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The active-site cysteines of DsbA, the periplasmic disulfide-bond-
forming enzyme of Escherichia coli, are kept oxidized by the
cytoplasmic membrane protein DsbB. DsbB, in turn, is oxidized by
two kinds of quinones (ubiquinone for aerobic and menaquinone
for anaerobic growth) in the electron-transport chain. We describe
the isolation of dsbB missense mutations that change a highly
conserved arginine residue at position 48 to histidine or cysteine.
In these mutants, DsbB functions reasonably well aerobically but
poorly anaerobically. Consistent with this conditional phenotype,
purified R48H exhibits very low activity with menaquinone and an
apparent Michaelis constant (Km) for ubiquinone seven times
greater than that of the wild-type DsbB, while keeping an apparent
Km for DsbA similar to that of wild-type enzyme. From these
results, we propose that this highly conserved arginine residue of
DsbB plays an important role in the catalysis of disulfide bond
formation through its role in the interaction of DsbB with
quinones.

D isulfide bonds contribute to the stability and activity of
many proteins exported out of the cytoplasm (1). In Esch-

erichia coli, disulfide bond formation in exported proteins is
catalyzed by DsbA, a periplasmic protein containing a thiore-
doxin-like fold and a redox active site, Cys30-Pro31-His32-Cys33
(2–4). DsbA donates its Cys30-Cys33 disulfide to pairs of
cysteines on target proteins (5, 6), thereby becoming reduced.
The cytoplasmic membrane protein DsbB is responsible for the
regeneration of oxidized DsbA (7–9). DsbB, in turn, is oxidized
by components of the membrane electron-transport system (10,
11). Results suggest that in eukaryotes, PDI and EroI may be the
analogues of bacterial DsbA and DsbB (12).

We recently showed that ubiquinone and menaquinone are
used directly to reoxidize DsbB (13, 14). Aerobically, ubiquinone
acts to reoxidize DsbB. The reduced ubiquinone then is reoxi-
dized by terminal oxidases such as cytochrome bd and bo
oxidases that then transfer electrons to oxygen (15). Anaerobi-
cally, menaquinone—which becomes the predominant qui-
none—replaces the function of ubiquinone in reoxidizing DsbB.
Electrons are passed from the reduced menaquinone to final
electron acceptors other than oxygen. This remarkable switching
ability of DsbB allows the enzyme to work under both aerobic
and anaerobic conditions (13).

The DsbB protein has four transmembrane segments and two
periplasmic domains (16). Each periplasmic domain contains
one pair of essential cysteines: Cys41 and Cys44 in the N-
terminal periplasmic domain and Cys104 and Cys130 in the
C-terminal periplasmic domain (16). Each pair of essential
cysteines is disulfide-bonded in vivo. The analysis of mutants in
these cysteines has contributed to our understanding of the
function of these residues. The Cys104-Cys130 disulfide bond is
thought to be the disulfide donor to DsbA (17, 18), whereas the
Cys41-Cys44 disulfide bond is hypothesized to donate its disul-
fide bond to the Cys104 and Cys130 residues (10). Finally, the
Cys41-X-X-Cys44 active site is maintained in the oxidized form,
perhaps, by the membrane electron-transport system (10).

Many questions remain about the mechanism of DsbB action
including how it interacts with DsbA, how electrons are trans-
ferred from the essential cysteines in the C-terminal periplasmic
domain of DsbB to those of the N terminus, how and where
quinones interact with DsbB, and how these different intra- and
intermolecular reactions are coordinated.

One approach to these questions is to isolate and characterize
mutations that retard a specific step of the enzyme reaction.
Here, we report the isolation of mutants that have alterations of
the Arg48 residue of DsbB. They are the first dsbB mutations in
which amino acids other than the essential cysteines are altered.
From the results obtained in vivo and in vitro, we propose that
this amino acid residue is important for the catalysis of disulfide
bond formation because of its role in the process of transfer of
electrons from DsbB to quinones.

