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Bacterial growth and pathogenicity depend on the correct for-
mation of disulfide bonds, a process controlled by the Dsb sys-
tem in the periplasm of Gram-negative bacteria. Proteins with a
thioredoxin fold play a central role in this process. A general
feature of thiol-disulfide exchange reactions is the need to avoid
along lived product complex between protein partners. We use
a multidisciplinary approach, involving NMR, x-ray crystallog-
raphy, surface plasmon resonance, mutagenesis, and in vivo
experiments, to investigate the interaction between the two sol-
uble domains of the transmembrane reductant conductor
DsbD. Our results show oxidation state-dependent affinities
between these two domains. These observations have implica-
tions for the interactions of the ubiquitous thioredoxin-like pro-
teins with their substrates, provide insight into the key role
played by a unique redox partner with an immunoglobulin fold,
and are of general importance for oxidative protein-folding
pathways in all organisms.

Oxidative protein folding, involving the formation and
isomerization of disulfide bonds, is essential for the stability and
function of numerous extracytoplasmic proteins in all organ-
isms (1, 2). Correct oxidative folding is key to host-pathogen
interactions and toxin secretion and, therefore, to the pathoge-
nicity of a variety of organisms (1). Formation and breakage of
disulfide bonds are simple chemical reactions. However, in
vivo, these reactions are catalyzed by a range of proteins, the
thiol-disulfide oxidoreductases (3, 4), which often contain the
thioredoxin fold (5). In the bacterial periplasm, these proteins
are maintained in the appropriate oxidation state by specific,

51 The on-line version of this article (available at http://www.jbc.org) con-
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mostly membrane-integrated, enzymes that control the oxida-
tion state of subcellular compartments. These redox regulators
(6) include DsbD, which provides the periplasm with reductant
from the cytoplasm, and DsbB, which transfers reducing power
in the opposite direction, from the periplasm to the respiratory
chain (6, 7). Therefore, oxidative protein folding in the
periplasm is the result of the concerted action of a variety of
electron-transferring proteins and relies on a complex network
of protein-protein interactions (Fig. 1) (6 —8).

DsbD and its analog CcdA (9) are unique redox regulators;
they are the only proteins known to transfer electrons from the
cytoplasm to the periplasm of Gram-negative bacteria. This
reducing power is required in the otherwise oxidizing
periplasm for the isomerization of incorrectly formed disulfide
bonds and for cytochrome c¢ maturation (Ccm)® (10, 11).
Reductant transfer occurs via a series of sequential thiol-disul-
fide exchange reactions between pairs of conserved cysteines in
the three domains of DsbD, tmDsbD (the integral membrane
domain), nDsbD and cDsbD (the N- and C-terminal periplas-
mic globular domains), and their partner proteins on both sides
of the inner membrane (Fig. 1) (12). The flow of electrons starts
from cytoplasmic thioredoxin and proceeds to tmDsbD and
then to ¢DsbD and nDsbD (12-15). Finally, nDsbD interacts
with DsbC, for its function in the disulfide bond isomerization
pathway, and CcmG, for the transfer of reductant to the Ccm
pathway (7, 16 -19).

X-ray structures have been determined for Escherichia coli
cDsbD in both oxidation states (20, 21). It has a thioredoxin fold
often found for thiol-disulfide oxidoreductases. A comparison
of the structures of oxidized and reduced cDsbD shows no sig-
nificant structural change apart from a reorientation of the cys-
teine side chains in the active site. X-ray structures have also
been determined for oxidized E. coli nDsbD (16, 22). Strikingly,
it has an immunoglobulin fold, a structural feature not other-
wise described for a redox-active protein. No structure for
reduced E. coli nDsbD has been reported to date. The crystal
structure of a covalent complex of nDsbD and ¢cDsbD has been
solved (23) and has revealed the interface between them. Major
conformational changes are observed between the free and
bound structures of nDsbD but not for ¢cDsbD. In particular,

8 The abbreviations used are: Ccm, cytochrome ¢ maturation; BisTris, 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; SPR, surface
plasmon resonance; PDB, Protein Data Bank; r.m.s., root mean square;
HSQC, heteronuclear single quantum correlation.
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FIGURE 1. Schematic representation of DsbD and its interacting partners.
DsbD has three domains, a central hydrophobic domain with eight trans-
membrane helices (tmDsbD) and two periplasmic globular domains (nDsbD
and cDsbD). The proposed pathway of electron flow from thioredoxin (Trx) in
the cytoplasm, via the three domains of DsbD, to the Ccm and disulfide bond
isomerization pathways in the periplasm is shown. Trx,.q4 reduces the disul-
fide bond in tmDsbD,,, and tmDsbD,.4 then reduces cDsbD,,,, which then
reduces nDsbD,,. DsbC, a dimeric disulfide isomerase, and CcmG, a compo-
nent of the Ccm system, then accept reductant from nDsbD, 4. The pairs of
conserved cysteines that form disulfide bonds are shown in yellow. The struc-
tures shown are from the following PDB entries: nDsbD (1JPE (16)), cDsbD
(2FWF (21)), Trx (2TRX (53)), DsbC (1EEJ (54)), CcmG (2B1K (55)). All structures
were rendered in PyMOL (56).

the cap loop (residues 66-72) of nDsbD, which shields the
active-site cysteines, adopts a more open conformation in the
complex.

The standard reduction potentials of the three domains of
DsbD and their interacting partners indicate that all steps in
DsbD-mediated electron flow from the cytoplasm to the
periplasm are thermodynamically favorable (13, 23, 24). How-
ever, the standard reduction potentials of nDsbD and ¢DsbD
are reported to be very similar (AE° values of 12 or 3 mV,
depending on experimental conditions (13, 23), with cDsbD
having the lower potential). It is expected that molecular con-
trol of the interaction is exerted in subtle ways to avoid an
unproductive equilibrium between these two domains that
need to react in an almost “thermodynamically neutral” step of
the cascade.

We have previously used NMR to demonstrate that the pK,,
value of the active-site cysteine, Cys*®*, of cDsbD is modulated
during its interaction with nDsbD, providing specificity and
facilitating reductant transfer (25, 26). In the present work, we
have been able to describe, using a multidisciplinary approach,
how protein-protein interactions between a thioredoxin do-
main and a rigid immunoglobin domain depend on the oxida-
tion states of the two partners. These interactions drive key
conformational changes in the immunoglobulin domain, which
therefore allows us to rationalize why this domain has been
adopted for what otherwise appears to be a puzzling role in cell
physiology. We anticipate that the principles established here
will be applicable to a range of comparable processes in eukary-
otic cells.
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EXPERIMENTAL PROCEDURES

Construction of DsbD Plasmids—DNA manipulations were
conducted using standard methods. The construction of all
plasmids is detailed in the supplemental Additional Experi-
mental Procedures. Pwo DNA polymerase (from Pyrococcus
woesei) was used for all PCRs according to the supplier’s
instructions (Roche Applied Science), and all constructs were
sequenced and confirmed to be correct before use. Oligonu-
cleotides were synthesized by Sigma-Genosys.

Protein Production, Purification, and Characterization—Iso-
lated wild-type cDsbD, C461A-cDsbD, V462A-cDsbD, D455N/
E468Q-cDsbD, wild-type nDsbD, and C109A-nDsbD were
expressed using BL21(DE3) cells (Stratagene) and were purified
from periplasmic extracts of E. coli using a C-terminal His tag.
Production and purification of all proteins was done as
described in previous work (25, 26) except that 100 ug/ml
ampicillin was used instead of 20 ug/ml gentamicin.

