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ABSTRACT: The thiol-disulfide oxidoreductase DsbA fromEscherichia coliis the strongest oxidant of
the enzyme family and required for disulfide bond formation in the bacterial periplasm. The catalytic
domain of this 189-residue protein has a thioredoxin-like fold and contains a catalytic disulfide bridge
that is located within the sequence Cys30-Pro31-His32-Cys33 at the N-terminus of anR-helix. The Cys30-
Cys33 disulfide bond destabilizes DsbA by about 16 kJ/mol at pH 7.0, which appears to be caused by the
extremely low pKa value of∼3.4 of the nucleophilic Cys30 thiol. Here we report the characterization of
a circularly permuted variant of DsbA, termed H32-P31, in which the natural termini are connected by
a Gly3-Thr-Gly linker and the new termini are located between the active-site cysteines (first residue
His32, last residue Pro31). The disulfide bond in the variant thus connects the second with the penultimate
residue. H32-P31 adopts a wild-type-like structure and folds reversibly and cooperatively in both redox
forms. However, the permuted variant is catalytically inactive as dithiol oxidasein ViVo and in Vitro.
Both cysteine thiols have pKa values> 8; the variant is 500-fold more reducing than the wild type and
more stable in its oxidized form. Thus, the Cys30-Cys33 disulfide in the variant H32-P31 has adopted
properties of a structural disulfide bond.

Circular permutations in proteins, i.e., linkage of the
natural termini and cleavage of the polypeptide at another
position, cause changes in the order of the amino acid
sequence, secondary structure elements, and possibly do-
mains and thus dramatically alter the polypeptide chain.
Rationally designed circular permutants with termini in loop
regions have been reported for about 20 different proteins
(see, for example, refs1-5 and references cited therein) and
have been generated either on the level of the protein, by
covalent linkage of the termini and proteolytic cleavage at
another position, or by genetic engineering. Strikingly,
nearly all these permuted proteins folded properly and
showed biological activity. A more rigorous study on the
catalytic subunit of aspartate transcarbamoylase by random
circular permutation and screening for active proteins showed
that even variants with new termini inR-helices are capable
of adopting a functional three-dimensional structure (2). A
prerequisite for circular permutations is the close proximity
of the natural N- and C-termini. Even though this is fulfilled
in many natural proteins (6) and artificial circularly permuted
proteins are generally able to fold, the location of termini is
usually conserved in proteins, and natural circular permuta-
tions, which could arise, for example, by gene duplication
and excision, occur only rarely (reviewed in refs3 and7).
We recently performed a systematic random circular per-
mutation experiment on the thiol/disulfide oxidoreductase
DsbA from the periplasm ofEscherichia coli(Hennecke and
Glockshuber, manuscript submitted for publication) where

we created a set of permuted variants so that every loop
segment and every regular secondary structure present in the
wild-type protein was disrupted. DsbA tolerates new termini
in almost every loop region and, strikingly, in most regular
secondary structure elements except for fourR-helices, which
appear to be indispensable for folding and stability of DsbA
in ViVo andin Vitro. Here, we have constructed a circularly
permuted DsbA variant with an even more dramatic alteration
by introducing the new termini directly into theR-helix 1
that contains the active site of the protein.

DsbA is a monomeric, 189-residue protein, the main
catalyst of disulfide bond formation in the periplasm of
Escherichia coli(8, 9) and rapidly and randomly introduces
disulfide bonds into folding proteins (10, 11). The deter-
mination of the three-dimensional structure of oxidized (12,
13) and reduced DsbA (14, 15) has revealed that the enzyme
possesses a catalytic, thioredoxin-like domain, which is
common to all known structures of disulfide oxidoreductases,
and contains a second,R-helical domain of unknown function
that is inserted into the thioredoxin motif. The active site
of DsbA is formed by a very reactive disulfide bond located
within the sequence Cys30-Pro31-His32-Cys33 at the N-
terminus ofR-helix 1 in the thioredoxin-like domain. DsbA
is the strongest oxidant in the family of disulfide oxidoreduc-
tases (E0′ ) -0.124( 2 mV) (16-18). The oxidative force
of the enzyme is mainly caused by the extremely low pKa

of the nucleophilic thiol of Cys30, which has a value of about
3.4 (19-21). The lowered pKa explains a very particular
feature of DsbA, namely that the Cys30-Cys33 disulfide
bond strongly destabilizes the enzyme by about 10-20 kJ/
mol (16, 22). In ViVo, the second step of the catalytic cycle
of DsbA, i.e., recycling of the oxidized form of DsbA after
disulfide bond transfer to folding polypeptides in theE. coli
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periplasm, occurs by a specific disulfide exchange reaction
with DsbB, a protein located in the inner membrane ofE.
coli (23-26).

In the circularly permuted variant of DsbA characterized
in this study, termed H32-P31, the natural termini are
connected by the pentapeptide linker Gly3-Thr-Gly and the
peptide bond between Pro31 and His32 is broken. Hence,
the Cys30-Cys33 disulfide bond in the oxidized variant
H32-P31 connects the second and penultimate residue of
the protein and introduces a loop formed by the entire
polypeptide chain except Pro31 and His32 (amino acid
numbering according to wild-type DsbA). We purified the
circularly permuted variant H32-P31 from the periplasm
of E. coli and investigated its ability to adopt a native-like
structure in both redox forms and the effect of the Cys30-
Cys33 disulfide bond on its thermodynamic stability. In
addition, the catalytic activity and biophysical properties of
the disulfide bond in H32-P31 were characterized and
compared to those of the wild-type protein.