Materials and Methods
Bacterial Strains and Growth Conditions. Strains are listed in Table
1. Cultures were grown at 30°C in NZ medium (19) or M63
minimal medium (20) supplemented with the appropriate anti-
biotics. When needed, 5-bromo-4-chloro-3-indolyl-b-D-
galactopyranoside (X-Gal) was added (20 mgyml). Aerobic or
semiaerobic cultures were incubated in 30-ml glass tubes (17 mm
in diameter) with either 5 ml or 20 ml, respectively, of M63
medium shaken at 90 rpm in a rotary shaker placed at a 30o

angle. For anaerobic growth, cultures, grown aerobically at 30°C
in M63 medium overnight, were diluted 1:250 into the same
medium supplemented with 0.1% casamino acids (Difco)y0.1
mM CaCl2. Anaerobic growth was carried out in sealed jars
(GasPak Anaerobic System; BBL Microbiology Systems) at 30°C
without shaking for 12 h.

Mutagenesis and Screening of Mutants. Mutagenesis of strain
HPT57 was carried out by using either UV light (20) or
N-methyl-N9-nitro-N-nitrosoguanidine (21) as mutagens. Af-
ter the mutagenesis, cells were plated on M63 minimal plates
supplemented with maltose and X-Gal, grown for two days at
30°C, and then kept at 4°C for several more days. Only faint
blue colonies were collected. Linkage of mutations to dsbB was
tested by P1 transduction as described (20). Cell lysates of
these mutants were subjected to Western blotting, using
anti-DsbB antibody (see below), to exclude mutants that
produced DsbB less than one-tenth that of a wild-type strain.
The dsbB gene of each mutant was amplified with two primers,
DSBH1 (59-TATTTTTGCTGCCTCCTGGTGG-39) and

Abbreviations: X-Gal, 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside; AMS, 4-acet-
amido-49-maleimidylstilbene-2,29-disulfonic acid; DM, n-dodecyl-b-D-maltoside.
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DSBH2 (59-CAACAATGGCAGATGAAGCGAG-39), and
subjected to sequence analysis.

Strain and Plasmid Constructions. Bacterial strains were con-
structed by using P1 transduction. To construct a DsbB R48H
overexpression plasmid, pHK503, a R48H substitution mutation
was introduced into the dsbB gene of pWM76 (13) by using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene) with
mutagenic primers DSBH7 (59-GTGCTCTGTATTTATGAA-
CACGTCGCGTTATTCGGCGTT-39) and DSBH8 (59-
AACGCCGAATAACGCGACGTGTTCATAAATACAGA-
GCAC-39). The entire sequence of the protein-coding region
was verified. DsbB R48H, expressed from this plasmid, contains,
on its C terminus, a six-residue histidine tag that allows its easy
purification on a Ni-column (22).

Production and Purification of Antibodies to DsbB. We prepared two
kinds of anti-DsbB antibody: one raised against a synthetic
peptide and one raised against purified DsbB. To prepare the
peptide antibody, a synthetic peptide, with amino acid sequence
corresponding to the C-terminal 14 aa of DsbB with cysteine at
the N terminus, first was coupled with keyhole limpet hemocy-
anin and then injected into a rabbit. The whole-protein antibody
was prepared by immunizing a rabbit with highly purified DsbB.
Peptide synthesis, modification, and immunization were per-
formed by Alpha Diagnostics (San Antonio, TX). Both sera were
purified by affinity binding to poly(vinylidene difluoride) mem-
brane-immobilized DsbB. We used the peptide antibody in
routine analysis because nonspecific binding in Western blot, in
general, was weaker than with the whole-protein antibody. We
used the latter antibody only for detection of DsbA–DsbB
hybrid, because a nonspecific band, recognized by the former
one, prevented detection of this hybrid.

Determination of the in Vivo Redox State of DsbA, DsbB, and
b-Lactamase. The redox state of proteins was visualized by
alkylating the free cysteine residues of proteins with 4-acet-
amido-49-maleimidylstilbene-2, 29-disulfonic acid (AMS; Molec-
ular Probes) as described (10). Alkylated proteins were sepa-
rated by 12% SDSyPAGE without using any reducing agent and
then were blotted to nitrocellulose (for Bla and DsbA) or
poly(vinylidene difluoride) (for DsbB) membranes. Washing,
incubation, and detection of the blot followed the ECL Western

blotting kit protocol (Amersham Pharmacia Biotech). Anti-b-
lactamase (5-Prime 3 3-Prime), anti-DsbA (8), anti-DsbB
(raised against the synthetic peptide), and anti-DsbB (raised
against the purified DsbB) antibodies were used at 1:4,000,
1:3,000, 1:1,000, and 1:500, respectively.

