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Abstract

In addition to the Cys-Xaa-Xaa-Cys motif at position 30–33, DsbA, the essential catalyst for disulfide bond formation
in the bacterial periplasm shares with other oxidoreductases of the thioredoxin family a cis-proline in proximity of the
active site residues. In the variant DsbAP151A, this residue has been changed to an alanine, an almost isosteric residue
which is not disposed to adopt the cis conformation. The substitution strongly destabilized the structure of DsbA, as
determined by the decrease in the free energy of folding. The pKa of the thiol of Cys30 was only marginally decreased.
Although in vivo the variant appeared to be correctly oxidized, it exhibited an activity less than half that of the wild-type
enzyme with respect to the folding of alkaline phosphatase, used as a reporter of the disulfide bond formation in the
periplasm. DsbAP151A crystallized in a different crystal form from the wild-type protein, in space group P21 with six
molecules in the asymmetric unit. Its X-ray structure was determined to 2.8 Å resolution. The most significant
conformational changes occurred at the active site. The loop 149–152 adopted a new backbone conformation with
Ala151 in a trans conformation. This rearrangement resulted in the loss of van der Waals interactions between this loop
and the disulfide bond. His32 from the Cys-Xaa-Xaa-Cys sequence presented in four out of six molecules in the
asymmetric unit a gauche2 conformation not observed in the wild-type protein. The X-ray structure and folding studies
on DsbAP151Awere consistent with the cis-proline playing a major role in the stabilization of the protein. A role for the
positioning of the substrate is discussed. These important properties for the enzyme function might explain the con-
servation of this residue in DsbA and related proteins possessing the thioredoxin fold.
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DsbA is the specialized enzyme that oxidizes disulfide bonds in
exported proteins in the periplasm ofEscherichia coli~Raina &
Missiakas, 1997!. It is the most efficient oxidant of reduced protein
substrates yet characterized~Wunderlich et al., 1993; Zapun et al.,
1993!. It works independently of glutathione, the usual partner of
thiol-disulfide redox reactions in the cytoplasm and the endoplas-
mic reticulum, and needs DsbB, an inner membrane protein, for its
reoxidation~Bardwell et al., 1993!. DsbA belongs to a family of
enzymes including thioredoxins and eukaryotic protein-disulfide-
isomerases~PDI! that share the consensus sequence Cys-Xaa-Xaa-
Cys in their active site. The crystal structure of DsbA was determined
at 2.0 Å ~Martin et al., 1993! and later refined to 1.7 Å~Guddat

et al., 1997b!. It consists of a helical domain~residues 60–136! and
a thioredoxin-type domain~residues 1–59 and 137–189!. The
thioredoxin-fold is also observed in other members of the thiol-
disulfide redox proteins~thioredoxin, glutaredoxin, fragments a
and b of PDI! and in two glutathione interacting enzymes~gluta-
thione peroxidase and glutathione transferases!. The common
structural motifs have been reviewed and consists of a central
five-strandedb-sheet with four flankinga-helices~Martin, 1995!.

Several structure-based studies have been carried out by site-
directed mutagenesis to explore the mechanism and determine the
structure-function relationships of DsbA. The active site contains
two cysteine residues within the Cys30–Pro31–His32–Cys33 se-
quence that form a reversible disulfide bond in the oxidized state.
The role of the dipeptide Xaa-Xaa in the redox potential was
demonstrated in several ways. The characteristic Xaa-Xaa dipep-
tide sequence, Pro-His in DsbA, is Gly-His in PDI and Gly-Pro in
thioredoxin. The change of one dipeptide sequence for another
produces a shift of the redox potential toward that of the protein
from which the dipeptide originated~Lundstrom et al., 1992; Ko-
rtemme et al., 1996; Chivers et al., 1997!. Another series of mu-
tations of the two central residues in the active site of DsbA
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established the interdependence of oxidizing power, measured as
the redox equilibriumKox with glutathione, and the pKa value of
the active thiol of Cys30~Grauschopf et al., 1995!. After replace-
ment of His32 with Tyr, Leu, or Ser, it had been proposed that this
residue makes an electrostatic contribution to the enzyme stability
~Guddat et al., 1997a!. The role played by the kink in the active-
site helix and that of charged residues in the vicinity of the active
site, Glu24, Glu37, Glu38, and Lys58, in the determination of the
oxidizing power was recently investigated~Hennecke et al., 1997b;
Jacobi et al., 1997!. These residues hardly affect the properties of
DsbA and it appears that more drastic changes are needed to de-
stabilize the enzyme. Our current work aims to determine the
contribution of the Pro151 that is in close proximity of the essen-
tial Cys30. This residue is in the cis conformation and is part of a
loop that is conserved in proteins with the thioredoxin fold. The
structures of thioredoxin, DsbA, and others, indicated that the
corresponding proline side chain makes numerous van der Waals
interactions with the disulfide bond. Which is the main factor that
leads to the conservation of the cis-proline in the thioredoxin fold?
Is it the reactivity of the disulfide bond, the substrate binding, the
stability, or the folding? At present, information is only available
for thioredoxin. The NMR structures of human thioredoxin~hTrx!
with two target peptides derived from Ref-1 and NF-kB place the
cis-Pro ring in a similar position relative to the mixed disulfide
bond and show that the two hydrogen bonds made by the main
chain of the cis-Pro loop with the peptide main chain are conserved
~Qin et al., 1996!. Biophysical studies of theE. coli thioredoxin
and of its variant TrxAP76A indicated that pro76 plays a significant
role in the stability of the enzyme and in the folding of the protein
~Kelley & Richards, 1987; Georgescu et al., 1998!.

