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Dsb proteins (DsbA, DsbB, DsbC, and DsbD) catalyze formation and isomerization of protein disulfide
bonds in the periplasm of Escherichia coli. By using a set of Dsb coexpression plasmids constructed recently,
we analyzed the effects of Dsb overexpression on production of horseradish peroxidase (HRP) isozyme C that
contains complex disulfide bonds and tends to aggregate when produced in E. coli. When transported to the
periplasm, HRP was unstable but was markedly stabilized upon simultaneous overexpression of the set of Dsb
proteins (DsbABCD). Whereas total HRP production increased severalfold upon overexpression of at least
disulfide-bonded isomerase DsbC, maximum transport of HRP to the periplasm seemed to require overex-
pression of all DsbABCD proteins, suggesting that excess Dsb proteins exert synergistic effects in assisting
folding and transport of HRP. Periplasmic production of HRP also increased when calcium, thought to play
an essential role in folding of nascent HRP polypeptide, was added to the medium with or without Dsb
overexpression. These results suggest that Dsb proteins and calcium play distinct roles in periplasmic pro-
duction of HRP, presumably through facilitating correct folding. The present Dsb expression plasmids should
be useful in assessing and dissecting periplasmic production of proteins that contain multiple disulfide bonds

in E. coli.

The formation of disulfide bonds following polypeptide syn-
thesis contributes to folding and stability of many secretory
proteins (3). In Escherichia coli, disulfide bond formation de-
pends on several Dsb proteins found in the periplasm and
inner membrane (3, 8, 20, 26, 27). DsbA and DsbC play distinct
roles as a disulfide bond-introducing and disulfide bond-
isomerizing factor, respectively (26, 30). DsbB and DsbD mod-
ulate the DsbA and DsbC activities, respectively (4, 19, 21).
Because of this machinery for disulfide bond formation as well
as the oxidative environment, the periplasm provides an ade-
quate compartment for expressing proteins with multiple di-
sulfide bonds in E. coli (2, 11, 17, 20). However, periplasmic
expression of proteins with multiple disulfide bonds often re-
sults in very low yields or inactive products (2, 24, 25, 33). This
may result from limited or incorrect formation of disulfide
bonds in the target protein (24) because of low activity of
disulfide isomerase DsbC (15, 20, 24, see below) and/or com-
plex pattern of disulfide bonds in the target protein (1, 5, 14,
26, 30).

During folding of proteins with multiple cysteine residues in
the periplasm, aberrant disulfide bonds may be formed by
strongly oxidative protein DsbA (1, 30) and remain uncor-
rected due to insufficient DsbC activity (15, 20). Thus, proteins
with complex patterns of disulfide bonds (14, 26) may form
aberrant disulfide bonds and require DsbC-dependent isomer-
ization for correct folding. Misfolded proteins are likely to
form insoluble aggregates or products that tend to be degraded
in the periplasm (18, 20, 32, 33). The problem of misfolding
becomes particularly important for proteins whose tertiary
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structure formation depends on high disulfide bond-isomeriz-
ing activities.

Sone et al. (30) showed that DsbC is indispensable for the
formation of correct disulfide bonds in vivo: a certain mutant
alkaline phosphatase forms aberrant disulfide bonds in the
dsbC null mutant that can be corrected upon overexpression of
active DsbC. Thus, overexpression of DsbC is likely to enhance
disulfide bond-isomerizing activity, leading to improved ex-
pression of correctly folded proteins (25). Indeed, the mutant
alkaline phosphatase that failed to be proofread in the DsbC
mutant was unstable in vivo but was markedly stabilized upon
overexpression of DsbC (30). Certain multiple-disulfide-
bonded proteins were also shown to be efficiently expressed in
the cytoplasm by overexpressing signal sequenceless DsbC un-
der certain conditions (6). We recently found that overexpress-
ing Dsb proteins can strikingly enhance periplasmic production
of human nerve growth factor (NGF) which otherwise aggre-
gates extensively (Y. Kurokawa, H. Yanagi, and T. Yura, sub-
mitted for publication). Here, the same Dsb coexpression sys-
tem was used to analyze another well-characterized target
protein, horseradish peroxidase (HRP) isozyme C to further
substantiate usefulness of Dsb expression plasmids for
periplasmic production of multiple-disulfide-bonded proteins.

