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(Background: Bacterial IncA/C plasmids distribute antibiotic resistance genes and encode a conserved thioredoxin-fold
Results: DsbP shuffles incorrect disulfide bonds in misfolded proteins, and its structure diverges from previously characterized

Conclusion: Plasmid-encoded DsbP is a novel domain-swapped protein-disulfide isomerase.
Significance: IncA/C plasmids may encode this protein proofreading machinery to ensure horizontal gene transfer of antibiotic

N
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The multidrug resistance-encoding IncA/C conjugative
plasmids disseminate antibiotic resistance genes among clin-
ically relevant enteric bacteria. A plasmid-encoded disulfide
isomerase is associated with conjugation. Sequence analysis
of several IncA/C plasmids and IncA/C-related integrative
and conjugative elements (ICE) from commensal and patho-
genic bacteria identified a conserved DsbC/DsbG homolog
(DsbP). The crystal structure of DsbP reveals an N-terminal
domain, a linker region, and a C-terminal catalytic domain. A
DsbP homodimer is formed through domain swapping of two
DsbP N-terminal domains. The catalytic domain incorporates
a thioredoxin-fold with characteristic CXXC and cis-Pro motifs.
Overall, the structure and redox properties of DsbP diverge
from the Escherichia coli DsbC and DsbG disulfide isomerases.
Specifically, the V-shaped dimer of DsbP is inverted compared
with EcDsbC and EcDsbG. In addition, the redox potential of
DsbP (—161 mV) is more reducing than EcDsbC (—130 mV) and
EcDsbG (—126 mV). Other catalytic properties of DsbP more
closely resemble those of EcDsbG than EcDsbC. These catalytic
differences are in part a consequence of the unusual active site
motif of DsbP (CAVC); substitution to the EcDsbC-like (CGYC)
motif converts the catalytic properties to those of EcDsbC.
Structural comparison of the 12 independent subunit structures
of DsbP that we determined revealed that conformational
changes in the linker region contribute to mobility of the cata-
lIytic domain, providing mechanistic insight into DsbP function.
In summary, our data reveal that the conserved plasmid-en-
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coded DsbP protein is a bona fide disulfide isomerase and sug-
gest that a dedicated oxidative folding enzyme is important for
conjugative plasmid transfer.

The global prevalence of multidrug-resistant bacteria is
increasing at an alarming rate (1). Both the spread of antibiotic-
resistant bacteria (2) and the transmission of resistance genes
between the same and different species (3), contribute to the
increase in antibiotic resistance. For example, since the
initial identification of the New Delhi metallo-B-lactamase-1
(NDM-1) gene in Klebsiella pneumoniae, the gene has been
identified in a number of other bacterial genera (4). It is now
clear that plasmids or integrative and conjugative elements
(ICE)® (a chromosomally integrated mobile genetic element (5,
6)), are important drivers of the dissemination of antibiotic
resistance in bacteria (7).

Bacterial cell surface pili, belonging to a subfamily of the type
IV conjugation system (known as the type IV secretion system)
mediate the transfer of conjugative plasmids and ICE between
bacteria (8, 9). The type IV secretion system is a multiple pro-
tein component system. Its core functional components com-
prise: (i) cell surface pili that establish contact with recipient
cells; (ii) a multiprotein secretion channel that facilitates trans-
fer of the plasmid across the bacterial cell envelope; and (iii) a
type IV coupling protein receptor that recognizes protein-
coated conjugative plasmids at the cytoplasmic face and deliv-
ers them into the secretion channel (9). The large extrachromo-
somal conjugative plasmids or ICEs contain a subset of genes
located in the transfer (¢ra) region that encode protein compo-
nents (Tra proteins) required for building and assembling the
complete conjugative machinery (10). In addition to these
essential genes and several genes encoding regulatory proteins,
the F plasmids and many other drug-resistant conjugative plas-

® The abbreviations used are: ICE, integrative and conjugative elements; TRX,
thioredoxin; PDB, Protein Data Bank; Red, reduced structure.
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TABLE 1
DsbP gene carrying multidrug-resistant IncA/C plasmids or ICE

The plasmid/ICE size in kilobases (kb) and the number of predicted open reading frames (ORFs), where available, are given in the first column in parentheses. Also provided
are names of the organism from which the plasmid/ICE were isolated (second column) and the Uniprot protein ID for DsbP (third column in parentheses).

Plasmid/ICE Organism

Uniport ID/anotation

pSH111_166 (166kb, 201 ORFs)
pSH163_135 (135 kb, 163 ORFs) pSH696_135
(135 kb, 161 ORFs)
pNDM102337 (166 kb, 191 ORFs)
pNDM-1_DokO01 (196 kb, 224 ORFs)
PAR060302 (167 kb, 179 ORFs)
pNDM10505 (167 kb, 193 ORFs)
pAPEC1990_61 (161 kb, 173 ORFs)
peH4H (148 kb, 173 ORFs)
pUMNKSS (161 kb, 173 ORFs)
pPG010208 (136 kb, 148 ORFs)
pCC416 (24 kb)
AOCV01000044.1 (ICE)
pNDM-KN (163 kb)
pNDM10469 (138 kb, 169 ORFs)
pR55 (171 kb, 180 ORFs)
pSN254 (176 kb, 198 ORFs)
pSD_174 (174 kb, 198 ORFs)
pIP1202 (183 kb, 221 ORFs)
pTC2 (29 kb)
pP99-018 (150 kb, 187 ORFs)
pP91278 (132 kb, 161 ORFs)
pRA1 (144 kb, 158 ORFs)
AB525688.1 (ICE)
AB571791.1 (ICE)
AMDF01000024.1 (ICE)
DQ164214.1 (ICE)

E.coli

K. pneumoniae
K. pneumoniae

Salmonella newport
Salmonella dublin

Providencia stuartii
Pasteurella piscicida

A. hydrophila
Proteus mirabilis

S. typhimurium

A. baumannii
Salmonella newport

S. enterica serovar Heidelberg

Yersinia pestis biovar Orientalis

DsbC thiol:disulfide involved in conjugative transfer (H9TIR9)

DsbC protein-disulfide isomerase (C4ANUXS8)

DsbC thiol:disulfide interchange protein (A6GV51)
DsbC (M7P3V0)

Uncharacterized protein (A4IVF4)

Thiol:disulfide interchange protein DsbC (F5BPS8)
DsbC (A4IUW6)

DsbC (KOHF62)

DsbC (AOPB07)

DsbC (C6GA31)

DsbC (DOFZX2)

Putative uncharacterized protein (F2Z7X1)
Disulfide bond isomerase protein (K5QUC4)
DsbC (Q3S5B8)

mids also contain a gene that encodes a thioredoxin (TRX)-like
disulfide oxidoreductase (10-13).

