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Two genes encoding thioredoxin are found on the
Escherichia coli genome. Both of them are capable of
reducing protein disulfide bonds in vivo and in vitro.
The catalytic site contains a Cys-X1-X2-Cys motif in a
so-called thioredoxin fold. Thioredoxin 2 has two addi-
tional pairs of cysteines in a non-conserved N-terminal
domain. This domain does not appear to be important
for the function of thioredoxin 2 in donating electrons to
ribonucleotide reductase, 3*-phosphoadenylsulfate-re-
ductase, or the periplasmic disulfide isomerase DsbC.
Our results suggests that the two thioredoxins are
equivalent for most of the in vivo functions that were
tested. On the other hand, transcriptional regulation is
different. The expression of trxC is regulated by the
transcriptional activator OxyR in response to oxidative
stress. Oxidized OxyR binds directly to the trxC pro-
moter and induces its expression in response to elevated
hydrogen peroxide levels or the disruption of one or
several of the cytoplasmic redox pathways. Mutants
lacking thioredoxins 1 and 2 are more resistant to high
levels of hydrogen peroxide, whereas they are more sen-
sitive to diamide, a disulfide bond-inducing agent.

Thioredoxin is a small soluble protein capable of catalyzing
thiol-disulfide redox reactions. The two cysteines of the con-
served active site (WCX1X2C) form a disulfide bond after re-
duction of exposed disulfides in a variety of substrate proteins.
The reduced form is regenerated by the flavoenzyme thiore-
doxin reductase which in turn is kept reduced by NADPH (1).
In Escherichia coli, thioredoxin is an electron donor for ribonu-
cleotide reductase, for methionine sulfoxide reductase (2), and
for 39-phosphoadenylylsulfate (PAPS)1 reductase in the sulfate
assimilation pathway (3, 4). E. coli thioredoxin is also an es-
sential subunit of the DNA polymerase of bacteriophage T7 and
is essential for the assembly of several filamentous phages (5).

The redox activities of the protein are not required for these
latter functions (6). Many additional roles for thioredoxin have
been proposed in eukaryotic organisms (7, 8).

Thioredoxin can also help in the cellular defense against
oxidative stresses, such as exposure to hydrogen peroxide or
hydroxyl radicals (9, 10). Reactive oxygen species can oxidize
cysteine or methionine residues leading to the formation of
disulfide bridges or methionine sulfoxide (11). Such reactions
will often inactivate cellular proteins. Reduction of both of
these products may be accomplished in microbial systems by
thioredoxin and thioredoxin reductase (12).

Recently, a second gene encoding a thioredoxin was discov-
ered in E. coli (13, 14). In vitro data show that thioredoxin 2
(trxC gene product) is a functional thioredoxin, as it was able to
reduce insulin and ribonucleotide reductases in a thioredoxin
reductase-dependent manner (13) and serve as a hydrogen
donor for PAPS reductase (3). These finding were confirmed in
vivo, where the overexpressed trxC gene product could comple-
ment mutant strains for various functions (14). However, the
wild-type expression level of thioredoxin 2 was not sufficient to
replace either thioredoxin 1 or glutaredoxin 1 in the reducing
pathway of sulfate assimilation, as a trxA grxA double mutant
was not viable on minimal media (4).

Whereas thioredoxins are usually similar in size and share
the three-dimensional “thioredoxin fold” structure, E. coli thi-
oredoxin 2 contains, in addition, a novel N-terminal domain of
30 amino acids. This domain contains two pairs of cysteine
residues both in CX1X2C sequences. In vitro, this N-terminal
region partly regulates the enzymatic activity of thioredoxin 2
as a protein-disulfide reductase (13). In this study, we have
asked whether there are specific physiological roles attributa-
ble to thioredoxin 2 that differentiate it from thioredoxin 1, and
whether the unusual N terminus of thioredoxin 2 might con-
tribute to any such differences. Our findings indicate that there
is substantial overlap in the reactions that can utilize either of
the two thioredoxins. However, our studies on the regulation of
TrxC suggest an important role for thioredoxin 2 in the re-
sponse of E. coli to oxidative stress that may differentiate it
from thioredoxin 1.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—The bacterial strains and
plasmids used in this study are listed in Table I. Cells were grown
routinely in NZY medium (15). For testing growth on minimal medium
M63 was used as described (14). To minimize background growth due to
impurities, Difco agar was substituted with noble agar (Sigma) in the
experiments selecting for growth of HP24. Antibiotics were used at the
following concentrations: ampicillin, 100 mg/ml (plasmid) and 25 mg/ml
(chromosome); chloramphenicol, 10 mg/ml; kanamycin, 30 mg/ml; and
tetracycline, 15 mg/ml. D-Glucose and L-arabinose were used at 0.1% to
modulate the expression of trxC alleles under the control of the PBAD