HRP is a typical peroxidase, a class of heme proteins acting
on hydrogen peroxide and a variety of substrates and plays
diverse biological roles (29). It is therefore widely used for
experimental, clinical, industrial, or other purposes. HRP has
four disulfide bonds formed between nonconsecutive cysteine
residues (9, 10) and contains 2 mol of calcium and 1 mol of
hemin per mol of protein (29). It has been difficult to obtain
active and soluble HRP by using conventional E. coli recom-
binant expression systems (12, 29). Periplasmic expression of
HRP resulted in low yields of active protein (16). We now
report that HRP is unstable when expressed in the E. coli
periplasm but stabilized appreciably upon overexpression of
Dsb proteins. The results revealed significant effects of a set of
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Dsb proteins in both stabilizing and solubilizing HRP pro-
duced and transported to the periplasm in E. coli.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli strain JM109 was used as the host
throughout the experiments. Construction of pAR3-based Dsb coexpression
plasmids will be described elsewhere (Kurokawa et al., submitted). Expression of
DsbA or DsbC protein was detected by immunoblotting or Coomassie brilliant
blue (CBB) staining, respectively. On the other hand, expression of DsbB or
DsbD was confirmed by their abilities to complement the defective phenotypes
of the respective deletion mutants (Kurokawa et al., submitted). Construction of
pTrc99A-derived HRP expression plasmids that produce OmpA-HRP, OmpT-
HRP, or MalE-HRP will be described elsewhere (Y. Kurokawa, K. Nishihara, M.
Kanemori, H. Yanagi, and T. Yura, unpublished results).

Culture conditions and protein expression. E. coli JM109 cells carrying an
HRP expression plasmid (such as pTrc-OmpA-HRP) and a Dsb expression
plasmid were grown to mid-log phase in L broth supplemented wit ampicillin (50
pg/ml) and chloramphenicol (34 pg/ml) at 37°C, and Dsb proteins and HRP
were induced by rL-arabinose (200 pg/ml) and isopropyl-B-p-thiogalactoside
(IPTG) (50 uM), respectively (Kurokawa et al., submitted).

Fractionation and analysis of proteins. Samples of cells (usually 200 ul) were
harvested, fractionated, and analyzed as reported previously (Kurokawa et al.,
submitted). Briefly, cells were treated with lysozyme in the presence of sucrose
and then centrifuged. The supernatant and precipitate were taken as the
periplasmic and spheroplast fractions, respectively. Cytoplasmic, membrane, and
insoluble protein fractions were obtained by disrupting spheroplasts, followed by
fractionation. Whole-cell proteins were prepared separately by directly treating
a portion (200 wl) of culture with trichloroacetic acid. Each of the fractions was
obtained in sodium dodecyl sulfate (SDS) sample buffer, heated (100°C, 5 min)
right away or after trichloroacetic acid precipitation and washing with acetone.
Proteins from cells with equal optical densities were subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) (12.5% polyacrylamide gel) followed by vi-
sualization with CBB or by immunoblotting. Antibodies used were prepared
against HRP (Nordic Immunological Laboratories), alkaline phosphatase
(PhoA; Nordic Immunological Laboratories) or B-lactamase (Bla; 5 Prime-3
Prime, Inc.). Proteins were detected using HRP-conjugated anti-rabbit or anti-
mouse antibody and enhanced chemiluminescence kit (Amersham, Inc.), fol-
lowed by quantification on an Intelligent Quantifier apparatus (Biolmage Sys-
tems Co.). Native HRP (Toyobo, Osaka, Japan) was used as the standard.