Bacterial disulfide isomerases are periplasmic TRX-like oxi-
doreductase chaperones that proofread and shuffle incorrect
disulfide bonds in secreted proteins harboring multiple cys-
teines, or protect periplasmic proteins with a single cysteine
from oxidative damage (14-18). The best-studied disulfide
isomerases are Escherichia coli DsbC and DsbG (EcDsbC and
EcDsbG) (18-20). Both have a catalytic domain comprising a
TRX-fold with a canonical redox-active CXXC active site motif.
Both form a V-shaped protein structure through homodimeriza-
tion of the N-terminal cystatin-like domains of each subunit. A
connecting helix links the N-terminal domain with the C-terminal
catalytic domain (16, 17). However, other TRX-like disulfide
isomerases are also used by bacteria. For example, a ~160-residue
F-plasmid encoded disulfide reductase and isomerase TrbB,
whose sequence remotely resembles that of the extracytoplasmic
monomeric thioredoxin ResA (16% identity) (21), is essential for
the folding and assembly of components of the conjugative secre-
tion system (13).

In recent years, the incompatibility group IncA/C-conjuga-
tive plasmids have received major attention as a consequence of
their presence in a wide range of bacterial hosts and their ability
to support the spread of multidrug resistance (3, 22). The
IncA/C plasmid was first identified in a fish pathogen Aeromo-
nas hydrophila in the 1970s (23, 24). Sequencing analysis of
plasmid lineages of blaCMY-2 (extended-spectrum fB-lacta-
mase gene) and blaNDM-1 (New Delhi metallo-B-lactamase-1
gene) showed that IncA/C plasmids are highly disseminated
across animal and human bacterial pathogens (4, 25-27). Our
sequence trawling of several IncA/C plasmids revealed that the
tra region encodes a conserved protein, which we named DsbP
based on its similarity to other disulfide oxidoreductases and its
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frequent plasmid location (see Table 1 for a compiled list). The
DsbP sequence is remotely related to EcDsbC and EcDsbG
(18 —20% identity over 214 residues) and is not recognized as
homologous with TrbB because it lacks the N-terminal
dimerization domain (35% identity, over just 32 residues
around the CXXC motif).

IncA/C plasmids also contain mobile elements that facilitate
their integration into the bacterial chromosome (22). Conse-
quently, a gene coding for DsbP is also located in ICEs isolated
from Proteus mirabilis, K. pneumoniae, Salmonella enterica
serovars Typhimurium and Newport, and Acinetobacter bau-
mannii (100% sequence identity to DsbP). Importantly, dele-
tion of a DsbP homolog (47% identity and 71% similarity) in the
SXT/R391 family of ICE (closely related to IncA/C plasmids)
abolished conjugative transfer (5).

Here, we present three crystal structures of the IncA/C
plasmid-encoded DsbP from independent crystal forms. The
resulting six structural models of homodimeric DsbP were com-
pared with the structures of chromosomally encoded disulfide
isomerases to report on structural diversity, domain motion, and
redox state-dependent changes at the active site. We also evalu-
ated the redox activity profiles of DsbP and active site variants
in dithiol oxidase, disulfide isomerase, and disulfide reductase
assays in comparison with the prototypical EcDsbC and
EcDsbG disulfide isomerase enzymes. The results show that
DsbP is a novel domain-swapped dimeric disulfide isomerase.

EXPERIMENTAL PROCEDURES

Protein Production—A codon-optimized synthetic gene
corresponding to plasmid-encoded DsbP (e.g. HO9TIR9 and
A6GV51, residues 22-235), lacking the predicted secretion
signal sequence was engineered into the bacterial expression
vector pMCSG7 (28) by ligation-independent cloning. Resi-
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due numbering used here is for the predicted mature DsbP
protein (Ser'-Ser®-Lys®-Leu® correspond to residues 22—235
of the unprocessed gene-encoded protein). Active site vari-
ants “CGYC” (DsbP (*°3CAVC'®® — 193CGYC!®)) and
“CPYC” (DsbP ('®*CAVC!'?® — '*CPYC'%°)) were generated
by QuikChange™ site-directed mutagenesis using the wild-
type construct, and the non-catalytic cysteine mutant (Cys'** —
Ala, Cys'®® — Ala) was made by ligation-independent cloning
of a synthetic gene into pMCSG?7. Proteins were expressed in
BL21(DE3)pLys cells using autoinduction media (29) and puri-
fied by immobilized metal affinity chromatography using
Talon® resin (Clontech) and standard procedures. Selenome-
thionine-labeled DsbP was expressed in BL21(DE3)pLys cells
grown in M63 minimal media supplemented with 0.05 mg/ml
of pL-selenomethionine and induced for 14 h with 0.1 mm iso-
propyl 1-thio-3-p-galactopyranoside at 30 °C. The His, tag was
removed by tobacco etch virus protease, leaving three vector-
derived residues (Ser ~2-Asn~*-Ala®) at the DsbP N terminus. A
final size exclusion chromatography step using a Superdex 75
column was performed to yield the purified DsbP enzyme used
in all steps described below. Oxidized or reduced DsbP was
prepared using a 25-fold molar excess of copper(1I)/1,10-phe-
nanthroline or dithiothreitol (DTT), respectively. The oxidiz-
ing/reducing agent was then removed and the buffer exchanged
to 10 mm HEPES, pH 7.4, using Sephadex 25 resin. E. coli DsbB
membrane extracts for the peptide oxidation assay were pre-
pared as described previously (30) and resuspended in phos-
phate-buffered saline containing 10% glycerol.

