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The frx4 gene is regarded as essential in Bacillus subtilis, but the roles of the TrxA protein in this gram-
positive bacterium are largely unknown. Inactivation of frx4 results in deoxyribonucleoside and cysteine or
methionine auxotrophy. This phenotype is expected if the TrxA protein is important for the activity of the class
Ib ribonucleotide reductase and adenosine-5’-phosphosulfate/3’-phosphoadenosine-5’-phosphosulfate reduc-
tase. We demonstrate here that a TrxA deficiency in addition causes defects in endospore and cytochrome ¢
synthesis. These effects were suppressed by BdbD deficiency, indicating that TrxA in the cytoplasm is the
primary electron donor to several different thiol-disulfide oxidoreductases active on the outer side of the B.

subtilis cytoplasmic membrane.

Thioredoxin is a well-characterized thiol-disulfide oxi-
doreductase and an important reducing factor in the cytoplasm
of most cells (5, 15, 29). Thiol-disulfide oxidoreductases in the
active site contain two cysteine residues that are essential for
enzyme function. When a thiol-disulfide oxidoreductase re-
duces or oxidizes a substrate protein, a disulfide bond is
formed between the two proteins as a reaction intermediate.
After the reaction is complete, the thiol-disulfide oxidoreduc-
tase needs to be reactivated by reduction or oxidation (5, 28).
Thioredoxin is reactivated by thioredoxin reductase, with the
use of NADPH as the reductant (15).

In bacteria, thioredoxin is involved in the defense against
oxidative stress, it is required for the activity of several en-
zymes, it is a regulatory factor for certain enzymes and recep-
tors, and it functions as an essential component for the assem-
bly of small viruses (15). Some functions of thioredoxin are
independent of thiol redox activity and instead depend on the
ability of the protein to interact with other proteins to form a
transient complex (19).

The trxA gene of the gram-positive bacterium Bacillus sub-
tilis encodes thioredoxin (24) and has been reported to be
essential for cell growth on nutrient-rich medium (18, 33). The
expression of this gene is induced by various types of stress,
and its transcription is initiated from two promoters, one de-
pendent on o (the main vegetative sigma factor) and the
other on o® (a general stress sigma factor) (33). The trxd
mRNA has a half-life of about 5 min, which is close to the
average half-life for mRNAs in B. subtilis (11). As deduced
from the genome sequence (20), B. subtilis contains several
cytoplasmic thioredoxin-like proteins in addition to TrxA. The
physiological roles of these putative proteins are unknown, but
the corresponding genes are not important for growth (37). B.
subtilis, like many other gram-positive bacteria, does not con-
tain glutathione; i.e., it lacks genes for glutathione synthesis
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and glutathione reductase (20, 37). Thioredoxin(s) is seemingly
the only proteinaceous disulfide reductant in the cytoplasm of
B. subtilis. However, the ytnl gene might encode a glutaredoxin
with thiol-disulfide oxidoreductase activity.

Both the primary sequences and the structures of B. subtilis
and Escherichia coli TrxA proteins are similar, and both con-
tain the conserved WCGPC active-site sequence (24, 27, 30).
B. subtilis arsenate reductase (ArsC) is dependent on TrxA for
activity (3, 24). Other enzymes in B. subtilis that are expected
to be dependent on the redox activity of thioredoxin are ribo-
nucleotide reductase and adenosine-5'-phosphosulfate (APS)/
3’-phosphoadenosine-5'-phosphosulfate (PAPS) reductase (4,
13). It has not been established, however, if the TrxA protein
alone or some other thioredoxin functions with these enzymes
in vivo.

In this work, we have analyzed the effects of inactivation of
the trxA gene in B. subtilis. The focus is on the role of TrxA in
endospore and cytochrome ¢ maturation, which are processes
involving the extracytoplasmic membrane-bound thiol-disul-
fide oxidoreductases CcdA, ResA, and StoA (7, 8, 34, 35). The
CcdA protein is a polytopic membrane protein of 26 kDa that
is homologous to the central (B) domain of DsbD of, e.g.,
Escherichia coli (26, 29). It is thought to be reduced by a
thioredoxin in the cytoplasm and to transfer reducing equiva-
lents to ResA and StoA on the outer side of the cytoplasmic
membrane. ResA (20 kDa) functions to reduce apocytochrome
¢ during cytochrome ¢ maturation (7), whereas StoA (19 kDa)
is important for efficient endospore cortex synthesis (8).