Oxidation and reduction of the single disulfide bond in each
protein were carried out as follows. 5,5'-Dithiobis-(2-nitroben-
zoic acid) was used to oxidize the Cys'**~Cys'®® and Cys**'—
Cys*** disulfide bonds in nDsbD and cDsbD, respectively. 10
mMm 5,5'-dithiobis-(2-nitrobenzoic acid) was added, and the
mixture was incubated at 27 °C for 30 min. Excess 5,5'-dithio-
bis-(2-nitrobenzoic acid) could not be removed completely by
simple concentration and redilution using a concentration
device; proteins were therefore repurified using their C-termi-
nal His, tag, as described previously (25). Disulfide bonds in
wild-type cDsbD and nDsbD samples were reduced using 10
mM dithiothreitol (DTT), the excess of which was removed by
repeated concentration and redilution using a concentration
device. Samples of nDsbD and ¢DsbD remain fully reduced at
pH 6.5 for more than 24 h following removal of the excess DTT.

All proteins were subjected to SDS-PAGE and electrospray
ionization MS to confirm that they were pure and of the
expected masses. SDS-PAGE analysis was carried out on 10%
BisTris NuPAGE gels (Invitrogen) using MES-SDS running
buffer prepared according to Invitrogen specifications and
prestained protein markers (Invitrogen, SeeBlue Plus 2). Elec-
trospray ionization MS was performed using a Micromass
Bio-Q II-ZS triple quadrupole mass spectrometer (10-ul pro-
tein samples in 1:1 water/acetonitrile, 1% formic acid at a con-
centration of 20 pmol/ul were injected into the electrospray
source at a flow rate of 10 wl/min). Protein concentrations were
determined using the Pierce BCA Protein Assay Kit-Reducing
Agent Compatible (Thermo Scientific), following the manufac-
turer’s instructions.

NMR Spectroscopy—The interaction between the two solu-
ble domains of DsbD was monitored using one-dimensional 'H
and two-dimensional 'H-'">N HSQC spectra of mixtures of
wild-type nDsbD and cDsbD, wild-type nDsbD and C461A-
¢DsbD, or C109A-nDsbD and wild-type cDsbD. The mixtures
of the two proteins were generated by stepwise additions of the
unlabeled domain into the solution of the '°N-labeled protein.
Samples were prepared in 95% H,O, 5% D,O and pH 6.5. The
oxidation state of nDsbD and cDsbD was strictly controlled (as
described above) and was monitored from the upfield region of
the 'H one-dimensional NMR spectra. Competition experi-
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ments were carried out using unlabeled protein and 'H one-
dimensional NMR spectra. Aliquots of nDsbD__ were added to
approximately equimolar mixtures of wild-type cDsbD_, and
either C461A-cDsbD, V462A-cDsbD_, or D455N/E468Q-
cDsbD_ .. All experiments were collected at 298 K unless stated
otherwise. Details of NMR data collected can be found in the
supplemental Additional Experimental Procedures.
Determination of K, Values—The dissociation constant, K,
for the nDsbD,_ -cDsbD_, complex was calculated, using NMR
data, by comparing the chemical shift changes observed for
several residues of ["°N]cDsbD_, at each titration point (A) with
the chemical shift changes observed for the fully bound com-
plex of the two proteins (A,). For [**N]cDsbD,, and nDsbD__,
the fully bound complex of the two domains cannot be obtained
due to solubility limitations of nDsbD. The chemical shift
changes measured between residues in isolated [**N]C464A-
cDsbD and in the covalent mixed-disulfide complex,
[*°N]C464A-cDsbD-C103A-nDsbD, were used as estimates of
A, (26). The K, value was derived from the following formula.

A/Ao = [nDSbD]free/(Kd + [nDSbD]free) (Eq- 1)

The reported K, value is the average obtained from analysis of
seven 'HY or "N chemical shift changes for Gly>%?, 1le°'?,
Val*?®, Thr**?, and Phe>*".

The dissociation constant, K, for the C109A-nDsbD:-
c¢DsbD,, complex could not be determined by a titration of
[**N]cDsbD,, with C109A-nDsbD because of poor expression
of the latter protein. Instead, the K, was estimated from the K,
for the nDsbD_ :cDsbD_, complex by determining the concen-
tration of nDsbD_ that had to be added to a 0.10 mm solution of
[**N]cDsbD,, to achieve the same degree of broadening of the
Val**® and Leu”®® peaks observed for a solution containing 0.04
mm C109A-nDsbD and 0.10 mm [**N]cDsbD,,,..

The dissociation constant, K, for the nDsbD_C461A-
¢DsbD complex was determined using surface plasmon reso-
nance (SPR) data collected using a BIAcore2000 optical
biosensor (Biacore, Uppsala, Sweden). Oxidized nDsbD was
immobilized onto a CM5 sensor chip using the standard amine
coupling procedure recommended by the manufacturer. Bind-
ing experiments were carried out using 10 mm MES buffer at
pH 6.5 containing 150 mm NaCl as the running buffer. The
analyte, C461A-cDsbD, was flowed over the chip surface at
concentrations ranging from 0.04 to 0.5 mm. Binding of C461A-
¢DsbD to nDsbD immobilized on the surface of the chip was
expressed in response units (RU), after subtraction of the
response observed for a reference cell. The equilibrium disso-
ciation constant, K, was determined by fitting the data to the
equation,

RU = [C461A] X R,./([C461A] + K,) (Eq.2)

where R, is the value of the maximal response units observed
at saturation. The data gave a good fit to this equation, and a
linear Scatchard plot was obtained.

Crystallization and Structure Determination for nDsbD,,,—
Reduced nDsbD was crystallized in hanging drops by the vapor
diffusion technique. The drops consisted of 1.5 ul of 10 mg/ml
nDsbD,, stock to which 1.5 ul of well solution was added. The
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TABLE 1
Crystallographic data collection and refinement statistics
Parameters Values

Space group C222,
Cell dimensions (A) 53.74

55.55

105.21
Temperature (K) 100
Wavelength (A) 1.5418
Resolution (A) 31.13-1.80 (1.86-1.80)"
Unique reflections 14,176
Redundancy 4.1 (2.3)*
R,y (%) 7.2 (36.6)"
Completeness (%) 94.4 (72.0)*
I/o(I) 10.7 (2.1)%
Calculated solvent content (%) 51.1
Refinement program REFMAC 5
R factor® (%) 18.4
Rpyee (%) 233
r.m.s. deviation from ideal bond lengths (A) 0.02
r.m.s. deviation from ideal angles (degrees) 1.9
Average B factor (A?) 22.9
Non-Gly/Pro residues in most favored regions ~ 92.3% (96/104)

Non-Gly/Pro residues in additionally allowed 4.8% (5/104)
regions

Non-Gly/Pro residues in disallowed regions 2.9% (3/104)

“Values in parentheses are for the outermost shell.
Ry = 3|1, — I/,
R factor = X(|F,| — |F.))/Z|F,|.

crystal used for structure determination was a thick plate grown
within 2 weeks at 16 °C from 28% (w/v) PEG 4000, 0.1 M ammo-
nium sulfate, 0.1 M sodium acetate at pH 5.0, and 10 mm DTT in
the well. The native data set was collected and processed as
described in Table 1 and in the supplemental Additional Exper-
imental Procedures. The structure was solved by molecular
replacement (CCP4-MOLREP) (27) using the structure of oxi-
dized nDsbD (PDB entry 1L6P) (22) as a search model.