Crystallization and Diffraction Data Collection—Oxidized
DsbP samples aliquoted and stored at —80 °C were used for
crystallization trials. DsbP crystals were grown by the hanging
drop vapor diffusion method at 293 K, set up using a Mosquito
crystallization robot (TTP Labtech) and incubated and imaged
in a Rocklmager 1000 (Formulatrix). Selenomethionine-la-
beled DsbP crystals and the native orthorhombic crystals (Ox1)
were grown from a protein sample (25 mg/ml) in 15-16%
PEG3350 and 0.1 M sodium malonate, pH 6.6. Of the two mono-
clinic crystal forms, DsbP(Red) crystals were grown using a
protein concentration of 25 mg/mlin 10% (w/v) PEG8000, 20%
(v/v) ethylene glycol, and 0.1 m MOPS/HEPES, pH 7.5. The
other monoclinic DsbP(Ox2) crystals were grown using a pro-
tein concentration of 50 mg/ml and precipitant solution con-
taining 10% PEG 4000, 20% (v/v) glycerol, 0.1 M MES/imidazole,
pH 6.5, and 20 mM each of 1,6-hexanediol, 1-butanol, 1,2-pro-
panediol (racemic), 2-propanol, 1,4-butanediol, and 1,3-pro-
panediol (Morpheus screen, Molecular Dimensions). DsbP
crystals grown in PEG3350 based conditions were cryopro-
tected with perfluoropolyether oil (Hampton Research) and the
crystals grown in glycerol and ethylene glycol were directly fro-
zen in liquid nitrogen without additional cryo-protectant.

Data Collection and Structure Determination—Diffraction
data sets were measured at the Australian Synchrotron MX1
and MX2 beamlines using the BLU-ICE data collection inter-
face (31). All data sets were integrated in iMosflm (32) or XDS
(33), space group possibilities were analyzed and scaled using
Pointless/Scala or Aimless from the CCP4 suite (34). The
orthorhombic crystal form (Ox1) was processed from 93° data
giving a reflection multiplicity of 3.5. The monoclinic crystal
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forms were processed from 220° (Ox2) and 180° (Red) data
yielding comparable multiplicities (Ox2, 4.5 and Red, 3.7) to
that of Ox1. Data for Ox2 were processed to the edge of the
detector; data beyond 2.21 A were not recorded. Red crystals
diffracted to 2.07 A resolution. However, these data exhibited
significant anisotropy along the c* direction and the data were
therefore truncated to 2.3 A resolution, following the data sig-
nificance assessment using the CC1/2 criteria. The initial
phases were determined using HYSS, SOLVE, and RESOLVE
implemented in the AutoSol routine of the PHENIX software
suite by the Se-SAD method (35). Identification of all 32 sele-
nium sites (the four protomers in the asymmetric unit contain
eight sites each) resulted in a figure of merit of 0.39 for reflec-
tions to 2.2 A resolution. Density modification and automated
model building traced 765 of 868 residues resulting in an R-fac-
tor/R-free of 0.25/0.29 and a map model correlation coefficient
of 0.83. Electron density was poor for residues ~160- 175 and
the automated model therefore was not built in 3 of the 4 mol-
ecules in the asymmetric unit. This initial DsbP model was
improved by manual building into the experimental map using
Coot (36).

The three DsbP native data sets (Ox1, Ox2, and Red) were
solved by molecular replacement with PHASER (37) using as a
search model of the DsbP structure solved by SAD-phasing.
Iterative manual building and refinement were carried out in
PHENIX (35) and COOT (36). Each structure contains four
DsbP molecules in the crystallographic asymmetric unit, giving
a total of 12 monomer subunit structures of DsbP and 6 inde-
pendent copies of the biological dimers. The active site cysteine
residues were modeled in the oxidized form for each of the
three structures initially. However, negative difference density
between the sulfur atoms of the catalytic cysteines in one of the
three structures suggested that the disulfide had become
reduced. In the final refinements, the reduced and oxidized
forms of the active site cysteines were modeled with occupan-
cies of 0.7 and 0.3, respectively. This structure is referred to as
the reduced structure, Red.

Electron density was absent for the 3 vector-derived residues
and the N-terminal 11 residues and C-terminal 2 residues of the
DsbP construct in most of the modeled molecules. Judging
from the quality of electron density and the relatively high
B-factor values, the region comprising residues 165—170 is the
most flexible in DsbP. In molecules A and D of the Red struc-
ture, the main chain electron density for this region is con-
nected only at low contour levels (0.5-0.8 o). The same resi-
dues could not be modeled in Ox2 molecule A and electron
density for residues 171-172 of molecule B is also poorly
ordered. Several surface-exposed side chains could not be built
into Red (16 residues) and Ox2 (6 residues) structures with
confidence and were therefore excluded from the final model.
A summary of the data processing and refinement statistics are
presented in Table 2. The stereochemical quality of DsbP mod-
els were assessed using AutoDeplInputTool (38), MolProbity
(39), and SF check (40). The final Red structure has a high aver-
age atomic B value (53 A? for all atoms (of which molecule D
alone contributes 73 A?)) consistent with anisotropic diffrac-
tion of the crystal along c* direction. The quality of the electron
density is shown in Fig. 2, F-H. The coordinates and structure
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TABLE 2
Data collection and refinement statistics
Statistics for the highest resolution shell are shown in parentheses.