Analysis of protein stability. The metabolic stability of HRP was determined
by the method described previously (23). HRP expression was induced for 1 h,
protein synthesis was stopped by adding spectinomycin (final concentration, 500
pg/ml; Sigma-Aldrich), and samples taken at intervals were treated with trichlo-
roacetic acid and analyzed by SDS-PAGE (12.5% polyacrylamide gel) followed
by immunoblotting and quantification.

DNA manipulations, media, and buffers. DNA manipulations and medium
and buffer preparation were done essentially as described by Sambrook et al.
(28). All chemicals were of analytical grade and supplied by Wako Pure chemical
(Osaka, Japan) or Nacalai Tesque (Kyoto, Japan).

RESULTS

Overexpression of Dsb proteins alleviates growth inhibition
caused by HRP production. When expression of HRP directed
by the frc promoter and several E. coli signal sequences was
examined using multicopy expression plasmids, the OmpA sig-
nal gave the highest production of HRP compared with other
signals (OmpT or MalE) (data not shown). Upon induction of
HRP by IPTG, however, growth of cells carrying pTrc-OmpA-
HRP was severely inhibited, suggesting that HRP exhibited
toxic effects. In contrast, when a full set of Dsb proteins
(DsbABCD) was simultaneously overproduced from a pAR3-
based plasmid by L-arabinose prior to HRP induction, growth
inhibition was mostly reversed (Fig. 1). Similar effects on
growth were observed upon overexpression of a pair of Dsb
proteins, DsbAC or DsbCD but not DsbAB, suggesting that at
least DsbC is required for alleviating growth inhibition (Fig. 1).
These results suggested that HRP production inhibits cell
growth primarily by overloading DsbC.

Dsb coexpression facilitates translocation of HRP into the
periplasm. In the absence of Dsb overexpression, periplasmic
expression of HRP was low (<5% of whole-cell protein frac-
tion), and appreciable amounts of HRP were found associated
with membrane or cytoplasmic fractions (Fig. 2, lanes 3 and 4).
When DsbABCD was induced for 1 h before induction of

Dsb ISOMERASE OVEREXPRESSION STABILIZES PROTEIN 3961

250
200
7
=
c 1507
=
=
2 1007
4
50

T T T M T
0 100 200 300 400
Time (min)

FIG. 1. Effects of HRP production and overexpression of Dsb proteins on
cell growth. Derivatives of E. coli strain JM109 harboring both pTrc-OmpA-HRP
and pAR3 (vector alone) (O) or pAR3-based plasmids that can express DsbAB
(), DsbAC1 (M), DsbCD (<), or DsbABCD (#) were grown in L broth to
mid-log phase as described in Materials and Methods. Dsb proteins were induced
by L-arabinose (L-ara), and after incubation for 1 h, OmpA-HRP was induced by
IPTG. Turbidity (Klett units with no. 66 filter) was determined at appropriate
intervals and plotted against time.

HRP, the amount of HRP produced significantly increased
(two- to threefold; lanes 1 and 6). In particular, the fraction of
HRP found in the periplasm (P) increased more than 10-fold
(about 30% of the whole-cell fraction; lanes 2 and 7), concom-
itant with a decrease in the membrane fraction and an increase
in insoluble aggregates (lanes 4, 5, 9, and 10). A typical
periplasmic protein alkaline phosphatase (PhoA) also in-
creased by about twofold (lanes 1 and 6) in the presence of
excess Dsb proteins, in part due to stabilization (data not
shown); another periplasmic protein B-lactamase (Bla) was not
affected (see below). The selective increase in periplasmic
PhoA with Dsb coexpression suggests that excess Dsb proteins
facilitate transport of at least some secretory proteins into the
periplasm. Apparently, only about 25% of HRP produced was
recovered by simply adding the HRP in the periplasmic, cyto-
plasmic, membrane, and insoluble fractions without Dsb coex-
pression (lanes 1 to 5), whereas about 60% of HRP was re-
covered with Dsb coexpression (lanes 6 to 10). The low yield of
HRP without Dsb coexpression should be contrasted to the
>70% recovery of PhoA with or without Dsb coexpression; it
seemed likely that proteolysis rather than simple loss during
the process of fractionation was involved. These results sug-
gested that HRP produced in the E. coli periplasm is rather
unstable but is stabilized upon Dsb overexpression, presumably
through facilitating folding of HRP upon translocation in to
periplasm, although part of HRP remains insoluble.

