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Escherichia coli thioredoxin 1 has been characterized in vivo and in vitro as one of the most efficient reduc-
tants of disulfide bonds. Nevertheless, under some conditions, thioredoxin 1 can also act in vivo as an oxidant,
promoting formation of disulfide bonds in the cytoplasm (E. J. Stewart, F. Aslund, and J. Beckwith, EMBO J.
17:5543-5550, 1998). We recently showed that when a signal sequence is attached to thioredoxin 1 it is exported
to the periplasm, where it can also act as an oxidant, replacing the normal periplasmic catalyst of disulfide
bond formation, DsbA, in oxidizing cell envelope proteins (L. Debarbieux and J. Beckwith, Proc. Natl. Acad.
Sci. USA 95:10751-10756, 1998). Here we report pulse-chase studies of the efficiency of disulfide bond forma-
tion in strains exporting thioredoxin 1 and more-oxidizing variants of it. While the exported thioredoxin 1 itself
substantially speeds up the kinetics of disulfide bond formation, a version of this protein containing the DsbA
active site exhibits kinetics that are indistinguishable from those of the DsbA protein itself. Further, we confirm
the findings of Jonda et al. (S. Jonda, M. Huber-Wunderlich, R. Glockshuber, and E. Méssner, EMBO J. 18:
3271-3281, 1999), who found that DsbB is responsible for the oxidation of exported thioredoxin 1, and we re-
port the detection of a disulfide-bonded DsbB-thioredoxin 1 complex. Finally, we have found that under condi-
tions of high-level expression of exported thioredoxin 1, the protein can act as both an oxidant and a reductant.

The thioredoxin superfamily is a set of enzymes that share
two common characteristics: a folded structure, first observed
in the three-dimensional structure of thioredoxin 1; and, within
this conserved fold, a consensus active site composed of 2 cys-
teine residues separated by 2 amino acids residues, the CXXC
motif (15). One feature of these enzymes is that via the use of
this common motif embedded within a common structure, dif-
ferent members of the family can efficiently carry out diamet-
rically opposite reactions: reduction of disulfide bonds or oxi-
dation of cysteine thiols. Within the cell, these two antagonistic
reactions usually occur in different subcellular compartments:
reduction occurs in the cytoplasm, and oxidation occurs in ex-
tracytoplasmic environments (e.g., the eukaryotic endoplasmic
reticulum and the gram-negative bacterial periplasmic space).

In Escherichia coli, genetic studies of disulfide bond forma-
tion and isomerization in the cell envelope have resulted in the
identification of four proteins dedicated to these processes
(18). DsbA, a periplasmic protein, is a very efficient oxidative
enzyme. It is actively maintained in an oxidized active form by
the cytoplasmic membrane protein DsbB. This reoxidation
process involves the formation of a mixed disulfide bond be-
tween DsbA cysteine 30 and DsbB cysteine 104 (10, 12). DsbB
is in turn reoxidized by a mechanism involving components of
the respiratory chain (2, 13, 14). DsbC is a periplasmic enzyme
required for the isomerization of disulfide bonds incorrectly
formed during the oxidation process. The active-site cysteines
of DsbC are maintained in a reduced state by DsbD, a cyto-
plasmic membrane protein (19). The DsbD active site is itself
maintained in the reduced state via electrons transferred from
the cytoplasmic thioredoxins 1 and 2 (20, 22).