promoter (16).
Construction of trxC Mutants—Site-specific mutations were intro-

duced in trxC to change cysteine residues to serines. Wild-type trxC was
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amplified by PCR with pEJS62 as template and the primers fs1-XbaI,
AAGTCTAGATACTCATCCCGAGGTTAGTT, and fs2-HindIII, CGCT-
AAGCTTAAAGAGATTCGTTCAGCCA. (i) To get TrxC mutants with
C5S/C8S or C8S the primer fs1-XbaI was replaced by either GCTCTA-
GATACTCATCCCGAGGTTAGTTATGAATACCGTTAGTACCCATAG-
TCAGGCCATCA or GCTCTAGATACTCATCCCGAGGTTAGTTATGA-
ATACCGTTTGTACCCATAGTCAGGCCATCA for the PCR reaction.
The mutagenic base changes are shown in boldface. (ii) To get the
mutations for TrxC C25S/C28S and C64S/C67S two PCR reactions were
carried out. First, the 59 end of trxC was amplified using pEJS62 as
template and the mutagenic oligonucleotides AGTCGTGACCGCTGC-
GTCCGCTTTTTGCCGCATC (C25S/C28S) or GAAATTACGGGAGGG-
GCCGGACCACGGTGC (C64S/C67S) and fs1-XbaI as primers. The
product of this PCR reaction was then used in a second round of PCR to
amplify the entire trxC gene with pEJS62 as template and fs2-HindIII
as second primer. The PCR products were cut with XbaI and HindIII
and ligated with pBAD33 cut with XbaI and HindIII to give the desired
plasmids. In order to get the mutant C8S/C25S/C28S pDR1008 was
both digested with PvuI and DraIII. The DNA fragment containing the
39 part of trxC was then ligated with pDR1007 cut with PvuI and
DraIII. This resulted in the plasmid pDR1011.

We also constructed similar variants of TrxC to the ones described by
Miranda-Vizuete et al. (13). The complete trxC coding sequence was
amplified by PCR using pEJS62 as template and TAGTTATATGAAT-
ACCGTTTGTACCC as well as TTATTGCTCAGCAAGAGATTCGT-

TCAGCCAG as primers containing an NdeI and BlpI restriction site
(underlined), respectively. The product was digested with NdeI and
BlpI and ligated with the expression vector pET15b cut with the same
restriction enzymes to create plasmid pDR1000. The same expression
construct was also placed under the control of the arabinose promoter
by cutting pDR1000 with XbaI and HindIII and ligating with pBAD33
cut with XbaI and HindIII to give pDR1005. Finally, a truncated ver-
sion of trxC was created by PCR lacking the 59 region coding for amino
acids 2–29 again using pEJS62 as template and GTGCATATGCAC-
GACTTGTTTGACG plus fs2-HindIII as primers. The amplified DNA
fragment was cut with NdeI and HindIII and ligated with pDR1005
digested with the same enzymes to yield pDR1006. To obtain a trxC
promoter plasmid, a fragment carrying the trxC promoter region was
PCR-amplified from genomic DNA using the primers GGACAGAAT-
TCACTTTGACC and CGGGATCCCGATTGATGGCCTGAC. The 290-
base pair fragment was cloned into the EcoRI and BamHI sites of
pUC18 to generate pGSO105. The integrity of all of these plasmids was
verified by DNA sequencing.

Construction of Strains Containing a trxC9-lacZ Fusion—To obtain a
translational fusion of the N-terminal part of TrxC with b-galactosid-
ase, a DNA fragment was amplified by PCR using chromosomal DNA
from DHB4 as template and GGAATTCTCCAGTGCCAGAACGCAATC
plus CCGGATCCAAGTCGATCACCACAGGTAGATCAT as primers.
The first primer hybridizes to a position 814 nucleotides upstream of
the predicted translation start site of trxC and contains an EcoRI site.

TABLE I
Strains and plasmids used in this work

Strain or plasmid Relevant genotype and features Ref. or source

Plasmids
pBAD33 Arabinose regulation, Cmr 16
pET15b T7 regulation, Ampr Novagen, Madison, WI
pNG102 pBR322 malF-lacZ 10z 35
pEJS62 pBAD33-trxC 14
pDR1000 pET15b-His6-trxC This work
pDR1004 pBAD33-trxC C64S/C67S This work
pDR1005 pBAD33-His6-trxC This work
pDR1006 pBAD33-His6-D2–29trxC This work
pDR1007 pBAD33-trxC C5S/C8S This work
pDR1008 pBAD33-trxC C25S/C28S This work
pDR1010 pBAD33-trxC C8S This work
pDR1011 pBAD33-trxC C8S/C25S/C28S This work
pGSO105 pUC18 trxC promoter region This work
pFÅ20 pBAD33-ahpCF This work
pHMP1 pNG102 Dmal trxC9-9lacZ This work