We have further investigated the role of this conserved residue,
in the stabilization of the protein in a variant of DsbA with the
cis-Pro151 amino acid changed into Ala. We report the periplasmic
expression of the variant~DsbAP151A!, its in vivo stability and
activity, as well as the difference between the in vitro stability of
the oxidized and the reduced forms~DDGred0ox! and the oxidizing
properties of DsbAP151A ~Kox, pKa!. The X-ray structure at 2.8 Å
of the DsbAP151A variant, the rearrangement of the cis-Pro loop,
and its consequence on the active-site structure are discussed.

Results

Functional properties of DsbA and DsbAP151A in vivo

The levels of expression for both proteins were compared by sub-
cloning thedsbA and dsbAP151A genes into the pBAD24 vector
~Guzman et al., 1995! downstream from the tightly regulated and
arabinose induciblePBAD promoter, resulting in plasmid pPB2959
and pPB3141, respectively. The expression ofdsbAanddsbAP151A

could thus be modulated over a wide range of arabinose concen-
trations, from very low levels obtained in the absence of arabinose
to very high levels upon arabinose induction~see Fig. 4B, lanes 3–6!.
The plasmids pPB2959 and pPB3141 were introduced into a
dsbAnull strain ~SBS2916! for further studies. Cells were grown
in rich medium without arabinose and the production of DsbA and
DsbAP151Aduring growth were compared~Fig. 1A!. Whereas sim-
ilar amounts of both proteins were detected during the exponential
phase of growth, DsbAP151A was present in much less extent than
DsbA during the stationary phase of growth. This suggests an
altered in vivo stability of DsbAP151A, which was also observed by
pulse-chase experiments~Fig. 1B!. No significant degradation of

DsbA could be observed over the first 7 h of chase, whereas
DsbAP151Awas only stable for the first 2 h, which corresponded to
the end of the exponential phase of growth. The amount of
DsbAP151A then decreased regularly with a half-time estimated to
10 h.

The capacity of DsbB to reoxidize DsbA and DsbAP151A was
analyzed. Oxidized and reduced forms of DsbA could be discrim-
inated by electrophoresis after chemical modification of free SH
with biotin-maleimide. In adsbBstrain both DsbA and DsbAP151A

were fully reduced while a mixture of oxidized and reduced pro-
tein was visible in thedsbB1 strain for both wild-type and mutant
proteins~Fig. 2!, showing that DsbB was an efficient catalyst of
DsbAP151A reoxidation.

Biophysical properties of DsbAP151A in vitro

Both reduced DsbAP151A and DsbA displayed very similar trypto-
phan fluorescence emission spectra withlmax 5 322 nm after

B

Fig. 1. ~A! In vivo expression and~B! stability of DsbA and DsbAP151A.
A: Aliquots of the cultures of strains SBS2916 carrying pPB2959~WT!
and SBS2916 carrying pPB3141~P151A! grown in TYE1 0.5% glycerol
were withdrawn. The total fractions were prepared and analyzed by SDS-
PAGE and immunoblot. E, exponential phase~A600 ; 1!; LE, late expo-
nential phase~A600 ; 4!; S, stationary phase~A600 . 5.5!. B: Cultures of
strain SBS2916 carrying either pPB2959 or pPB3141 were grown in M9
minimal medium, induced with arabinose~ARA!, pulse-labeled and chased
as described in Materials and methods. Aliquots of the cultures were with-
drawn during the chase and the crude extracts were analyzed by 12%
SDS-PAGE and autoradiography. The growth curves of SBS2916 carrying
either pPB2959~d! or pPB3141~n! are represented in the leftY axis. The
autoradiograms were densitometrically scanned and the values for each
time point were normalized and reported for DsbA~C! and DsbAP151A ~▫!
in the rightY axis.

The role of cis-Pro151 in DsbA 97



excitation at 280 nm, at pH 7.0. Oxidized DsbA showed a 3.3-fold
decrease in fluorescence intensity at 322 nm when compared to its
reduced form, whereas the oxidized mutant protein only presented
a 1.5 decrease and nolmax shift ~Fig. 3!. It was previously dem-
onstrated that the fluorescence of Trp76 was quenched by the
disulfide bond via Phe26~Hennecke et al., 1997a!. Because the
identical spectra obtained for reduced forms are consistent with no
major reorganization in the Trp76 environment, the effect might be
very local. The substitution P151A might have affected the quench-
ing of Trp fluorescence by the disulfide bond, indicating that Pro151
could be involved in the orientation of this bond relative to the rest
of the molecule or could restrict its mobility.

Biophysical properties of both DsbA and DsbAP151A are sum-
marized in Table 1. DsbAP151Aproved slightly more reducing than
the wild-type as shown by its six-fold increasedKox value. In
agreement with the correlation betweenKox and pKa of Cys30
established by Grauschopf et al.~1995!, Cys30 in DsbAP151A ex-
hibited a higher pKa value~4.036 0.10! than DsbA. The pKa for
the wild-type protein was found to be,3 and could not be pre-
cisely determined because of denaturation below this pH. The
amplitude of the absorbance change at 240 nm was 4,550 M21

cm21, which is in the range expected for the titration of a single
thiol residue~DA240 5 5,000 M21 cm21 ~Benesch & Benesch,
1955!!. The major consequence of the replacement of Pro151 by
an alanine is the large stability decrease observed for both oxidized
and reduced form~destabilized by 23.5 and 28.3 kJ0mol, respec-
tively!. The resulting smaller difference in free energy between the
oxidized and reduced states~DDGred0ox! correlates with the value
that could be predicted from the measured redox equilibrium con-
stants of Moutiez et al.~1999!.