We previously reported that the reductant thioredoxin 1 can
catalyze the formation of disulfide bonds in proteins when it is
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placed in an oxidizing environment such as the periplasm. By
fusing a signal sequence to thioredoxin 1, we showed that the
protein can be exported to the periplasm, where it is able to
partially complement the defect in disulfide bond formation of
a dsbA strain (5). This ability of thioredoxin 1 to perform active
oxidation in vivo is consistent with other studies from this
laboratory, in which we demonstrated that cytoplasmic thiore-
doxin 1 can act as an oxidant when the redox environment of
the cytoplasm is altered (6, 22). We also showed that the
amplitude of the complementation is dependent at least on two
factors: the efficiency of thioredoxin 1 export, and whether the
DsbC and DsbD proteins were present in the cell envelope.
These two reductive proteins lessen the ability of exported
thioredoxin 1 to complement a dsb4 mutant. We presume that
the reductive activity of these two proteins interferes with the
oxidation performed by exported thioredoxin 1. Using different
thioredoxin 1-signal sequence fusions, we showed a correlation
between the amount of thioredoxin 1 exported and the level of
complementation of disulfide bond formation observed (5).
Here we report further studies of the function of thioredoxin
1 as an oxidant in the periplasm. By examining the in vivo
kinetics of disulfide bond formation in the cell envelope pro-
tein OmpA, we measured the efficiencies of different versions
of the exported thioredoxin 1. These results demonstrate di-
rectly that thioredoxin 1 carrying its native Cys-Gly-Pro-Cys
motif exhibits a strong stimulus to periplasmic disulfide bond
formation in a dsbA dsbC dsbD triple-mutant strain. Surpris-
ingly, the kinetics of disulfide bond formation with a version
of exported thioredoxin 1 containing the DsbA Cys-Pro-His-
Cys sequence are indistinguishable from those of a wild-type
(DsbA™) strain. During the course of this work, we learned
that in contrast to our previous findings, Jonda et al. (11) found
that DsbB is responsible for the oxidation of their version of
exported thioredoxin 1. Here we show that their conclusion is
correct and that our previous results were based on a mistaken
strain specification. Based on these results, we examined the
mechanism of the oxidation of exported thioredoxin 1 by DsbB
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TABLE 1. Strains and plasmids used in this study

Strain or Relevant genotype or Source or
plasmid description reference
Strains
MC1000 araD139 A(araABC-leu)7679 galE galK Laboratory
A(lac)X74 rpsL thi collection
RI89 MC1000 phoR Aara714 leu™
RI90 RI8Y dsbA::Kan* 20
RI249 RI89, AdsbC::Cam" dsbA::Kan® dsbD:: Laboratory
mini-Tn/0Cam1 cadC1::Tn10 collection
RI317 RI89, dsbB::Kan" 20
RI342 RI89, AtrxA::Kan® Laboratory
collection
LMD244 RI89, dsbA::Kan" zij:Tnl0 dsbB::Kan® This work
Plasmids
pLMD60 APss-6aa-TrxA fusion
pLMD104  TrxA under the control of the phoA
promoter
pLMD173  pLMD60—DsbA active site This work
pLMDI186  pLMD104—DsbA active site This work
pLMD225  pLMDG60 Cys35Tyr This work
pLMD256  pLMD104 Cys35Tyr This work
pTrx-Sec DsbAss-TrxA fusion 11

and identified a mixed disulfide-bonded complex of thiore-
doxin 1 and DsbB comparable to that normally formed by
DsbA and DsbB. Finally, we present results suggesting that in
a dsbB mutant strain, in which exported thioredoxin 1 is no
longer oxidized, this enzyme acts as a reductant. The same
reduction is also observed when a large amount of thioredoxin
1 accumulates in the periplasm.

MATERIALS AND METHODS

Strains and media. Strains used in this study are listed in Table 1. Strains were
grown at 37°C either in NZ medium (NaCl, 8 g/liter; NZ amine, 10 g/liter; yeast
extract, 5 g/liter) or in M63 minimal medium supplemented with vitamin B1,
glucose as a carbon source, and all amino acids except methionine and cysteine.
When necessary, ampicillin was added at 200 pg/ml. Cells were grown to an
optical density at 600 nm of approximately 0.5. IPTG (isopropyl-B-p-thiogalac-
topyranoside) was used to induce the expression of the DsbA signal sequence
(DsbAss)-TrxA fusion.

