoxidation of the p domain and release
of the reduced Trx-fold y domain. In the final step,
Cys461 from the Trx-fold y domain attacks the disulfide
on the Ig-fold a domain formed by Cys103 and Cys109.
An intermediate between Cys461 and Cys109 was iso-
lated, suggesting large conformational changes that bring
the y and a domains together (132). The thiol:disulfide
exchange between y and a is the rate-limiting step of the
full cycle, with a reaction constant of 23 s™ (131). Once
the a domain is reduced by the y domain, it can interact
with its oxidized substrates (see below) via Cys109 (151,
152, 161, 162).

The three domains of DsbD have redox potentials that
are practically identical (about -240 mV), intermediate
between Trxl (-270 mV) and DsbC (-130 mV). This
suggests that the flow of electrons toward DsbC is ther-
modynamically favorable but does not indicate why these
electrons flow following the concerted order p >y - o or
why DsbC is not directly reduced by DsbDy. The reac-
tion between the y and a domains and how DsbC is
reduced by DsbDa have been thoroughly characterized
in vitro. The reduction of DsbC by the DsbDa domain
has been characterized to have extremely fast kinetics
(4 x 10°M™'s™), a million times faster than the reduction
by DsbDy (57 M™'s™") (132). This is an unusual reaction
where a dithiol on an Ig-fold domain reduces a disulfide
on a Trx-fold protein (DsbC, DsbG, CcmG). Based on
Cys to Ala mutation of the two essential cysteines in the a
domain that resulted in complete destabilization of the
Ig-fold (152), it has been proposed that this reaction is
driven by the chaperone activity of DsbC, which recog-
nizes the partially unfolded DsbDa domain and docks in,
allowing the thiol:disulfide exchange to take place (151).

Besides the reduction of DsbC, DsbD provides electrons
to a variety of redox pathways in the periplasm; partic-
ularly relevant is the membrane-anchored protein CcmG
(132, 163), which is involved in cytochrome-c maturation
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(164). A homologous DsbD found in proteobacteria and
Chlamydia (ScsB) can also participate in the antioxi-
dant defense, providing electrons for a peroxidase system
formed by a thioredoxin-like protein, TlpA, and a pero-
xiredoxin, PprX (165).

ENGINEERING E.coli FOR DISULFIDE BOND
FORMATION

The pharmaceutical and biotechnological industries are
extremely interested in disulfide-bonded proteins. Most
eukaryotic cell surface and secreted proteins are rich in
disulfide bonds due to the increased stability they confer,
making these proteins attractive candidates for therapeu-
tics (also known as biopharmaceuticals). For example, the
most profitable biopharmaceutical is the monoclonal an-
tibody against human tumor necrosis factor-a (Humira,
adalimumab) with nine disulfide bonds essential for its
folding and function (166). Indeed, antibodies represent
the fastest-growing category of biopharmaceutical due to
their specificity-favorable pharmacokinetic profiles within
the human body. The production of antibodies for ther-
apeutic applications is a well-established pipeline domi-
nated by the use of mammalian cells (mostly Chinese
hamster ovary cells) or mouse hybridomas. However, even
in these eukaryotic systems, disulfide mismatching is a
major source of undesired heterogeneity on monoclonal
antibodies (167).

Though E. coli is currently not as established as Chinese
hamster ovary or hybridoma cell lines for the production
of therapeutic IgG, it is slowly becoming a more common
host for the production of antibodies. It can potentially
combine the power of prokaryotic hosts as protein fac-
tories with the versatility of the molecular biology tools
available for screening and selection. Considering that
the disulfide-producing machinery is located in the peri-
plasm, most of the antibodies and antibody fragments
produced on E. coli have been targeted to that com-
partment (168, 169). However, translocation of the target
protein across the inner membrane to the periplasm can
be problematic and may require extensive optimization
of both the expression conditions and the targeting signal
sequence. Furthermore, the lack of ATP in the periplasm
makes it an energy-poor environment for proteins that
require ATP-dependent chaperones for their folding. The
cytoplasm is therefore a more suitable compartment for
high-yielding protein production. It also obviates the
problems of crossing the membrane and is rich in ATP,
chaperones, and folding factors.
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However, production of disulfide-rich proteins on E. coli
cytoplasm is hampered by the presence of very active
reducing systems formed by the thioredoxin reductase
(trxB) and GSH reductase (gor) systems. Deletion of trxB
and gor is lethal, and a suppressor screen for the double
mutant AtrxB Agor lethality generated a strain in which a
mutation in a thiol-dependent peroxidase (ahpC) gained
the ability to reduce Grx1, restoring reducing power to the
cell (170). The absence of the most important reduc-
ing pathways makes the cytosol of this strain less reduc-
tive and suitable for expression of disulfide-rich protein,
leading to its commercialization under the name Origami
(Novagen). Our lab engineered AtrxB Agor, adding a sig-
nal sequenceless DsbC that is constitutively expressed in
the cytoplasm and enhances the production of disulfide-
rich proteins (46). Those cells have been commercialized
under the name SHuftle by New England Biolabs. SHuf-
fle cells are the first example of how the Dsb system can
be engineered for biotechnological applications. Using
SHulffle cells, our group was able to express various an-
tibody fragments and full-length antibodies in the cyto-
plasm (171), as well as isotopically labeled antibodies,
by expressing them in minimal media (172). DsbB has
also been engineered to improve protein production in
the cytoplasm. Inversion of topology of DsbB allows the
reoxidation of a cytosolic DsbA and improves the for-
mation of disulfide-containing protein in the cytosol in
E. coli even in the presence of the reducing system (173).
Along the same line, solubilizing DsbB in the cytosol by
fusion to a truncated version of human apolipoprotein
A-1, together with cytosol expression of DsbA, also in-
creases the expression yield of protein that requires di-
sulfide bonds for its activity (174).

THE EXPANDING Dsb FAMILY: FUTURE DIRECTIONS
AND UNANSWERED QUESTIONS

Although great progress has been achieved in the past
30-plus years in furthering our understanding of how en-
zymes form, break, and shuffle disulfide bonds, there re-
main, as always, many unanswered questions. The in vivo
mechanism of how DsbC recognizes misoxidized proteins
and returns them to their correctly oxidized states remains
to be understood. In fact, although DsbC has been shown
to be an effective chaperone in vitro, this ability of DsbC to
assist in the folding of proteins in a redox-independent
manner has yet to be shown. Similarly, the exact mecha-
nism of how electrons are transferred across the inner
membrane without any proton leakage via cysteine-
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mediated electron relay between DsbD and the cytosolic
Trx1 is not fully understood.

In parallel, scientists have started to expand their re-
search into oxidative folding of proteins in clinically
relevant strains, such as Mycobacterium (15, 175, 176),
Pseudomonas (136, 177, 178), Helicobacter (179, 180),
and Vibrio (181, 182). The discovery of Dsb machinery in
these clinically relevant strains has resulted in the dis-
covery of potential biopharmaceuticals with the ability to
target and inhibit disulfide bond formation in pathogenic
strains (183-185). The targeting of Dsb machinery also
addresses the need for new approaches to overcome the
problem of rapidly developing antibiotic resistance. This
new class of antibacterial drug does not necessarily kill
bacteria or inhibit their growth but instead combats dis-
ease by targeting the pathogen’s capacity to make viru-
lence factors (186, 187).
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