Dsb overexpression markedly stabilizes HRP. To determine
whether overexpression of Dsb proteins stabilizes HRP, stabil-
ity of HRP produced with or without prior overexpression of
Dsb proteins was examined by measuring the amount of HRP
remaining after treatment with spectinomycin which stops pro-
tein synthesis with a short lag time. Under these conditions,
only about 20% of HRP remained after 1 h without Dsb co-
expression (half-life of 25 min), whereas about 70% of HRP
remained with DsbABCD coexpression (half-life of 120 min)
(Fig. 3). In contrast, the stability of Bla and of most proteins
remained virtually unchanged during the same period. These
results are consistent with the observed increase in the recov-
ery of HRP upon Dsb coexpression as revealed by the above
cell fractionation analyses (Fig. 2). Similar extents of HRP
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FIG. 2. Effects of DsbABCD coexpression on intracellular localization of OmpA-HRP. A pair of E. coli JIM109 strains harboring pTrc-OmpA-HRP and
pDbABCDI1 (or pAR3 vector) were grown in L broth to mid-log phase, Dsb proteins were induced by L-arabinose (L-ara), and after 30 min, OmpA-HRP was induced
by IPTG for 1 h. Cells were collected, and proteins were fractionated as described elsewhere (Kurokawa et al., unpublished). HRP and PhoA (alkaline phosphatase)
were analyzed by SDS-PAGE (12.5% polyacrylamide gel) followed by immunoblotting, as described in Materials and Methods. Samples from equivalent culture
volumes were applied to the lanes. E. coli IM109 harboring pTrc-OmpA-HRP and pAR3 (control) (lanes 1 to 5) and JM109 harboring pTrc-OmpA-HRP and
pDbABCDI1 (+ DsbABCD) (lanes 6 to 10) were used. W, P, C, M, and I represent whole-cell, periplasmic, cytoplasmic, membrane, and insoluble protein factions,
respectively. The positions of molecular mass standards (in kilodaltons) (protein markers from Bio-Rad) are shown on the left. Values shown below the gels indicate
the percent yield of HRP products found in each fraction compared with whole-cell protein.

stabilization were observed upon coexpression of DsbAC or
DsbCD but not DsbAB (data not shown), suggesting that over-
expression of DsbC is primarily responsible for stabilization.
Differential and synergistic effects of Dsb proteins on HRP
production. We will show elsewhere that overexpression of
DsbCD is effective in enhancing translocation of human NGF
into the periplasm (Kurokawa et al., submitted). When the
effect of overexpressing various subsets of Dsb proteins on
HRP production was examined, coexpression of DsbAB or
DsbAC enhanced the yield by twofold over the vector control,
whereas that of DsbCD gave threefold enhancement (Fig. 4B,
lanes 1 to 4). Under the same conditions, the full set of Dsb
proteins DsbABCD enhanced the yield by 11-fold (lane 5).
The total amount of HRP produced also increased upon Dsb
coexpression (particularly of DsbAC or DsbCD) (lanes 1 to 5).
It should be noted that the band intensities for the two frac-
tions (whole-cell and periplasmic fractions) cannot be com-
pared directly (see the legend to Fig. 4). Although overexpres-
sion of DsbC seemed to be primarily responsible for the
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increased yield of HRP due to stabilization, overexpression of
all Dsb proteins was apparently required to obtained maximum
transport of HRP into the periplasm.