Energy Minimization—The coordinates of the C103S-
nDsbD-C464S-cDsbD covalent complex (PDB entry 1VRS)
were used to generate models for the non-covalent complexes
of nDsbD and ¢DsbD in the four oxidation state combinations.
Ser'®® and Ser*®* were changed to cysteines by renaming the O
to S”. Protein structure files for X-PLOR (version 3.8) were
generated with disulfide bonds or free thiols for the Cys'**-
Cys'® and Cys**'—Cys*®* pairs as appropriate. Hydrogen
atoms were added to the models using the HBUILD routine in
X-PLOR (28). 5000 cycles of energy minimization were carried
out without constraints on hydrogen or heavy atom positions.
The final energies obtained were similar for all four models.
Hydrogen bonds present in each minimized structure were cal-
culated using HBPLUS (29).

In Vivo Studies—The MC1000 (ADsbD) strain (30) was com-
plemented by plasmids pDsbd1, pDsbd3, or pDsbd11 express-
ing full-length wild-type DsbD, C464A-DsbD, or V462A-DsbD,
respectively. Cells were also transformed with plasmid pRZ001,
expressing Paracoccus denitrificans cytochrome cd,, the cyto-
chrome c¢ chosen to assess the activity of DsbD. pRZ001 was
produced by cloning the nirS gene into pEG278 (31). The
MC1000 parental strain, transformed with pRZ001, served as a
positive control. Cells were grown anaerobically, allowing the
expression of the endogenous Ccm system, for 24 h in 1-liter
bottles at 37 °C without shaking, from overnight starter cul-
tures (also grown at 37 °C); minimal salt medium (32), supple-
mented with 2.5 g/liter nutrient broth (Oxoid), 0.4% glycerol, 1
mg/liter thiamine, 1 ml/liter sulfur-free metal stock solution
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(33), 40 mMm fumarate, and 5 mm nitrate, as terminal electron
acceptor, was used. 100 ug/ml ampicillin and 20 ug/ml gen-
tamicin were added, and autoinduction was used for the
expression of full-length DsbD and cytochrome cd; (34). The
cells were harvested and sphaeroplasted as described (35)
except that EDTA was omitted. SDS-PAGE analysis of the
periplasmic fractions was carried out as described above, and
gels were stained for covalently bound heme according to the
method of Goodhew et al. (36). Gel loadings were normalized
according to wet cell pellet weights. Densitometry was used
to quantify cytochrome cd; production using GeneSnap
(SYNGENE). The linear relationship between the amount of
mature cd, present on the gel and the amount detected by den-
sitometry was ensured by using subsaturated loading on gels
(37). Five replicates of each in vivo experiment were conducted.

The expression of C464A- and V462A-DsbD (from pDsbd3
and pDsbd11, respectively) at levels comparable to that of wild-
type DsbD (from pDsbd1) was confirmed by Western blotting
of normalized whole cell extracts. Goat antiserum raised
against the cDsbD sequence of E. coli DsbD and donkey anti-
sheep alkaline phosphatase-conjugated antibody (Sigma) were
used as primary and secondary antibodies, respectively.

RESULTS

An understanding of the factors that control the flow of
reductant from cDsbD to nDsbD requires information about
the strength of the interactions between the domains in all oxi-
dation state combinations. NMR spectroscopy is an ideal
method for studying relatively low-affinity non-covalent com-
plexes and can provide residue-specific information about pro-
tein-protein interactions.

A Weak Interaction Is Observed between Oxidized nDsbD and
Oxidized cDshD—The addition of nDsbD__ to ['°N] c¢DsbD,_
results in an upfield shift and broadening of the peak corre-
sponding to HP of Ala**®, which is located close to the active site
in cDsbD (Fig. 2a). Similar effects are observed for many peaks in
two-dimensional "H-**N HSQC spectra of [**N]cDsbD,, when
nDsbD__ is added (Fig. 2b). This behavior indicates a relatively
weak interaction between the domains. Complementary titra-
tions, in which unlabeled cDsbD,__ is added to [**N] nDsbD__,
show the same behavior (supplemental Fig. S1). The chemical
shift changes observed in the titrations of nDsbD__ and cDsbD_
are shown in supplemental Fig. S2.

We have previously used NMR to study the covalent complex
of the single-cysteine variants, C103A-nDsbD and C464A-
¢DsbD, and have determined chemical shift values for residues
in the free and bound states of [*°N]C464A-cDsbD (26); the
corresponding HSQC spectra are shown in Fig. 2¢. The direc-
tion in which the ¢DsbD,, peaks shift in the titration with
nDsbD_ (Fig. 2b) is very similar to that observed in free C464.A-
cDsbD relative to the C103A-nDsbD-C464A-cDsbD covalent
complex (Fig. 2¢). The residues observed to be significantly per-
turbed in the titration of nDsbD_, with cDsbD,__ are in agree-
ment with predictions based on the x-ray structure of the cova-
lent disulfide-linked complex (Fig. 3a) (23). This confirms that
the non-covalent interaction between nDsbD_, and cDsbD_
involves the same residues and conformational changes similar
to those observed in the covalent complex; thus, the biologically
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relevant interaction is observed by NMR. The magnitudes of
the shift changes observed in the covalent complex represent
the “fully bound” shift changes, and these are used to estimate a
K, value of ~800 = 200 M for the interaction of nDsbD__ and
cDsbD,,.

No Interaction Is Observed between nDsbD and cDsbD in
Their Reduced States—The addition of DTT to the end-of-ti-
tration sample of nDsbD,, and cDsbD, leads to reduction of
the disulfide bonds in both proteins (Fig. 2d). The observed
spectrum of the mixture is a linear combination of the spectra
of the two isolated reduced domains, indicating that in their
reduced states the proteins show no detectable interaction.
This is confirmed in the HSQC spectrum, which shows no sig-
nificant peak shifts or broadening (Fig. 2e). Therefore, the inter-
action of nDsbD and ¢DsbD is oxidation state-dependent and is
stronger for the oxidized relative to the reduced pair.

Interaction of Reduced cDsbD and Oxidized nDsbD before
Reductant Transfer—The biologically relevant oxidation states
for reductant transfer in vivo are nDsbD__and cDsbD,, (12). If
these are mixed in an NMR tube, reduction of nDsbD__ by
¢DsbD, ., occurs before a one-dimensional NMR spectrum can
be collected, resulting in a mixture containing nDsbD and
¢DsbD in both oxidation states. This reaction has been studied
previously, and equilibrium constants of 1.4 (23) and 2.6 (13)
have been reported. However, these studies were carried out at
10-1000-fold lower protein concentration and under different
solution conditions from our NMR studies. The reaction is dif-
ficult to characterize quantitatively by NMR because the solu-
tion not only contains nDsbD and ¢cDsbD in their two oxidation
states but also the non-covalent complexes of nDsbD and
¢DsbD in various oxidation state combinations. These species
can give very broad lines, making quantitation difficult. We
have studied the equilibrium under NMR solution conditions
using 4-acetamido-4'-maleimidylstilbene-2,2’-disulfonic acid
labeling and SDS-PAGE analysis (see supplemental Additional
Experimental Procedures and supplemental Fig. S3). An equi-
librium constant of 2.3 * 0.1 is obtained; this is consistent with
the values reported previously (13, 23).