Orthorhombic (Ox1) Monoclinic (Ox2) Monoclinic (Red) Se-SAD
Wavelength (A) . 0.9537 0.9537 0.9537 0.9793
Resolution range (A) 54.14-1.98 42.79-2.21 47.67-2.30 19.6-2.20
Higher resolution shell (A) 2.09-1.98 2.27-2.21 2.38-2.30 2.27-2.20
Space group P2,22 P2, P2, P2,
Unit cell
a 54.3 54.6 54.7 54.1
b 108.3 110.5 110.6 111.3
c 139.0 74.1 80.7 72.7
a 920 90 90 90
B 90 93.1 96.8 95.5
v 90 90 90 920
Total reflections 204,119 197,792 155,050 652,058
Unique reflections 58,014 (8,315) 43,861 (3,564) 42,056 (4,162) 43,382 (3,732)
Multiplicity 3.5 (3.4) 4.5 (4.0) 3.7 (3.8) 15.0 (14.3)
Completeness (%) 99.7 (99.2) 99.4.(93.4) 99.2 (100) 99.8 (99.5)
Mean I/a(]) ) 8.9 (2.5) 16.2 (5.0) 16.0 (3.4) 165 (1.9)
Wilson B-factor (A?) 24.5 34.6 38.4 29.7
R-merge 0.079 (0.465) 0.049 (0.244) 0.047 (0.366) 0.158 (1.7)
R-pim 0.050 (0.293) 0.028 (0.157) 0.033 (0.247) 0.047 (0.475)
Refinement statistics
R-work (%) 19.2 (23.4) 18.6 (26.4) 19.0 (26.0)
R-free (%) 24.3(29.2) 23.4 (33.1) 24.4 (32.4)
Unique reflections 57,718 43,816 41,826
No. of non-H atoms
Protein 6,278 6,231 6,233
Water 686 354 326
Protein residues 811 800 807
Root mean square bond lengths A) 0.014 0.015 0.013
Root mean square bond angles (°) 147 1.54 1.27
Ramachandran
Favored (%) 99.4 98.5 98.3
Outliers (%) . 0 0.25 0.4
Average B-factor (A?) 33.9 43.7 53.2
Molprobity

3.1 (99th (714))
1.10 (100th (12309))

Clashscore (percentile)
Score (percentile)

3.51 (99th (456))
1.14 (100th (10167))

3.13 (100th (355))
1.10 (100th (8909))

“ 100th Molprobity (39) percentile is the best among the structures of comparable resolution. The percentile and the number of structures included in the comparison ()

are given in parentheses.

factors have been deposited with the Protein Data Bank (PDB
codes 4ML1 (Ox1), 4ML6 (Red), and 4MLY (Ox2)).

Disulfide Reductase Activity—Many TRX-fold proteins includ-
ing the disulfide-bond isomerase EcDsbC can reduce the inter-
molecular disulfide bonds formed between insulin chain A and
B in the presence of a mild reducing agent such as DTT (41).
The rate of insulin disulfide reduction was spectroscopically
monitored at 650 nm by an increase in turbidity resulting from
the production of insoluble insulin chain B. The reaction was
initiated by the addition of 0.131 mM insulin to the sample mix-
ture containing 10 uMm enzyme, 0.33 mm DTT, and 2 mm EDTA
in 100 mm sodium phosphate, pH 7.0. Measurements were
repeated three times and the resulting mean = S.D. were used
in plots.

Scrambled RNaseA Isomerization Assay—In vitro disulfide
isomerase activity was monitored using scrambled RNaseA as
substrate (42). Inactive scrambled RNaseA was produced as
previously described (43). Disulfide isomerization of incor-
rectly formed disulfides in scrambled RNaseA (40 um) was car-
ried out in a reaction volume of 750 ul containing 100 mm
sodium phosphate buffer, pH 7.0, 1 mm EDTA, 10 mm DTT,
and 10 uM enzyme at 298 K. At various time intervals, a 50-ul
sample was withdrawn and mixed with 150 ul of 3 mm cytidine
3',5'-cyclic monophosphate (cCMP4) to measure RNaseA
activity. Hydrolysis of cCMP4 was measured using a Synergy
H1 multimode plate reader (BioTek) at 296 nm. Samples con-
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taining native RNaseA and scrambled RNaseA in the absence of
any other enzyme served as positive and negative controls,
respectively.

Dithiol Oxidation Assay—The ability of DsbP and variants to
catalyze dithiol oxidation was assessed using a model peptide
substrate (CQQGFDGTQNSCK) described previously (44).
Intramolecular disulfide bond formation was followed fluoro-
metrically using a Synergy H1 multimode plate reader (BioTek)
with excitation set to 340 nm and emission to 615 nm. A 150-us
delay before reading and 100-us reading time was used for
time-resolved fluorescence. The reaction mixture (50 ul final
volume) contained 80 or 160 nm enzyme (DsbP, EcDsbC, and
EcDsbG) and 1.6 uMm membrane extract of EcDsbB in 50 mm
MES, 50 mm NaCl, and 2 mm EDTA at pH 5.5. Peptide substrate
(8 um) was added to initiate the reaction. The reaction in the
absence of enzyme was used as negative control, and in the
presence of EcDsbA was used as a positive control. Mean = S.D.
were calculated from three replicates.

Determination of Redox Potential—The redox potential of
DsbP was measured with a method described previously (45)
and using a DsbP variant in which the non-catalytic cysteines
were mutated to alanine (Cys'** — Ala, Cys'®® — Ala). Briefly,
2 uM DsbP (or EcDsbA as control) was incubated with various
ratios of oxidized and reduced glutathione (GSSG (1 mm)/GSH
(4 pm to 15 mm)) for ~12 hat 24 °C in degassed 100 mm sodium
phosphate buffer, pH 7.0, and 1 mm EDTA. Protein samples
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FIGURE 1. DsbP forms an inverted V compared with DsbG. A, each DsbP subunit consists of three structural regions: an N-terminal subdomain (violet), a linker
segment (cyan), and a catalytic domain (yellow). Cysteine sulfurs are indicated by green spheres, with the catalytic cysteines identified by an asterisk. Comparison
of the crystal structures of the (B) DsbP (yellow) and (C) EcDsbG homodimers (green). The relative orientation of DsbP and EcDsbG are defined by structural
alignment of the N-terminal subdomain. EcDsbC has the same V-arrangement as DsbG, with a shorter linker. The inter-subunit interface in the crystal structures
of DsbP (D) and EcDsbG (E) are shown. The interface region forming the subunit interaction, as analyzed in PISA (79), is shown in pink. The green spheres show

cysteine sulfurs, with the catalytic cysteines indicated by an asterisk.

