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Background: Gram-positive bacteria secrete pilins through the Sec translocon in unfolded states.
Results: Disruption of pilus disulfide bonds or genetic disruption of oxidoreductase-encoding genes mdbA and vkor abrogates
pilus assembly in Actinomyces oris.
Conclusion: MdbA and VKOR constitute a disulfide bond-forming machine in A. oris.
Significance: Oxidative protein folding may be common in Actinobacteria and an attractive target for antimicrobials.

Export of cell surface pilins in Gram-positive bacteria likely
occurs by the translocation of unfolded precursor polypeptides;
however, how the unfolded pilins gain their native conformation
is presently unknown. Here, we present physiological studies to
demonstrate that the FimA pilin of Actinomyces oris contains
two disulfide bonds. Alanine substitution of cysteine residues
forming the C-terminal disulfide bridge abrogates pilus assem-
bly, in turn eliminating biofilm formation and polymicrobial
interaction. Transposon mutagenesis of A. oris yielded a mutant
defective in adherence to Streptococcus oralis, and revealed the
essential role of a vitamin K epoxide reductase (VKOR) gene in
pilus assembly. Targeted deletion of vkor results in the same
defects, which are rescued by ectopic expression of VKOR, but
not a mutant containing an alanine substitution in its conserved
CXXC motif. Depletion of mdbA, which encodes a membrane-
bound thiol-disulfide oxidoreductase, abrogates pilus assembly
and alters cell morphology. Remarkably, overexpression of
MdbA or a counterpart from Corynebacterium diphtheriae, res-
cues the �vkor mutant. By alkylation assays, we demonstrate
that VKOR is required for MdbA reoxidation. Furthermore,
crystallographic studies reveal that A. oris MdbA harbors a thi-
oredoxin-like fold with the conserved CXXC active site. Consis-
tently, each MdbA enzyme catalyzes proper disulfide bond for-
mation within FimA in vitro that requires the catalytic CXXC

motif. Because the majority of signal peptide-containing pro-
teins encoded by A. oris possess multiple Cys residues, we pro-
pose that MdbA and VKOR constitute a major folding machine
for the secretome of this organism. This oxidative protein fold-
ing pathway may be a common feature in Actinobacteria.

Actinomyces spp. were an early model to study fimbriae (or
pili) in Gram-positive bacteria (1). Actinomyces oris produce
two types of fimbriae covalently linked to the cell wall (2). Type
1 fimbriae, comprised of the fimbrial shaft FimP and tip fimbril-
lin FimQ, mediate bacterial adherence to the tooth surface via
FimQ interactions with salivary proline-rich protein deposits
(3). Type 2 fimbriae, made of the fimbrial shaft FimA and tip
fimbrillin FimB or CafA, are required for bacterial adherence to
host cells, biofilm formation, and bacterial coaggregation
(4 – 6). Like many other Gram-positive bacteria, the A. oris fim-
briae are assembled by membrane-bound transpeptidase
enzymes known as pilus-specific sortases, which were first dis-
covered in the SpaA pili of Corynebacterium diphtheriae (7).
Following their synthesis in the cytoplasm, it is proposed that
the pilus precursors are transported across the membrane likely
in unfolded states and inserted into the membrane via a cell wall
sorting signal (CWSS) (8). Here, pilus-specific sortase enzymes
join pilin subunits into pilus structures by cross-linking the
pilin motif and the cell wall sorting signal (2, 9). A second sor-
tase enzyme called the housekeeping sortase ultimately anchors
the pilus polymers to the cell wall (10).

Critically, how pilin precursors are folded during pilus
assembly is not known. One clue was revealed from structural
studies of A. oris and C. diphtheriae pilins, which predicted that
FimA, FimP, and SpaA contain disulfide bonds within their
IgG-like domains (4, 11, 12). The tip pilin CafA contains 12
cysteine residues throughout the protein. Significantly, alanine
substitution of two cysteine residues within the Cna 1 domain
of CafA leads to CafA degradation and eliminates CafA pilus
polymerization and cell-to-cell adherence (6). These observa-
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tions suggest that disulfide bond formation is important for
pilin folding.