The rapid reaction between nDsbD__ and cDsbD, ., makes
study of the biologically relevant interaction difficult. We have
overcome this using the C461A variant of cDsbD. Cys**" initi-
ates nucleophilic attack on the Cys'®*-Cys'® disulfide of
nDsbD (23), and, therefore, changing this to alanine yields a
protein that mimics the reduced state but is not reactive. The
titration of ['°*N]C461A-cDsbD with nDsbD,__ is illustrated in
Fig. 4a. The observed behavior is substantially different from
that observed for the pair of oxidized domains. The peak cor-
responding to Ala**® in free C461A-cDsbD broadens and
decreases in intensity as nDsbD__ is added, and a new peak
corresponding to Ala**® in the nDsbD,_-bound state of C461A-
cDsbD appears at —0.77 ppm and increases in intensity as
nDsbD_, is added. The chemical shift difference of 0.31 ppm
between the free and bound states is very similar to that
observed for Ala**® between free C464A-cDsbD and the
C103A-nDsbD-C464A-cDsbD covalent complex (0.29 ppm).
This behavior is characteristic of slow chemical exchange and
suggests a higher-affinity interaction than observed for the
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FIGURE 2.750-MHz NMR spectra of cDsbD and nDsbD show oxidation state-dependent interactions. g, titration of cDsbD_, with nDsbD,,, monitored by
one-dimensional "H NMR, shows fast exchange on the NMR time scale. Stepwise additions of a 1.2 mm solution of nDsbD,, to a ~0.3 mm solution of cDsbD,,
were made. The nDsbD concentrations were 0.09, 0.17, and 0.30 mm. As nDsbD is added, the peak corresponding to Ala**® HP from cDsbD broadens and shifts
upfield. The peak corresponding to lle”® H? of nDsbD shows similar behavior. b, two-dimensional "H-">N HSQC spectra of mixtures of ['*N]cDsbD,, and unlabeled
nDsbD,,, allow the titration to be monitored at the residue-specific level. HSQC spectra were obtained during the titration of 0.3 mm ['*N]cDsbD,,, with nDsbD,,.
Spectra with 0.00 (black), 0.09 (red), 0.17 (orange), 0.24 (cyan), and 0.30 mm (violet) nDsbD are shown. The arrows indicate the direction in which the peaks shift in the
course of the titration. Peaks arising from Val*®? and Leu>°® broaden beyond detection upon the addition of 0.09 mm nDsbD,, indicating a more significant pertur-
bation for these residues. ¢, overlay of HSQC spectra of ['>N]C464A-cDsbD (black) and the covalent C103A-nDsbD-['°N]C464A-cDsbD complex (red) at 313 K. Peaks
arising from the same residues in the two species are connected by an arrow and are labeled. In the covalent complex, peaks shift in a direction similar to
that observed in b, but the magnitude of the shifts is larger in the covalent complex. d and e, cDsbD,.4 and nDsbD,.4 do not show a detectable
interaction. d, this spectrum was obtained after the addition of 15 mm DTT to the ~1:1 mixture of oxidized proteins shown in g, resulting in a spectrum
equivalent to the sum of the spectra of isolated cDsbD, .4 and nDsbD, 4. €, overlay of two-dimensional "H-">N HSQC spectra of ['°N]cDsbD, .4 (black) and
the ~1:1 mixture of ['>°N]cDsbD, .4 and nDsbD, .4 (red) shown in d. No significant broadening or peak shifts are observed, indicating that cDsbD,.4 and
nDsbD,.4 do not show a measurable interaction with each other.

S4). More severe broadening is observed for peaks with the
largest shifts in the titration of the oxidized proteins, indicating
that the same residues are involved in the interaction.

wild-type, oxidized pair. This is confirmed by HSQC spectra; as
nDsbD__ is added, the peaks corresponding to ['°N]C461A-
cDsbD broaden and decrease in intensity (supplemental Fig.
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The K, for the interaction of nDsbD,, and C461A-cDsbD
cannot be estimated accurately by NMR due to slow chemical
exchange and significant peak broadening. Instead, we have
used SPR to estimate a K, value; nDsbD_ was coupled to the
chip surface, and C461A-cDsbD flowed over the chip. A K,
value of 86 um was determined (Fig. 5). This value is consistent
with the NMR data (Fig. 4a) and indicates that the interaction
of nDsbD_, with ¢DsbD,.4 is roughly an order of magnitude
stronger than the interaction of the oxidized proteins. The dif-
ference in affinity of C461A-cDsbD and cDsbD, for nDsbD_
was confirmed using a competition experiment. nDsbD_  was
added to a mixture of C461A-cDsbD and ¢DsbD__ (Fig. 4b);
significant broadening was observed for Ala**® of C461A-
cDsbD with little or no effect on the Ala**® peak from cDsbD_

¢DsbD and nDsbD Interact Very Weakly following Reductant
Transfer—We have studied the interaction of nDsbD,., and
cDsbD,,, which represent the products of the disulfide-
exchange reaction, using the C109A variant of nDsbD mimick-
ing nDsbD, 4. The HSQC spectrum of ¢cDsbD,, following the
addition of C109A-nDsbD (Fig. 6b) shows broadening of the
Val*®? and Leu®®® peaks in cDsbD,_; these are strongly per-
turbed in the titration of cDsbD_, with nDsbD__ (Fig. 2). Thus,
an interaction does occur between nDsbD .4 and cDsbD .. The
broadening effects observed for this ~0.4:1 mixture of C109A-
nDsbD and cDsbD_ are slightly greater than those observed for
a ~0.1:1 mixture of nDsbD_ and c¢DsbD,, (Fig. 6¢) and some-
whatless than those observed for a ~0.14:1 mixture of nDsbD,
and ¢DsbD_ (Fig. 6d). Therefore, a higher concentration of
C109A-nDsbD is required to achieve the same degree of com-
plex formation compared with nDsbD__ (Fig. 6e). This indicates
that cDsbD,_ has a lower affinity for nDsbD_, than it has for
nDsbD_ . Using the K, value of ~800 um determined above for
the interaction of cDsbD_, with nDsbD__, the K, for the inter-
action of cDsbD_, with nDsbD,_, can be estimated to fall in the
range of 2.4-3.5 mM. Thus, the affinity of the two protein
partners in the complex present following reductant transfer,
nDsbD, ,cDsbD_,, is ~30-40-fold weaker than in the
nDsbD_ cDsbD, ., complex present before reductant transfer.

nDsbD and cDsbD Show Oxidation State-dependent Interac-
tion Affinities—These NMR and SPR results clearly demon-
strate that the affinity of the two periplasmic domains of DsbD
is dependent on their oxidation states. The highest affinity
is observed for the biologically relevant pair, nDsbD_  and
¢DsbD,..4, here mimicked by C461A-cDsbD, with a K, of 86 um.
The affinity when both domains are oxidized is ~10- fold
weaker, K, ~800 uMm. The affinity of nDsbD, 4 for cDsbD_, th

Oxidation State-dependent Interactions in DsbD

species present following reductant transfer, is significantly
lower, ~2.4-3.5 mm. Finally, the two reduced domains do not
show an interaction that is detectable in our NMR experiments.
The oxidation state-dependent differences in K, must arise as a
result of either structural differences between the oxidized and
reduced states or more subtle factors, such as oxidation state-
specific differences in electrostatic interactions.