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this work are listed in Table 1. E. coli cells were grown at 37°C in LB
medium or on LA plates (31). B. subtilis cells were grown in baffled E-flasks, on
a rotary shaker (at 200 rpm), in LB medium, in nutrient sporulation medium with
phosphate (NSMP) (9) or in Spizizen minimal medium (38) supplemented with
0.5% glucose and 50 mg/liter tryptophan. Tryptose blood agar base (TBAB;
Difco Co.) was used as the solid medium for B. subtilis. Deoxyribonucleosides
(deoxyadenosine, deoxycytidine, deoxyguanosine, and deoxythymidine) were
each added to a final concentration of 25 mg/liter. Cysteine and methionine were
each added to a final concentration of 20 mg/liter. For the growth of strain
LUW327, the medium was supplemented with 50 wg/ml isopropyl--p-thioga-
lactopyranoside (IPTG) to sustain wild-type growth (21, 37). Antibiotics were



VoL. 190, 2008

EXTRACYTOPLASMIC ROLES OF x4 IN B. SUBTILIS 4661

TABLE 1. Strains and plasmids used in this work

Strain or plasmid

Description”

Reference or source”

E. coli strains

MM294 supE44 hsdR endA thi 1
TUNER(DE3)/pLysS F~ ompT hsdSg(rg™ mg™) gal dem lacY1(DE3)/pLysS; Cm" Novagen
B. subtilis strains

1A1 trpC2 BGSC*

LUG60A1 trpC2 AccdA::ble; Pm” 34

LUL10 trpC2 bdbD::Tnl0; Sp* 6

LUW327 trpC2 pMUTIN2mcs insertion in trxA promoter; Em" 21

LMM1 trpC2 trxA::kan; Km* pLMC6-kan — 1A1; this
study

LMM5 trpC2 bdbD::Tnl0 pMUTIN2mcs insertion in #xA4 promoter; Em" Sp" LUW327 + LUL10 —1A1;
this study

LMM?24 trpC2 trxA::kan; Km* LMMI1 — 1A1; this study

LMMS2 trpC2 bdbD::Tnl10 trxA::kan; Km" Sp* LMM24 + LUL10 — 1Al;
this study

LMMS3 trpC2 bdbD::Tnl10 trxA::kan; Km" Sp* LMM24 + LUL10 — 1Al;
this study

LMM241 trpC2 trxA::kan; Km" LMM?24 — 1A1; this study

Plasmids

pBluescript (SK™) Cloning vector; Am" Stratagene

pBAD-HisB Expression vector; Am" Invitrogen

pRSETB Expression vector; Am" Invitrogen

pDG780 Carries antibiotic resistance cassette; Km" Am" 10

pLMC1 pBluescript with a 339-bp KpnlI-HindIII fragment containing B. subtilis trxA,,, Am" This study

pLMC2 pBAD-HisB with a 339-bp Kpnl-HindIII fragment containing #xA,,, from This study

pLMC1; Am"
pLMC6 pRSETB with a 339-bp KpnI-HindIII fragment containing a trxA,,, fragment from This study
pLMC2; Am"
pLMCé6-kan pLMC6 with trxA disrupted by insertion of a 1,486-bp Clal fragment from This study

pDG780; Am" Km"

“ Am", ampicillin; Cm", chloramphenicol; Em’, erythromycin; Km*, kanamycin; Pm", phleomycin; Sp*, spectinomycin; wt, wild type.
> Arrows indicate transformation of the indicated strain with the indicated plasmid or chromosomal DNA.

¢ Bacillus Genetic Stock Center, Ohio.

used at the following concentrations: for E. coli, ampicillin was used at 100
mg/liter, chloramphenicol at 12.5 mg/liter, and kanamycin at 50 mg/liter; and for
B. subtilis, chloramphenicol was used at 4 mg/liter, erythromycin at 0.3 or 0.5
mg/liter, lincomycin at 10 or 12.5 mg/liter, and kanamycin at 10 mg/liter.