Strains
BL21(DE3) F2ompT hsdSB(rB

2mB
2) gal dcm (DE3) Novagen, Madison, WI

A313 trxA::kan metE::Tn10 2
CAG12185 argE::Tn10 36
DHB4a D(ara-leu)7697 araD139 DlacX74 galE galK rpsL phoR D(phoA)PvuII DmalF3 thi 37
MC4100 araD139 relA1 thi rpsL150 flbB5301 D(lacU139)deoC7 ptsF25 Lab collection
WP813 DHB4 DtrxA grxA::kan W. Prinz
FÅ369 DHB4 katG::Tn10 DahpCF::kan 19
FÅ378 DHB4 DtrxA gor522 mini Tn10 19
FÅ409 FÅ378 oxyR::kan This work
HP15 DHB4 D(lattL-lom)::bla trxC9-9lacZ This work
HP16 DHB4 DtrxA trxB::kan D(lattL-lom)::bla trxC9-9lacZ This work
HP17 DHB4 DtrxC nadB::Tn10 This work
HP18 DHB4 Dtrx D(lattL-lom)::bla trxC9-9lacZ This work
HP21 FÅ378 D(lattL-lom)::bla trxC9-9lacZ This work
HP22 DHB4 DtrxA gshA20::kan D(lattL-lom)::bla trxC9-9lacZ This work
HP23 DHB4 trxB::kan D(lattL-lom)::bla trxC9-9lacZ This work
HP24 WP813 D(lattL-lom)::bla trxC9-9lacZ This work
HP27 FÅ369 D(lattL-lom)::bla trxC9-9lacZ This work
DR352 Dark blue suppressor of HP24 This work
DR353 DHB4 oxyR::spc This work
DR372 DR352 oxyR::spc This work
DR379 HP24 ahpC::Tn10Cm This work
DR380 HP24 ahpC32::Tn10Cm This work
DR385 WP812 D(lattL-lom)::bla trxC9-9lacZ This work
DR386 HP15 ahpCF::kan This work
DR389 DHB4 grxA::kan DtrxC nadB::Tn10 D(lattL-lom)::bla trxC9-9lacZ This work
DR413 HP15 argE::Tn10 This work
DR414 HP15 oxyR A221E argE::Tn10 This work
DR415 HP24 argE::Tn10 This work
DR416 HP24 oxyR A221E argE::Tn10 This work
DR419 DHB4 DtrxA DtrxC nadB::Tn10 D(lattL-lom)::bla trxC9-9lacZ This work
GSO47 MC4100 DoxyR::kan 20

a A variant of DHB4 that had been cured of the F9 plasmid was used throughout this study.
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The second primer hybridizes within the trxC-coding region and con-
tains a BamHI site. The amplified DNA fragment was cut with EcoRI
and BamHI and ligated into pNG102 that had been cut with EcoRI and
BamHI as well to give plasmid pHMP1, and the integrity was confirmed
by sequencing. The construct expresses a hybrid protein with the first
58 codons of TrxC fused to b-galactosidase. The fusion was then inte-
grated into the chromosome of DHB4 using specialized transduction
with lambda InCh2 to give HP15 and subsequently transferred to other
recipient strains by generalized transduction with P1 (17).

b-Galactosidase Activity—Assays on plate and in liquid media were
performed as described (17). The b-galactosidase activity inhibitor
PETG (Bachem, Torrance, CA) was added to minimal plates at a final
concentration of 1 mM (18) to facilitate distinction between strains
exhibiting wild-type expression levels of the trxC9-9lacZ fusion and
mutants that had acquired a higher expression level.

Treatment of Cell with Hydrogen Peroxide and Diamide—To deter-
mine the effect of H2O2 and diamide (diazenedicarboxylic acid bis(N,N9-
dimethylamide), Sigma) on growth rate, cells were grown to an A600 of
about 0.15 in rich medium at 37 °C, and H2O2 or diamide was then
added to a final concentration of 5 mM or 800 mM, respectively. The
growth of the cells was then followed by determining the absorbance at
600 nm.

Antibodies Against Thioredoxin 2—The plasmid pDR1000 was trans-
formed into BL21/lDE3, and one large colony was used to inoculate 1
liter of NZ medium with 200 mg/ml ampicillin. The cells were grown to
mid-log phase at 37 °C. After addition of isopropyl-1-thio-b-D-galacto-
pyranoside to a final concentration of 1 mM, expression of thioredoxin 2
was then induced for 2 h. Cells were harvested and broken by three
passages through a French press at 16,000 pounds/square inch. The
crude extract was then applied onto a Ni21-affinity column (Novagen,
Madison, WI). After washing the column, His6-TrxC was eluted with 60
mM imidazole and dialyzed against a buffer with 20 mM Tris-HCl, pH
8.0, and stored at 1.5 mg/ml. Polyclonal antibodies against thioredoxin
2 were then raised in New Zealand White rabbits (Covance, Denver,
PA). The antibodies were affinity purified on PVDF blots. Purified
His6-TrxC was electrophoresed on a 15% polyacrylamide-SDS gel and
transferred to Immobilon P membrane (Millipore, Bedford, MA) by
semi-dry electroblotting (Bio-Rad). Anti-TrxC serum was diluted 10-
fold with phosphate-buffered saline, and 500-ml aliquots were incubated
overnight at 4 °C with a 5 3 13-mm piece of PVDF membrane contain-
ing 60 mg of thioredoxin 2 each. After extensive washing, antibodies
were eluted first with 100 ml of 0.1 M glycine, pH 2.5, and then with 100
ml of triethylamine, pH 11.7. The pH was immediately neutralized by
adding 1/10 volume of 1 M Tris-HCl, pH 8.0. Glycerol was finally added
to a final concentration of 20%, and the purified antibodies were stored
at 220 °C.