Comparison of Oxidized and Reduced nDsbD and cDsbD—A
comparison of the high resolution x-ray structures of cDsbD__
and cDsbD, 4 (PDB entries 2FWE and 2FWF, respectively)
shows no significant structural change apart from a reorienta-
tion of the cysteine side chains in the active site (21). Ca r.m.s.
deviation values are below 0.4 A for all residues with an average
value of 0.13 A (supplemental Fig. S5b). Previous analysis by
NMR shows combined shift changes between oxidized and
reduced cDsbD of up to ~1.5 ppm (supplemental Fig. S5d).
Combined shifts above 0.2 ppm are clustered around Cys*®!
and Cys*®* in the active site (residues 457—468) or are located
on adjacent regions of secondary structure (residues 489 —492
and 513) (25, 26).

X-ray structures have been determined previously for oxi-
dized E. coli nDsbD (16, 22) (PDB entries 1L6P and 1JPE) and
for the covalent nDsbD-cDsbD complex (23) (PDB entry
1VRS). Major conformational changes are observed between
the free and bound structures of nDsbD to allow the cysteine
residues of nDsbD and c¢DsbD to interact. In particular, the
cap-loop region adopts a more open conformation in the com-
plex. To date, no structure for reduced E. coli nDsbD has been
reported. However, a structure for the C103S variant of nDsbD
from Neisseria meningitides has been determined using NMR
(38). This structure, which mimics the reduced state, shows the
cap loop in a closed conformation similar to that observed in
oxidized nDsbD. The sequences of nDsbD from E. coli and
N. meningitides show only 26% sequence identity and differ in
several residues in the region of the cap loop and the active site.
Here we have determined the structure of reduced E. coli
nDsbD using x-ray crystallography at a resolution of 1.8 A
(Table 1).

Comparison of oxidized and reduced E. coli nDsbD shows
differences in the region of the active-site cysteines (103 and
109) and for the cap-loop residues 66 —72 (Fig. 3b and supple-
mental Fig. S5a). These structural changes are subtle but are
sufficient to distinguish clearly the reduced and oxidized struc-
tures. In nDsbD, .y, the aromatic ring of Tyr** has moved
toward the space previously occupied by the disulfide bond,
whereas the ring of Tyr*® has moved slightly away. The sulfur of

FIGURE 3. a, chemical shift changes observed for the interaction of nDsbD,, and cDsbD,, are mapped onto the three-dimensional structure of the C103A-
nDsbD-C464A-cDsbD complex (PDB entry 1VRS) (23). The backbone of both domains is shown as a gray ribbon, and the surface is shown as a gray mesh.
Residues that are most affected by the interaction are shown in a space-filling representation. Residues with a combined chemical shift change (A8(HN,N); see
supplemental Fig. S2) of 0.1-0.2 ppm are colored cyan (nDsbD: Val'?, GIn®?, Gly®3, Val®*, Asp®®, GIu®®, Ser’, and Gly'°?) and pale yellow (cDsbD: Cys*®', Glu“®®,
Leu”'?, Arg>?’, Val*?8, and Phe3"); those with AS(HN,N) of >0.2 ppm are colored dark blue (nDsbD: Tlrp55 Tyr”", Gly'®, and Phe'%®) and orange (cDsbD: Ala*®,
Cys***, Gly*°%, and Thr>2°); and Val*®?, Lys*®®, Leu®°%, and Gly*3° in cDsbD that broaden beyond detection in the first titration point are colored maroon. Residues
Glu®’, GIn™", Cys'®3, Ala'®*, Cys'°?, and Tyr''® from nDsbD, which have not been assigned in the NMR spectrum due to broadening, are shown in light gray.
b, superpositions of the active-site and cap-loop regions of the x-ray structures of oxidized and reduced nDsbD. Backbone and side-chain heavy atoms for
nDsbD,, (PDB entry 1L6P) are shown in gray. Backbone and side-chain heavy atoms for nDsbD,.4 (PDB entry 3PFU) are shown in cyan and dark blue,
respectively. The Cys'®-Cys'% disulfide bond in nDsbD,,, is colored magenta, and the free thiols of Cys'® and Cys'®® in nDsbD,.q are shown in yellow.
¢, schematicillustration of the steric clashes between Phe'" and Leu®°® and between Phe”® and Val*®? that result from the close approach of nDsbD and cDsbD
prior to complex formation. The cap loop of nDsbD adopts an open conformation and the side-chain of Phe'" is reoriented when nDsbD and ¢DsbD form a
complex. All structures were rendered in PyMOL (56).
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(a) Interaction of nDsbD,,, with C461A-cDsbD (b) Competition of C461A-cDsbD and cDsbD,,,
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FIGURE 4. Upfield region of 750-MHz one-dimensional "H NMR spectra of cDsbD and nDsbD show oxidation state-dependent interactions. g, titration
of C461A-cDsbD, mimicking cDsbD, ., with nDsbD,, shows slow exchange on the NMR time scale. Stepwise additions of a 1.2 mm stock solution of nDsbD,, to
a ~0.3 mm solution of C461A-cDsbD were made. nDsbD concentrations were 0.11, 0.15, and 0.22 mm. As nDsbD is added, the peak corresponding to Ala**®
broadens and decreases in intensity but does not shift. A new peak at —0.77 ppm corresponding to Ala**® in the nDsbD-bound state appears and increases in
intensity. b, nDsbD,, was titrated into a mixture of ~0.3 mm C461A-cDsbD and ~0.3 mm cDsbD,,. As the concentration of nDsbD,, increases from 0.015 to
0.043 mm, significant broadening is observed for the Ala®*® peak of free C461A-cDsbD. The peak corresponding to Ala**® in wild-type cDsbD,, is not observed
to shift or broaden. This confirms that nDsbD, interacts preferentially with C461A-cDsbD. ¢, nDsbD,, was titrated into a mixture of 0.2 mm cDsbD,, and 0.2 mm
V462A-cDsbD,,,. As the concentration of nDsbD,, increases from 0.056 to 0.107 mm, the peak corresponding to Ala**® of wild-type DsbD,, broadens and shifts
upfield, whereas the peak corresponding to Ala**® in V462A-cDsbD,, is not perturbed. This indicates that nDsbD,, interacts preferentially with wild-type
cDsbD. d, nDsbD,,, was titrated into a mixture of 0.25 mm cDsbD,, and 0.25 mm D455N/E468Q-cDsbD,,,. As the concentration of nDsbD, increases from 0.082
to 0.144 mw, the peak corresponding to Ala**® of wild-type DsbD,, broadens and shifts upfield to a more significant extent than the peak corresponding to
Ala**8 in D455N/E468Q-cDsbD,,. This indicates that nDsbD,, has a higher affinity for wild-type cDsbD,, than for D455N/E468Q-cDsbD,,,..
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FIGURE 5. SPR data for the interaction of C461A-cDsbD with nDsbD,,.
a, representative sensorgrams for C461A-cDsbD binding to nDsbD,, cou-
pled to the chip surface. b, representative sensorgrams for the reference
cell. The concentration of C461A-cDsbD in a and b ranged from 44 to 525
uM as indicated. ¢, the observed response, the difference between the
response in a and b at equilibrium, is plotted as a function of the concen-
tration of C461A-cDsbD flowed over a chip to which nDsbD,, was coupled.
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Cys'®® in nDsbD,_, is moderately stabilized by weak hydrogen
bonds to the Tyr*? and Tyr*° hydroxyls and the Phe'® carbonyl
oxygen (lengths 3.4, 3.6, and 3.4 A, respectively). The sulfur of
Cys'? is weakly hydrogen-bonded to the GIn'®' amide nitro-
gen and the Gly'*? carbonyl oxygen (lengths 3.7 A). The largest
differences in backbone conformation are observed in the cap-
loop region, particularly for residues 67-73 (Ca r.m.s. deviation
values >0.5 A) (supplemental Fig. S54). Side-chain positions in
the cap loop also differ between oxidized and reduced nDsbD,
side chain atoms of Phe”® show deviations of ~1 A, and the
hydroxyl oxygen of Tyr”! moves by 1.8 A (Fig. 3b). Despite these
differences, the cap-loop region in nDsbD,_, is in a closed con-
formation, shielding the active-site cysteines from solvent.