Production and Purification of DsbB R48H. E. coli DH5 (a) carrying
both placIqtet and pHK503 were grown in NZ medium. Expres-
sion of DsbB R48H was induced by the addition of isopropyl-
b-thiogalactopyranoside to 10 mM at A600 5 0.5 and growth was
continued for 4 h. The membrane fraction was purified and
solubilized with 1% n-dodecyl-b-D-maltoside (DM). DsbB
R48H then was bound to a Ni-nitrilotriacetic acid column
(Qiagen, Chatsworth, CA) equilibrated with 50 mM sodium
phosphatey300 mM NaCly0.02% DM, pH 8.0. The column was
washed with 50 mM sodium phosphate (pH 8.0)y300 mM
NaCly0.06 mg/ml lipids (E. coli total lipid extract; Avanti Polar
Lipids)y0.02% DM, and then again with the same buffer with 50
mM imidazole. The lipid addition was required to prevent the
aggregation of this mutant protein. DsbB R48H was eluted with
a linear gradient from 50 mM to 0.5 M imidazole. Peak fractions
were pooled and loaded to a hydroxyapatite column (Bio-Rad)
equilibrated with 50 mM sodium phosphate (pH 6.2)y100 mM
NaCly0.1 mg/ml lipidsy0.1% DM. The column was washed with
the same buffer and then with a linear gradient from the same
buffer to 500 mM sodium phosphate (pH 6.2)y0.1% DMy0.1
mg/ml lipids. DsbB R48H then was eluted with 750 mM sodium
phosphate (pH 6.2)y0.1% DMy0.1 mg/ml lipids. This mutant
protein was further purified by using, again, the Ni-
nitrilotriacetic acid column. The buffer of the sample was then
changed to 10 mM Hepes (pH 7.5)y300 mM NaCl using PD-10
Sephadex columns (Amersham Pharmacia Biotech). DsbB
R48H was stored at 270°C. DsbB R48H obtained was .95%
pure as judged by Coomassie-stained gels. The protein concen-
tration was determined with Protein Assay Kit (Sigma). The final
preparation was devoid of any oxidases that interfere with DsbB
assay, because DsbB R48H showed no detectable activity to
oxidize DsbA when assayed in the absence of quinones or
terminal oxidases like cytochrome bo oxidase.

Activity Assays. Reduced DsbA looses its f luorescence as it is
oxidized. Unless otherwise stated, we followed DsbB activity by
measuring this f luorescence decrease with fluorescence spec-
troscopy at 30°C (13). In later trials, we found that we can follow
DsbB activity more easily by measuring reduction of ubiquinone
with a spectrophotometer (14), because the reduction of ubiqui-
none causes a strong decrease in its absorbance at 275 nm. The
assay was performed at 30°C in a reaction mixture containing 50
mM sodium phosphate (pH 6.0), 300 mM NaCl, 0.5 mM EDTA,
0.1% DM, ubiquinone-1 (coenzyme Q1; Sigma), DsbB, and the
reduced form of DsbA that was prepared as described (13). The
rates (nM ubiquinone-1 per nM DsbB per sec) were derived from
the initial linear absorbance decrease by using an extinction
coefficient of 12.25 mM2.

Results
New dsbB Mutants. We have previously isolated dsbA and dsbB
mutations by using a chromosomally encoded MalF-LacZ fusion
that expresses b-galactosidase activity when there is a defect in
disulfide bond formation (5). However, because selection for
Lac1 colonies with this fusion strain yielded only dsbA or dsbB
mutations with strong defects (nonsense or essential cysteine
mutants) (8), we decided to use a screen that would allow us to
detect mutant colonies with weaker defects (20). On X-Gal
plates, such mutants should show a paler blue color than null
mutants do. Employing this strategy, we isolated 169 indepen-
dent mutants linked to dsbB after mutagenesis of strain HTP57
with either UV light or N-methyl-N9-nitro-N-nitrosoguanidine.

Table 1. Strains and plasmids

Strains and plasmids Relevant genetic markers Ref.