Disulfide bond formation is catalyzed by thioredoxin-like
proteins in non-reducing compartments like the eukaryotic
endoplasmic reticulum, the inner membrane space of mito-
chondria, and the periplasm of Gram-negative bacteria (13).
The protein-disulfide isomerase was the first disulfide bond-
forming enzyme discovered by Anfinsen and colleagues (14, 15)
that contains two redox-active CXXC motifs. A thiol-disulfide
oxidoreductase DsbA in Escherichia coli also harbors a reactive
disulfide bond within a CXXC motif and catalyzes disulfide
bond formation by donating this linkage to reduced Cys resi-
dues in nascent polypeptides delivered to the periplasm by the
Sec translocon (16, 17). Following catalysis, the CXXC catalytic
site of DsbA is reduced and requires re-oxidation by the mem-
brane-bound DsbB (18, 19). DsbB recycles DsbA activity by
shuttling electrons to quinone, a component of the electron
transport chain (20). Interestingly, a protein in the actinobac-
terium Mycobacterium tuberculosis annotated as vitamin K
epoxide reductase (VKOR)3 was shown to be functionally sim-
ilar to E. coli DsbB (21). Although DsbA-like proteins have been
found in M. tuberculosis (22–24), to date their role as thiol-
disulfide oxidoreductase enzymes has not been demonstrated
in vivo. Nonetheless, oxidoreductase-encoding genes have been
identified in the genomes of other actinobacteria including
Corynebacterium glutamicum (21, 25), supporting the exist-
ence of an oxidative folding pathway in these organisms, which
lack periplasmic spaces.

Here, we describe an oxidative folding pathway for pilus pro-
teins in the actinobacterium A. oris. We show that A. oris pilins
contain disulfide bonds that are required for pilus assembly,
cell-to-cell adhesion, and biofilm formation. The oxidative
folding of A. oris pilus proteins is catalyzed by a membrane-
bound thiol-disulfide oxidoreductase, which we named MdbA
(mdb for monoderm disulfide bond-forming). Re-oxidation of
MdbA requires a second membrane-spanning oxidoreductase
called VKOR. This disulfide bond-forming machine could be
reconstituted in vitro using a native substrate. Importantly, a
vkor mutant fails to assemble pili and is unable to form biofilms
or interact with other bacteria. These defects are rescued by
expression of A. oris MdbA or a comparable enzyme from
C. diphtheriae. Consistent with a broad role of MdbA in protein
folding, deletion of mdbA is lethal. Since over 60% of signal
peptide-containing proteins encoded by these bacteria harbor
two or more Cys residues, we posit that intramolecular disul-
fide bond formation constitutes a major folding pathway for
Actinobacteria, and as such, is an important target for thera-
peutic development.

Experimental Procedures

Recombinant Plasmids pVKOR

To construct pVKOR, primers VKOR_F_Ndel and VKOR_
R_KpnI (supplemental Table S1) were used to PCR amplify the
promoter and coding regions of A. oris vkor along with flanking

Ndel and KpnI sites. The resulting PCR product was digested
with these enzymes, cloned into pJRD215 precut with NdeI and
KpnI, and then used to transform E. coli DH5�. The resulting
plasmid was electroporated into MR108.

pMdbAAo—The promoter and open reading frame (ORF)
of A. oris mdbA were PCR amplified using primers
(MdbAAO_F_Xbal and MdbAAO_R_Ecorl; supplemental Table
S1) designed to append XbaI and EcoRI sites. The PCR product
was digested with XbaI and EcoRI, and cloned into pJRD215
precut with similar enzymes. The resulting plasmid was elec-
troporated into MR108.

pAraC-MdbAAo—Using primers mdbAAo_F_ATG and
mdbAAo_R_Ecorl (supplemental Table S1), the ribosome bind-
ing site and ORF of A. oris mdbA was PCR-amplified using Phu-
sion Polymerase� (New England Biolabs) to generate blunt
ends. The resulting product was 5� phosphorylated with poly-
nucleotide kinase (New England Biolabs) and then digested
with EcoRI. Using pBad33 as a template, primers araC_F_KpnI
and araC_R amplified araC and the corresponding arabinose-
inducible promoter, which was then digested with KpnI.
Finally, the PCR fragments were cloned into pJRD215 precut
with EcoRI and KpnI, and the resulting plasmid was electropo-
rated into MR111.

pJRD-MdbACd—Using primers mdbACd_F and mdbACd_R_
HindIII, the ORF for C. diphtheriae mdbA was PCR amplified
using Phusion DNA Polymerase� (New England Biolabs) to
generate blunt ends. The resulting product was 5� phosphor-
ylated and cut with HindIII. The promoter and ribosome
binding site of A. oris mdbA were amplified with primers
PmdbAAO_F_KpnI and PmdbAAO_R, and then digested with
KpnI. Both DNA fragments then were ligated with pJRD215
precut with KpnI and HindIII to construct the recombinant
plasmid for electroporation into MR108.