Determination of TrxC and DsbC Redox Status—The in vivo redox
state of TrxC was measured by acid trapping of thiols and alkylation
with the high molecular mass molecule AMS (4-acetamido-49-maleimi-
dylstilbene-2,29-disulfonic acid, Molecular Probes, Eugene, OR) essen-
tially as described (19). Aliquots of the cell cultures at mid-log phase
were mixed with 1/10 volume of 100% trichloroacetic acid. Precipitated
proteins were collected by centrifugation and washed once with 1 ml of
acetone. The dried pellets were resuspended in 20 ml of 2% SDS, 50 mM

Tris-HCl, pH 8.0, 15 mM AMS and incubated 1 h at room temperature.
Finally, 12-ml aliquots of the alkylated proteins were separated on 15%
polyacrylamide-SDS gels, transferred to PVDF membranes with a
semi-dry blotter, and probed with anti-TrxC or anti-DsbC antibodies.
The antibodies were detected by using the enhanced chemilumines-
cence Western blot detection kit (Amersham Pharmacia Biotech).

Primer Extension Assay—RNA was isolated from MC4100 and
GSO47 as described previously (20). By using an oligonucleotide specific
to trxC (GATTGATGGCCTGACAATGGGTAC), the RNA samples were
subjected to primer extension assays as described elsewhere (21).

DNase I Protection Assay—The DNase I footprinting assay of OxyR
binding to the trxC promoter, contained on the BamHI-EcoRI fragment
of pGSO105, was carried out as described previously (22).

RESULTS

Comparison of the Functions of Thioredoxins 1 and 2

The goal of this study was to determine the physiological
roles that thioredoxin 2 might play. Here, we analyze the
functions of the two thioredoxins in vivo and ask whether the
N-terminal domain of thioredoxin 2 influences these activities.

For this purpose, we have constructed derivatives of the trxC
gene on a plasmid that expressed proteins altered either in the
active site cysteines of the thioredoxin fold or in the N-terminal
domain containing the additional four cysteines.

Each of the three pairs of cysteines in thioredoxin 2 were
mutated to serines (the third pair being the active-site cys-
teines). However, we found that the mutation of cysteine resi-
due 5 led to a significant decrease in expression (data not
shown). Therefore, Cys-8 was mutated alone, and this muta-
tion was combined with the mutation C25S/C28S to give a
TrxC variant that was missing three out of four of the extra
cysteines. Finally, we constructed a deletion of the N-terminal
domain of TrxC (amino acids 2–29). As the expression level of
the truncated TrxC is lower than the wild type, we incorpo-
rated the constructs into an expression vector in which they
were fused to an N-terminal linker coding for a His6 tag. In this
vector, induction by arabinose of the pBAD promoter leads to
expression levels of thioredoxin 2 comparable to those of thi-
oredoxin 1.

A trxA, grxA double mutant is unable to grow on minimal
media because of a requirement for either thioredoxin 1 or
glutaredoxin 1 for PAPS reductase activity. This defect results
in a cysteine requirement on minimal media. Previous results
have shown that thioredoxin 2 expressed from a plasmid com-
plements this growth defect (14). We find that the influence of
the N-terminal domain on the ability to complement the growth
defect on minimal medium is minimal, as all TrxC mutant
variants that have an intact active site are capable of replacing
thioredoxin 1/glutaredoxin 1 (data not shown).

Cytoplasmic thioredoxin 1 is also required to maintain the
proper redox state of the periplasmic protein, DsbC. DsbC is
itself a thioredoxin-like protein that has protein disulfide
isomerase activity. The active-site cysteines are kept in a re-
duced state by the integral membrane protein DsbD, which in
turn derives reducing power from cytoplasmic thioredoxin 1. A
mutant strain lacking thioredoxin 1 (trxA) or thioredoxin re-
ductase (trxB) accumulates oxidized DsbC suggesting that thi-
oredoxin 1 ordinarily is the exclusive hydrogen donor to DsbD/
DsbC (23). However, overexpression of thioredoxin 2 did
restore the reduction of DsbC to a mutant completely lacking
any thioredoxin (Fig. 1). Mutational changes in the N-terminal
domain of TrxC did not alter the capacity to complement (Fig.
1). Again, although chromosomal expression of TrxC is not
sufficient to maintain DsbC in a reduced state, thioredoxin 2 is
able to perform this function when expressed at levels compa-
rable to that of thioredoxin 1.

Finally, we looked at methionine sulfoxide reductase, which
requires thioredoxin 1 but not thioredoxin 2 for its activity;2 Boyd, D., Weiss, D., Chen, J., and Beckwith, J., J. Bacteriol, in press.

FIG. 1. Redox state of the active-site cysteines of DsbC in var-
ious mutant backgrounds and with trxC-expressing plasmids.
Total cellular protein from HP15 (wild type, wt), HP17 (trxC2), HP18
(trxA2), and DR419 (trxA2 trxC2) containing an empty control plasmid
(pBAD33) or expressing wild-type TrxC (pEJS62), TrxCD2–29
(pDR1006), TrxC C25S/C28S (pDR1008), or TrxC C8S/C25S/C28S
(pDR1011) was precipitated with trichloroacetic acid, treated with
AMS, and separated by SDS-polyacrylamide gel electrophoresis. DsbC
was detected by Western blotting using anti-DsbC antibodies. The
positions at which oxidized (ox) and active-site-reduced (red) DsbC
migrate are indicated by arrows.
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mutations in trxA alone elicit a mutant phenotype (2). A me-
thionine auxotrophic strain (e.g. metE) cannot grow on methi-
onine sulfoxide as sole source of methionine if thioredoxin 1 is
missing. Previous results suggested that overexpressed thiore-
doxin 2 can only poorly complement this defect (14). We con-
sidered the possibility that the N-terminal domain of thiore-
doxin 2 interferes with its ability to interact with some
thioredoxin 1 substrates. However, none of the several mutant
TrxC proteins were able to restore growth of the A313 strain on
minimal medium with methionine sulfoxide when expressed at
similar levels as chromosomal thioredoxin 1. We observed
slight complementation only when high levels of wild-type
TrxC were expressed (as is the case with pDR1005).