Plasmid constructions. pPLMD173 was constructed by cloning an EcoRI- and
Xbal-cleaved PCR product into pLMDG60 cut by the same enzymes. This PCR
product was obtained with primers 1 and 24 (listed below), using pBAD33-TrxA
(DsbA active site [17]) as a template.

pLMDI186 was constructed by cloning a HindIII- and EcoRI-cleaved PCR
product into pLMD173 cut by the same enzymes. This PCR product was ob-
tained with primers 2 and 15, using pLMD104 as a template.

pLMD?225 was constructed by subcloning a product obtained from two sub-
sequent PCRs. First, primers 24 and 31 were used with pLMDG60 as a template.
The PCR product obtained was purified and employed as a primer for a second
PCR using primer 1 and pLMDG60 as a template. The final PCR product was
subcloned into pLMD60, using Xbal and EcoRI restriction sites.

pLMD256 was constructed by subcloning the EcoRI-Xbal fragment containing
the x4 gene from pLMD225 into pLMD104 cut by the same enzymes.

The primers used for plasmid construction were as follows: no. 1, 5'-GGGT
CTAGATTACGCCAGGTTAGCGTC-3'; no. 2, 5'-ATCATCGATAAGCTTT
AATGCGG-3'"; no. 15, 5'-CACTTTGAATTCTCCATGTACAAATAC-3'; no.
24, 5'-TCCCGGAATTCACCATGAGCGATAAAATTATTCACCTG-3'; and no.
30, 5'-GAATCGGGGCGATCATTTTGTACGGACCGCACCACTCTGCC-3'".

Every plasmid construct was subjected to sequence analysis. T4 DNA ligase
and all restriction enzymes were used in accordance with the manufacturer’s
recommendations (New England Biolabs).

AP assay. Alkaline phosphatase (AP) assays were performed in triplicate as
described previously (4, 19). The strains used to make these assays lack the phoR
gene, which results in constitutive expression of both AP and APss-TrxA fusions.

Immunoblotting. Cells extracts grown in rich medium were separated in 14%
nonreducing polyacrylamide gels and transferred to a nitrocellulose membrane
by the use of a semidry apparatus from Bio-Rad. Membranes were probed with
a polyclonal antiserum to thioredoxin 1 (a gift from C. Richardson), DsbB
(kindly provided by J. C. B. Bardwell), or AP.

RESULTS

The studies of exported thioredoxin 1 reported here were
done with a construct expressing a polypeptide with the APss
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at its amino terminus, a 6-amino-acid linker resulting from the
cloning approach, and the mature sequence of thioredoxin 1
retaining its amino-terminal methionine. Our previous findings
showed that it is the processed version of this protein, contain-
ing the 6-amino-acid linker attached to thioredoxin 1, that is
the active molecule in the periplasm.

In vivo kinetics of disulfide bond formation by exported
thioredoxin 1. By using phenotypic properties of cells that are
dependent on disulfide bond formation, such as motility on
low-agar-concentration plates and AP enzymatic activities, we
have previously concluded that exported thioredoxin 1 acts as
an oxidant. To directly demonstrate in vivo disulfide bond
formation in these studies, and to determine its efficiency, we
examined the rate of oxidation of OmpA in pulse-chase exper-
iments. OmpaA is an outer membrane protein that contains one
disulfide bond. Bardwell et al. (3) showed that more than 50%
of the OmpA in a wild-type strain is oxidized within a labeling
time of 1 min while in a dsbA strain it takes 60 min to oxidize
50% of the OmpA. We repeated these experiments, obtaining
the same results for wild-type and dsbA strains as Bardwell et
al., and further showed that a dsbA dsbC dsbD triple-mutant
strain exhibits the same kinetics as a dsbA strain (Fig. 1). As a
control for experiments with exported versions of thioredoxin
1, we used strains containing a plasmid overexpressing cyto-
plasmic thioredoxin 1. When we expressed the exported ver-
sion of thioredoxin 1, we determined that 50% of the OmpA
was oxidized in 5 min in a dsbA strain and in 2.6 min in a dsbA
dsbC dsbD triple-mutant strain (Fig. 1). Thus, the exported
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FIG. 1. Rate of oxidation of OmpA catalyzed by exported thioredoxin 1.
After labeling of cells with [**S]methionine (200 p.Ci/ml) for 1 min, chase point
samples were obtained and incubated in the presence of 100 mM iodoacetamide
in order to alkylate free thiol residues (0.1% final concentration of cold methi-
onine was used for the chase). An OmpA antiserum was used to immunopre-
cipitate this protein (see reference 7 for details), and the samples were separated
on a nonreducing sodium dodecyl sulfate-polyacrylamide gel. The OmpA oxida-
tion rate was determined in a wild-type strain (A), a dsbA strain (B to D), and a
dsbA dsbC dsbD triple-mutant strain (E to G) expressing cytoplasmic thioredoxin
1 (A, B, and E), exported thioredoxin 1 (C and F), or exported thioredoxin 1 with
a DsbA active site (D and G). Values for 50% oxidation time (t;,0x) were
determined after the quantitation of reduced (red) and oxidized (ox) forms of
OmpA by phosphorimager analysis (Bio-Rad).