Enzymatic activity of DsbAP151A

The oxidase activities of DsbA and DsbAP151A were tested by the
in vitro refolding of denatured reduced ribonuclease A at different
@GSH# 20@GSSG# ratios. At 5 mM@GSH# 20@GSSG# ratio, DsbAP151A

was less efficient than DsbA and displayed only 70–75% of its
activity ~data not shown!. Such a reducing environment might not

favor the glutathione-dependent reoxidation of DsbA or DsbAP151A

and this might account for the low catalysis of RNase refolding. In
a more oxidizing environment,@GSH# 20@GSSG# ratio of 0.45 mM,
the activity of both proteins increased slightly. FromKox curves
~Moutiez et al., 1999!, it was expected that at lower value of
@GSH# 20@GSSG#, the ratio of oxidized to reduced DsbAP151Ashould
be higher than the corresponding oxidized to reduced ratio in the
wild-type. However, under such conditions, DsbAP151A only re-
tained 60–64% of the wild-type activity~data not shown!.

Fig. 2. In vivo redox states of DsbA and DsbAP151A. Cells of SBS2916
~dsbA::V dsbB1; lanes 1–3 and 5–7! and SBS3261~dsbA::V dsbB::Tn10;
lanes 4 and 8! containing plasmid pPB2959~DsbA; WT, lanes 1–4! or
pPB3141~DsbAP151A; P151A, lanes 5–8! were grown in rich medium
supplemented with 0.033 mM arabinose. AtA600 ; 2.5, proteins were
precipitated with trichloracetic acid, solubilized and treated differently be-
fore SDS-PAGE under reducing conditions and western-blotting with an
anti-DsbA serum. Lanes 1 and 5: proteins were incubated 30 min with
20 mM oxidized DTT before addition of 5 mM biotin-maleimide. Lanes 2
and 6: proteins were incubated 30 min with 2 mM reduced DTT before
addition of 5 mM biotin-maleimide. Lanes 3–4 and 7–8: proteins were
incubated with 5 mM biotin-maleimide. Red and ox indicate the position of
reduced and oxidized DsbA and DsbAP151A.

A

B

Fig. 3. Physical properties of DsbAP151A. A: Fluorescence emission prop-
erties of native oxidized and reduced DsbA~_! and DsbAP151A ~- - -!. All
spectra were recorded in 100 mM phosphate, 1 mM EDTA, pH 7.0, at 308C
in the presence of 1 mM DTT for reduced proteins. The protein concen-
trations were 0.42mM. Excitation was at 280 nm.B: Determination of the
pKa values of the active-site cysteine Cys30 in DsbA~d! and DsbAP151A

~n!. The thiolate was detected by UV absorbance at 240 nm. Normalized
transitions are shown. The pKa values were calculated from the Henderson–
Hasselbach equation.

Table 1. Biophysical features of DsbAP151A and DsbA

DsbA DsbAP151A

Kox ~mM! 0.1456 0.005 0.826 0.06
pKa of Cys30 #3 4.036 0.1
DGox ~kJ mol21! 248.56 3.1 225.06 2.9
DGred ~kJ mol21! 265.96 3.2 237.66 3.6
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A better picture of the activity of DsbAP151A toward a physio-
logical substrate is obtained by comparing the capacity of DsbA
and DsbAP151A to catalyze disulfide bond formation in vivo, by
following the appearance of a periplasmic disulfide-bonded pro-
tein, the alkaline phosphatase~AP! ~Fig. 4A!. AP was expressed
either from the chromosomal gene fusionagp::phoA~low level of
AP ~Pradel & Boquet, 1989!! or from thephoAchromosomal gene
in a phoRstrain~higher level of AP~Wanner, 1987!!. At very low
levels of dsbAor dsbAP151A expression~no arabinose!, little AP
activity was detected with DsbAP151A whatever thephoAsystem
used. Thus, at low catalyst concentration it appears that DsbAP151A

is less active in oxidizing AP than DsbA. Increased DsbAP151A

production under arabinose induction resulted in an increase in the
AP activity. Even under such conditions where the amount of
DsbAP151Aproduced largely exceeded that of DsbA~Fig. 4B, com-
pare lanes 6 and 2!, the activities obtained did not reach the levels
observed with non-induced wild-type DsbA. In all cases, DsbAP151A

displayed less disulfide formation activity than DsbA in vivo. Graus-
chopf et al.~1995! described two DsbA variants of the Cys-Xaa-
Xaa-Cys motif withKox in the same range as that of DsbAP151A,
i.e., DsbACSVCand DsbACSFC~Kox5 0.9 and 1.2 mM, respectively
~Grauschopf et al., 1995!!. We compared their capacity to catalyze
disulfide bonds formation in AP when expressed under the same
conditions as DsbAP151A~Fig. 4A!. DsbACSVCand DsbACSFCgave
similar results as those obtained with DsbAP151A.

Structure determination

Wild-type DsbA crystals~Martin et al., 1993! belong to the C2
space group with two molecules in the asymmetric unit, corre-
sponding to a densityVm of 2.8 Å30Da. Crystals for DsbAP151A

were obtained under similar conditions but in the presence of 10%
~v0v! dimethylsulfoxide instead of 1% 2-methyl-2,4-pentanediol.
These crystals were grown in a new crystal form: P21; a 5 64.9 Å,
b 5 190.7 Å ,c 5 67.1 Å ,b 5 111.98 with six molecules~which
will be called A to F! in the asymmetric unit and higher solvent
content~Vm 5 3.1 Å30Da! ~Stura et al., 1998!. By cryo-cooling the
crystals, no improvement in resolution was achieved and the mo-
saicity was significantly higher~Table 2!.