In summary, thioredoxin 2 is capable of complementing var-
ious growth defects caused by the lack of thioredoxin 1. It can
function as hydrogen donor for PAPS reductase, ribonucleotide
reductase (not shown), and is able to donate reducing equiva-
lents to the periplasmic disulfide bond isomerase DsbC via the
membrane protein DsbD. Mutants, which lack one or several
N-terminal cysteines or have this domain entirely removed,
can still function as well as wild-type thioredoxin 2 in these
assays. However, methionine sulfoxide reductase appears to be
acted upon much more efficiently by thioredoxin 1. Moreover,
thioredoxin 2 is not able to restore a functional T7 phage
infection cycle,3 another example where the interaction be-
tween a substrate and thioredoxin is specific for thioredoxin 1.

TrxC Expression Is Regulated by the Transcriptional
Activator OxyR in Vivo

The results described above do not reveal any special phys-
iological role for thioredoxin 2 nor does it appear to differ
greatly in its specificity from thioredoxin 1. Therefore, we chose
another approach to see if it was possible to distinguish a
different function for this second thioredoxin. We considered
that if we could identify genes that regulated the expression of
trxC, these might give clues as to the conditions under which
thioredoxin 2 becomes important to the cell.

A direct genetic selection for mutations that increase trxC
expression is made possible by the finding that overexpression
of trxC from a plasmid restores growth on minimal medium to
the trxA, grxA double mutant WP813. Thus, mutations in a
regulatory gene that expressed TrxC constitutively might also
allow growth of the double mutant. To exclude mutations that
would simply change the promoter region of trxC we integrated
a translational trxC9-9lacZ fusion into the chromosome at the
attachment site of the phage l (attB) in a strain still carrying
trxC (HP24). Mutant strains that are able to grow on minimal
medium and at the same time are blue on indicator plates
should contain mutations in trans-acting elements that are
responsible for the expression of trxC. A wild-type strain con-
taining the trxC9-9lacZ fusion (HP15) remains white on these
plates with the b-galactosidase inhibitor PETG (see “Experi-
mental Procedures”). We used two different approaches to gen-
erate mutants to test in our combined selection and screening
plate assay. First, we used a transposon mutagenesis to select
specifically for mutants due to the inactivation of a “repressing”
element, and second we selected for spontaneous suppressors of
the growth defect of HP24 on minimal plates that should yield
a wide array of either loss of function or gain of function
mutations.

Analysis of Tn10-induced Mutants—Transposon mutagene-
sis with a recombinant l phage NK1324 that carries a mini-
Tn10 with a chloramphenicol resistance marker on HP24 was
done as described (24). 12 mutants were obtained; all of them

showed a dark blue color on plates with chromogenic substrate
X-gal, indicating that trxC was activated in these strains. By
using P1 transduction, we found that only two mutants showed
linkage of the chloramphenicol resistance to restoration of
growth on minimal plates. We amplified DNA fragments flank-
ing the Tn10 insertion site of these two mutants by PCR using
chromosomal DNA as template and arbitrary primers plus a
Tn10-specific primer (25). The PCR fragments were then se-
quenced to determine the transposon insertion site. In both
mutants (DR379 and DR380), the transposon was inserted in
the same region as follows: one insertion was 29 nucleotides
upstream of the translation start site of ahpC, whereas the
second strain had the Tn10 insertion in the coding region of
ahpC, disrupting the open reading frame at codon 32. ahpC
encodes the smaller subunit (C) of a two-subunit protein com-
plex that has alkyl hydroperoxidase activity (26) and an active
site disulfide bond. The larger subunit (F52) is highly homolo-
gous to thioredoxin reductase (27) and can directly interact
with AhpC and reduce its active site cysteines in an NADH-
dependent manner (28).

Analysis of Spontaneous Suppressors of HP24—Spontaneous
suppressors arose on minimal plates at a frequency of about
1027. All mutants that grew on the selective minimal plates
plus X-gal were blue. One mutant was found that appeared to
express trxC at a much higher level than the other suppressors,
as the colonies exhibited a dark blue color. Expression of b-ga-
lactosidase from the trxC9-9lacZ fusion in most of the mutants
gave 400–600 Miller units, whereas the deeper blue isolate
(DR352) showed about a 3-fold higher activity. The ahpC mu-
tant (DR379) isolated as result of the Tn10 mutagenesis also
gave about 400 units (Table II). The majority of mutants that
answered our selection and screening procedure had acquired
mutations that allowed them to overexpress trxC 7–10-fold.
This is about the degree of overexpression we know is capable
of restoring growth to WP813 or HP24 when expressed from a
plasmid. In order to determine whether some of our non-trans-
poson-induced mutants affected the expression of ahpCF, we
transformed a plasmid expressing ahpCF from the araB pro-
moter (pFÅ20) into several mutants and assayed for comple-
mentation, the reduction of trxC9-9lacZ expression. DR386, an
ahpC::kan mutant strain, showed a 5-fold lower b-galactosid-
ase activity upon induction of the plasmid-borne ahpCF locus.
All but one of the blue mutants that we assayed in this way (6)
had the same reduction in activity, suggesting that in these
strains the chromosomal ahpC locus was affected. On the other
hand, after transformation of pFÅ20 into the suppressor
DR352, the strain still retained 80% of the initial activity,
suggesting that this strain carried a mutation in a different
locus.