MATERIALS AND METHODS

Materials. DTT,1 GSH, GSSG, ampicillin, DTNB, X-Gal,
and polymyxin B sulfate were purchased from Sigma
(Deisenhofen, Germany), Dowex Monosphere mixed-bed ion
exchanger, acrylamide, ANS, and bovine pancreatic insulin
were from Fluka (Buchs, Switzerland), urea was from U.S.
Biochemical Corp. (Cleveland, OH) and maltose and guani-
dine hydrochloride (GdmCl) were obtained from ICN (Costa
Mesa, CA). IPTG was from AGS GmbH (Heidelberg,
Germany), DE52- and CM52-cellulose were purchased from
Whatman (Maidstone, U.K.), and the phenyl-Superose HR
10/10 column was obtained from Pharmacia (Uppsala,
Sweden). All other chemicals were from Merck (Darmstadt,
Germany) and of the highest purity available. DNA-
modifying enzymes were from AGS GmbH (Heidelberg,
Germany), MBI Fermentas (Vilnius, Lithuania), Boehringer
Mannheim (Mannheim, Germany), or New England Biolabs
(Beverly, MA) except for the Thermo Sequenase sequencing
kit, which was obtained from Amersham Pharmacia Biotech
(Zürich, Switzerland). Oligonucleotides were purchased
from MWG Biotech (Ebersberg, Germany).

Plasmid Construction. The lac promoter expression
plasmid pDsbA-H32-P31 was constructed from pRBI-PDI
(27). The gene coding for the circularly permuted variant
H32-P31 was obtained by SOE PCR (28, 29), and codons
for the Gly3-Thr-Gly linker were appended to the ends of
the maturedsbAgene. With thedsbAgene in the plasmid
pRBI-PDI as template and the 5′-oligonucleotide (PERM3)
5′-AAA GGT GGC GGT ACC GGT GCG CAG TAT GAA
GAT GGT AAA C-3′ and the 3′-oligonucleotide (PERM4)
5′-G CCG GAA TTC GGA TCC TTA CGG GCA GAA

GAA AGA GAA AAA C-3 ′ (BamHI site underlined), the
5′ part of thedsbAgene coding for A1-P31 was amplified
by PCR and purified. The 3′ part coding for H32-K189
was amplified by using the 5′-oligonucleotide (PERM1) 5′-
GC CGG AAT TCT AGA GCT CAC TGC TAT CAG TTT
GAA A-3′ (Ecl136II) and the 3′-oligonucleotide (PERM2)
5′-CTG CGC ACC GGT ACC GCC ACC TTT TTT CTC
GGA CAG ATA TTT C-3′ and purified. Both fragments
were combined during a subsequent PCR, and the circularly
permuted gene was amplified by using the oligonucleotides
PERM1 and PERM4. After cleavage withEcl136II and
BamHI the fragment was cloned behind the OmpA signal
sequence of pRBI-PDI viaStuI andBamHI. The circularly
permuted gene in the resulting plasmid pOmpA-DsbA(H32-
P31) was verified by dideoxynucleotide sequencing.

Determination of DsbA ActiVity in ViVo. The variant
H32-P31 was tested for its ability to complement the
phenotypes ofE. coli dsbA-strains, namely, the lack of
motility (30) and the ability to inactivateâ-galactosidase in
the periplasm by oxidation (9) as described previously (18).

Expression and Purification of cpDsbA. For expression
of the variant H32-P31 in the bacterial periplasm, theE.
coli strain THZ2 (19) was used. Cells harboring the plasmid
pOmpA-DsbA(H32-P31) were grown at 37°C in 10 L of
2×YT medium containing 100µg/mL ampicillin. After
induction with 1 mM IPTG at an optical density at 546 nm
(OD546) of 1.0, the cells were further grown for 8 h at 37
°C. Periplasmic extracts were first subjected to anion-
exchange chromatography (DE52) as described (18). Frac-
tions containing DsbA were pooled, adjusted to 1 M
ammonium sulfate and pH 8.0 by addition of 4 M ammonium
sulfate and 1 M Tris, respectively, and applied to a phenyl-
Superose HR10/10 column. The protein was eluted by a
linear gradient (100 mL) from 1 to 0 M ammonium sulfate
in 20 mM Tris-HCl, pH 8.0. The eluate was concentrated
and further subjected to size-exclusion chromatography on
Superdex 75 HiLoad 26/60 (Pharmacia) in 50 mM sodium
phosphate and 150 mM sodium chloride, pH 7.0. Fractions
containing pure H32-P31 were combined, dialyzed against
distilled water, and stored at-80 °C. DsbA wild type was
purified form the periplasm ofE. coli THZ2 harboring the
plasmid pDSBA2 (31).

Protein concentrations were measured by the specific
absorbance at 280 nm (32) (native, oxidized wild type,ε280

) 23 300 M-1 cm-1; native, oxidized H32-P31, ε280 )
23 400 M-1 cm-1). Both proteins were obtained in the
oxidized form after purification, as shown by the lack of
free thiol groups (33). The molecular mass of the variant
H32-P31 was confirmed by ESI mass spectrometry and the
correct N-terminus was confirmed by Edman sequencing.