The asymmetric unit of DsbAP151A is nearly three times larger
than that of DsbA~V~DsbAP151A! 5 385,265 Å3 andV~DsbA! 5
117,410 Å3!. The structure was solved by molecular replacement
with the program AMoRe~Navaza & Saludjian, 1997! with data
from 8 to 3.5 Å. The refined structure of DsbA at 1.7 Å~PDB code
1fvk! was used as the search model, and the final model consisting
of six molecules gave anR-value of 37.1%. Clear peaks were
obtained for the first five molecules both at the rotation and the
translation function stages. The sixth molecule could be positioned
with confidence only after the six-body translation, giving an in-
crease in the coefficient correlation of 3.5%. Packing analysis
showed no overlap between the backbone of the six molecules.
Non-crystallographic symmetry restraints were applied on the six
molecules except around the cis-Pro loop, the Cys-Pro-His-Cys
motif and at some of the crystals contacts. The Gly149–Ala152
loop was rebuilt into an “omit” electron density map. The side
chains of Val150 and Ala152 are unambiguous in the electron
density. This defines a trans conformation and is inconsistent with
a cis conformation between Val150 and the mutated residue Ala151.

The new crystal form for DsbAP151A described here contained
six molecules per asymmetric unit. In wild-type DsbA the two
molecules A and B in the asymmetric unit are essentially identical.

Fig. 4. The in vivo disulfide bond forming activity of DsbAP151A is
correlated to its expression level.A: The effects of the DsbA P151r
A151, CPHCr CSVC, and CPHCr CSFC substitutions on the ac-
tivity of AP were studied. AP was expressed from anagp::phoA gene
fusion ~upper panel! or from the phoA gene ~lower panel!. Data were
obtained from exponentially growing cultures ofdsbA strains SBS2916
~agp::phoA; upper panel! and SBS3136~ phoA1 phoR68; lower panel!
carrying either plasmid pBAD24~no dsbA gene; first column! or
plasmids encoding different variants of DsbA: pPB2959~DsbA; second
column!, pPB3141~DsbAP151A; third column!, pPB3499~DsbACSVC, fourth
column!, and pPB3485~DsbACSFC, fifth column!. Bacteria were grown
in rich medium either without arabinose or with 0.033 mM arabinose to
induce the expression of thedsbA genes. Data originated from three
independently made experiments.B: The production of DsbAP151A

from pPB3141 was studied under different level of arabinose induction.
Bacterial cultures were grown in TYE1 0.5% glycerol medium con-
taining variable amounts of arabinose~ARA!. The total cell fractions
were prepared when the cultures reached anA600 ; 3.5. These fractions
were analyzed by 12% SDS-PAGE and immunoblot. In lane 1, SBS2915
carrying pBAD24 ~DsbA produced from the chromosome!; lane 2,
SBS2916 carrying pPB2959~DsbA produced from the plasmid!;
lane 3–6, SBS2916 carrying pPB3141~DsbAP151A produced from the
plasmid!.
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A slight difference of helical domain orientation relative to the
thioredoxin fold domain was reported for DsbA~Guddat et al.,
1997b! and in theVibrio cholerae homolog, TcpG~Hu et al.,
1997!. Given the moderate resolution of the DsbAP151A X-ray
structure, the analysis of the structural differences between the six
molecules must be treated with more caution than those for the
wild-type protein. For the mutant molecules A to E, the deviations
in the Ca positions of the helical domains or on the thioredoxin
fold domains are comparable to those measured for all DsbA res-
idues~^RMSD& 5 0.31, 0.20, and 0.33 Å for 112 Ca, 77 Ca, and
189 Ca, respectively!. This suggests that there are no significant
differences in orientation of the two domains in the five molecules.
However, monomer F does not superimpose as well~RMSD 5
0.7 Å for 189 Ca!. This monomer is less clearly defined in the
electron density map with an averageB-factor of 63 Å2 for main-
chain atoms, compared to 47 Å2 for the other five.

One of the critical questions addressed by this study is the
conformation of the Val150–Ala151 bond. Omit maps, calculated
with phases from the final model without the cis-Pro loop~Gly149
to Ala152!, clearly indicate that this loop adopts a different con-
formation from that of the wild-type DsbA. The deviation in the
main-chain atoms between DsbAP151A and DsbA is significantly
higher in this part of the molecule than in the rest of the protein,
with an RMSD of 1.9 Å for the Gly149 to Ala152 loop compared
to 0.47 Å for the whole protein~Fig. 5A!. The main differences
occur in this loop where the conformation of the polypeptide de-
viates up to 3.2 Å from the wild-type at carbon position of the
Val150 carbonyl. The rearrangement starts with a significant change
in the Phi-Psi values of Gly149 and Val150~Table 3!.

Though the carbonyl of Ala151 cannot be unambiguously posi-
tioned in the electron density, three main elements favor a trans-

conformation for the Val-Ala bond:~1! side chains of Val150 and
Ala152 are well defined in the electron density and the positions of
these preclude a cis conformation,~2! the loop 149–152 makes no
intramolecular hydrogen bonds that could constrain the local back-
bone geometry of the alanine that replaces the proline,~3! a cis-
conformation for Ala151 would be inconsistent with the general
rearrangement observed of the backbone of this loop. This site is
where the protein undergoes the most significant structural differ-
ences in its backbone compared to the wild-type enzyme.

What are the consequences of the Pro151r Ala substitution on
the structural properties of DsbA active site? In DsbA, Pro151 is
the residue closest to the oxidized disulfide bond. Due to a global
rearrangement of the loop, the positions occupied by the proline
residue and the carbonyl of Val150 in DsbA are left accessible to
solvent in the DsbAP151A. Consequently, the van der Waals con-
tacts made between this portion of the loop and the disulfide bond
are effectively lost~seven contacts in A and B monomers of DsbA
and 1 or 2 in DsbAP151A six molecules!. Interestingly, this corre-
lated with the observed decrease in the quenching efficiency of
Trp76 in the oxidized DsbAP151A ~Fig. 3!. No rearrangement is
induced on the main chain of the Cys-Pro-His-Cys motif, nor on
the position of the disulfide bond by this release of constraint on
the disulfide bond.