For nDsbD in solution, combined chemical shift changes
between oxidized and reduced states above 0.2 ppm are more
widespread than for ¢cDsbD (supplemental Fig. S5¢). Assign-
ments for Cys'®® and Cys'® in oxidized nDsbD are missing, but
large shifts are observed for Ala'®* and Phe'®® in the active site
of nDsbD. Large changes (>0.2 ppm) are also observed for res-
idues distant from Cys'®® and Cys'®® in the sequence. These
include Phe'!, Val'?, Phe'®, Arg*®, and Val®*~Glu”®. These
chemical shift changes correlate with regions of the structure
showing large Ca r.m.s. deviation values between the oxidized
and reduced states. The repositioning of the rings of Tyr*° and
Tyr*?, described above, may be responsible for the chemical
shift changes in the vicinity of Arg*>. The largest shift differ-
ences are observed for cap-loop residues, confirming that in
solution this loop adopts different conformations in the oxi-
dized and reduced states.

Role of the Cap-Loop Region—The cap-loop region covers the
active-site cysteines in nDsbD and shields them from solvent.
In the covalent complexes with its partners, this loop has a more
open conformation, which makes Cys'®® and Cys'®” accessible
to the active site of its partner proteins, cDsbD, DsbC, and
CcemG. For this reason, the cap loop has been called “flexible”
(15). We have studied the kinetics of reduction of nDsbD__ by
DTT (Fig. 7). This reaction is extremely slow, requiring ~12 h
for completion for 0.3 mm nDsbD and 3 mm DTT. By contrast,
reduction of the disulfide bond in cDsbD by DTT under similar
conditions happens very quickly, before an NMR spectrum can
be obtained, due to the greater accessibility of the Cys**'—
Cys** disulfide. This indicates that in solution, the cap loop
very effectively protects the cysteines in nDsbD from DTT and
may not be so flexible. NMR backbone dynamics studies of
N. meningitides C103S-nDsbD show milli- to microsecond and
nanosecond dynamics for Gly®® and Arg”?, respectively, and
picosecond dynamics for GIu®®, Lys®®, and Asp®® (38). How-
ever, no flexibility on a slow or fast time scale was observed for
Phe”®, which shields the active site (38). cDsbD,, is able to
reduce the Cys'*®~Cys'? disulfide in nDsbD several orders of
magnitude faster than DTT. This suggests that cDsbD actively
moves the cap loop rather than simply binding to an open con-
formation preexisting in solution in equilibrium with the closed
form; any significant population of an open conformation

A K, value of 0.086 mm is obtained from a fit to these data (solid curve). d, the
SPRdata give alinear Scatchard plot. The solid line was calculated using the K
value fitted in c.
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FIGURE 6. cDsbD,, interacts more weakly with nDsbD, .4 than with nDsbD_,. a, two-dimensional 'H-">N HSQC spectrum of 0.10 mm ['°>N]cDsbD,,. b, HSQC
spectrum obtained after the addition of 0.04 mm C109A-nDsbD, mimicking nDsbD, .y, to 0.10 mm ['*°N]cDsbD,,. Peaks arising from Val*®? and Leu®*® show
significant broadening. c and d, HSQC spectrum obtained after the addition of 0.010 mm (c) and 0.014 mm (d) nDsbD,,, to 0.10 mm ['°N]cDsbD,,,. The peaks
corresponding to Val*®? and Leu®°® in b show a level of broadening that is intermediate between that observed in cand d. e, a comparison of the upfield region
of 750-MHz one-dimensional "H NMR spectra obtained for the samples shown in b (lower trace) and d (upper trace). This demonstrates that a higher concen-

tration of C109A-nDsbD is required to achieve the same degree of complex formation compared with nDsbD,,.

would be rapidly reduced by DTT, contrary to our observation.
Residues such as Gly®® and Arg”® may serve as a “hinge” that
allows opening of the cap loop upon interaction with a partner
protein, but this hinge remains closed in isolated nDsbD.
Steric Factors Contribute to Oxidation State-dependent
Affinities—Steric hindrance in the region of the active-site cys-
teines may contribute to the oxidation state-dependent stabil-
ities of the nDsbD-cDsbD complexes because a pair of cysteine
thiol groups is bulkier than a disulfide bond. The covalent
nDsbD-cDsbD complex characterized by x-ray crystallography
shows three important hydrogen bonds between the two
domains that contribute to the stability of the complex; the
backbone nitrogen and oxygen of Cys'® and Leu®'* are
involved in a pair of hydrogen bonds, and a third hydrogen
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bond exists between Phe>>" nitrogen and Gly'™” oxygen (23).
We have investigated, using energy minimization, whether
these hydrogen bonds can be maintained in non-covalent
complexes of the four oxidation state combinations. The com-
plex between nDsbD_  and cDsbD, , retains two hydrogen
bonds, between Leu®'° nitrogen and Cys'% oxygen and Phe®*'
nitrogen and Gly'® oxygen. The nDsbD,_ -«cDsbD__ and
nDsbD,_,cDsbD,_, complexes retain only the Phe®*! nitrogen—
Gly'?” oxygen bond. The nDsbD,4-cDsbD, .4 complex loses all
three hydrogen bonds in order to accommodate the four
cysteine thiol groups. This result correlates with the affini-
ties we have determined and suggests that steric factors in
the active site contribute to the oxidation state-dependent
affinities.
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FIGURE 7. Reduction of nDsbD,, by DTT is a slow process. A series of one-
dimensional 'H NMR spectra was collected following the addition of 3 mm
DTT to 0.3 mm nDsbD,,. The first spectrum was collected ~5 min after the
addition of DTT, and subsequent spectra were collected at intervals of 5 min
for 16 h. The kinetics of reduction of nDsbD,, by DTT can be followed by
monitoring the intensity of the peak at —0.36 ppm, which corresponds to the
methyl group of Ala'” in reduced nDsbD (inset). The intensity of this peak,
which increases with time as nDsbD is reduced, shows pseudo-first-order
kinetics with a rate constant of 0.34/h.nDsbD is only 50% reduced after ~2 h,
and full reduction takes ~12 h.