0T0Z ‘6 Areniga4 uo Aq Bio wse gl wolj papeojumoq


http://jb.asm.org

VoL. 182, 2000

TABLE 2. AP activities, mirroring disulfide bond formation

Mean AP activity = SD for strain
(or relevant genotype):

TrxA type®
Wild type dsbA dsbB  dsbA dsbB  dsbA dsbC dsbD
Cyt. 85050 22*+x6 208 24*10 35+11
Exp. 850 =55 808 5*4 6+3 350 £ 20
Exp. (DsbA) 750 45 50010 8=*4 10=x4 1,000 £ 52

“ Cyt., cytoplasmic thioredoxin 1; exp., exported thioredoxin 1; exp. (DsbA),
exported thioredoxin 1 with DsbA active site.

thioredoxin 1 results in a 10- to 20-fold reduction in the half-
time for disulfide bond formation, depending on the genetic
background.

We also expressed in both dsbA single-mutant and dsbA
dsbC dsbD triple-mutant strains a version of exported thiore-
doxin 1 in which its active site (Cys-Gly-Pro-Cys) was changed
to the DsbA active site (Cys-Pro-His-Cys). This thioredoxin 1
version is a more efficient oxidant in vitro (11). With this vari-
ant of thioredoxin 1, we found that the rate of formation of
disulfide bonds in OmpA exhibited kinetics of disulfide bond
formation that were indistinguishable from those of the wild-
type (DsbA™) control (Fig. 1).

The dramatic changes in the kinetics of OmpA oxidation are
mirrored by the levels of AP activity found in the different
strains (Table 2). AP, a periplasmic protein, requires the for-
mation of two disulfide bonds to achieve its final active con-
formation. In a dsbA dsbC dsbD triple-mutant strain, the
amount of AP accumulated was approximately 50% of that
found in wild-type strains when the exported thioredoxin 1
contained its wild-type active site. This activity rose to approx-
imately 100% when the thioredoxin 1 with a DsbA Cys-Pro-
His-Cys active site was exported. These activities represent
approximately 10- and 20-fold increases over the control strain
overexpressing only a cytoplasmic thioredoxin 1. These data
show that the highly effective reductant thioredoxin 1, when
exported to the periplasm with its own active site, is a surpris-
ingly efficient oxidant. Furthermore, changing only 2 amino
acids in this protein (in the active site) results in a thioredoxin
1 whose activity is indistinguishable from that of DsbA in vivo.