The main differences in the conformation of the Cys-Pro-His-
Cys segment were in the position of the side chain of His32.
In four of six molecules, the histidine residue adopts a gauche2
~g2! conformation that places the imidazole ring near the place
occupied by the proline in DsbA and above the disulfide bond
~Fig. 5B!. In the two other molecules, it adopts the gauche1 ~g1!
conformation that orients the side chain toward the solvent. The
electron density maps and theB-factor suggest that the side chain
is better ordered in the g2 conformation than in the exposed g1
conformation~^B& 5 55 Å2 for g1 and B 5 90 Å2 for g2!.
Analysis of the crystal contacts near the His32 indicates that three
of the g2 rotamers were restricted to this conformation due to
crystal contacts with other monomers. The fourth g2 rotamer~mono-
mer B! could also adopt the two other positions, trans or g1
without steric hindrance from crystal packing. In the two mono-
mers where His32 is in the g1 conformation, the side chain is free
to adopt other rotamers, as in both cases it makes no interactions
with side chains from other monomers. This analysis suggested
that the proportion of g1 and g2 observed, 33 and 66%, respec-
tively, is an artifact of crystal packing. It is difficult to estimate the
thermodynamically relevant proportion of His32 directed toward
the disulfide bond and that directed toward the solvent, but it is
apparent that the g2 conformation is sufficiently stable to be clearly
defined in one of the nonrestricted environments~monomer B!.

Discussion

The replacement of the conserved cis-proline in the active site of
DsbA lowers significantly the activity of the enzyme in vivo, re-
sulting in a decrease of the AP activity. The DsbA-dependent di-
sulfide bond formation in the periplasm involves a cyclic process
where ~1! reduced protein substrates are oxidized by DsbA and
~2! reduced DsbA is reoxidized by DsbB to regenerate a competent
enzyme. Taking this into consideration, several factors could ac-
count for the observed loss of DsbAP151Aactivity: a lesser amount
of active catalyst, a less oxidizing enzyme, and0or a weaker sub-
strate binding.

Table 2. Crystallographic data and refinement statistics

Beamline LURE, W32 DESY, BW7A
Temperature 48C 21508C

Data collection statistics
Unit cell

a, b, c ~Å! 64.9, 190.7, 67.1 64.0, 188.9, 66.3
a ~5g!, b ~8! 90, 111.9 90, 112.7

Resolution limit~Å! 2.8 2.8
Mosaicity 0.15 0.75
Observations 117,916 219,788
Unique reflections 31,364 33,548
Completeness~%!a 84.6 ~87.9! 86.5 ~78.8!
Rsym

b ~%!a 7.8 ~48! 7.8 ~56!
I0s~I !a 13.3 ~1.7! 11.0 ~1.7!

Refinement statistics
Resolution~Å! 10.0–2.8
Rc ~%! 21.8
Rfree ~%! 28.9
RMSDs from ideality

Bond lengths~Å!d 0.013
Bond angles~8!d 1.43
Ramachandran core~%!e 88.5

aThe number in parentheses is the value in the highest resolution shell.
bRsym5 SSj 6Ij 2 ^I &60S6^I &6 whereIj is the intensity measurement for

reflection j and^I & is the mean intensity for multiply recorded reflections.
cR 5 S66Fobs6 2 6Fcalc660S6Fobs6.
dEvaluated with Xplor~Brünger, 1992!.
eEvaluated with Procheck, most favored region~Laskowski et al., 1993!.
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DsbAP151A was quantitatively purified from the periplasm of
E. coli implying that the protein was correctly expressed and se-
creted. The purified enzyme is well-folded and active in vitro.

DsbAP151A is resistant with respect to proteolysis with a long half-
life in vivo. No degradation was observed during the exponential
growth phase, but proteolysis did occur during the post-exponential

Fig. 5. Comparison of DsbA and DsbAP151A active site.A: 2Fo 2 Fc electron density map~at 2.8 Å resolution! in the active site of
DsbAP151A contoured at 1.5s. The structure of wild-type DsbA~white! has been superimposed on the mutant model~yellow!.
B: Comparison of the His32 positions in the six monomers of DsbAP151Aand in the two monomers of wild-type DsbA. The side chain
uses the gauche2 rotamer, pointing toward Ala151. This is observed in four out of six of the DsbAP151Amonomers. This rotamer cannot
occur in wild-type DsbA due to steric hindrance with the cis-Pro151.
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growth phase. The AP activity was determined during the expo-
nential growth phase where, at the same induction level, there are
very few differences between the expression ofdsbAanddsbAP151A

from the plasmids. At 15mM arabinose, DsbAP151Ais expressed at
the same level as DsbA from its chromosomal gene~not shown!
and the AP activity in vivo is only 50–60% of that observed
naturally. At 33mM arabinose, the DsbAP151A level is five-fold
more than chromosomal DsbA and AP activity is only 70–80% of
that measured naturally. Also, these results clearly indicate that
DsbAP151A was correctly expressed and that the low level of AP
activity obtained could not be attributed to a poor expression of
DsbAP151A. The redox status of DsbA and DsbAP151A were com-
pared when both proteins were expressed under 33mM arabinose
induction. Approximately half of both proteins were found in the
oxidized form. Moreover, the relative proportion of oxidized
DsbAP151A was slightly higher than for DsbA, showing that the
DsbB-mediated reoxidation of DsbAP151A was not impaired. It is
noteworthy that DsbAP151Aremained a good substrate for DsbB as
an additional proof of its correct folding. From our results, it is
clear that the difference in the in vivo AP activity cannot be at-
tributed to the smaller amount of DsbAP151Apresent in the bacteria
nor to an inefficient reoxidation of DsbAP151A.