Attempts to dock the x-ray structures of free nDsbD and
cDsbD in the same orientation to that observed for the covalent
complex result in steric clashes involving a number of residues
in the two domains. The most significant of these involve Phe'!
of nDsbD with Leu®*® of cDsbD and Glu®®/Phe”® of nDsbD with
Cys*'/Val**?/Glu**® of ¢DsbD (Fig. 3c). Val***> and Leu®®
broaden and disappear from the HSQC spectrum of ¢cDsbD_
after the first addition of nDsbD__ (Fig. 2b). Kim et al. sug-
gested, on the basis of their structure of cDsbD_ and the struc-
ture of the nDsbD-DsbC complex, that Val*®* was likely to play
a key role in the interaction of nDsbD and c¢DsbD (20). The
side-chain methyl groups of Val*®* show steric clashes with
both Glu®® and Phe”®, and this residue may be key to the open-
ing of the cap loop. Interestingly, because of structural differ-
ences in the cap-loop region of nDsbD in the oxidized and
reduced states, the extent of the steric clashes with cDsbD dif-
fers for nDsbD_, and nDsbD, ., and this may contribute to the
differences in affinity. The steric clashes between Phe”® and
Val**® are worse in the docked nDsbD_ +cDsbD, ., complex
than in the nDsbD, 4cDsbD_, complex.

nDsbD Interacts More Weakly with V462A-cDsbD than with
Wild-type cDsbD—We have used mutagenesis to investigate
the importance of Val*®? in cDsbD. Replacement of the valine
by an alanine removes the two y methyl groups, which clash
with Phe”®. V462A-cDsbD,, is still active and able to reduce
the disulfide in nDsbD_,. An 4-acetamido-4'-maleimidylstil-
bene-2,2'-disulfonic acid labeling experiment demonstrates
that the equilibrium constant and, therefore, the reduction
potential are not affected by the V462A substitution (supple-
mental Fig. S3b). A competition experiment monitored by
NMR was used to investigate the role of Val**? in the interac-
tion of ¢cDsbD with nDsbD. The addition of nDsbD_, to an
equimolar mixture of V462A-cDsbD_  and wild-type cDsbD_
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shows line broadening and an upfield shift of the Ala**® peak
from wild-type c¢DsbD but no perturbation to Ala**® from
V462A-cDsbD (Fig. 4c). This shows clearly that nDsbD__ inter-
acts more weakly (~5-10-fold) with V462A-cDsbD_, than it
does with wild-type cDsbD,_, and confirms the importance of
Val*®?,

The Role of Electrostatic Effects—The structures of oxidized
and reduced cDsbD are very similar (21). Thus, differences in
affinity observed between nDsbD_  and c¢cDsbD_, or ¢cDsbD, 4
must arise from other effects. We have reported previously that
the pK, of Asp*® in the active site of cDsbD is 5.9 in the reduced
state and 6.6 in the oxidized state (25). At the biologically rele-
vant pH (6.5-7) cDsbD,,, will be more negatively charged than
cDsbD_,, and this may affect their affinities for nDsbD. To
investigate this, we have compared the affinities of wild-type
and D455N/E468Q-cDsbD for nDsbD_, using a competition
experiment (Fig. 4d). The Ala**® peak corresponding to wild-
type ¢DsbD is more perturbed than the peak from D455N/
E468Q-cDsbD, but the latter also shows some broadening.
From a titration of D455N/E468Q-cDsbD_, with nDsbD_ (not
shown), the K, for this variant can be estimated to be ~2 mu;
the interaction is ~2-fold weaker than for wild-type cDsbD_.
Thus, oxidation state-dependent changes in the electrostatic
properties in the active site of cDsbD contribute to the oxida-
tion state-dependent affinities.

In Vivo Studies—The V462A substitution has been shown by
NMR to decrease the affinity of cDsbD__for nDsbD_ . We have
developed an in vivo assay to test the effect of this substitution.
The production of c-type cytochromes, which is dependent on
reduction of CcmG by DsbD (Fig. 1), was used to assess the
function of full-length DsbD in vivo. The activity of full-length
V462A-DsbD was compared with that of the wild-type protein
by measuring the levels of mature cytochrome cd; in the
E. coli periplasm. A dsbD deletion strain was complemented
with plasmids expressing full-length wild-type, C464A- and
V462A-DsbD.

Fig. 84 shows the SDS-PAGE analysis of the periplasmic
extracts where cytochrome cd, is detected by staining the gel
for covalently bound heme. The level of cd, produced when
wild-type DsbD is expressed from a plasmid in the dsbD dele-
tion strain (lane 4) is significantly higher than that produced by
the endogenous protein in the parental strain (lane 2), thus
ensuring the sensitivity of the experimental approach used for
the quantitation. Expression of C464A-DsbD, which is inactive
as it lacks one of the six essential cysteines (14), results in very
low levels of cd; production (lane 3) (39). When the cells are
complemented with V462A-DsbD (lane 5) the level of cd, mat-
uration is ~30% lower than observed for the wild-type protein
(lane 4).

A Western blot showing the expression levels of full-length
DsbDs indicates that the variant DsbD proteins are expressed at
levels comparable with that of wild-type DsbD. As shown in Fig.
8b, the amount of wild-type DsbD in the parental strain (lane 2)
is lower than that in the complemented dsbD deletion strain
(lane 4). Wild-type DsbD and C464A-DsbD express at the same
level (lanes 4 and 3, respectively). V462A-DsbD (lane 5)
expresses at a higher level than wild-type DsbD (lane 4) yet
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shows a lower level of c¢d,. The V462A mutation leads to a
decrease in the activity of DsbD of at least 30%.

DISCUSSION

Relevance of Oxidation State-dependent Affinities for the Bio-
logical Function of DsbD—The affinities measured for the inter-
action between the two domains of DsbD are relatively low,
even for the biologically relevant pair. However, in vivo nDsbD
and c¢DsbD are held in close proximity by the intervening trans-
membrane domain (tmDsbD) (Fig. 1). This has the effect of
significantly raising their local concentrations and rationalizes
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FIGURE 8. SDS-PAGE analysis for the assessment of the activity of full-
length V462A-DsbD in vivo. g, levels of cytochrome cd, production under
anaerobic growth conditions are assessed using heme staining, which
detects covalently bound heme. Lane 1, molecular mass markers; lane 2, the
level of cd, production in the parental strain; lanes 3-5, the level of cd, pro-
duction in the dsbD deletion strain complemented with full-length C464A-
DsbD (lane 3), wild-type DsbD (lane 4), and V462A-DsbD (lane 5) on a plasmid.
b, expression levels of full-length wild-type and variant DsbDs during the
anaerobic growths are assessed with a Western blot using anti-cDsbD anti-
body. Lane 1, molecular mass markers; lane 2, the level of full-length wild-type
DsbD production in the parental strain; lanes 3-5, the levels of C464A-DsbD
(lane 3), wild-type DsbD (lane 4), and V462A-DsbD (lane 5) production from a
plasmid in the dsbD deletion strain.
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the relatively low affinities we have measured. A kinetic study of
an nDsbD-cDsbD fusion construct reported an effective con-
centration of 0.2 mm (40). From the x-ray structure of the cova-
lent nDsbD-cDsbD complex, we estimate an effective local con-
centration in vivo of ~1 mM (see supplemental material). The
difference in these estimates arises because of the length of the
flexible linkers at the C terminus of nDsbD and at the N termi-
nus of cDsbD. The previous study used a construct containing
~40 flexible residues between the two domains, whereas our
estimate is based on ~10 flexible residues tethering each
domain to tmDsbD.