DNA techniques. Plasmid DNA was isolated by using a Quantum Prep plasmid
miniprep kit (Bio-Rad) or by CsCl density gradient centrifugation. E. coli strains
were transformed by electroporation (12), and B. subtilis was grown to compe-
tence essentially as described by Hoch (14). PCR was carried out using Tag DNA
polymerase (Roche) or Phusion polymerase (Finnzymes). DNA ligation was
performed using T4 DNA ligase (New England Biolabs, Inc.). Plasmid and strain
constructs were confirmed by DNA sequencing (BM labbet, Lund, Sweden; or
MWG Biotech AG, Martinsried, Germany).

Construction of plasmids and strains. Plasmid pLMC1 was constructed by
amplifying the x4 gene of B. subtilis strain 1Al, using the primers MMO001
(5'-GGCCATGGTACCATGGCTATCGTAAAGCAAC-3") and MMO002 (5'-G
GCCATAAGCTTCTGGCATGTAAGCAGCG-3") in a PCR (KpnI-HindIII
sites are underlined). The PCR product was cut with Kpnl and HindIII and
cloned into pBluescript (SK™). The fragment was excised from the obtained
plasmid pLMC1, using the same enzymes, and ligated into pBAD-HisB, creating
the pLMC2 plasmid. pLMC6 was constructed by cutting out the x4 fragment of
pLMC2, using KpnI and HindIII, and ligating it into pRSETB cut with the same
enzymes. Sequencing of the zxA4 gene of B. subtilis strain 1A1 showed that base
243 in the open reading frame was a C, whereas it is an A in the published
genome sequence (20). This nucleotide difference, however, does not change the
predicted protein sequence.

To obtain plasmid pLMC6-kan, pLMC6 was cut with Clal and ligated with a
kanamycin resistance cassette on a Clal fragment obtained from plasmid
pDG780. B. subtilis LMM1 was obtained by transformation of the 1A1 strain with
Scal-cleaved pLMC6-kan and the selection of colonies on TBAB plates supple-
mented with kanamycin, cysteine, methionine, and deoxyribonucleosides, as de-
scribed in Results and Discussion. Strain LMM24 was obtained by the transfor-

mation of 1A1, using LMM1 chromosomal DNA. Similarly, strain LMM241 was
obtained by the transformation of 1A1 with LMM24 chromosomal DNA. BdbD
TrxA double-deficient strains were obtained by transformation of 1A1 with a
mixture of DNAs including LUL10 chromosomal DNA and either LUW327 or
LMMI1 chromosomal DNA.

Production and affinity purification of His-tagged TrxA. Hexahistidinyl-tagged
wild-type B. subtilis TrxA was produced in E. coli TUNER(DE3)/pLysS contain-
ing pLMC6. Cells were grown in LB medium at 37°C at 200 rpm. At an optical
density at 600 nm of 0.5, the expression of x4 was induced, using 0.4 mM IPTG.
Ninety minutes later, the cells were collected by centrifugation and frozen at
—20°C. After cells were thawed, they were resuspended in 40 ml of buffer A (50
mM sodium phosphate buffer, 300 mM NaCl [pH 8.0]) containing 10 mM
imidazole and DNase. The cells were disrupted by using a French pressure cell
operated at 18,000 Ib/in>. The lysate obtained was centrifuged at 48,000 X g for
30 min at 4°C, and the supernatant was mixed with Ni-nitrilotriacetic acid
agarose (Qiagen). After it was mixed for 1 h at 4°C, the resin was washed with 10
mM imidazole in buffer A, and TrxA was eluted from the resin by using 100 mM
imidazole in buffer A. The purity of the isolated His-tagged proteins was assessed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis. The authenticity of the purified His-tagged wild-type TrxA was verified
by mass spectrometry (Swegene Proteomics Platform, Lund, Sweden), giving a
value of 15,859.7 Da, which is in reasonable agreement with the expected mass
of 15,850.7 Da. Isolated B. subtilis His,-TrxA protein and E. coli thioredoxin
(TrxA), used as a reference, showed similar thiol-disulfide oxidoreductase activ-
ity, as determined by using the insulin reduction assay (16). Insulin and E. coli
thioredoxin were purchased from Sigma Chem. Antiserum against TrxA was
obtained by immunizing rabbits with isolated His-tagged TrxA. Antisera were
produced at PickCell Laboratories (Amsterdam, The Netherlands).