Mutations in ahpCF eliminate alkyl hydroperoxidase activ-
ity, resulting in higher levels of hydrogen peroxide in cells.
High levels of hydrogen peroxide cause oxidative stress for the
bacteria and induce a response mediated by the regulatory
protein OxyR. The alkyl hydroperoxidase itself is induced by
this stress response. In addition, OxyR regulates the expres-
sion of the grxA and gor genes, coding for glutaredoxin 1 and
glutathione oxidoreductase, respectively (29). The glutathione,
glutaredoxin pathway is involved in disulfide reductions and
thiol transfers. Thus, it seemed possible that the induction of
TrxC that we observed in the ahpCF mutants was due to
activation of OxyR and that the one uncharacterized mutation
in DR352 was in the oxyR gene.

To determine whether overexpression of TrxC in DR352 was
due to a mutation in oxyR, we first used P1 transduction to
replace the oxyR locus of DR352 with an oxyR null mutation
from DR353, resulting in the mutant DR372. Eliminating3 E. Stewart, personal communication.
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OxyR function resulted in the abolition of the observed increase
in trxC9-9lacZ expression (Table II). Furthermore, we used P1
transduction with a Tn10 insertion linked to OxyR (CAG12185)
to move the oxyR region of DR352 into other strains. The
results of these transductions showed that moving this region
into HP24 suppressed the growth defect of HP24 (DR416) and
into HP15 (DR414) resulted in induction of the trxC9-9lacZ
fusion, whereas transduction of the Tn10-linked wild-type
oxyR locus did not result in any changes (DR415 and DR413,
Table II). We proceeded to sequence the oxyR gene of DR352
and found a single C to T exchange resulting in the mutation of
the conserved amino acid alanine 221 to a glutamate residue.
The residue is conserved among all of the OxyR homologues
(not shown), and it is located in the C-terminal region of the
protein 22 residues from the active site cysteine 199. Finally,
we used PCR to sequence the oxyR region of a number of
transductants of HP15, which either did or did not show sup-
pression of the growth defect and showed a complete correla-
tion between the presence of the mutation and suppression of
the growth defect.

Here we found that the expression of trxC could be stimu-
lated in two different ways, both of them likely involving the
OxyR transcription factor either indirectly by inactivation of a
subunit of alkyl hydroperoxidase or directly by mutation of
oxyR. Since OxyR can be activated either by challenge with an
oxidant such as H2O2 or directly by a change in the cellular
thiol-disulfide status, we determined the effect of a change in
the latter state of the cell on the expression of trxC. The trxC9-
9lacZ fusion was transferred by P1 transduction into various
mutants with defects in one or several components of the cyto-
plasmic thioredoxin or glutaredoxin pathways. The steady
state level of the TrxC fusion protein is about 4-fold higher in
mutants where both reducing systems are affected (Table III,
HP21 and HP22). Whereas the mutation in thioredoxin reduc-
tase (HP23), glutaredoxin 1 (DR385), or thioredoxin 2 (HP17)
does not appear to induce any oxyR-dependent response on rich
media, the lack of thioredoxin 1 only leads to about 2-fold
increase (Table III). In comparison, the levels were about 15-
fold higher in the mutant HP27 which lacks both catalase and
alkyl hydroperoxidase, resulting in increased intracellular lev-
els of peroxides ((19) Table III). The change in steady state level
of trxC expression measured by the b-galactosidase assay was
further confirmed by direct measurement of cellular thiore-
doxin 2 levels (Fig. 2).

Role of Thioredoxins during Oxidative Stress

Because the expression of trxC is dependent on OxyR, we
wanted to determine how thioredoxin mutants responded to
oxidative stress. We found that the wild-type HP15 is sensitive
to high levels of hydrogen peroxide, and growth is stopped after
a 5 mM pulse of H2O2 (Fig. 3A). The same is true for mutants
lacking thioredoxins 1 or 2 (HP18 and HP17). Surprisingly,