were precipitated with 10% trichloroacetic acid and washed
with ice-cold acetone prior to labeling the free thiols with 2 mm
4-acetamido-4'-maleimidylstilbene-2,2"-disulfonic acid in 50
mM Tris-HCI, pH 8.0, and 1% SDS. Reduced/oxidized forms of
the protein were separated on a 12% non-reducing SDS-PAGE
(SDS-NuPAGE) and stained with Coomassie Brilliant Blue. The
fraction of reduced protein was quantified using Image] (46).
The equilibrium constant K, was calculated using the equa-
tion: Y = ([GSH]?*/[GSSH])/(K., + ([GSH]?*/[GSSH])), where Y
is the normalized fraction of reduced protein at equilibrium
(47). The redox potential of the protein was then calculated
using the Nernst equation: £ = E” oy cssc — (RT/nF)InK,,,

JANUARY 31,2014 +VOLUME 289-NUMBER 5

where E% ;511 Gss 18 the standard potential of —240 mV (48), R
is the universal gas constant 8.314 JK™ ' mol ', T'is the absolute
temperature in K, 7 is the number of electrons transferred, F is
the Faraday constant 9.648 X 10* C mol ™', and K, is the equi-
librium constant. The mean redox potential was calculated
from four independent measurements.

RESULTS

Overall Structure—The DsbP molecular structure comprises
an N-terminal subdomain connected to a C-terminal TRX-fold
catalytic domain by a linker region (residues 60— 83) (Fig. 14).
It is assembled as a homodimer (Fig. 1B). The appearance of
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DsbP dimer is that of an “inverted” V-shaped protein, by com-
parison to the previously characterized disulfide isomerases
EcDsbC and EcDsbG (Fig. 1C) (16, 17). However, the molecular
size of DsbP is comparable with EcDsbC/G with the inner dis-
tance measuring 41 A between the two opposing distal ends,
and 24 A from the distal end to the V-shaped cleft (by compar-
ison, EcDsbC measures 39 and 25 A and EcDsbG measures 58
and 31 A).

Strikingly, all three regions contribute to the extensive dimer
interface (2076 *+ 44 A2 buried surface area) in the crystal struc-
ture (Fig. 1D). In contrast, the subunit interaction in EcDsbG
and other characterized bacterial disulfide isomerases
(EcDsbC, Haemophilus influenzae DsbC and S. enterica serovar
Typhimurium DsbhC) are mediated only through the N-termi-
nal domain (Fig. 1E), with the buried surface area (790 -1000
A2 PDB codes 1v57, leej, and 1t3b) measuring half that of
DsbP.

DsbP Forms a Domain-swapped Dimer—The N-terminal
domains of bacterial disulfide isomerases that have been char-
acterized structurally contain a cystatin-like fold comprising a
helix packing against a twisted 4-stranded antiparallel 3-sheet
(1-2-3-4, Fig. 2B) (16, 17). In the dimer, the B4 strands from
subunits A and B interact to form an up and down 8-stranded
dimerization domain (Fig. 2, B and D). This dimerization medi-
ating structure of EcDsbG is conserved in EcDsbC and other
disulfide isomerases (16, 17, 49-51).

DsbP does not follow this pattern. Instead, a domain-
swapped dimer is formed through an exchange of B1 strands
between subunits A and B (Fig. 24). Following a low complexity
N-terminal region (1-14 residues), the DsbP chain of subunit A
forms the B1 strand that augments the B2’ end of the
3-stranded antiparallel B-sheet (2'-3"-4") of subunit B. Through
a linker loop (L1), the B1 strand then enters the 3-stranded
antiparallel B-sheet (2—3-4) that augments the 1’ end of sub-
unit B. The main chain hydrogen bonding interactions between
B4 strands of subunits A and B completes the 8-stranded
dimerization domain (Fig. 2, A and C). Remarkably, the archi-
tecture of the dimerization domain between DsbP and EcDsbG
is similar with a root mean square deviation of 2.0 A for 58 C,,
equivalent atoms. The key difference being that the three-di-
mensional domain swapping forms the dimerization domain in
DsbP (Fig. 2). Additionally, the conserved helix found at the N
termini of EcDsbG and other disulfide isomerases is absent in
DsbP (Fig. 2). The intersubunit hydrogen bonding interaction
between 34 strands appears to be a highly conserved structural
feature among TRX-fold disulfide isomerases (Fig. 21).

DsbP Has Two Canonical Catalytic Domains—The C-termi-
nal region of each DsbP chain contains a canonical “DsbC/
DsbG C-terminal domain-like fold” comprised of a non-contig-
uous TRX domain encompassing a helical domain (Fig. 34).
The structure of DsbP is architecturally similar, but nonethe-
less, different from the EcDsbC/DsbG catalytic domains (e.g.
root mean square deviation between molA of Ox1 and molA of
EcDsbG (PDB code 1v57) is 2.9 A for 127 C_, atoms). The major
differences occur within the helical domain (H3-H5) and the
C-terminal helix of the TRX-fold, H6, among these three pro-
teins (Fig. 34). A TRX-fold CXXC catalytic motif is present at
the N terminus of helix H2 (Figs. 14 and 3D), and a second
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non-catalytic disulfide bond is present at a point similar to that
of EcDsbC, between the C-terminal end of helix H3 and the
connecting loop between helices H4 and H5 (Fig. 14).

The catalytic motif and the adjacent cis-proline (cis-Pro)
motif together form the active site of TRX-fold redox proteins
(Fig. 3, D-F). In both EcDsbC and EcDsbG, the catalytic and
cis-Pro motifs are Cys-Gly/Pro-Tyr-Cys and Thr-Pro, respec-
tively. However, the residues forming these important regions
are different in DsbP: the catalytic motif is Cys'%>-Ala'**-
Val'%-Cys'% and the cis-Pro motif is Val'**-Pro*®’. Interest-
ingly, a Cys-Ala-Val-Cys motif is present in some structurally
characterized FAD/NAD(P)-dependent TRX reductases (52)
although there are no NADP or FAD binding sites evident in
DsbP. Moreover, the Val-cis-Pro motif is typically found in
disulfide oxidases (DsbAs) rather than isomerases of Gram-
negative bacteria (53). We determined the standard redox
potential of DsbP at pH 7.0 and 25 °C (Fig. 4A4) and found that
DsbP (—161 mV) is more reducing than EcDsbA (—122 mV),
EcDsbC (—130 mV (54)), and EcDsbG (—126 mV, (55)).