Spectroscopic Measurements. Fluorescence and CD spec-
tra were recorded as described (34). Quenching of tryp-
tophan fluorescence by acrylamide was measured in 100 mM
sodium phosphate and 1 mM EDTA, pH 7.0, at an emission
wavelength of 326 nm (34). Binding of ANS to DsbA was
analyzed at a protein concentration of 5µM in 100 mM
sodium phosphate and 1 mM EDTA, pH 7.0, by stepwise
addition of small aliquots of 10 mM ANS in 50% ethanol.
Samples of reduced DsbA additionally contained 5 mM DTT.
An excitation wavelength of 360 nm and an emission
wavelength of 490 nm was used for the ANS fluorescence
measurements.

1 Abbreviations: ANS, 8-anilinonaphthalene-1-sulfonic acid; CD,
circular dichroism; DTNB, 5,5′-dithiobis(2-nitrobenzoic acid); DTT,
1,4-dithio-DL-threitol; GdmCl, guanidinium chloride; GSH, reduced
glutathione; EDTA, ethylenediaminetetraacetic acid; ESI, electrospray
ionization; GSSG, oxidized glutathione; HPLC, high-performance liquid
chromatography; IAM, iodoacetamide; IPTG, isopropylâ-D-thioga-
lactoside; NADPH, nicotinamide adenine dinucleotide phosphate,
reduced; MOPS, 3-(N-morpholino)propanesulfonic acid; PCR, poly-
merase chain reaction; SDS, sodium dodecyl sulfate; SOE, splicing by
overlap extension; Tris, 2-amino-2-(hydroxymethyl)-1,3-propanediol;
UV, ultraviolet; X-Gal, 5-bromo-4-chloro-3-â-D-galactopyranoside.
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Urea-Induced Unfolding Equilibria. For equilibrium
unfolding experiments, the native proteins were diluted with
degassed 100 mM sodium phosphate, pH 7.0, and 1 mM
EDTA containing different concentrations of ultrapure deion-
ized urea and incubated at 25°C for 2 days. In the case of
reduced proteins, 10 mM DTT was included. For refolding
experiments, DsbA was denatured by 9.5 M urea or 4 M
guanidinium chloride in 100 mM sodium phosphate, pH 7.0,
and 1 mM EDTA for 1 h at room temperature and diluted
with the above buffer containing different urea concentra-
tions. Transitions were followed by fluorescence (λex ) 280
nm; λem ) 322 nm for the oxidized and reduced variant
H32-P31 and oxidized DsbA wild type;λem ) 365 nm for
reduced DsbA wild type) and CD measurements (λ ) 219
nm). Protein concentrations were 1µM for fluorescence
measurements and 12µM for CD measurements. The EDTA
concentration was reduced to 100µM for all CD measure-
ments. Transitions were evaluated according to a two-state
equilibrium with a six-parameter fit as described (35).

Determination of the Redox Potential. The redox poten-
tials of DsbA wild type and the variant H32-P31 were
determined by measuring the equilibrium constant with
glutathione (17). DsbA (8 µM) was incubated under a
nitrogen atmosphere in 100 mM sodium phosphate, pH 7.0,
and 1 mM EDTA for 20 h at 25°C with different
concentrations of GSH (0.01-40 mM) and GSSG (10 or
100 µM). The GSSG concentration present in the reaction
mixtures after equilibrium was quantified enzymatically by
using NADPH and yeast glutathione reductase (EC 1.6.4.2;
Boehringer) in order to account for air oxidation of reduced
glutathione during the incubation period and the GSSG
contaminations in the GSH stock solution. The assay was
performed as described (36).

To determine the fraction of reduced DsbA, samples were
quenched by addition of formic acid to a final concentration
of 10% (v/v) and the reaction products were separated by
reversed-phase HPLC on a Vydac 218TP54 C18 column (4.6
× 250 mm) at 55°C using an acetonitrile gradient [39.0-
39.8% (v/v) for DsbA wild type, 25 mL; 38.6-41.8% (v/v)
for the variant H32-P31, 14 mL] in 0.1% (v/v) trifluoro-
acetic acid. The eluted proteins were detected by their
absorbance at 280 nm and the fraction of reduced molecules
was determined by integration of all peak areas in the elution
profiles. The equilibrium constant (Keq) was determined by
fitting the original data according to the equationR )
([GSH]2/[GSSG])/{Keq+([GSH]2/[GSSG])}, whereR is the
fraction of reduced molecules. The redox potential was
calculated with the equationE0′DsbA ) E0′GSH/GSSG- (RT/
2F) ln (Keq), with a value of-240 mV for the standard redox
potential of glutathione (37).

Determination of pKa Values. To determine the pKa value
of the Cys30 thiol, the pH dependence of its reactivity with
iodoacetamide (IAM) was measured (21, 38). The reactions
were analyzed by HPLC as described (39) except that the
eluted proteins were detected at 215 nm. Buffer conditions
were the same as described previously (39).