The second set of reasons for the decreased activity of DsbAP151A

can be ascribed to its intrinsic biophysical properties. Compared to
the set of DsbA variants previously studied~Guddat et al., 1997b;
Hennecke et al., 1997b; Jacobi et al., 1997!, DsbAP151A can be
included in the subset of variants poorly affected regardingKox and
pKa. Although less oxidizing than DsbA, it can still be considered
as an efficient oxidase from this point of view. The analysis of
DsbAP151A active-site structure showed no rearrangement of the
main chain of the Cys-Pro-His-Cys segment. The side chain of
His32, a residue postulated to contribute electrostatically to the
oxidizing power of DsbA~Warwicker & Gane, 1996; Guddat et al.,
1997a!, was found to have greater conformational flexibility in
DsbAP151A compared to DsbA. The trans-conformation of the
Val150–Ala151 bond and the resulting positioning of this loop
made room for movement of the His32 side chain, and possibly for
a water molecule when this side chain is out of the cavity. Al-
though it has not been possible to estimate the occupancy in so-
lution of the cavity by the histidine side chain, this might result in
a change of the electrostatics in the active site leading to an in-
creased pKa andKox. To estimate the consequences of a slightKox

increase on the in vivo activity, two variants exhibiting similarKox

values than DsbAP151A were tested under the same experimental
conditions. Interestingly, the modifications introduced in these vari-

ants, DsbACSVC and DsbACSFC, did not take place in the same
region of the protein as P151A and had smaller consequences on
the protein stability~Grauschopf et al., 1995! and probably on the
protein structure also. The three variants were similarly affected
regarding disulfide bond activity on AP. TheKox value per se
appears to be a major determinant in the loss of enzyme function
and can explain at least partially the observed variations of activity
in vivo.

The third factor to consider is substrate binding. How could the
substitution have influence on the interaction with the substrate? It
can be shown that the substitution largely destabilizes the overall
structure of the protein, as depicted by the smallDGs in vitro, for
both reduced and oxidized DsbAP151A ~Table 1!. A similar obser-
vation was made for TrxAP76A, which lost 16.3 kJ mol21 in its free
energy of folding~Kelley & Richards, 1987!. The high number of
monomers in the DsbAP151A crystal lattice and the partially disor-
dered monomer F correlates well with an overall destabilization of
the protein. The increased mobility of DsbAP151A might indirectly
result in less efficient substrate binding and poor positioning with
respect to the disulfide bond. At the level of the local structure, a
dramatic change occurred in the loop beyond Ala151 in the trans-
conformation. The peptide binding in DsbA can be modeled from
the complexes between human Trx and the peptides from NF-kB
and Ref-1~Guddat et al., 1997b!. In both Trx-peptide structures,
the cis-Pro loop makes two hydrogen bonds with peptide main-
chain atoms~Qin et al., 1996! ~Fig. 6!. Despite different orienta-
tions of the two peptides, the same main-chain atoms of Trx are
implicated in these hydrogen bonds: Thr75-O and Thr75-NH. Su-
perposition of the DsbA thioredoxin domain with Trx suggests that
these interactions may also be conserved in DsbA and the homol-
ogous main-chain atoms would be Val150-O and Val150-NH. The
rearrangement of the 149–152 loop in the X-ray structure of
DsbAP151A resulted in a reorientation of both Val150-O and
Val150-NH and a potential loss of both hydrogen bonds with the
peptide.

In conclusion, we have shown that cis-Pro151 is a key resi-
due for the function and stability of both oxidized and reduced
forms of DsbA. Although its replacement by an alanine had
little influence on the biophysical properties of the active-site
disulfide, it significantly affected the enzyme activity. This al-
tered activity can largely be explained by variation in theKox

although a less efficient substrate binding is also likely. Se-
quence homologies in the thioredoxin structural family are very
low except at the level of the active-site cysteines and this pe-
culiar cis-residue. Our results support the idea that there may be
very high evolutionary pressure on maintaining the cis-Pro in
the structures of thioredoxin-like oxidoreductases, and that this
might be directly related to the fine balance between the deter-
minants controlling their function.

Materials and methods

Bacterial strains and media

The E. coli K-12 strains used in this study were BW494~F2

DlacU169 proC::Tn5 phoM451 phoR68 rpsL aroB, obtained from
Barry Wanner!, SBS1554~HfrC relA pit-10 tonA22 thi garB10
ompF627DphoA20 agp::phoA-IS50L-neo; ~Pradel & Boquet,
1989!!, SBS2280~HfrC relA pit-10 tonA22 thi garB10 ompF627
dsbB::Tn10; ~Belin & Boquet, 1993!!, SBS2451~HfrC relA pit-10
tonA22 thi garB10 ompF627 dsbA::V!, MC1061 ~F2 D(ara-leu)

Table 3. Conformation of the 149–152 loop in DsbA (WT)
and in DsbA (P151A)a

Gly149 Val150 Pro0Ala151a Ala152

Phi Psi Phi Psi Phi Psi Phi Psi

WT 2164 2133 272 157 272 157 2152 148
P151A 297 174 279 221 2133 150 176 159

aPhi and Psi values are average values over two molecules in the asym-
metric unit for DsbA WT and over six molecules for DsbAP151A. The
angular standard deviation over the different molecules in the asymmetric
unit is in all cases less than 78.

aResidue 151 is a proline in DsbA WT and an alanine in DsbAP151A.
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araD139 DlacX74 galE15 galK16 mcrA mcrB1 rpsL hsdR2!,
SBS2915~MC1061 agp::phoA-IS50L-neo!, SBS2916~MC1061
agp::phoA-IS50L-neo dsbA::V!, SBS3136~MC1061 proC::Tn5
phoR68 dsbA::V!, and SBS3261~MC1061agp::phoA-IS50L-neo
dsbA::V dsbB::Tn10!. Strain SBS2451 contained adsbA-null mu-
tation constituted by a chromosomal insertion of aBamHI-BamHI
2 kb-longV~StrR0SpcR! fragment in theBglII site of dsbA. Strain
SBS2915, SBS2916, SBS3136, and SBS3261 were obtained by
transduction with P1~Miller, 1992!.