Strains
HK205 RI89 fadR<Tn10 This work
HK207 HK205 dsbB C41Y This work
HK209 HK205 dsbB R48C This work
HK211 HK205 dsbB R48H This work
HK215 HPT130 dsbB C41Y This work
HK217 HPT130 dsbB R48C This work
HK219 HPT130 dsbB R48H This work
HK227 HK205 dsbB<Kan This work
HK229 HK205 dsbA<Kan This work
HPT57 MC1000 phoA1 phoR leu1

l102(malF-lacZ 102, Ampr)
20

HPT130 HPT57 fadR<Tn10 20
RI89 MC1000 phoA1 phoR2 leu1 20

Plasmids
placIqTet laclq, Tetr *
pHK503 dsbB C8A, R48H, C48V, Ampr This work
pHP18 dsbA C33Y, Spcr *

*Laboratory collection.
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Most of the dsbB mutations resulted in significantly reduced
amounts of DsbB protein (data not shown). However, five
produced amounts of DsbB comparable to the wild type. Se-
quencing of the five mutant dsbB genes revealed two different
mutations altering the same amino acid residue of DsbB: R48C
(two isolates) and R48H (three isolates).

This arginine residue is located close to the Cys41-X-X-Cys44
motif and is predicted to be at the periplasmic end of the putative
second transmembrane segment of DsbB (Fig. 1A). Similarity
searches against the databases maintained at the National
Center for Biotechnology Information revealed that all 20 DsbB
homologues contain this arginine. It is the only amino acid
residue, besides the essential cysteines, that is invariant (Fig. 1B
shows nine homologues).

Center Blue Phenotype of the Mutants. We moved these mutations
to other strain backgrounds by P1 transduction. We noticed that
the five R48 mutants share a striking feature distinguishing them
from the other 164 faint blue mutants. Blue color on X-Gal
plates was observed only in the center of large colonies or in cells
growing in cuts in the surface of the agar medium inadvertently

made by the edge of the toothpicks used for streaking in these
mutants (as very small dots in HK217) (Fig. 2).

Disulfide Bond Formation Is Defective in the Mutants Under Anaerobic
but Not Aerobic Conditions. Because both the centers of E.
coli-growing colonies (23) and the cuts in the agar likely repre-
sent low-oxygen conditions, we suspected that the observed
defect in disulfide bond formation occurs under oxygen limita-
tion in these mutants. To test this possibility, the mutants were
cultured anaerobically with GasPak and the effectiveness of
disulfide bond formation was assessed by examining the ratio of
oxidized to reduced forms of b-lactamase (24). To separate both
forms of this protein by SDSyPAGE, cellular proteins were
alkylated with AMS, which reacts only with free thiols. This
modification retards the mobility of the reduced form of proteins
on gels (10). Although b-lactamase produced from the wild-type
strain was mostly oxidized, whether it was grown aerobically or
anaerobically, that of a dsbB null strain was reduced, confirming
previous results (13) that dsbB is responsible for disulfide bond
formation under both aerobic and anaerobic conditions (Fig. 3,
lanes 1 and 5). When grown aerobically, the DsbB activity of the

Fig. 1. (A) The position of mutations on a DsbB topological model (16). The
positions of the four essential cysteines and the two missense mutations are
indicated by bold and solid circles, respectively. (B) Sequence alignments of
DsbB homologues. The source organisms are: Ec, E. coli; Sf, Shigella flexneri;
Va, Vibrio alginolyticus; Hi, Hemophilus influenzae; Ea, Enterobacter amini-
genus; Bc, Burkholderia cepacia; Pa, Pseudomonas aeruginosa; Rp, Rickettsia
prowazekii; Cj, Campylobacter jejuni; and Bs, Bacillus subtilis. Black highlight-
ing, completely conserved amino acid residue; boldface, amino acid residues
identical in more than 60% but less than 100% of the sequences compared; p,
the position of Arg48.

Fig. 2. Different patterns of b-galactosidase expression in dsbB mutants
carrying malF-lacZ102 fusion. Cells of HK219 (dsbB R48H, Upper Right), HK217
(dsbB R48C, Lower Right), HK215 (dsbB C41Y, Lower Left), and HPT130 (wild
type, Upper Left), were streaked on a minimal maltose X-Gal plate and
incubated at 30°C for 5 days. Cells having defects in disulfide bond formation
are stained with blue color (shown as black on this photograph).