Reduction of DsbA by DTT. Since the circularly permuted
variant H32-P31 does not show a fluorescence difference
between the oxidized and reduced form, the kinetics of
reduction could not be measured fluorometrically (11, 18)
and were instead followed by analytical HPLC. The oxidized
variant H32-P31 (1µM) was mixed with DTT (5 mM) in

100 mM sodium phosphate and 1 mM EDTA, pH 7.0, or 20
mM potassium phosphate, 20 mM boric acid, 20 mM sodium
succinate, 200 mM KCl, and 1 mM EDTA, pH 7.0. The
latter buffer had been used to measure the kinetics of reduc-
tion of DsbA wild type by DTT (18). The reactions were
incubated at 25°C and aliquots of 450µL were removed
after 15, 30, 45, 60, 75, 90, 105, 120, 140, and 160 s and 3,
4, 5, 7, 10, 15, and 60 min and quenched by addition of
formic acid and acetonitrile to a final concentration of 10%
(v/v) each. The reaction products were separated by
reversed-phase HPLC on a Vydac 218TP54 C18 column at
55 °C with an acetonitrile gradient [38.6-41.8% (v/v), 14
mL] in 0.1% (v/v) trifluoroacetic acid. The eluted proteins
were detected by their absorbance at 215 nm and the fraction
of reduced molecules was determined by integration of the
peak areas of the elution profiles. Kinetics were evaluated
according to the applied pseudo-first-order conditions.

Reduction of Insulin Disulfides. The spectrometric assay
of insulin disulfide reduction was performed in 100 mM
potassium phosphate and 2 mM EDTA, pH 7.0, in the
presence of 1µM thioredoxin and 10µM DsbA wild type,
10 µM H32-P31, or in the absence of enzyme as described
(40). The reaction was followed by the increase in optical
density at 650 nm caused by the precipitation of the reduced
insulin A and B chains.

Refolding of Hirudin. Refolding of reduced hirudin by
stoichiometric amounts of oxidized DsbA wild type or the
circularly permuted variant was performed at pH 7.0 and 25
°C. Reduced, unfolded hirudin was prepared essentially as
described (11, 41). Reduced hirudin (28µM) was mixed
with oxidized DsbA (84µM) in 100 mM sodium phosphate,
pH 7.0, and 1 mM EDTA. Aliquots of 120µL were
removed after 1 and 10 min and 1, 6, and 20 h and quenched
by addition of formic acid and acetonitrile to a final
concentration of 10% (v/v) each. The reaction products were
separated by reversed-phase HPLC on a Vydac 218TP54 C18
column at 55°C using an acetonitrile gradient [20-24%
(v/v), 30 mL] in 0.1% (v/v) trifluoroacetic acid. The eluted
hirudin species were detected by their absorbance at 230 nm.
Refolding of reduced hirudin in the presence of 1 mM GSH,
1 mM GSSG, and catalytic amounts of DsbA (8.4µM) was
performed under the same buffer conditions. Samples were
acid-quenched after 15 s, 2.5 and 10 min, and 1, 3, 6, 12,
and 24 h and analyzed by HPLC as described above.

RESULTS

Construction, Phenotypic Characterization, and Purifica-
tion of the Circularly Permuted DsbA Variant H32-P31.
The circularly permuted DsbA variant H32-P31 was
constructed by SOE PCR (28, 29), cloned behind the OmpA
signal sequence, and expressed with yields comparable to
those of the wild-type protein in the periplasm ofE. coli
under control of thelac promoter/operator sequence. The
in ViVo activity of the variant H32-P31 was tested in the
dsbA- strain E. coli THZ2 (19). Due to the absence of
functional DsbA, THZ2 is immotile (30) and periplasmically
orientedâ-galactosidase is not inactivated by random oxida-
tion (9). Secretory expression of the variant H32-P31 was
able to restore neither motility nor inactivatedâ-galactosidase
in the periplasm of THZ2.

The variant H32-P31 was purified from periplasmic
extracts of THZ2 by anion-exchange chromatography, hy-
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drophobic interaction chromatography, and size-exclusion
chromatography with a yield of 25 mg/L of bacterial culture.
Edman sequencing and ESI mass spectrometry showed that
the OmpA signal sequence was cleaved off correctly and
that the protein was not proteolytically degraded. The
disulfide bond was completely formed in the purified variant
as shown by a band shift compared to a DTT-treated sample
on a nonreducing SDS-polyacrylamide gel (data not shown),
analytical HPLC (see below), and the lack of free thiol groups
(33).

Spectroscopic Properties of the Circularly Permuted
Variant H32-P31. The overall fold of the variant H32-
P31 was compared to that of wild-type DsbA by circular
dichroism (CD) spectroscopy (Figure 1). Far-UV CD spectra
of H32-P31 are identical to those of the wild-type protein,
indicating very similar overall structures. Near-UV CD
spectra of DsbA wild type and the variant H32-P31 also
show similarities, with a minimum around 286 nm and a
maximum at 258 nm and comparable ellipticities. However,
the characteristic increase in ellipticity at 258 nm, that is
observed upon reduction of the wild-type protein is no longer
present in the spectra of H32-P31 (Figure 1).