Immunoblotting. Proteins were fractionated by SDS-PAGE and transferred to
a polyvinylidene difluoride blotting membrane (Immobilon P; Millipore), using a
wet blot (Bio-Rad). Transfer buffer was 20 mM Tris and 150 mM glycine buffer
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containing 20% (vol/vol) methanol. Immunodetection was carried out by chemi-
luminescence, using horseradish peroxidase-labeled anti-rabbit immunoglobulin
G antibodies (GE Healthcare) and the SuperSignal West Pico chemiluminescent
substrate (Pierce Chem Co.). Luminescence was recorded using a Kodak Image
station.

Sporulation assay. Cells were grown for 2 days at 30°C or at 37°C at 200 rpm
in NSMP supplemented with deoxyribonucleosides and 50 mg/ml cysteine and
methionine. Sporulation efficiency of the strains was analyzed by heating 5 ml of
culture at 80°C for 15 min, as described previously (8). Serial dilutions of treated
and untreated samples were spread on TBAB plates supplemented with deoxyribo-
nucleosides. After plates were incubated at 37°C, colonies were counted.

Other methods. Protein concentrations were determined by using the bicin-
choninic acid protein assay (Pierce Chemical Co.) with bovine serum albumin as
the standard or by measuring the absorbance at 280 nm. SDS-PAGE was carried
out using the Schéigger and von Jagow buffer system (32). Isolation of mem-
branes, N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) oxidation activity
staining of colonies on plates, and determination of cytochrome ¢ oxidase activity
were done as described previously (2). Staining of proteins for covalently bound
heme after SDS-PAGE was carried out as described previously (36).

RESULTS AND DISCUSSION

Growth of the trxA conditional mutant B. subtilis strain
LUW?327. E. coli thioredoxin was first identified as a hydrogen
donor to ribonucleotide reductase, required for the synthesis
of deoxyribonucleotides (22). Thioredoxin in E. coli is also
involved in the biosynthesis of cysteine by donating electrons to
APS/PAPS reductase (39). Using transcriptome analysis, Smits
et al. showed that some B. subtilis genes for proteins that
function in sulfur assimilation and cysteine biosynthesis and
the genes for the type Ib ribonucleotide reductase are up-
regulated in TrxA-deprived cells (37). It was also shown that
the addition of cysteine to the growth medium partly restores
the growth of a TrxA-deprived strain.

To explore the roles of TrxA in B. subtilis, we initially made
use of strain LUW327 (Table 1). In this strain, the #7x4 gene in
the chromosome is transcribed from the pSpac promoter
whose activity is negatively controlled by the binding of Lacl.
Wild-type cellular levels of thioredoxin are obtained in strains
containing this conditional x4 expression system if the liquid
growth medium is supplemented with 100 uM IPTG. In the
presence of only 25 uM IPTG, the TrxA protein is not detect-
able in cell extracts, using immunoblotting analysis (37).
LUW327 was found to require =25 pM IPTG for wild-type-
like levels of growth in liquid rich media, i.e., NSMP and LB.
On solid rich medium, i.e., TBAB plates, 50 uM IPTG was
needed to support wild-type-like levels of growth of the strain.
When LUW327 cells were spread onto solid rich medium with-
out IPTG, colonies of better-growing clones containing sup-
pressor mutations appeared at a high frequency. These sup-
pressor mutations are presumably located in the pSpac
promoter region or in lacl, making the tmx4 gene expression
IPTG independent.

Cysteine requirement of LUW327. To investigate the impor-
tance of TrxA in deoxyribonucleotide and cysteine biosynthesis
in B. subtilis, we grew LUW327 without IPTG in minimal-
glucose medium supplemented with 20 mg/liter cysteine or 20
mg/liter methionine. Cysteine or methionine essentially re-
stored growth to the same level as that obtained by adding 100
pM IPTG to the medium. We ruled out the possibility that
growth in the absence of IPTG was due to suppressor muta-
tions by plating cells from the culture onto plates without
IPTG, where no growth was detected.