TYE medium~bactotryptone 10 g0L, yeast extract 5 g0L, NaCl
8 g0L, pH 7.5! 1 0.5% glycerol was used as a rich medium, M9
medium ~Miller, 1992! 1 0.5% glycerol as a minimal medium.
Ampicillin was added at 200mg0mL, streptomycin and spectino-
mycin at 20mg0mL, and kanamycin at 30mg0mL.

Plasmids constructions

Plasmids manipulations were performed according to Sambrook
et al. ~1989! and recommendations of molecular biology enzymes
suppliers ~New England Biolabs, Beverly, Massachusetts!. A
0.8 kb BspHI-SspI fragment encodingdsbA was obtained from
pPB2196~Belin & Boquet, 1994!. This fragment was inserted
between theNcoI and SmaI sites of pBAD24 ~Guzman et al.,
1995! and pTrc99A~Amersham Pharmacia Biotech, Uppsala, Swe-

den!, resulting in pPB2959 and pPB2190, respectively. pPB3141,
pPB3485, and pPB3499 derived from pPB2959 and encoded vari-
ants of DsbA, respectively, DsbAP151A ~the Pro151 residue was
changed to Ala151!, DsbACSFC ~the Pro31–His32 residues were
changed to Ser31–Phe32! and DsbACSVC ~the Pro31–His32 resi-
dues were changed to Ser31–Val32! were obtained by site-directed
mutagenesis using the QuickChangeTM site-directed mutagenesis
kit ~Stratagene, La Jolla, California!. The coding deoxyoligonucle-
otides used were, respectively:

59GCAATTGCGTGGCGTTGCTGCGATGTTTGTTAACGG39,

59CTCTTTCTTCTGCTCTTTCTGCTATCAGTTTGAAG39,

59CTCTTTCTTCTGCTCTGTTTGCTATCAGTTTGAAG39.

The complementary deoxyoligonucleotides were used according to
the instructions of the manufacturer. The cycles used for the poly-
merase chain reaction were the following: 30 s at 958C, one time;
30 s at 958C, 1 min at 558C, 10 min at 728C, each 16 times. The
entire nucleotide sequence of the mutateddsbAgenes was deter-
mined on double-stranded DNA plasmid using a Pharmacia T7
sequencing kit. Plasmids pPB2190 and pPB3140 were used for
high level production of DsbA and DsbAP151A, respectively, in
strain SBS2916~dsbA::V!. pPB3140 derived from pPB2190, as

Fig. 6. Superposition of hTrx, DsbA, and DsbAP151A. The thioredoxin-fold domain of wild-type DsbA and DsbAP151A has been
superimposed on human thioredoxin~hTrx! complexed with peptide from Ref-1~Qin et al., 1996!. Comparison of the three active sites
shows the conserved conformation of the cis-Pro loop in hTrx~cyan! and wild-type DsbA~white! despite different sequences besides
the cis-proline. The numbering of the Trx residues in the figure corresponds to the human sequence. The Pro151~75 in hTrx! to Ala
mutation induces a major rearrangement of the active site~red!. Hydrogen bonds and van der Waals contacts observed between peptides
and the hTrx cis-Pro loop may be conserved in wild-type DsbA but lost in the mutant.
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described above, for pPB3141 and pPB2959. pPB3140 contained
the same CCGr GCT mutation in thedsbAgene. The protocol
used for pPB2959 was applied to pPB2190, from mutagenesis to
nucleotide sequence determination.

Alkaline phosphatase (AP) activity determination

AP activity was measured within bacterial suspensions. All cul-
tures were grown at 378C in 250 mL flasks filled with 25 mL of
medium, inoculated to 10200th from an overnight culture grown in
the same conditions. To determine the PhoA activity, aliquots of
the culture were centrifuged and the cells were suspended in
500 mL of 150 mM Tris-HCl pH 8.8. A drop of chloroform and
0.1% SDS was used to disrupt the cell membrane~Miller, 1992!.
After 5 min at 378C, 25mL of 0.5 M para-nitrophenyl phosphate
was added to start the assay. The reaction was stopped after 5 min
by the addition of 1 mL cold 1 M NaOH. After pelleting the cells,
the A410 of the supernatant was read against a blank. The AP
activities of bacterial cultures were expressed asDA410 min21 ~mL
of culture!21.

Cell fractionation and western blot analysis

The periplasmic fractions were obtained from bacteria after lyso-
zyme spheroplast formation according to the method described by
Malamy and Horecker~1964!. The samples were analyzed by SDS-
PAGE and western blot analysis~Sambrook et al., 1989!. Proteins
were electroblotted on nitrocellulose. DsbA and DsbAP151A were
detected with an anti-DsbArabbit serum and a peroxidase-conjugated
F~ab9!2 fragment goat anti-rabbit IgG~Jackson ImmunoResearch,
West Grove, Pennsylvania!. The peroxidase activity was revealed
using diaminobenzidine.