Analysis of the fluorescence spectra of the H32-P31
variant also revealed redox-state-independent spectroscopic
properties, whereas DsbA wild type shows a 4-fold increase
in tryptophan fluorescence upon reduction of the active-site
disulfide bond. The spectra of the H32-P31 variant showed
the same fluorescence maxima as those of oxidized and
reduced wild type (324 nm) but an even higher fluorescence

than that of reduced DsbA wild type (Figure 1). Obviously,
the dynamic fluorescence quenching of the buried Trp76 by
the active-site disulfide bond observed for oxidized wild-
type DsbA (34) is abolished in oxidized H32-P31. Since
the Cys30-Cys33 disulfide bond and Trp76 are located in
different domains, fluorescence quenching in the oxidized
wild type requires a tight interdomain contact. To investigate
whether the strongly increased fluorescence of oxidized
H32-P31 results from a loosened interdomain contact, we
analyzed the solvent accessibility of the tryptophans in the
variant and determined the extent of dynamic quenching of
their fluorescence by acrylamide. We indeed observed a
2-3-fold stronger acrylamide-induced quenching of the
tryptophan fluorescence of H32-P31 as compared to the
wild-type protein and, again in contrast to the wild type,
redox-state independent quenching (Figure 2A and Table 2).
However, we did not obtain any indication of partial
unfolding of either redox form of H32-P31. Besides the
spectroscopic evidence for a wild-type-like tertiary structure
of H32-P31, binding of the hydrophobic dye ANS, which
is generally used to identify partially folded states in proteins
(42), was in the range observed for oxidized and reduced
wild-type DsbA (Figure 2B).

Unfolding/Refolding Transitions of DsbA Wild Type and
the Circularly Permuted Variant H32-P31. To compare
the thermodynamic stabilities of the oxidized and reduced
variant H32-P31 with those of oxidized and reduced wild
type, we measured urea-induced equilibrium unfolding/
refolding transitions at pH 7.0 and 25°C. The transitions
were followed both by the far-UV CD signal at 219 nm,
which probes the secondary structure content, and by
tryptophan fluorescence, which measures tertiary structure
formation (Figure 3, Table 1). All transitions were com-
pletely reversible. Despite the almost 2-fold lower cooper-
ativities of the transitions of the permuted variant (Table 1),
all transitions were consistent with the two-state model of
folding (35, 43) as they were independent of the spectro-
scopic technique used to follow unfolding within experi-
mental error (Figure 3, Table 1). In contrast to DsbA wild
type, where the catalytic disulfide bond destabilized the
protein by about 16 kJ/mol under the applied conditions, the
oxidized variant H32-P31 was 2-3 kJ/mol more stable than
the reduced protein. Overall, the oxidized and reduced forms

FIGURE 1: Fluorescence spectra (top) and near-UV (middle) and
far-UV circular dichroism spectra (bottom) of oxidized and reduced
DsbA wild type (left) and the circularly permuted variant H32-
P31 (right) at pH 7.0 and 25°C. Spectra of the native oxidized
(b), native reduced (O), unfolded oxidized (2), and unfolded
reduced (4) proteins are shown. For fluorescence spectra, an
excitation wavelength of 295 nm was used.

FIGURE 2: Acrylamide-induced quenching of tryptophan fluores-
cence (A) and binding of ANS (B) at pH 7.0 and 25°C.
Measurements for oxidized (closed symbols) and reduced (open
symbols) DsbA wild type (b, O) and the circularly permuted variant
H32-P31 (9, 0) are shown. A Stern-Volmer plot is shown (A),
where F0 corresponds to the fluorescence in the absence of
acrylamide andF is the measured fluorescence (λex ) 295 nm;λem
) 326 nm). ANS-binding experiments (B) were performed by
stepwise addition of ANS and following the ANS fluorescence
change (λex ) 360 nm;λem ) 490 nm), which was corrected for
the volume increase.
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of the variant were both significantly less stable than oxidized
DsbA wild type, which is reflected by transition midpoints
at lower urea concentrations and lower cooperativities of
folding (Figure 3, Table 1).

Redox Properties of the Circularly Permuted Variant
H32-P31. As the dipeptide Pro31-His32 between the
active-site cysteines has been shown to be an important factor
for the oxidative force of DsbA (19, 20) and the new termini
in the permuted variant disrupt the Pro31-His32 peptide
bond, we investigated the redox potential of the variant by
measuring its equilibrium constants (Keq) with glutathione
at pH 7.0 and 25°C. As the redox state of the variant at
different GSH/GSSG ratios cannot be detected fluorometri-
cally as in the case of the wild type (Figure 1;17), the
equilibria were frozen by the addition of acid and the

oxidized and reduced forms of the proteins were separated
by analytical reversed-phase HPLC and quantified (Figure
4). With a redox potential of-206 mV, the permuted variant
H32-P31 is indeed 81 mV more reducing than DsbA wild
type (E0′ ) -125 mV), corresponding to a 540-fold higher
equilibrium constant with glutathione (Figure 4, Table 2).
However, the lowered redox potential of H32-P31 alone is
not sufficient to explain its lack of activity in the variant
H32-P31 in ViVo, since other variants of DsbA with even
lower redox potentials (up to-214 mV) have been shown
to complementdsbAdeficiencyin ViVo (19, 20).