The observations made here and in previous studies enable
us to propose a model to explain the periplasmic thiol-disul-
fide-exchange reaction of DsbD (Fig. 9). Cys*®’, the attacking
cysteine residue in c¢DsbD, has an elevated pK,, value of 10.5,
making it a poor nucleophile and protecting it from nonspecific
oxidation by other periplasmic proteins (Fig. 91) (25, 26). An
effective concentration of ~0.2—1 mm means that nDsbD__ and
cDsbD, .4 will form a productive complex in vivo (Fig. 9II); with
a K, of 86 um, ~70-90% of nDsbD__ and c¢DsbD, ., will be
present as the complex. When the nDsbD__cDsbD,_, complex
forms, the pK, of Cys**" is lowered, and the oxidation-reduc-
tion reaction can proceed through a mixed-disulfide interme-
diate (Fig. 9III) (25, 26). The low affinity of nDsbD, .4 for
¢DsbD_, (2.4-3.5 mM) means that once electron transfer has
occurred, the product complex will dissociate (only ~6 —25% of
these species present as complex). This ensures that cDsbD__is
free to interact with tmDsbD, , to regenerate the reactive
cDsbD, .4, and nDsbD, ., is free to reduce one of its partner
proteins, DsbC or CcmG (Fig. 9/V). The oxidation state
dependence of the affinities of the two globular domains of
DsbD ensures that nDsbD and cDsbD are not trapped in non-
productive complexes that would block electron transfer from
the cytoplasm to the periplasm.

Consequences of Oxidation State-dependent Affinities for
Other Reactions of cDsbD and nDsbD—The oxidation state-de-
pendent affinities observed in this study provide a more general
mechanism for the control of reductant flow between other

SH
red SH

m

FIGURE 9. Schematic representation of the reaction cycle involving nDsbD and cDsbD. /, Cys*®", the attacking cysteine residue in cDsbD, has an elevated
pK, value of 10.5 when cDsbD, 4 is distant from nDsbD (25). This makes Cys*®" a poor nucleophile because essentially only the thiol species will be present and

protects cDsbD,.4 from nonspecific oxidation by other periplasmic proteins. /I, the relatively high affinity of nDsbD,, for cDsbD,.q4 (K; =
formation of the nDsbD_,cDsbD,.4 complex at the high effective concentration found in intact DsbD. In close pro><|m|ty to nDsbD, the pK, value of Cys
cDsbD, .4 is lowered by as much as 2 pH units (26). This increases the concentration of the reactive thiolate species (S~), making Cys

86 uM) ensures
451

461 a better nucleoph|le

Cys*" will attack the disulfide bond of nDsbD,,,, allowing electron transfer to proceed via a mixed-disulfide covalent intermediate. //l, the lower affinity of the
two protein partners in the nDsbD, 4.cDsbD,, complex (K; > 2 mm) ensures dissociation following electron transfer. IV, nDsbD, .4 is available for reduction of
its periplasmic partners CcmG and DsbC, whereas cDsbD,,, is available for reduction by tmDsbD, ..
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protein pairs in the Dsb and Ccm systems. Because of the large
effective local concentration, we expect relatively weak interac-
tions between tmDsbD and ¢DsbD. This would ensure that the
tmDsbD-cDsbD complex dissociates after reductant transfer,
making cDsbD, ., available to interact with nDsbD_  and
tmDsbD,__ free to interact with reduced thioredoxin (Trx,.4) on
the cytoplasmic side of the membrane. nDsbD, ., transfers elec-
trons to CcmG and DsbC. These proteins are not covalently
linked to nDsbD; therefore, a high local concentration is
unlikely. We expect the affinities of these partners to be higher
than observed for the nDsbD-cDsbD pair. The same would be
true for the interaction of tmDsbD and Trx.

For the nDsbD and cDsbD interaction, we have suggested
that steric clashes between Phe”® and Val**® and between Phe'*
and Leu®®® contribute to oxidation state-dependent affinities.
Val*¢? is located in the CXXC motif of cDsbD (CVAC), and
Leu®®® is three residues before the cis proline, a conserved fea-
ture of thioredoxin folds. Similar “docking” calculations using
the structures of free and nDsbD-bound CcmG and DsbC have
identified steric clashes between Phe'' and Phe” of nDsbD
with structurally homologous residues in CcmG and DsbC.
Interestingly, neither the XX in the CXXC motif nor the resi-
dues preceding the cis proline are conserved between cDsbD,
Ccm@G, and DsbC. For CcmG, clashes are found between Phe'!
and Tyr'*" and between Phe’® and Pro®', located in the CPTC
motif. For DsbC, clashes are found between Phe'! and Ser'®°
and between Phe”® and Gly®?, located in the CGYC motif; addi-
tional clashes are observed between Tyr'% of the CGYC motif
and Asp'® and Gly'®” of nDsbD. CcmG and cDsbD, which
have less bulky residues at this position, do not show steric
clashes with Asp'®® or Gly'%”. Therefore, it is tempting to spec-
ulate that the steric effects involving the two XX residues of the
CXXC motif play an important role in determining the speci-
ficity of interactions between nDsbD and other thioredoxins in
addition to their role in modulating reduction potentials as has
been suggested by others (41-43).

CONCLUSION

The mechanism by which substrate specificity of thiol-disul-
fide oxidoreductases is conferred in the bacterial periplasm is of
particular importance because of the coexistence of reducing
pathways for cytochrome ¢ biogenesis and disulfide bond
isomerization, alongside an oxidizing system for the introduc-
tion of essential disulfides into many extracellular proteins. The
control of this specificity has been the subject of a number of
studies. X-ray structures have been determined for several
covalent mixed-disulfide complexes of the Dsb system permit-
ting the identification of interfaces involved in complex forma-
tion (15-17, 23, 44, 45). These represent snapshots of the inter-
mediate formed during disulfide exchange, but they do not
provide information about how the proteins interact before and
after the reaction. Other studies have focused on interactions
between non-productive redox pairs (both proteins oxidized or
reduced) or have used short peptides as mimics of one of the
partners (6, 7, 44—51).

On the basis of the results presented here, we are able to
understand the molecular basis for the protein-protein interac-
tions that lead to electron transfer between ¢cDsbD and nDsbD.
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The affinities that we observe for the four possible redox state
pairs arise from the subtle interplay of steric and electrostatic
factors. nDsbD is an oxidoreductase with a unique rigid immu-
noglobulin-like fold, which ensures that the active-site cys-
teines are only accessible after specific protein-protein interac-
tions with its thioredoxin-like partners. For nDsbD, subtle
conformational differences in the active-site and cap-loop
regions affect the way it recognizes its partner proteins. In con-
trast, cDsbD, like other thioredoxin folds, lacks conformational
changes between its oxidized and reduced states. We propose
that specificity for cDsbD and other thioredoxins is exerted by
means of subtle differences in electrostatics.

These results for DsbD provide insight into the factors that
control the network of protein-protein interactions involving
thioredoxin-like proteins and also illustrate the importance of
studying interacting proteins in pairs rather than in isolation.
This approach will shed light on other oxidative protein folding
pathways where the protein partners might be different (e.g. in
the endoplasmic reticulum or in the mitochondria of eukary-
otic cells). Interestingly, Inaba and co-workers (52) have very
recently reported an oxidation state-dependent interaction
between human Erola and one of the thioredoxin domains of
its partner protein-disulfide isomerase. They demonstrate that
oxidized Erola has more than a 10-fold lower affinity for oxi-
dized than for reduced protein-disulfide isomerase, and they
conclude that this contributes to ensuring a specific and effec-
tive oxidative pathway in the ER (52). Therefore, it is likely that
oxidation state-dependent affinities provide a general mecha-
nism for the control of specificity and reactivity in pathways
involving thiol-disulfide exchange reactions, which are of wide-
spread importance in both prokaryotes and eukaryotes.
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