J. BACTERIOL.

The results suggested that LUW327 cells growing in minimal
medium contain TrxA, but only very small amounts, due to
incomplete blockage of the pSpac promoter activity. This small
amount of TrxA in the cell does not support the required
APS/PAPS reductase activity but is large enough to support
sufficient deoxyribonucleotide synthesis. It should be noted
that cysteine can be synthesized from methionine (17). Methi-
onine supplementation therefore supports the growth of
LUW327 cells in minimal medium. Cysteine, a low-molecular-
weight thiol reagent, can act as a redox buffer in the cytoplasm,
and it is possible that this makes a contribution when the TrxA
concentration is low (23).

Inactivation of frx4. With the knowledge that cysteine or
methionine can support the growth of cells containing little
TrxA, we tested to see whether B. subtilis cells with the trxA
gene inactivated can grow if the medium is supplemented with
cysteine, methionine, and deoxyribonucleosides. To inactivate
trxA, plasmid pLMC6-kan (which contains #xA disrupted by
the insertion of a kanamycin resistance cassette) in linear form
was used to transform B. subtilis strain 1Al. TBAB plates
supplemented with kanamycin, cysteine, methionine, and de-
oxyribonucleosides were used for selection of transformants.
Small colonies were obtained after several days of incubation
at 37°C. One clone that did not grow without supplementation
of the medium with the four deoxyribonucleosides was named
LMMI. The disruption of the trx4 gene in the chromosomal
DNA of LMM1 was verified by using PCR with primers
MMO001 and MMO002, followed by DNA sequence analysis of
the PCR product.

Isolated LMM1 chromosomal DNA was used to transform
B. subtilis 1A1. Kanamycin-resistant transformants were se-
lected on TBAB plates supplemented with cysteine, methio-
nine, and deoxyribonucleosides. Transformants appeared as
small colonies after incubation at 37°C overnight, and all were
found to require deoxyribonucleosides for growth. The frxA
insertion mutation was confirmed as before in two of the back-
crossed clones. One clone, LMM24 (Table 1), was kept for
further analysis. The lack of the TrxA polypeptide in the mu-
tant cells grown in NSMP supplemented with cysteine, methi-
onine, and deoxynucleosides was confirmed by immunoblot-
ting analysis (Fig. 1).

The growth of LMM24 colonies on TBAB plates containing
the four deoxyribonucleosides was independent of the addition
of cysteine or methionine (these amino acids are available in
TBAB). Concentrations higher than 25 mg/liter of deoxyribo-
nucleosides in the TBAB plates did not promote better growth.
As judged from the use of combinations of deoxyribonucleo-
sides, deoxycytidine was absolutely required for growth. The
growth of strain LMM24 compared to that of the parental
strain 1A1 in NSMP supplemented with deoxyribonucleosides,
cysteine, and methionine is shown in Fig. 2.

TrxA-deficient strains are defective in cytochrome c synthe-
sis. B. subtilis contains four different types of cytochrome c,
and they are all membrane bound and functional on the outer
side of the cytoplasmic membrane (40). CcdA-deficient mu-
tants lack all four types of cytochrome ¢ and are also deficient
in endospore synthesis, but vegetative cells show normal
growth in both minimal and rich media (34, 35).

Relatively high production of cytochrome ¢ is obtained when
wild-type B. subtilis cells are grown in NSMP. Cytochrome ¢
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FIG. 1. Immunoblotting analysis for TrxA in different B. subtilis
strains. Proteins in cell lysates were separated by SDS-PAGE, electro-
blotted to a filter, and probed with rabbit antiserum obtained by using
recombinant B. subtilis TrxA produced in E. coli as the immunogen.
1A1 is the parental strain. The x4 gene is inactivated in the other
strains (Table 1). Protein (10 pug) was loaded in each lane, except in the
case of the lane with 1A1 on the right side, where only 5 pg of protein
was loaded. The position of TrxA polypeptide in the gel is indicated by
arrows. A polypeptide smaller than TrxA and cross-reacting with the
antiserum is seen in all lanes.