Effect of calcium chloride on HRP production. Previous in
vitro studies showed that active HRP is formed via at least two
steps: folding of nascent polypeptide to apoenzyme, which is
assisted by calcium, and its conversion to holoenzyme by bind-
ing hemin (29, 31). We therefore examined the effect of CaCl,
on folding of HRP in the present study. Addition of 10 mM
CaCl, to L broth partially alleviated the growth inhibition
observed upon production of HRP in the absence of Dsb
coexpression but was not as effective as that observed with Dsb
overexpression (Fig. 4A). CaCl, without Dsb overexpression
(vector control) strikingly enhanced periplasmic production of
HRP by five- to sixfold under the conditions used with little
effect on total HRP production (Fig. 4B, lanes 1 and 6). Inter-
estingly, it was further enhanced by about twofold upon coex-
pression on DsbAB or DsbAC and threefold by coexpression
of DsbCD, which agreed quantitatively with their effects in the
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FIG. 3. Effect of DsbABCD coexpression on stability of HRP. A pair of E. coli JIM109 strains harboring pTrc-OmpA-HRP and pDbABCD1 (or pAR3 vector) was
grown, Dsb proteins and OmpA-HRP were induced as described in the legend to Fig. 2, and spectinomycin was added to stop protein synthesis. Samples were taken
at the times indicated (after spectinomycin treatment), and stability of HRP was determined as described in Materials and Methods. (A) Immunoblot analysis of
whole-cell proteins. Identical amounts of protein were applied to the lanes. E. coli JM109 harboring pTrc-OmpA-HRP and pAR3 (control) (lanes 1 to 5) and JM109
harboring pTrc-OmpA-HRP and pDbABCD1 (+ DsbABCD) (lanes 6 to 10) were used. (B) The amount of HRP remaining after incubation with spectinomycin as
determined in panel A was quantified and plotted against incubation time.
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FIG. 4. Effects of Dsb coexpression and CaCl, added to the medium on production of HRP. A set of E. coli JM109 strains harboring both pTrc-OmpA-HRP and
pAR3-based Dsb expression plasmids (or pAR3 vector) was grown, and expression of Dsb proteins and OmpA-HRP were induced as described in the legend to Fig.
2, except that L broth was supplemented with 10 mM CaCl, as indicated. Whole-cell (W) and periplasmic (P) protein fractions were prepared and analyzed by
SDS-PAGE followed by immunoblotting as described in Materials and Methods. (A) Effects of CaCl, on growth of JM109 harboring pTrc-OmpA-HRP and pAR3
(control) (O and @) or IM109 harboring pTrc-OmpA-HRP and pDbABCD1 (CJ and M). The strains were grown without CaCl, (open symbols) or with 10 mM CaCl,
(solid symbols). Turbidity (Klett units with no. 66 filter) was measured and plotted against incubation time. (B) Effects of CaCl, on HRP production. The whole-cell
protein samples presented were diluted fourfold before SDS-PAGE, and the film was exposed for 10 s, instead of the 30-s exposure time for film of periplasmic protein
samples. Values shown below the gels indicate the amounts of periplasmic HRP relative to that for the vector control (V) without calcium added (lane 1).

absence of added calcium. Thus, the effects of added calcium
and Dsb coexpression appeared to be distinct from each other.
On the other hand, coexpression of DsbABCD under the high-
calcium condition gave results identical with that of DsbCD,
suggesting that excess DsbAB had little additional effect over
that of excess DsbCD. The different effects of coexpression of
various subsets of Dsb proteins on the total yield of HRP were
hardly affected by the added calcium. Calcium chloride (10
mM) was also shown to stabilize HRP significantly under these
conditions (data not shown). Other cations such as magnesium
had little effect on periplasmic expression of HRP.