The catalytic disulfide bond of disulfide oxidoreductases is
susceptible to synchrotron radiation reduction. The mixed cat-
alytic disulfide bond observed in the Red structure is therefore
not completely unexpected and allowed us to capture both
redox states of DsbP. Structural comparison of the oxidized and
reduced forms of DsbP do not indicate any major conforma-
tional changes at the catalytic site (Fig. 3, B and C). Distances of
2.1 A (oxidized form) and 3.5 A (reduced form) between the
sulfur atoms of the cysteine residues are consistent with those
in EcDsbC and EcDsbG@G structures (16, 17).

Reduced EcDsbC/DsbG is thought to be energetically favored
asa consequence of unfavorable contacts in the oxidized form (17).
One proposed destabilizing interaction in the oxidized enzyme
structures occur between the sulfur of the first Cys in the active
site CXXC motif and the main chain nitrogen of the second Cys
(3.1 A). A second unfavorable contact occurs between the sul-
fur of the first Cys and the side chain oxygen of Thr motif (3.4
A). Analysis of oxidized DsbP structures yielded a similar dis-
tance of 3.1 A between Cys'®® sulfur and the main chain nitro-
gen of Cys'%°. However, the natural variation of Val'®*® in place
of Thr in the DsbP cis-Pro motif may relieve the second desta-
bilizing interaction. Intriguingly, mutation of Thr for Val in the
EcDsbC cis-Pro motif imparted a more reducing character on
the enzyme (56).

DsbP Is a Disulfide Isomerase—W'e next explored the redox
characteristics of DsbP in standard dithiol oxidase, disulfide
isomerase, and disulfide reductase assays.

The ability to isomerize disulfide bonds was tested using
scrambled RNaseA as described under “Experimental Proce-
dures.” Under the conditions of the assay, DsbP restored 60%
of RNase activity within 5 h (Fig. 4B). In comparison, proto-
typical EcDsbC restored full RNaseA activity in 2 h, whereas
EcDsbG restored 45% activity in 5 h. Similarly, EcDsbC
exhibited high disulfide reductase activity in an insulin
reduction assay, whereas both DsbP (marginally active) and
EcDsbG (inactive) were poor reductants in this assay (Fig.
4C). All three enzymes were inactive in the in vitro dithiol
oxidation assay (Fig. 4D).
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Subunit B

Subunit A

Subunit B

DsbP
EcDsbG
EcDsbC

H1 B1 B2 B3 B4

FIGURE 2. DsbP forms a domain-swapped dimerization domain. Comparison of the N-terminal regions of DsbP (A) and EcDsbG (B). Topology and fold of DsbP (C)
and EcDsbG (D). £, domain-swapped human cystatin C. Three-dimensional domain swapping of DsbP and human cystatin C (PDB code 1G96) are mediated through
an exchange of the strand 1. Both EcDsbG and human cystatin C contain the cystatin C-fold. The helix conserved in the dimerization domain of EcDsbC/G and human
cystatin Cis absentin DsbP. Inter-subunit interaction primarily involves strand 81 (human cystatin C) or 84 (EcDsbG) or both strands 31 and 34 (DsbP). The 2mF, — DF,
map (m, figure of merit; Dis o-A weighting factor) is displayed around an interfacing region between subunits Aand Bat a 1.2-o-contour. F, DsbP Ox1; G, DsbP Ox2;and
H, DsbP Red. J, structure-based sequence alignment. Structurally equivalent positions (uppercase), variable regions (lowercase), and insertions (dash) are shown.
Secondary structure assignments for DsbP (top) and EcDsbG (bottom) are presented. Residues contributing to inter-subunit hydrogen bonding interactions are shown
in blue. The B4 strand (boxed) mediating subunit interaction is conserved between DsbC/G and DsbP.
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FIGURE 3. DsbP has a canonical DsbC/DsbG-like catalytic domain. A, struc-
tural superposition of the catalytic domains of DsbP (yellow), EcDsbG (green),
and EcDsbC (cyan). The structural deviation in helix H6 of DsbP and the equiva-
lent helix H7 of EcDsbC/G is outlined. Active site of oxidized (B) and reduced (C)
states of DsbP is shown. The catalytic motif (Cys'%-Ala'®*-Val'%-Cys'%) and the
cis-Pro motif (Val'®-Pro'®) are labeled. For clarity, only the reduced form of the
catalytic cysteines is shown in panel C, although the refined Red structure
includes both reduced (70%) and oxidized (30%) forms. The structure of the cat-
alytic face of DsbP (D), EcDsbG (E), and EcDsbC (F) is shown. Residues in the vicin-
ity of catalytic residues are shown. Note DsbP contains four basic residues around
the catalytic site (Arg'®?, Lys®®, Arg?®?, and Lys*®), a feature absent in EcDsbG
and EcDsbC (cf. panel D with panels E and F). In each panel, the position of the
catalytic cysteine is indicated by a green asterisk.

The effect of specific CXXC motifs on redox activity was
tested using DsbP active site substitution variants. The DsbP
variants were created to mimic the active site of EcDsbC
(CGYC, DsbP (CGYQ)) or EcDsbG (CPYC, DsbP (CPYC)). The
active site variant CGYC almost matched the RNaseA isomer-
ization activity of EcDsbC (Fig. 4B) but only moderately
improved the insulin reductase activity. In comparison, the
EcDsbG-like CPYC variant exhibited almost equivalent activi-
ties to those of the wild-type DsbP (Fig. 4, B-D). Overall, these
results show that the plasmid-encoded putative DsbP is a disul-
fide isomerase, and a less efficient insulin reductant than
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EcDsbC despite having a Val-cis-Pro motif and a more reducing
redox potential.