synthesis in TrxA-deficient cells was examined by TMPD oxi-
dation staining of colonies and cytochrome ¢ oxidase activity of
isolated membranes. Both of these activities rely on the pres-
ence of a functional cytochrome caa; oxidase, which in turn
depends on the presence of cytochrome ¢ (2). The parental
strains 1A1 and LU60A1 (a CcdA-deficient strain) were used
as controls in the experiments. Colonies of LMM1, LMM?24,
and LU60A1 grown on NSMP agar plates supplemented with
the four deoxyribonucleosides did not oxidize TMPD, whereas
1A1 colonies on such plates showed strong oxidation activity.
Also, strain LUW327 grown on NSMP agar plates without
added IPTG lacked TMPD oxidation activity but showed such
activity when the medium was supplemented with 25 pM
IPTG. Membranes of strains LMM24 and LMM241 (obtained
by a backcross to 1A1, using LMM?24 chromosomal DNA;
Table 1) completely lacked all four cytochrome ¢ proteins, as
determined by heme staining of SDS-polyacrylamide gels (Fig.
3 and gel not shown), and contained only a background level of
cytochrome c¢ oxidase activity (Table 2). LUW327 grown with-
out IPTG added showed about 4% cytochrome c activity com-
pared to that of the wild type (Table 2). This low oxidase
activity can be explained by the incomplete inhibition of pSpac
promoter activity, resulting in low amounts of TrxA in the cell.

Q/yO’O
A
1- /A/ T A
/A
aA
<
8 014 .
8 4k//////
0,014
o 1A1
A LMMVR4
0 100 200 300 400 500 600 700

Time (minutes)

FIG. 2. Growth curves for B. subtilis 1A1 and the TrxA-deficient
strain LMM24 in NSMP supplemented with the four deoxynucleo-
sides, cysteine, and methionine. See Materials and Methods for details.
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FIG. 3. Analysis of membrane proteins for covalently bound heme.
Isolated membranes of the TrxA-deficient strain LMM24 and the
parental strain 1A1 were subjected to SDS-PAGE. The upper part of
the figure shows the result of staining the gel for heme after electro-
phoresis. The four bands seen with 1A1 correspond to heme in CtaC,
QcrC, QcrB, and CccA/CcecB (40). Lane M, contained prestained mo-
lecular size markers (k, thousand). The lower part of the figure shows,
as a positive control, a Western blot with the same bacterial mem-
branes, using anti-BdbD antiserum. For the heme stain and Western
blot, 100 g and 5 pg membrane protein, respectively, were loaded per
lane.

The combined findings show that TrxA-deficient strains lack
cytochrome c.

Endospore synthesis depends on TrxA. Strains lacking TrxA,
i.e.,, LMM24 and LMM?241, grown for sporulation in NSMP
medium supplemented with cysteine and deoxyribonucleo-
sides, produced few heat-resistant cells compared to the pa-
rental strain (Table 3). The cultures did not contain any phase-
contrast bright cells as observed using a light microscope.
These results indicated defective endospore synthesis in TrxA-
deficient cells.

BdbD deficiency suppresses the effects of the trx4 gene in-
activation on cytochrome ¢ and endospore synthesis. BdbD is
an extracytoplasmic membrane-bound oxidative thiol-disulfide
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TABLE 2. Cytochrome ¢ oxidase activities in membranes of
B. subtilis strains”

Cytochrome ¢ oxidase activity

Strain Enzyme deficiency (% of normal)?
1A1 None (parental strain) 100
LMM24 TrxA <1
LMM241 TrxA <1
LMMS2 TrxA BdbD 10
LUW327¢ TrxA 4
LMM5¢ TrxA BdbD 31

“ Cytochrome c oxidase activities in membranes isolated from B. subtilis strains
grown in NSMP supplemented with deoxyribonucleosides, cysteine, and methi-
onine.

® The cytochrome c activity of strain 1A1 was 180 nmol cytochrome ¢ oxidized
per min per mg of membrane protein.

¢ Membranes of strains LUW327 and LMMS5 were isolated from cells grown
without the addition of IPTG.

oxidoreductase that catalyzes the formation of disulfide bonds
in proteins on the outer side of the membrane (6, 25). The
defects in cytochrome ¢ and endospore maturation caused by
deficiencies of ResA and StoA, respectively, and those caused
by CcdA deficiency are suppressed by BdbD deficiency (6, 7,
8). Suppression is explained by the fact that BdbD catalyzes
disulfide bond formation in extracytoplasmic proteins, and
some proteins are thereby inactivated. ResA counteracts this
process by specifically disrupting disulfide bonds in apocyto-
chrome c. Similarly, StoA breaks disulfide bonds in hitherto-
unidentified protein substrates present in the intermembrane
space of the forespore during endospore maturation (6, 7, 26).