Catalytic Properties of the Circularly Permuted DsbA
Variant H32-P31. To test whether the variant H32-P31
is inactive in ViVo because it is not efficiently recycled as
oxidant by DsbB or because it is not capable of efficiently
oxidizing folding proteins in the periplasm, we probed its

Table 1: Thermodynamic Stabilities of Oxidized and Reduced
DsbA Wild Type and the Circularly Permuted Variant H32-P31 at
25 °C and pH 7.0a

wild type H32-P31

Fluorescence
oxidized

transition midpoint (M urea) 4.59 4.18
cooperativity (kJ mol-1 M-1) 10.6( 0.3 5.9( 0.2
∆∆GStab(kJ mol-1) -48.7( 1.5 -24.5( 0.7

reduced
transition midpoint (M urea) 5.98 3.20
cooperativity (kJ mol-1 M-1) 11.0( 0.4 7.1( 0.2
∆∆GStab(kJ mol-1) -66.0( 2.4 -22.7( 0.7

∆∆Gox/red
b (kJ mol-1) 17.3( 3.9 -1.8( 1.4

Circular Dichroism
oxidized

transition midpoint (M urea) 4.63 4.10
cooperativity (kJ mol-1 M-1) 10.9( 0.5 5.4( 0.2
∆∆GStab(kJ mol-1) -50.6( 2.3 -22.0( 0.8

reduced
transition midpoint (M urea) 6.06 3.20
cooperativity (kJ mol-1 M-1) 10.7( 0.4 5.8( 0.8
∆∆GStab(kJ mol-1) -64.9( 2.2 -18.5( 1.0

∆∆Gox/red (kJ mol-1) 14.3( 4.5 -3.5( 1.8
a Urea-induced unfolding/refolding transitions were followed by

tryptophan fluorescence and far-UV circular dichroism. Data were
evaluated according to the two-state model of folding.b ∆∆Gox/red is
the difference between the free energies of folding of oxidized and
reduced DsbA. A possible influence of the disulfide bond on the entropy
of unfolded oxidized DsbA was not considered here.

Table 2: Biochemical and Biophysical Properties of DsbA Wild
Type and the Circularly Permuted Variant H32-P31 at 25°C and
pH 7.0

wild type H32-P31

activity in ViVo + -
hirudin refolding: t1/2

a 4 ( 0.5 min g 7 days
Keq with glutathione (mM) 0.126( 0.005 68.2( 1.2
E0′ (mV)b -125 -206
pKa of the Cys30 thiol 3.4c g8
reduction by DTT:k2ndorder(M-1 s-1) 55 500( 2000 2.40( 0.31
KD

d (M-1 acrylamide)
oxidized 0.66( 0.02 1.94( 0.03
reduced 0.95( 0.02 1.86( 0.03

a t1/2 is the half time of refolding of reduced hirudin with stoichio-
metric amounts of oxidized DsbA.b The redox potential of DsbA was
calculated from the equilibrium constant with GSH/GSSG using an
E′0 of -240 mV for GSH/GSSG.c The ionization of the Cys30 side
chain was detected by the specific absorbance of the thiolate anion at
240 nm.d KD is the Stern-Volmer quenching constant:F/F0 ) 1 +
KD[acrylamide], whereF0 corresponds to the fluorescence in the absence
of acrylamide andF is the measured fluorescence.

FIGURE 3: Urea-induced unfolding/refolding equilibrium transitions
of oxidized (b, O) and reduced (2, 4) DsbA wild type (left) and
the circularly permuted variant H32-P31 (right) at pH 7.0 and 25
°C. Unfolding and refolding experiments are represented by closed
and open symbols, respectively. The transitions were followed by
fluorescence (λex ) 280 nm;λem ) 322 nm for oxidized and reduced
H32-P31 and oxidized wild type and 365 nm for reduced wild
type) or far-UV CD measurements (λ ) 219 nm) and normalized.
The solid lines represent a six-parameter fit according to the two-
state model of folding (35).

FIGURE 4: Redox equilibria of DsbA wild type (b) and the
circularly permuted variant H32-P31 (9) with glutathione at pH
7.0 and 25°C. Proteins were incubated with different ratios of
reduced to oxidized glutathione and the fraction of reduced DsbA
in each sample was determined by analytical HPLC after acid
quenching of disulfide exchange. The solid lines represent fits
according to the DsbA/glutathione equilibrium (see Materials and
Methods).
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ability to act as thiol oxidase and disulfide isomerase on
folding proteins in Vitro using hirudin as a polypeptide
substrate. After complete reduction of its three intramo-
lecular disulfide bonds (41, 44, 45), unfolded hirudin was
stoichiometrically oxidized with 3 molar equivalents of
oxidized DsbA wild type and the oxidized variant H32-
P31 at pH 7.0. Formation of oxidized folding intermediates
and recovery of native hirudin was analyzed by HPLC
separation of the acid-quenching folding reactions after
different times of refolding. DsbA wild type very efficiently
oxidizes hirudin in a random fashion so that fully reduced
hirudin can no longer be detected after 15 s. Reduced DsbA
wild type then isomerizes the nonnative disulfide bonds in
a slower process (11) so that native hirudin is formed with
a half-time of 4 min at pH 7.0 and 25°C (data not shown;
Table 2). In contrast, oxidation of hirudin by the variant
H32-P31 was at least 10 000-fold slower so that completely
reduced hirudin was still present after 30 min of refolding.
Native hirudin was formed with a half-time of about 7 days.
Compared to the stoichiometric oxidation of hirudin with
oxidized glutathione, oxidative refolding with the variant
H32-P31 is only 2-4 times faster. We conclude that the
lack of disulfide oxidase activity of the variant H32-P31 is
responsible for its inability to complement DsbA deficiency.