mutants without any thioredoxin (DR419) were more resistant
to H2O2 (Fig. 3A). These results agreed well with the finding
that the surviving fraction of HP15 and HP17 cells after a
60-min exposure to 10 mM hydrogen peroxide was only about
0.3%, whereas it was significantly higher for HP18 and HP419
(25–40%). One simple explanation for this finding is that, due
to the absence of thioredoxins, the equilibrium of reduced and
oxidized OxyR is shifted more toward the oxidized (i.e. active),
form and therefore the oxidative stress response including the
expression of catalase and alkyl hydroperoxidase is partially
activated. This activation would result in an apparent higher
resistance to reactive oxygen species such as hydrogen perox-
ide. If the expression level of the trxC9-9lacZ fusion is taken as
a measure of the amount of activated OxyR in the cell, then the
OxyR A221E mutation should make the cells completely resist-
ant to effects of oxidative stress by hydrogen peroxide. In fact,
this is what we observed (Fig. 3A). This finding confirms the
hypothesis put forth recently, stating that E. coli mutants
whose cytoplasmic redox potential is more oxidizing than the
wild type would be more resistant to oxidative stress (19). In
another experiment we showed that overexpression of trxC
from pEJS62 did not alter the resistance of HP15, HP18, or
DR419 toward hydrogen peroxide (data not shown). Yet, it also
became apparent that the resistance was at least partly due to
the action of alkyl hydroperoxidase because the induction of the
OxyR response was not able to rescue the mutant DR379.

Although thioredoxin activities do not seem to be necessary
to confer resistance to hydrogen peroxide, they seem to contrib-
ute to the reduction of cytoplasmic disulfide bonds. We used the
membrane-permeable thiol-specific oxidizing agent diamide,
which temporarily inhibits growth of E. coli when added to
growing cells. The lag phase is proportional to the amount of
diamide added, and there is evidence that it depends on the
capacity of the cells to reduce cytoplasmic disulfides (30). We
used higher concentrations of diamide than previously de-

TABLE II
b-Galactosidase activity of various strains expressing the

chromosomal trxC9-9lacZ fusion

Strain Relevant genotype b-Galactosidase
activity

HP15 Wild-type 60 6 12
DR353 oxyR 56 6 16

DR352 trxA grxA supp 1249 6 262
DR372 trxA grxA supp oxyR 49 6 18
DR413 argE 73 6 35
DR414 supp argE 1100 6 254
DR415 trxA grxA argE 95 6 19
DR416 trxA grxA supp argE 1873 6 351

DR379 trxA grxA ahpCF::cat 380 6 82

TABLE III
b-Galactosidase activity of various mutant strains deficient in

components of the thioredoxin and glutaredoxin pathways expressing
the chromosomal trxC9-9lacZ fusion

Strain Relevant
genotype

b-Galactosidase
activity

HP18 trxA 121 6 6
HP17 trxC 61 6 4
HP23 trxB 50 6 6
DR385 grxA 66 6 3
HP16 trxA trxB 100 6 17
HP24 trxA grxA 115 6 14
DR419 trxA trxC 120 6 14
DR389 trxC grxA 49 6 9
HP21 trxA gor 263 6 35
HP22 trxA gshA 157 6 19
HP27 ahpCF katG 885 6 6

FIG. 2. The expression of trxC is regulated by hydrogen per-
oxide and the redox state of the cell and is dependent on OxyR.
Equal amounts of total cellular protein from DHB4 (wild type), FÅ369
(katG2 ahpC2), FÅ378 (trxA2 gor2), and FÅ409 (trxA2 gor2 oxyR2) was
separated by SDS-polyacrylamide gel electrophoresis. Thioredoxin 2
was detected by Western blotting using anti-TrxC antibodies.
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scribed, and we found that even the growth of the wild-type
HP15 was inhibited (Fig. 3B). Nevertheless, we observed that
mutants lacking thioredoxin 1 (HP18) or even more so thiore-
doxin 1 and 2 (DR419) had a longer phase of growth arrest,
suggesting an active role of thioredoxins in dealing with disul-
fide stress.

OxyR-dependent Peroxide Induction of trxC

The genetic analysis strongly suggested that OxyR regulates
trxC expression. To determine whether expression of the trxC
mRNA is induced by hydrogen peroxide in an OxyR-dependent
fashion, we carried out primer extension assays. Exponential
phase cultures of wild-type (MC4100) and DoxyR::kan (GSO47)
mutant cells grown in LB-rich medium were split, and half of
the culture was treated with 1 mM hydrogen peroxide. After 10
min, total RNA was isolated, and the RNA was subjected to
primer extension analysis using a trxC-specific oligonucleotide.
As shown in Fig. 4A, the levels of the trxC mRNA were in-
creased by hydrogen peroxide in the wild-type but not the
DoxyR::kan mutant strain, confirming that trxC is part of the
OxyR regulon. The primer extension assay also allowed us to
map the start of the trxC transcript to an A residue 60 base
pairs upstream of the ATG start codon.

OxyR Binds to the trxC Promoter

To test for OxyR binding to the trxC promoter region, we
carried out DNase I footprinting experiments. A 290-base pair
fragment encompassing the promoter was incubated with var-
ious concentrations of purified OxyR and then subjected to
DNase I digestion. The oxidized wild-type OxyR protein clearly
protected a region located immediately upstream of the 235
sequence of the trxC promoter from digestion (Fig. 4B). In
contrast, the OxyRC199S protein that is locked in the reduced
conformation showed significantly lower binding affinity (data
not shown). Other OxyR-activated promoters are also bound by
the oxidized but not reduced protein (22). A close look at the
trxC-binding site revealed that 12 out of 20 bases matched the
proposed OxyR consensus motif (22).