If TrxA is the electron donor to CcdA, and thereby indirectly
to both ResA and StoA, we predicted that the negative effects
of TrxA deficiency on cytochrome ¢ and endospore maturation
should be suppressed by BdbD deficiency. Therefore, we con-
structed strains deficient in both TrxA and BdbD, LMMS2 and
LMMS3 (Table 1 and Fig. 1). These strains showed about 10%
cytochrome ¢ oxidase activity compared to that of the parental
strain (Table 2) and almost normal production of heat-resis-
tant endospores (Table 3). Suppression of the defect in cyto-
chrome ¢ maturation caused by TrxA deficiency was also ob-
served with a constructed BdbD-deficient derivative of
LUW327, LMMS5 (Table 2). The extent of suppression ob-
tained by the absence of BdbD in TrxA-deficient cells is similar
to that seen with strains lacking ResA, CcdA, or StoA (6, 7, 8).

Our findings with the TrxA BdbD doubly deficient cells
demonstrate that the effects on cytochrome ¢ and endospore
maturation obtained as a result of the #zx4 gene inactivation
are manifested on the extracytoplasmic side of the membrane.

J. BACTERIOL.

cytochrome ¢ endospore
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FIG. 4. Functions of TrxA in B. subtilis as deduced from the results
of this work. APS/PAPS reductase is encoded by the cysH gene, and
ribonucleotide reductase (RNR) is encoded by the nrd EFI genes. TrxB
is thioredoxin reductase. The arrows and e~ indicate the direction of
flow of the reducing equivalents. + and — indicate the outer and
cytoplasmic sides of the membrane, respectively.

Conclusion. We have successfully inactivated the “essential”
trxA gene in B. subtilis cells and have shown that this results in
deoxyribonucleoside auxotrophy, most likely because the TrxA
protein is required for ribonucleotide reductase activity. It has
previously been demonstrated that ribonucleotide reductase
(NrdEFTI)-deficient B. subtilis cells require deoxyribonucleo-
sides for growth (13). Our findings with TrxA-deficient cells
suggest that TrxA is required also as an electron donor to
APS/PAPS reductase and is therefore important for sulfate
assimilation.

B. subtilis ResA and StoA are membrane-anchored thiol-
disulfide oxidoreductases with a role in cytochrome ¢ and en-
dospore cortex maturation, respectively (7, 8). The catalytic
domain of each of these proteins is located on the outer side of
the membrane and has a thioredoxin-like fold with a WCE/
PPCKKE active-site sequence motif. CcdA in the cytoplasmic
membrane of B. subtilis cells is suggested to reduce ResA and
StoA (26). We demonstrate here that TrxA-deficient cells are
defective in cytochrome ¢ and endospore maturation and that
this phenotype is suppressed by BdbD deficiency. This strongly
suggests that TrxA is the cytoplasmic electron donor to CcdA.
The situation is then similar to that in the gram-negative bac-

TABLE 3. Heat resistance of B. subtilis strains”

Strain Enzyme deficiency Cell titer (CFU/ml)” Spore titer (CFU/ml)* Sporulation efficiency (%)"
1A1 None (parental strain) 1.3 x 10° 5.5 x 107 42
LMM24 6.2 X 107 <1 x10* <0.0002
LMM?241 TrxA 6.7 X 107 2 X 10? <0.0003
LMMS82 TrxA BdbD 1.2 X 10° 2.8 X 10° 23

¢ Data indicate the heat resistance of B. subtilis strains grown for sporulation in NSMP supplemented with deoxyribonucleosides, cysteine, and methionine.

b Cell titer values are CFU/ml before treatment.
¢ Spore titers are CFU/ml after heat treatment.
@ Sporulation efficiency was calculated as the spore titer divided by the cell titer.
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terium E. coli, where TrxA is the electron donor to DsbD in the
inner membrane (29).

Figure 4 presents a summary of the central functions of

TrxA in B. subtilis, consistent with the properties of the TrxA-
deficient mutants we have analyzed in this work. It should be
noted that TrxA has more functions, for example, to reduce
arsenate reductase (24) and to play a role against various types
of environmental stress (23, 33).
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