Pulse-chase analysis

Bacterial cultures were grown in M9 minimal medium1 glycerol
supplemented with 50mg0mL each amino acid~except methionine
and cysteine! and 200 mg0mL ampicillin. At A600nm ; 0.3,
13.3 mM arabinose was added to the cultures. AtA600nm; 0.7, the
cells were labeled with@35S#cysteine and@35S#methionine for 30 s
~Pro-MixTM from Amersham Pharmacia Biotech, 30mCi0mL!.
Unlabeled cysteine and methionine~each 100mg0mL! were added
and aliquots of the cultures~500mL! were withdrawn at different
time points. Cells were collected by centrifugation and suspended
in reducing SDS-PAGE loading buffer. Samples were boiled for at
least 20 min and analyzed by 12% SDS-PAGE and autoradiogra-
phy. Autoradiograms were scanned using a CCD-camera and Den-
sylab software~Microvision Instruments, France!.

Determination of in vivo redox states

Cells were grown in TYE medium1 glycerol and 33mM arabi-
nose. AtA600nm; 2.5, 100mL of culture was mixed with 100mL
of cold 20% trichloracetic acid. Precipitated proteins were col-
lected by centrifugation and washed once with cold 10% trichlor-
acetic acid. Proteins were then solubilized in 100mL of 100 mM
Tris pH 8.0, 1.5% SDS, and 1 mM EDTA containing 10 mM
biotin-maleimide and incubated at room temperature for 2 min.
Oxidized and reduced samples were prepared by solubilization of
precipitated proteins in 90mL of 100 mM Tris, pH 8.0, 1.5% SDS,
and 1 mM EDTA containing either 20 mM oxidized DTT or 2 mM

reduced DTT, respectively. Incubation was performed at room
temperature during 30 min before addition of 10mL of a 100 mM
biotin-maleimide solution. Samples were analyzed by SDS-PAGE
under reducing conditions and western-blotting with anti-DsbA
serum.

Enzyme purification

DsbAP151A variant was purified by the same protocol as the
wild-type DsbA: anion exchange chromatography on DEAE-
Sephacel~Pharmacia! followed by hydrophobic chromatography
on phenyl-Sepharose CL-4B~Pharmacia! ~Wunderlich & Glock-
shuber, 1993!. DsbA and DsbAP151A protein concentrations were
determined spectrophotometrically using an absorption coefficient
of A280,1mg0ml,1cm 5 1.10 ~Wunderlich & Glockshuber, 1993!.

Determination of redox properties,
pKa of Cys30 and stability

The relative oxidizing power of DsbAP151A was determined by
measuring the equilibrium constant~Kox! for the thiol-disulfide
exchange reaction with glutathione~GSH0GSSG!, taking advan-
tage of the differences in the fluorescence emission spectra of
oxidized and reduced species. The redox equilibrium measure-
ments were performed as described by Wunderlich and Glocks-
huber ~1993! in a 100 mM phosphate buffer, pH 7.0 containing
1 mM EDTA at 308C. Equilibration of enzymes at different GSH0
GSSG ratios was performed under argon atmosphere, in degassed
buffers for 16 h. Fluorescence spectra were recorded on a Spex
0.34 spectrometer.

The pKa values of the thiol group were determined from the
increase in absorbance at 240 nm upon formation of the thiolate
~Benesch & Benesch, 1955; Nelson & Creighton, 1994!. Reduced
DsbA and DsbAP151A ~1 mg0mL in distilled water! were prepared
by incubation with 1 mM DTT for several minutes. DTT was
removed by gel filtration on G-25~Pharmacia! previously washed
with water. The pH titration was performed with an initial protein
concentration of 24mM, in an initial volume of 2 mL in 10 mM
phosphate, 10 mM citrate, 10 mM borate, pH 8.5. The pH was
lowered by stepwise addition of 10–20mL of a 0.1 M HCl solution
also containing 10 mM of each acid mentioned above. Oxidized
protein was used as a reference and treated in the same condi-
tions. The values of~A2400A280!red 2 ~A2400A280!ox represent the
specific absorption of the thiolate and were fitted according to the
Henderson–Hasselbach equation. UV absorptions were measured
with a Hewlett Packard 8453 spectrophotometer.

Thermodynamic stability was determined from the measure-
ment of the free energies of folding by high-sensitivity differential
scanning calorimetry~HS-DSC! as described elsewhere~Moutiez
et al., 1999!.

Crystallization and data collection

The oxidized form of DsbAP151Awas prepared as described for the
wild-type enzyme~Martin et al., 1993!. Before crystallization the
protein was oxidized with 1.5 mM copper~II !@1,10-phenanthroline#3

and dialyzed against 10 mM HEPES~pH 7.8!. The sitting drop
procedure was used to grow crystals by vapor diffusion. Under the
conditions of crystallization reported for wild-type DsbA, DsbAP151A

gave urchin-like crystals that were not suitable for data collection.
As a control, wild-type DsbA prepared according to the same
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protocol yielded good diffracting crystals, isomorphous with that
already reported~Martin et al., 1993!. A screen for additives led to
a modified crystallization procedure where larger crystals could be
obtained in the presence of 10%~v0v! DMSO and 100 mM NaCl
~Stura et al., 1998!. Diffraction data were collected on these crys-
tals at the W32 station of the LURE synchrotron~Orsay, France! at
7 8C and at BW7A station of the DESY synchrotron~Hamburg,
Germany! with cryo-cooling system. Intensities were evaluated
using Denzo and Scalepack~Otwinowski & Minor, 1997!. The
atomic model was established alternating cycles of reconstruction
with program O~Kleywegt & Jones, 1997! and refinement with
X-Plor ~Brünger, 1992!. No water molecules have been included in
the refinement. The structure of the DsbAP151A was refined to a
final R-value of 21.8% and a freeR-value of 28.9%. The model
had standard stereochemistry, as evaluated with PROCHECK
~Laskowski et al., 1993! ~Table 2!. Superposition of the proteins
of the thioredoxin superfamily was done with program TOP
~Guoguang, 1996!. Coordinates of DsbAP151Ahave been deposited
at the Brookhaven Protein Data Bank~PDB entry 1BQ7!.
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