We also measured the ability of H32-P31 to catalyze a
reverse reaction, i.e., the reduction of insulin disulfides by
DTT (40). The three disulfide bridges of insulin were
reduced by DTT at pH 7.0 in the absence and presence of
catalytic amounts of DsbA wild type and H32-P31, and the
reaction was followed by the increase of the optical density
at 650 nm caused by aggregation of reduced insulin chains.
In contrast to wild-type DsbA, the variant H32-P31 practi-
cally lacked insulin reductase activity (Figure 5). To test
whether this results from slow recycling of the reduced
variant by DTT, H32-P31 was reduced by DTT at pH 7.0
under pseudo-first-order conditions (5000-fold molar excess
of DTT) and the reaction was followed by analytical HPLC.
The reaction indeed turned out to be extremely slow with a
deduced second-order rate constant of 2.4 M-1 s-1 (Table
2). The disulfide bond in the variant H32-P31 is thus
approximately 104 times less reactive than that of wild-type
DsbA (Table 2) (18), providing a plausible explanation for
the extremely low insulin reductase activity of H32-P31.

Thiol-disulfide interchange reactions are strongly de-
pendent on the pKa values of the involved thiols (46).
Accordingly, the extremely low pKa of Cys30 in wild-type
DsbA can almost quantitatively explain the extremely fast
disulfide exchange reactions of the enzyme (21). To
investigate whether the low reactivity of the permuted variant
H32-P31 is caused by increased pKa values of the Cys30
and/or Cys33 thiols, the pH dependence of the reaction of
reduced H32-P31 with IAM was analyzed (38) in the range
of pH 5.0-10.5. The reactions were acid-quenched after
different times and analyzed by reversed-phase HPLC. The
monoalkylated forms of H32-P31 did not accumulate in
significant amounts and only a single reaction product was
observed with a molecular mass exactly corresponding to
the doubly alkylated protein (Figure 6). This observation is
in contrast to the reduced wild-type protein, in which only
the solvent-accessible Cys30 thiol reacts with IAM in the
native state (39, 47). Since no monoalkylated protein species
were detectable, we could not evaluate the individual rate
constants for the alkylation of Cys30 and Cys33 and thus
could also not determine the individual pKa values (data not
shown). Nevertheless, the formation of the doubly alkylated
protein was strongly dependent on pH. The reaction was
below the detection limit at pH values<7.0 and still became
faster above pH 10.5. We can thus estimate that both
cysteine thiols have a pKa of at least 8, so that the pKa of
the Cys30 thiol must be increased by more than 4 units
compared to that of the wild-type protein (Table 2).

DISCUSSION

The permuted DsbA variant H32-P31 represents an
extreme case of a circular permutation in that its new termini
disrupt not only a regular secondary structure, i.e., helixR1,
but also the active-site sequence Cys30-Pro31-His32-Cys33,
which has been shown to be extremely important for stability
and function of DsbA (19, 20). Another particular feature
of the H32-P31 variant is that formation of the Cys30-
Cys33 disulfide bond transforms the linear polypeptide chain
into a covalently closed, circular polypeptide as it connects
the second with the penultimate residue. Despite the
dramatic changes introduced into the polypeptide chain of

FIGURE 5: Reduction of insulin disulfides by DTT in the presence
of catalytic amounts of DsbA wild type and the circularly permuted
variant H32-P31 at pH 7.0 and 25°C. Reduction of insulin (131
µM) was initiated by the addition of 0.33 mM DTT in the presence
of either 10µM DsbA wild type (b), 10 µM H32-P31 (9), or 1
µM E. coli thioredoxin ([) or in the absence of enzyme (+).
Aggregation of reduced insulin was followed by the increase in
optical density at 650 nm.

FIGURE 6: HPLC analysis of the reaction of the native, reduced
circularly permuted variant H32-P31 with iodoacetamide (IAM)
at pH 8.0 and 25°C. The reaction was performed under pseudo-
first-order conditions (1µM H32-P31, 0.4 mM IAM) and quenched
after different times with formic acid/acetonitrile. The reaction
products were separated on an analytical C18 reversed-phase HPLC
column and detected by their absorbance at 215 nm. The monoalky-
lated forms of H32-P31 did not accumulate as intermediates in
significant amounts during the reaction.
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H32-P31, the protein is capable of adopting a tertiary
structure that is very similar to that of DsbA wild type and
to fold cooperatively and reversibly in both redox forms.
An obvious spectroscopic difference between wild-type
DsbA and H32-P31 is that redox-state-specific, local
structural differences that are observable for the wild-type
with near-UV CD and fluorescence spectra, acrylamide-
induced fluorescence quenching, and ANS binding are no
longer detected in the variant. This is in accordance with
the almost identical thermodynamic stabilities of the oxidized
and reduced form of H32-P31.