Massive periplasmic production of HRP upon prolonged
Dsb coexpression. To further define the conditions of periplas-
mic production of HRP in E. coli, we monitored changes in
intracellular localization of HRP for 4 h after induction. The
total amount of HRP began to increase within 30 min and
increased steadily for 3 to 4 h even without Dsb overexpression
(Fig. 5B). HRP production in general, and particularly in the
periplasm, was markedly accelerated by Dsb overexpression
and could be detected even by staining SDS-polyacrylamide
gels with CBB by 85 min (Fig. 5A, lane 8). The amount of HRP
in the periplasm increased steadily, attaining as much as 60 to
70% of HRP detected in the whole-cell protein fraction after
240 min, concomitant with the decrease in spheroplasts (Fig.
5B and C). In sharp contrast, growth of control cells (without
Dsb coexpression) ceased by this time, and the periplasmic
expression of HRP was quite low (less than 5%) (Fig. 5B and
C).

DISCUSSION

We previously constructed E. coli Dsb expression plasmids
that can be used to enhance disulfide bond formation and
isomerization capacity and demonstrated its usefulness for im-
proving periplasmic production of soluble NGF which other-
wise tends to form aggregates (Kurokawa et al., submitted).
We used these expression plasmids to examine production of
HRP, which was found to be unstable upon periplasmic ex-
pression, and compared the effects of different sets of Dsb

proteins. Our results revealed that overexpression of Dsb pro-
teins can markedly increase periplasmic production of HRP,
presumably through facilitating protein folding which leads to
enhanced translocation into the periplasm as well as to stabi-
lization.

Expression of OmpA-HRP fusion protein severely inhibited
cell growth (Fig. 1), most probably due to reduced protein
translocation caused by HRP product mainly associated with
membranes (Fig. 2). Growth inhibition was largely alleviated
either by addition of calcium to the medium (Fig. 4A) or by
overexpression of Dsb proteins (Fig. 1), which concomitantly
decreased membrane-associated HRP and improved periplas-
mic production (Fig. 2). Of the subset of Dsb proteins tested,
DsbAC or DsbCD (or DsbABCD but not DsbAB) was most
effective in preventing growth inhibition (Fig. 1), suggesting
that overexpression of DsbC may be primarily responsible for
the improved translocation of HRP precursor, presumably
through facilitating correct folding in the periplasm and “pull-
ing” the product into the periplasmic compartment. However,
Dsb overexpression cannot be a general method of relieving
translocation defects, because it was found to exacerbate
growth inhibition caused by OmpA-NGF expression, presum-
ably by reducing translocation efficiency of this particular fu-
sion protein (Kurokawa et al., submitted).

Calcium is a normal constituent of HRP and may assist in
folding and translocation of HRP, although not as efficiently
perhaps because of the limited availability of active Dsb pro-
teins. In the presence of added calcium, overexpression of
various sets of Dsb proteins further increased the amount of
periplasmic HRP to extents very similar to those observed in
the absence of added calcium (Fig. 4B). Under high-calcium
conditions, however, overexpression of DsbCD was as effective
as that of DsbABCD (Fig. 4B). These results indicate that
excess DsbAB is no longer required for maximum effect and
that calcium enhances folding of HRP in vivo and in vitro.
Whatever the exact mechanisms involved, the growth inhibi-
tion observed upon induction of OmpA-HRP appears to be
alleviated by facilitating correct folding of HRP and enhancing
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FIG. 5. Time course of periplasmic production of HRP. A pair of E. coli JM109 strains harboring pTrc-OmpA-HRP and pDbABCD1 (or pAR3 vector) was grown,
and Dsb proteins and OmpA-HRP were induced as described in the legend to Fig. 2. Samples (100 ml) were taken at the times indicated (after HRP induction),
fractionated into whole-cell (W), periplasmic (P), and spheroplast (S) fractions, and analyzed as described in Materials and Methods. (A) Analysis of whole-cell proteins
by SDS-PAGE followed by CBB staining. (B) Analysis of whole-cell, periplasmic, and spheroplast proteins by immunoblotting. E. coli JM109 harboring pTrc-OmpA-
HRP and pAR3 (control) (lanes 1 to 5) and JM109 harboring pTrc-OmpA-HRP and pDbABCD1 (+DsbABCD) (lanes 6 to 10) were used. (C) The relative intensities

of HRP bands (B) were quantified and plotted against time after HRP induction.

its translocation into periplasm both by excess Dsb proteins
and by the addition of calcium.