In Vivo Redox State of TrxC

The involvement of TrxC in an oxidative stress response
raised an interesting question concerning the redox state of the
non-active site cysteines in the N-terminal domain of TrxC.
There are several examples where the activity of a protein is
regulated by the redox environment through the reversible
formation of disulfide bonds. For instance, OxyR is activated by
the transient formation of a disulfide bond. The recently dis-

covered chaperone Hsp33 is also activated by formation of
disulfide bonds (31). In both cases, the reduced protein is cat-
alytically inactive.

The biochemical analysis of TrxC suggested some sort of
regulation of activity. Thioredoxin 2 was more active in the
insulin reduction assay when it had been treated with a reduc-
ing agent prior to the reaction (13). We therefore wanted to
know the redox state of TrxC in vivo. By using the AMS alky-
lation method, we examined the steady state situation in sev-
eral mutant backgrounds. All 6 cysteines of thioredoxin 2 are
completely reduced in the wild type, and this remained the case
as long as thioredoxin reductase, its specific reductant, is pres-
ent. A shift to a more oxidizing environment as is found in
HP21 does not change the redox state of TrxC at all and neither
does the elevated level of hydrogen peroxide in HP27 (not
shown).

DISCUSSION

Multiple thioredoxins are found in many cells. For example,
some plant cells have been found to have as many as 12 thi-
oredoxins (32). In E. coli, if one were to simply search the
genome sequence, one would find 10 open reading frames that
would code for thioredoxin homologues or larger proteins that
contain within them thioredoxin domains (33). (This inventory
excludes the glutaredoxins which are structural but not se-
quence homologues of thioredoxin.) Of these 10 open reading
frames, only 3 correspond to cytoplasmic thioredoxin mole-
cules, and one of these appears not to be expressed at least
under aerobic conditions (34). The motivation for our current
study is the presumption that E. coli has evolved to express two
thioredoxins aerobically because they fulfill different functions,
at least under some environmental/ecological condition. An
alternative hypothesis is that there are advantages related to
issues of gene expression that favor the evolution of more than
one thioredoxin gene, one of them perhaps acting as a backup,
being called upon when extra stresses are put on the cell.
According to this hypothesis, the two thioredoxins carry out the
same tasks. On the other hand, the fact that thioredoxin 2
contains an extra N-terminal domain with two CX1X2C se-
quences tempts one to consider a different physiological role for
thioredoxin 2.

We have examined a number of possible functions for thiore-
doxin 2 that might differentiate it from thioredoxin 1. When
expressed at comparable levels, both thioredoxins are “effec-
tive” in vivo in the reductive reactions with PAPS reductase
and the DsbD membrane protein. The additional N-terminal
tail of thioredoxin 2 does not appear to play any role in its
function (or lack of function) in the redox pathways we have

FIG. 3. Effect of hydrogen peroxide
(A) and diamide (B) on the growth of
mutants missing thioredoxins or con-
taining mutations resulting in an
OxyR response. HP15 (wild type, f),
HP17 (trxC2, E), HP18 (trxA2, Œ), DR419
(trxA trxC2, ƒ) DR414 (oxyR221E, M),
and DR379 (ahpC2, l) were grown to an
A600 of about 0.15. A, H2O2 was added to a
final concentration of 5 mM. B, diamide
was added to a final concentration of
800 mM.
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examined. We also found that these cysteines are maintained
in a reduced state by a mechanism that does not involve any of
the cytoplasmic thiol-reducing pathways. One can only specu-
late why the N-terminal cysteines are not susceptible to oxida-
tion. Possibly they are involved in coordination of a metal ion as
proposed (13).

To seek further a special role for thioredoxin 2, we asked
whether this protein was subject to any genetic controls. By
using a genetic selection for mutants with increased trxC ex-
pression, we have found mutations that either directly or indi-
rectly affect the OxyR regulatory system. This indication of a
role for OxyR in trxC expression is further supported by the
finding that hydrogen peroxide increases the amount of thiore-
doxin 2 in cells 20-fold. Under these conditions, thioredoxin 2
appears to be more abundant than thioredoxin 1. Finally, we
have shown that OxyR binds to the trxC promoter region via a
DNA sequence that corresponds to a consensus sequence for
OxyR binding.

Our results on trxC regulation suggest that thioredoxin 2
may play a specific role in the response to oxidative stress that
differentiates it from thioredoxin 1. We have attempted to
demonstrate this by seeking different properties of trxC mu-
tants under conditions of hydrogen peroxide or diamide stress.
In particular, we have looked at survival and at growth rates,
without observing any differences from the wild type. It may be
that the presence of high levels of thioredoxin 2 confers a
growth or survival advantage not discernible by our tests. Such
advantages may occur under specific types of oxidative stress
not measured by our laboratory conditions. An alternative ex-
planation for our findings is that E. coli has evolved to increase
the overall concentrations of thioredoxins in the cytoplasm
when confronting oxidative stress. The trxC gene has evolved to
respond to this regulatory system because of its normally low
expression levels, whereas the trxA gene is so highly expressed
already that further increases are not easily accomplished.
Moreover, as both thioredoxins are transiently oxidized after a

hydrogen peroxide pulse,4 the de novo synthesis of thioredoxin
2 may be an additional mechanism by which the cell tries to
alleviate the consequences of oxidized proteins in the cyto-
plasm. According to this hypothesis, the two thioredoxins may
not differ significantly in their functions and substrate
specificities.
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