Fig. 3. Disulfide bond formation is impaired in the dsbB R48C and R48H
mutants under anaerobic conditions but not under aerobic conditions. Strains
HK205 (wild type; lane 1), HK207 (dsbB C41Y; lane 2), HK209 (dsbB R48C; lane
3), HK211 (dsbB R48H; lane 4), HK227 (dsbB::Kan; lane 5), and HK229
(dsbA::Kan; lane 6) were transformed with pUC18 carrying bla, and were
grown aerobically (A) or anaerobically (B) at 30°C. Portions of exponentially
growing cultures were harvested and alkylated with AMS. The AMS-modified
proteins were separated by native SDSyPAGE and subjected to Western blot-
ting with anti-b-lactamase antibody to detect oxidized (oxi) and reduced (red)
b-lactamase.
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dsbB R48C and R48H mutants allowed oxidation of b-lactamase
(Fig. 3A, lanes 3 and 4). However, the same mutants showed
strong defects in b-lactamase oxidation under anaerobic growth
conditions (Fig. 3B, lanes 3 and 4). These results indicate that the
disulfide-bond-formation pathway is at least reasonably func-
tional aerobically, but severely defective anaerobically in these
mutants.

DsbB R48C and R48H Mutant Proteins Are in Their Oxidized Form
Aerobically, but Are Reduced Under Low Oxygen Conditions. To
further confirm the effect of oxygen limitation on the function
of the mutant DsbB proteins, we determined the oxidation state
of both DsbA and DsbB in mutant and wild-type backgrounds.
We limited the oxygen supply of cells in these experiments by
growing them in the same manner as an aerobic culture except
that a four-times greater volume of M63 medium was put in our
standard culture tube. We call this a semiaerobic culture. In the
wild-type cells grown aerobically (Fig. 4, lane 1) or semiaerobi-
cally (Fig. 4, lane 5), DsbB antibody detected a band at an
apparent molecular mass of 17 kDa representing DsbB with its
four essential cysteines joined in two disulfide bonds (10). Under
aerobic growth conditions, both dsbB R48C and R48H mutants
also accumulated the oxidized form of DsbB (Fig. 4, lanes 3 and
4). However, in the semiaerobic cultures, these mutant proteins
were reduced (Fig. 4, lanes 7 and 8). We observed the same effect
when both mutants were grown under strongly anaerobic con-
ditions using GasPak (see below).

To determine the effect of oxygen limitation on the redox
states of DsbA, AMS-alkylated lysates of cells grown anaerobi-
cally were probed with anti-DsbA antibody. In normal cells
DsbA is oxidized and the protein migrates as a band at 21 kDa
(Fig. 5, lane 1). However, in the absence of functional dsbB,
DsbA is reduced and subject to alkylation by AMS (Fig. 5, lanes
2 and 5). Aerobically, the dsbB R48C and R48H mutant cells
accumulated about one-third of DsbA in the oxidized form (Fig.
5, lanes 3 and 4), apparently a sufficient amount for efficient
disulfide bond formation in vivo (Fig. 3). When these mutants
were grown semiaerobically or anaerobically, they accumulated
all of the DsbA in the reduced form (data not shown). These
results clearly show that the functioning of DsbB in these
mutants is highly sensitive to oxygen limitation.

Enhanced Accumulation of a DsbA–DsbB Complex in dsbB R48C and
R48H Mutants Grown Aerobically. The use of antibody to DsbA
revealed a band with an apparent molecular mass of about 37
kDa in the AMS-treated lysate of both dsbB R48C and R48H
mutants grown aerobically (Fig. 5, lanes 3 and 4, indicated by
asterisks). This band in the R48C mutant migrates slightly slower
than that in the R48H mutant by about 0.5 kDa. These two bands
also were recognized by anti-DsbB antibody (Fig. 5, lanes 11 and
12). They disappeared when samples were treated with reducing
agent before electrophoresis (data not shown). Thus, they rep-
resent a mixed disulfide between DsbA and DsbB. For compar-
ison, a mixed disulfide formed between DsbB and mutant DsbA
that lacks Cys33 is shown in Fig. 5, lanes 7 and 15. When the dsbB
R48C and R48H mutants were grown semiaerobically or anaer-
obically, this DsbA–DsbB complex was not detected (data not
shown). Instead, these cells accumulate DsbA and DsbB in their
reduced forms (Fig. 4 and data not shown). Thus, these mutants
accumulate DsbA–DsbB complex only aerobically where disul-
fide bond formation in these cells is still active. DsbB-catalyzed
DsbA oxidation will proceed via the DsbA–DsbB complex,
because hybrid formation is considered to be essential for the
disulfide-transfer reaction (17, 25). The enhanced accumulation
of the disulfide-bonded hybrid in these mutants suggests that the
mutation has resulted in a defect in a step required for the
resolution of the mixed disulfide.