Orientation of the Linker Helix Alters the Shape of DsbP—To
understand the basis for the inverted V-shape of DsbP, we ana-
lyzed the 24-residue linker segment (residues 60 —83) connect-
ing the dimerization and catalytic domains. Structural align-
ment suggested that the linker helix (H1) of DsbP is oriented in
the opposite direction compared with the equivalent linker
helix of EcDsbG (Fig. 54).

Close examination of the DsbP linker (Fig. 5B) reveals that
four hydrophobic and two polar side chains of H1 (Met®,
Met®*, Val®” and Ala®%; GIn®® and Arg®®) engage in interactions
with the twisted B-sheet closing this end of the dimerization
domain. Similarly, helix H1’ seals the other end of the dimeriza-
tion domain, resembling a closed hemi-cylinder shape. Follow-
ing helix H1, the segment continues at the interface between
the dimerization domain and the catalytic domain before form-
ing a 3,,-helix and a turn that connects to the catalytic domain.
These structural elements contribute six hydrophobic side
chains (Ile”!, Phe”® Met”®, Met”®, Val®®, and Leu®?) that insert
and fill the gap between the B-sheet (5-7-6 —8-9) and helix H5
of the catalytic domain. Thus, the linker segment mediates tight
interdomain interactions unique to DsbP (Fig. 5B).

In both EcDsbC and EcDsbG, the surface formed on the flex-
ible linker helices (H2 and H2') and the “upper” surface of the
cleft created on the dimerization domain (Fig. 5C) are proposed
to be involved in substrate recognition (16, 57). By analogy, we
hypothesize that the inverted V-shaped DsbP also uses the
“bottom” surface of the dimerization domain for substrate rec-
ognition. Connecting loops H1-B1 and 32-33 as well as strand
B4 form the V-shaped cleft in EcDsbC/DsbG (Fig. 5, E and F).
However, in DsbP, the corresponding cleft is formed by con-
necting loops B1-B2 (loop L1) and 3-B4 (Fig. 5D). Notably,
DsbP strand 34 is located on the opposite face of the putative
binding region.

Surface structures of the clefts differ considerably among
these three proteins due to variations in length, conformation,
and residue composition of loops (Fig. 6, A—C). Despite these
differences, DsbP and EcDsbG display an overall negative elec-
trostatic surface potential in their putative substrate binding
regions, whereas EcDsbC is largely neutral. Additionally, all
three proteins show a positive electrostatic surface potential
around the catalytic cysteine, with DsbP displaying the most
extended positive potential arising from four basic residues on
the catalytic face of the enzyme (Arg'®? Lys*®°, Arg®°?, and
Lys®*%, see Fig. 3D).

DsbP Catalytic Domain Exhibits Domain Motion—The flex-
ibility of linker helix (H2) has been proposed to allow EcDsbC
and EcDsbG to accommodate various sizes and shapes of sub-
strate proteins in the cleft (16, 51). However, structural superpo-
sition of the linker segments derived from 12 DsbP molecules
(independently refined from three high-resolution x-ray diffrac-
tion data sets (Ox1, Ox2, and Red, see “Experimental Procedures”
for details)) revealed that the equivalent linker is largely unper-
turbed, albeit a small progressive conformational change was
apparent, starting near the 3, ,-helix and running toward the cata-
lytic domain (Fig. 6D). In a similar analysis of the catalytic domain,
the TRX domain was found to retain the same overall conforma-
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FIGURE 4. Redox characterization of DsbP. A, determination of the redox equilibrium constant (K,,) of DsbP with glutathione at pH 7.0 and 25°C. A
representative plot of four independent experiments showing the normalized fraction of reduced DsbP at various ratios of reduced:oxidized glutathione. The
mean K, (2.0 = 0.18 mm) was obtained from nonlinear curve fits and the redox potential (—160.6 = 1.0 mV) calculated as described under “Experimental
Procedures.” B, scrambled RNaseA disulfide isomerization activity. 100% activity corresponds to the averaged catalytic rate of native RNaseA. C, enzyme
catalyzed insulin precipitation as a result of intermolecular disulfide reduction. D, percent of peptide dithiol oxidase activity relative to control EcDsbA activity.
Oxidation rates were calculated over the first 15 min (see “Experimental Procedures”). 100% activity corresponds to the catalytic rate of EcDsbA. For panels B-D,
the average and S.D. for each data point were calculated from three replicates; DsbP (square), CGYC (inverted triangle), CPYC (triangle), EcDsbC (diamond), and

EcDsbG (circle).

tion in each monomer, whereas the embedded helical domain
can undergo significant conformational changes, including
extension of helix H5 (Fig. 6E). Despite the presence of a (non-
catalytic) disulfide bond between Cys'** and Cys'®® bridging
helix H3 and the loop preceding helix H5 in the helical domain,
the residues in this region are highly flexible (see “Experimental
Procedures”). The corresponding region in EcDsbC, which also
has a disulfide, is also flexible as indicated by high B-factors.
Structural superposition of the N-terminal domains of the 12
DsbP molecules revealed that conformational changes in the

A=V EN
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3,0-helix are translated to the catalytic domain causing a “wob-
bly” motion of the catalytic domain (Fig. 6F) that we propose
may contribute to enzymatic activity of DsbP.

DISCUSSION

Genetic plasticity through horizontal gene transfer is a key
contributor in the rapid adaptation of bacteria to different envi-
ronmental challenges (58, 59). The acceleration of reported
multidrug resistance strains appears to be one such bacterial
response to inappropriate use of antibiotics (60 —62). Bacteria
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FIGURE 5. The putative DsbP substrate-binding surface differs from that of EcDsbC/G. A, comparison of the orientation of the linker (arrows) in DsbP
(vellow) and EcDsbG (green). B, the linker segment of DsbP forms a tight interaction with the dimerization (DD) and catalytic (CD) domains. C, schematic
representation showing how the upper and lower surfaces of the dimerization domain form the cleft in V-shaped EcDsbC/G and inverse V-shaped DsbP,
respectively. Structure of DsbP (D), EcDsbG (E), and EcDsbC (F) viewed down the cleft. All three structures are similarly oriented such that strand B4 (blue) points
up and the catalytic domains point out of the page. Loops forming the cleft are shown in red and the catalytic cysteine residues are shown as green spheres. Note

that strand 4 in DsbP is behind loop L1, which is not the case for EcDsbC/G.

disseminate antibiotic resistance genes from one bacterium to
another by multiple mechanisms, including a conjugation
secretion system that is encoded by a conjugative plasmid or
ICE (6).