Misfolded proteins or proteins with incorrect disulfide bonds
may be susceptible to proteolysis and may be degraded by
quality control systems of the cells (25). Periplasmic proteolysis
may be enhanced by accumulation of misfolded proteins in the
periplasm through induction of proteases such as degP (htrA)
gene product (7, 20). Overproduction of DsbC most probably
facilitates formation of correct disulfide bonds in periplasmic
proteins and should provide an effective means of coping with
protein misfolding. For example, a mutant alkaline phospha-
tase that contains aberrant disulfide bonds is highly susceptible
to proteolysis in vivo but can be converted to the correctly
folded and stable form upon overexpression of DsbC (30).
Reduced DsbC was suggested to serve as an effective catalyst
of disulfide bond isomerization that requires reduction and
rearrangement of disulfide bonds (13). E. coli mutants defi-
cient in genes involved in the maintenance of thiol-disulfide
redox potential allow efficient formation of disulfide bonds
even in the cytoplasm. In these mutants, oxidative folding of
proteins with complex disulfide bonds can be promoted by
overexpressing DsbC which lacks signal sequence (6). The ac-
tive site of DsbC thus expressed in the cytoplasm was reduced,
suggesting strongly that DsbC exerted disulfide isomerase ac-
tivity for correct folding in the cytoplasm (6).

Overexpression of DsbC or eukaryotic protein disulfide
isomerase can increase the total yield of heterologous proteins
such as bovine pancreatic trypsin inhibitor or insulin-like
growth hormone I produced in E. coli (13, 24). These results
taken together suggest that overexpression of disulfide isomer-
ase often stabilizes target protein through proofreading disul-
fide bonds formed. The present results suggest that this mech-
anism does indeed operate in the case of HRP. The stability of
HRP produced was normally low upon periplasmic expression
but was markedly enhanced in the presence of excess DsbAC,
DsbCD (or DsbABCD) but not DsbAB, suggesting that excess
DsbC is primarily responsible for stabilization (Fig. 3). In the
present study, maximum yield of periplasmic HRP was
obtained by overexpressing the whole set of Dsb proteins
(DsbABCD) (Fig. 4A), suggesting that excess disulfide isomer-
ase alone was not sufficient to cope with misfolding of HRP.
Thus, excess DsbAB and DsbCD act synergistically in promot-
ing proper folding of HRP. Overexpression of rat protein di-
sulfide isomerase failed to increase the yield of active HRP
when expressed as PelB-HRP precursor protein (16) possibly
due to insufficient isomerase activity in the oxidative environ-
ment of E. coli periplasm (24).

We found that the periplasmic production of HRP steadily
increases upon prolonged incubation in the presence of excess
Dsb proteins (240 min [Fig. 5]). Although the mechanism of
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delayed periplasmic accumulation of HRP is unclear at
present, the formation of the mature form of HRP in the
periplasm may be a slow and rate-limiting process (Fig. 5B and
C). In any event, the present findings indicate that excess
amounts of DsbC primarily stabilize HRP produced in the
periplasm by promoting correct folding through enhanced
isomerization of aberrant disulfide bond pairs formed during
folding. Of particular importance would be the mechanism by
which the oxidative folding of HRP in vivo is catalyzed by
DsbC and other Dsb proteins. Special interest is also attached
to the mechanism of promoting translocation by excess Dsb
proteins, which should differ from that of similar functions of
cytoplasmic chaperones. Further analysis of these mechanisms
should provide useful information for further understanding
and improving periplasmic production of HRP and other mul-
tiple-disulfide-bonded proteins.
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