R48H Mutant Exhibits Very Low Activity with Menaquinone in Vitro.
To analyze the function of this arginine residue biochemically,
the R48H mutant protein was purified and subjected to DsbB
activity assays by using a fluorescence method (13). Under the
assay conditions, the R48H mutant protein used decyl-
ubiquinone, a ubiquinone analogue, to oxidize reduced DsbA at
a rate approximately one-eighth of that of wild-type enzyme
(Table 2). The same mutant showed almost no activity with
menadione, a menaquinone analogue, less than 0.4% of the
wild-type enzyme with decyl-ubiquinone. Thus, these in vitro
results are consistent with the in vivo studies showing poor
anaerobic function of DsbB R48H.

DsbB R48H Mutant Has Defects in Its Interaction with Ubiquinone but
Not with Reduced DsbA. To further investigate the role of this R48
residue of DsbB, we examined the kinetic parameters of the
mutant enzyme for two substrates: ubiquinone and reduced
DsbA. To determine the parameters, the concentration of one of
the two substrates was fixed (either 60 mM for ubiquinone-1 or
20 mM for the reduced DsbA), and the initial velocities of

Fig. 4. Effect of oxygen limitation on the redox state of mutant DsbB. Strains
HK205 (wild type; lanes 1 and 5), HK207 (dsbB C41Y; lanes 2 and 6), HK209
(dsbB R48C; lanes 3 and 7), and HK211 (dsbB R48H; lanes 4 and 8) were grown
in a test tube aerobically in 5 ml (A) or semiaerobically in 20 ml (B) of M63
minimal medium. Proteins of exponentially growing cells were AMS-
alkylated, separated by native SDSyPAGE, and subjected to Western blotting
with anti-DsbB antibody to detect the oxidized (oxi) and the reduced (red)
forms of DsbB. The position of a molecular mass standard is indicated on the
left. Note that wild-type DsbB contains two additional nonessential cysteine
residues that remain in the sulfhydryl state and are subject to alkylation with
AMS. As a reference, the previously isolated dsbB C41Y mutant, which renders
DsbB fully reduced, was included in lanes 2 and 6. The increase in the apparent
molecular mass, as compared with the wild-type strain, agrees well with the
difference in the number of free cysteine residues; 2 for wild-type and 5 for the
C41Y mutant enzyme. Note also the difference in the migration of DsbBs. R48C
has one additional cysteine over the wild type and R48H, thus it migrates
slower than they do.

Fig. 5. Accumulation of a mixed disulfide between DsbA and DsbB in dsbB
R48 mutants under aerobic conditions. Proteins of cells growing exponentially
in M63 medium were AMS-alkylated, separated by native SDSyPAGE, and
subjected to Western blotting with anti-DsbA serum (lanes 1–8) or purified
DsbB antibody (lanes 9–16). HK205 (wild type; lanes 1, 7, 9, and 15), HK207
(dsbB C41Y; lanes 2 and 10), HK209 (dsbB R48C; lanes 3 and 11), HK211 (dsbB
R48H; lanes 4 and 12), HK227 (dsbB::Kan; lanes 5, 8, 13, and 16), and HK229
(dsbA::Kan; lanes 6 and 14). Cells contain plasmid pHP18 carrying dsbA C33Y
in lanes 7, 8, 15, and 16. p, DsbA–DsbB complex; oxi, the oxidized form of DsbA;
red, the reduced form of DsbA; arrowhead, DsbA C33Y; arrows, a nonspecific
crossreacting band. Positions of molecular mass standards are indicated on the
left. The migration of mixed-disulfide complexes differs slightly reflecting
differences in the number of free cysteine residues in each complex: DsbA–
DsbBR48C (11), DsbA–DsbBR48H (0), DsbAC33Y–DsbB (21).
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ubiquinone-1 reduction were measured at 30°C with different
concentrations of the other substrate. The assay results were
then fitted into Michaelis–Menten equations (Fig. 6). Apparent
maximum velocities for the R48H protein obtained from both
experiments were similar and were about five times less than the
maximal velocity obtained for the wild-type enzyme (7.8 nmol
DsbA per nmol DsbB per sec; ref. 14; and M.B. and J.C.A.B.,
unpublished data). The apparent Km of the mutant for ubiqui-
none-1 was 7.1 mM, which is 7-fold higher than the value (1 mM)