Plasmid/ICE-encoded disulfide isomerases appear to play an
important role in folding and assembly of the conjugative
machinery (10, 13). The current body of knowledge of bacterial
TRX-fold redox proteins is derived from chromosomally
encoded proteins. Accordingly, disulfide oxidase (DsbA in con-
junction with its redox partner DsbB) functions as the primary
disulfide forming enzyme and is required for oxidative folding
of cell-surface and exported proteins including toxins and vir-
ulence factors (15). On the other hand, disulfide isomerases
(EcDsbC/Dsb@) proofread and shuffle incorrect disulfides or
protect single cysteine containing proteins from oxidative dam-
age (14-18).

The data presented here reveal the structural and functional
details of a conserved plasmid-encoded disulfide isomerase
DsbP from a group of multidrug resistance conjugative IncA/C
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plasmids. We showed that DsbP is atypical due to a domain-
swapped dimerization domain, a linker that mediates interdo-
main interactions, an inverse putative binding site, and a rare
CXXC active site motif in the canonical EcDsbC/G-like cata-
lytic domain.

Three-dimensional domain swapping is generally regarded
as being independent of protein sequence or secondary struc-
ture (63). Interestingly, there are common features between
DsbP and human cystatin C, an amyloidogenic cystatin-fold
protein that also participates in domain swapping (64). In both
proteins it is the B1 strand that is exchanged between the two
subunits (Fig. 2E). However, DsbP lacks the N-terminal helix
that is otherwise conserved in cystatin and the dimerization
interface differs between the two proteins. A structural conse-
quence of three-dimensional domain swapping in DsbP is a
much larger subunit interface compared with EcDsbC/DsbG.
This may have important implications for function because
dimerization is essential for both chaperone and isomerase
activities of bacterial disulfide isomerases (65, 66).
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FIGURE 6. Comparison of electrostatic surface properties and conformational changes. Electrostatic surface comparison of DsbP (A), EcDsbG (B), and
EcDsbC (Q). Electrostatic surface potential is contoured from —7 (red) to +7 (blue) kT/e. The catalytic domain (CD), dimerization domain (DD), and the catalytic
Cys (green asterisk) of each subunit are indicated. The orientations of the molecules in panels A-C show both the catalytic face and the dimerization cleftand are
not intended to present the 2-fold axis. D, E, and F, DsbP catalytic domain undergoes conformational changes and wobbly domain motion. Structural
superposition of 12 monomers found in the DsbP crystal structures (Ox1,0x2, and Red1): D, the linker segment, the catalytic domain (E), and the complete DsbP
subunit (F) which is aligned to the N-terminal subdomain. The conformational change in the hinge region (around the 3, ,-helix of the linker segment, marked
with a circle and black arrow in panels D and F) results in movement of the catalytic domain. The two distinct conformers that showed helix H5 extension are
shown in blue (E and F).

A hallmark of disulfide isomerases, including eukaryotic
protein-disulfide isomerase, are two catalytic domains that
face each other across the putative substrate-binding cleft.
Motion of the catalytic domains was shown to be essential
for function (16, 51, 67). Our crystal structures of DsbP are
consistent with the interpretation that the catalytic domains

JANUARY 31,2014 +VOLUME 289-NUMBER 5

move relative to the dimerization domain, despite the linker
segment being uniquely engaged in inter-domain interac-
tions. Moreover, we speculate that the flexibility/disorder in
the region around the non-catalytic disulfide bond may
point to this being an important site for substrate binding or
regulation of DsbP.
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DsbP has in vitro disulfide isomerase activity that is moder-
ately better than that of EcDsbG (60 versus 45% in RNaseA
refolding activity). Substitution of the active site motif to that of
EcDsbC (CGYC) improved isomerase activity almost to that of
EcDsbC. The XX dipeptide in the CXXC active site motif and
the residue preceding the cis-proline have been shown previ-
ously to affect redox properties and catalytic activities of TRX-
fold oxidoreductases (68 —73). However, the difference in activ-
ity between DsbP (CGYC) and EcDsbC in the insulin reductase
assay suggests that other elements also contribute to the cata-
lytic activities of these enzymes.

The relatively acidic surface on the inverted dimerization
domain and an extended positive potential surrounding the
catalytic site of DsbP compared with EcDsbC/DsbG may sug-
gest different substrate binding specificities for these enzymes.
In support of this, a virulence plasmid-encoded DsbA-like
enzyme (SrgA from plasmid pStSR100 in Salmonella typhimu-
rium), essential for the oxidative folding of the plasmid-en-
coded fimbriae major subunit protein (PefA), also exhibited
overlapping in vitro activities but different substrate specificity
compared with DsbA (74, 75).

Several Tra proteins required for the structure and assembly
of conjugative pili contain multiple cysteine residues (10), and
are therefore candidate substrates for DsbP. Analysis of func-
tional links for DsbP in the STRING database (76) supports
these possibilities (data not shown). Previous attempts to detect
substrates for EcDsbC and EcDsbG using two-dimensional gel
electrophoresis identified two substrates for EcDsbC (RNase I
and MepA) but none for DsbG (77). Another successful strategy
employed to trap substrate proteins was through mutagenesis
of cis-Pro loop residues (78). Similar approaches may now be
used to identify substrates of DsbP. Taken together, our structural
and functional studies of DsbP provide a framework to understand
the roles of plasmid-mediated disulfide oxidoreductases in the
assembly processes of type IV secretion systems and may lead to
novel approaches aimed at preventing plasmid- and ICE-mediated
transfer of drug resistance genes.
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