Mechanism of oxidation of exported thioredoxin 1 by DsbB.
In contrast to our previous report, Jonda et al. (11) showed that
DsbB is essential for the oxidation of exported thioredoxin 1.
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We had compared a dsbA strain with a dsbA dsbB strain. To re-
analyze the effect of DsbB on exported thioredoxin 1, we exam-
ined the properties of the following three strain backgrounds: dsbA
single mutant, dsbB single mutant, and dsbA dsbB double mu-
tant (we reconstructed the dsbA dsbB double mutant after find-
ing that the strain used previously did not have the correct geno-
type). The results now confirm that DsbB is required for exported
thioredoxin 1 to act as an oxidant in the periplasm (Table 2).
The mechanism of oxidation of DsbA, until now the only
known substrate of DsbB, was clarified as the result of studies
with dominant-negative mutants of DsbA (10, 12). A mutation
in which the second cysteine residue of the DsbA active site is
replaced by a tyrosine residue interferes with wild-type DsbA
function (10). This dominant-negative effect is due to the ac-
cumulation of a disulfide-bonded complex of DsbB and the
DsbA mutant protein that is formed between DsbA(Cys30)
and DsbB(Cys104). The complex revealed by this approach is
believed to represent an intermediate in the oxidation of DsbA
by DsbB (10, 12). To determine whether the oxidation of
exported thioredoxin 1 by DsbB occurs by the same mecha-
nism, we introduced into thioredoxin 1 an analogous mutation
changing the second active-site cysteine residue to a tyrosine
residue (Cys35Tyr). In parallel, we constructed versions of
exported thioredoxin 1 in which the complete active site was
replaced by either the DsbA dominant-negative site or the
DsbA wild-type site (as a control). Using thioredoxin 1 anti-
bodies, we compared immunoblots of extracts of cells express-
ing cytoplasmic thioredoxin 1 Cys35Tyr and exported thiore-
doxin 1 Cys35Tyr. These blots exhibited a band of ~32 kDa
only when thioredoxin 1 was exported (Fig. 2, left panel, lanes
4 and 5). This band was not present in a dsbB mutant strain
(Fig. 2, left panel, lane 6). This band also was not present when
samples were reduced (Fig. 2, right panel, lanes 4 and 5),
indicating that it contained a disulfide-bonded complex. Using
antibodies to DsbB, we identified this band as a mixed disulfide
complex of DsbB and thioredoxin 1 (Fig. 2, left panel, right
part, lanes 4 and 5). The gels show that perhaps a majority of
the DsbB is tied up in such a complex. Identical results have
been observed with the thioredoxin 1 in which the active site
was replaced by the dominant-negative Cys-Pro-His-Tyr se-
quence of DsbA (data not shown). We also showed that by
using a version of DsbB in which the cysteine 104 residue was
replaced by alanine, the mixed disulfide bond thioredoxin
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anti-TrxA Ab. anti-DsbB Ab. anti-TrxA Ab. anti-DsbB Ab.
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FIG. 2. Detection of a mixed disulfide bond between exported thioredoxin 1 and DsbB. Equal amounts of proteins from a wild-type (lanes 1 and 4), a dsbA (lanes
2 and 5), and a dsbB (lanes 3 and 6) strain expressing cytoplasmic thioredoxin 1-Cys359Tyr (lanes 1 to 3) or exported thioredoxin 1-Cys359Tyr (lanes 4 to 6) were
separated on a nonreducing (minus dithiothreitol [~DTT]) and a reducing (plus dithiothreitol [+DTT]) sodium dodecyl sulfate-polyacrylamide gel and transferred to
two nitrocellulose membranes. The left part of each of the membranes was incubated with TrxA antiserum (anti-TrxA Ab.), and the right part was incubated with DsbB
antiserum (anti-DsbB Ab.). Prestained molecular mass markers were loaded between the left and the right panels so that the two pieces of membrane could be aligned.
Band A is the cytoplasmic thioredoxin 1, band B is the 6 amino acids-thioredoxin 1 processed form, band C is the precursor APss-6 amino acids-thioredoxin 1, band
D is DsbB, and band E is the mixed disulfide complex of exported thioredoxin 1 Cys35¢Tyr and DsbB.
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