obtained for the wild-type enzyme (M.B. and J.C.A.B., unpub-
lished data). In contrast, the apparent Km of the mutant for DsbA
was 3.3 mM, very close to that of the wild-type enzyme (3.5 mM;
ref. 14 and M.B. and J.C.A.B., unpublished data). Thus, the
alteration of Arg48 significantly reduced the affinity of the
enzyme for ubiquinone without affecting its apparent Km for
DsbA.

Discussion
DsbB is unique as an enzyme in that it uses the oxidizing power
of quinones to form disulfides. The novelty of this reaction in
combination with the role of DsbB as an essential component of
a biologically important cellular process, protein disulfide bond
formation, provides significant incentives to study the structure
and function of this enzyme. We show here that an in vivo hunt
for mutations of dsbB allows us to specify the role of a highly
conserved amino acid residue, Arg48. To isolate these muta-
tions, we used a modification of a previous genetic approach that
had yielded only mutations altering one of the four essential
cysteines of DsbB. A switch from a genetic selection to a genetic
screen allowed us to detect mutations with much weaker effects
on DsbB activity (20).

The dsbB mutants we obtained share a striking conditional
phenotype. They carry out disulfide bond formation reasonably
well aerobically but are almost completely defective anaerobi-
cally, being unable to maintain DsbA in the oxidized state. These
results show that the functioning of the mutant DsbB is highly
sensitive to oxygen limitation. Because changes in aerobiosis
greatly alter the composition and the redox states of the E. coli
quinone pool (ubiquinone-8, menaquinone-8, and demethyl-
menaquinone-8) (26, 27), the results suggest that the function of
these DsbB mutants depends on the content and redox state of
the quinone species available.

We showed that purified R48H exhibits an apparent Km for
ubiquinone-1 seven times greater than that of the wild-type
enzyme and almost no activity with menaquinone. In contrast to
the effect of R48H on the interactions with quinones, the
apparent Km of the protein for the reduced form of DsbA was
comparable to that of the wild-type enzyme. Thus, the R48
residue seems to be specifically involved in the interaction with
quinones but not with DsbA. We were unable to measure the
precise apparent Km for menadione, because the activity of the
mutant enzyme was too low to measure it under our assay
conditions. This low activity is likely attributable to very low
affinity of the mutant enzyme for menadione, which would
explain the in vivo properties of R48H. The sensitivity of the
mutant DsbB to oxygen limitation could be a result of the
decreased ratio of oxidized to reduced forms of quinones (27)
and the shift to menaquinone-8 as the predominant quinone
species (26). Thus, all results are consistent with our proposal
that Arg48 is an important component of the quinone binding
site.

It has been suggested that the oxidization of DsbB by the
respiratory chain (10, 13) takes place through the Cys41-X-X-
Cys44 motif of DsbB (10). E. coli quinones, which contain long
isoprenyl chains, are lipid-soluble molecules. Arg48 is located at
the periplasmic end of the putative second transmembrane
domain of DsbB and close to the active site, Cys41-X-X-Cys44
(Fig. 1), well positioned to mediate the interaction of quinones
with this site.

The apparent maximal velocities obtained for R48H were
about one-fifth that of the wild-type enzyme, suggesting that
Arg48 may have some catalytic role. Alternatively, Arg48 may
have a structural role and its alteration may render some portion
of the enzyme inactive. However, the fact that the apparent Km
for DsbA is not significantly altered by the R48H mutation
strongly suggests that this mutation does not induce global
unfolding of DsbB.