The Cys30-Cys33 disulfide bridge in DsbA wild type
exhibits ideal properties for catalyzing disulfide bond forma-
tion in reduced polypeptide substrates. It is the most
oxidizing protein disulfide identified so far (16, 17), strongly
destabilizing DsbA and oxidizes organic thiols and reduced
polypeptide substrates with second-order rate constants close
to the diffusion limit (10, 11, 18, 48). These properties are
mainly conferred by the extremely low pKa of the Cys30
thiol (19-21), which is assumed to result from an interaction
of the Cys30 thiolate with the dipole of the active-siteR-helix
(14, 49-51), electrostatic interaction with the His32 side
chain (13, 51, 52), and formation of hydrogen bonds with
either Cys33Sγ, His32NH, His32Nδ1, or Cys33NH (15). In
contrast, the Cys30-Cys33 disulfide bond in the circularly
permuted variant H32-P31 lacks all features of a catalytic
disulfide bond, and the variant is inactive bothin ViVo and
in Vitro. Specifically, the pKa of the Cys30 thiol is increased
to a value of>8, and the pKa of Cys33 in H32-P31 also
has a similar value. The pKa values of both cysteines are
thus close to the pKa of 9.5 of a “normal” cysteine residue.
As expected from the theory on the rate constants of disulfide
exchange reactions (21, 46) the H32-P31 variant is signifi-
cantly less oxidizing than the wild type. The 540-fold
increased equilibrium constant with glutathione of 68.2 mM
has thus also come close to the known values of stabilizing,
structural disulfide bonds, which are in the range between 1
and 107 M (53). The rate constants of the reaction between
oxidized DsbA and organic thiols or reduced polypeptide
substrates suffered an even larger change with an at least
104-fold lower reactivity of the variant H32-P31. The
measured rate constant for the reduction of H32-P32 with
DTT at pH 7.0 of 2.4 M-1 s-1 is indeed in the range observed
for structural disulfide bonds (54). Another remarkable
feature of the reduced H32-P31 variant is the solvent
accessibility of the Cys33 thiol, which exhibits a very similar
reactivity as the thiol of Cys30 (Figure 6). In contrast, Cys33
is completely buried in the reduced wild type and does not
react with IAM (21). This suggests that the structure of
reduced H32-P31 is loosened in the vicinity of Cys33 and
that its C-terminus with Cys30-Pro31 as the last residues
may even be rather flexible. Overall, the disulfide bond in
the variant H32-P31 has adopted many features of a
structural disulfide bond.

The urea-induced unfolding/refolding transitions of the
oxidized and reduced variant H32-P31 demonstrate that the
variant is significantly destabilized compared to the wild-
type protein. Obviously, the linkage of the original termini
and/or the location of the new termini in the beginning of
the active-siteR-helix 1 is energetically unfavorable. In
contrast to DsbA wild type, the oxidized form of the variant
H32-P31 is more stable than the reduced form, which is

the prerequisite for a structural disulfide bond. Since the
disulfide bond of the variant H32-P31 covalently links the
second residue of the polypeptide chain with the penultimate
residue, an almost circular polypeptide results in oxidized
H32-P31, which is expected to have a much lower confor-
mational entropy in the denatured state compared to dena-
tured, reduced H32-P31. This entropy difference can
principally be calculated from

in whichR is the gas constant andn is the number of residues
(4 for DsbA wild type, 192 for H32-P31) in the polypeptide
loop forming the disulfide bond (55). If only the entropy
loss in the unfolded, oxidized state of H32-P31 determined
the stability difference between the oxidized and reduced
variant, the oxidized protein should be 22.2 kJ/mol more
stable than the reduced variant. As oxidized H32-P31 is
only 1.8-3.5 kJ/mol more stable than the reduced protein,
the gain in folding stability of oxidized H32-P31 caused
by the reduced entropy of the unfolded protein appears to
be almost completely compensated by other factors such as
steric strain, unfavorable interactions of the new termini with
charged residues that may be more remote in the reduced
form, or a loss of chain entropy in native, oxidized H32-
P31 if the C-terminal segment is flexible in the reduced
variant (see above). All these destabilizing factors thus
comprise about 20 kJ/mol for the reduced H32-P31 variant.

For the entropic reasons given above (55), the introduction
of new cross-links, especially newly designed disulfide
bonds, at new positions into polypeptides has been considered
as a useful tool for the stabilization of proteins by rational
means (56-60). However, engineered disulfide bonds were
sometimes even destabilizing as unpredicted factors such as
steric strains occurred or the disulfide bond adopted unfavor-
able dihedral angles (61-63). An observation analogous to
the stability difference between oxidized and reduced H32-
P31 was also made with completely circularized bovine
pancreatic trypsin inhibitor (BPTI), where linkage of the
termini by a peptide bond had only minor effects on the
stability and the folding of the protein (1, 64). Conversely,
however, linkage of the termini of chymotrypsin inhibitor 2
by a disulfide bond stabilized the protein and accelerated
folding 7-fold, presumably by narrowing the conformational
space (5). Rational circular permutation of disulfide-bonded
proteins principally allows the modulation of the number of
residues within the loops formed by the disulfide bonds. Such
a strategy may prove to be very useful in the future to
generate proteins with increased stability since it makes use
of an already existing disulfide bond, the local environment
of which is assumed to change little upon circular permuta-
tion (65). In this context, the H32-P31 variant represents
an interesting example as its three-dimensional structure is
almost unaffected compared to the wild type.
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