Table 2. DsbB activities of R48H with different quinones

Quinones

DsbB activity, nM DsbA per nM
DsbB per sec

Wild type R48H

Decyl-ubiquinone 6.2 0.8
Menadione 1.1 ,0.02

Rates of DsbA oxidation in the presence of DsbB (1 nM) for wild type, and
of DsbB (12 nM) for R48H. DsbA was at 10 mM, while the concentration of the
quinones was 20 mM.

Fig. 6. Determination of apparent Km values of R48H for DsbA (A) and
ubiquinone-1 (B). The amount of DsbB was 6.2 nM. The concentration of
ubiquinone-1 was held at 60 mM in A and that of reduced DsbA was held at 20
mM in B. Initial velocities were obtained form the decrease of the absorbance
of ubiquinone-1 on reduction. Each plot shows a fit of the data obtained to
hyperbolic form of the Michaelis–Menten equation. The fits yield a Km 5 3.3
mM for DsbA and a kcat 5 1.6 sec2 in A and a Km 5 7.1 mM for ubiquinone-1
and a kcat 5 1.7 sec2 in B.
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The accumulation of a substantial amount of DsbA–DsbB
complex has been reported in two cases. First, this accumulation
takes place in strains in which Cys33 of DsbA has been replaced
with another amino acid. We and others have interpreted this
accumulation to indicate that the Cys30 residue of DsbA reacts
with Cys104 of DsbB as an intermediate in the DsbA oxidation
reaction, and that this intermediate cannot be resolved because
of the absence of Cys33 of DsbA (17, 18, 25). Second, the hybrid
DsbA–DsbB is found in strains deficient in the respiratory chain
(11). In this case, DsbB was reduced before the formation of the
DsbA–DsbB complex and this binary complex formation pre-
ceded the reduction of the bulk of DsbA (12). From these results,
it was speculated that this hybrid forms by a reverse reaction: The
Cys104 of the reduced DsbB attacked the oxidized form of DsbA
to make the hybrid (10). In this paper, we report that the
accumulation of substantial amounts of the DsbA–DsbB hybrid
occurs when the dsbB R48C and R48H mutants are grown
aerobically but not anaerobically. Although further study is
necessary to establish that the DsbA–DsbB hybrid is a true
intermediate in the DsbB-catalyzed DsbA oxidation reaction,
two results presented here support that inference. (i) The
formation of the DsbA–DsbB hybrid was observed when protein
disulfide bond formation is fairly efficient in the dsbB R48C and
R48H mutants grown aerobically but not anaerobically. These
findings differ from previous reports in which the hybrid was
detected under conditions where protein disulfide bond forma-
tion was severely defective (11, 17, 18, 25). (ii) DsbB was found
in the oxidized form in cells accumulating the DsbA–DsbB
hybrid. This finding apparently excludes the possibility of hybrid
formation by a reverse reaction (the Cys104 of the reduced DsbB
attacks the oxidized form of DsbA to form the hybrid) as
speculated for the hybrid formed when the respiratory chain is
deficient (10).

In wild-type cells grown aerobically, we do not detect the
DsbA–DsbB hybrid unless both DsbA and DsbB are overex-
pressed from plasmids (17). The resolution of this hybrid is very
rapid in normal cells. Why then do the dsbB R48C and R48H
mutants accumulate substantial amount of the hybrid under
aerobic conditions? Because the purified R48H exhibits an
apparent Km for ubiquinone-1 seven times greater than that in
the wild-type cells, it is possible that the formation of a complex
with quinone is a rate-limiting step for the mutant enzymes in
vivo. The simplest explanation for the DsbA–DsbB hybrid ac-
cumulation in such mutants, then, is that quinone binding to
DsbB is required for the resolution of the DsbA–DsbB hybrid.
Although this model is attractive to us, further experimentation
is necessary to clearly address this important issue related to the
mechanism of the enzyme reaction.

Finally, our results show the advantages of devising various in vivo
genetic approaches to study such problems. We obtained mutations
affecting the enzymatic reaction of DsbB by using the malF-lacZ
fusion to screen for weaker dsbB mutants, by maintaining expres-
sion of dsbB in single copy on the chromosome, and by the ability
to observe informative phenotypes on the screening media. This
approach revealed mutations affecting a specific enzymatic step:
interaction with quinones. A further hunt for mutants using the
same approach may yield mutations in other amino acid residues
important for the interaction of DsbB with quinones.
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