Recombinant Vectors Using pMCSG7—To generate recom-
binant, His-tagged MdbA proteins, primers (see supplemental
Table S1) were designed to amplify the extracellular-coding
regions of A. oris and C. diphtheriae mdbA. The resulting PCR
products were cloned into pMCSG7 using ligation-indepen-
dent cloning (26). Purified DNA fragments were treated with
LIC-component T4 DNA polymerase (Novagen) and 2.5 �M

dCTP. Meanwhile, pMCSG7, precut with SspI, was treated
with LIC-competent T4 polymerase and dGTP. These reac-
tions resulted in the formation of complementary overhangs
between the mdbA genes and linearized vector. The products
were incubated over a gradient of temperatures (3 min at 70°C,
2 min at 65°C, 2 min at 60°C, 2 min at 55°C, 1 min at 50°C, 1 min
at 45°C, 1 min at 40°C, 1 min at 35°C, 1 min at 30°C, and 5 min
at 25°C) for annealing. The resulting plasmids were used to
transform E. coli DH5� and the insert was confirmed by DNA
sequencing. The plasmids were then introduced into E. coli
BL21 (DE3) for protein expression.

Site-directed Mutagenesis of Recombinant Plasmids

To construct Cys-to-Ala mutations within FimA, overlap-
ping primers (supplemental Table S1) carrying the target muta-
tions were used in PCR amplification using pCR2.1-FimA (4) as
a template. The PCR products were digested overnight at 37 °C
with DpnI to remove the parental template, and the resulting

3 The abbreviations used are: VKOR, vitamin K epoxide reductase; CAPSO,
3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid; IEM, immuno-
gold electron microscopy.
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DNA samples were used to transform DH5�. The generated
mutations were confirmed by sequencing, and fimA was
removed from pCR2.1 by digestion with XbaI and EcoRI. The
DNA fragment was cloned into pJRD508FimB precut with sim-
ilar restriction enzymes. The resulting plasmids were electro-
porated into the A. oris �fimA mutant (AR4) (4).

To generate cysteine to alanine mutations within MdbACd
and MdbAAo, inverse PCR was utilized using recombinant plas-
mids as templates (supplemental Table S2). Appropriate prim-
ers (supplemental Table S1) carrying the desired mutations
were 5� phosphorylated and used to PCR the plasmid templates
with Phusion HF DNA polymerase. Purified products were
treated with ligase to reform the circular plasmids, which were
introduced into E. coli DH5�. The mutations were confirmed
by DNA sequencing, and the plasmids were introduced to
appropriate strains.

Generation of Deletion Mutants in A. oris

Nonpolar, in-frame deletion mutants in A. oris were gener-
ated using the GalK counterselection method established pre-
viously (5). Briefly, 1-kb fragments up- and downstream of a
targeted gene were cloned pCWU2, an integrative plasmid
expressing Kan resistance and galK genes (5). The resulting
plasmid was electroporated into A. oris CW1, which lacks a
functional galK. Co-integrants resulting from a single crossover
event were selected for growth on Kan. To promote a recombi-
nation event, cells were grown in HI broth in the absence of
Kan. Loss of the integrative plasmid was selected for growth on
HI agar plates containing 0.2% 2-deoxygalactose. A conditional
mdbA deletion mutant was made with the inducible plasmid
pAraC-MdbAAo using a previously published protocol (27).
Generated mutants were further characterized by PCR and/or
Western blot analysis.

Tn5 Transposon Mutagenesis of A. oris

A library of roughly 3,000 Tn5 mutants was created using the
Tn5 transposon system recently developed for A. oris (27). To
identify factors required for fimbrial assembly and bacterial
coaggregation, we set up a cell-based screen that is dependent
on type 2 fimbriae for interaction with Streptococcus oralis. In
this screen, Actinomyces Tn5 mutants grown in 96-well plates
were mixed equally with S. oralis 34 in coaggregation buffer (5).
Coaggregation was visually scored using an inverted micro-
scope by comparing with both positive (A. oris MG-1 and
S. oralis 34) and negative controls (S. oralis OC1 lacking RPS
receptors or A. oris �fimA). Four coaggregation-deficient
mutants obtained from this screen were further confirmed by
the coaggregation and fimbrial assembly assays. Chromosomal
DNA of the mutants was then isolated, and genes disrupted by
Tn5 were identified by TAIL PCR and DNA sequencing (28).

Protein Purification

Cultures of E. coli BL21 (DE3) harboring individual recom-
binant plasmids (Table S2; pMCSG7s) were grown at 37°C in
LB until A600 of �0.7. Protein expression was induced by addi-
tion of 1 mM isopropyl 1-thio-�-D-galactopyranoside at 30 °C
for 3 h. Cell pellets were harvested by centrifugation and resus-
pended in EQ buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl).

Cell lysis was achieved by using a French Press cell. Clear lysates
obtained by centrifugation were subject to affinity chromatog-
raphy, and purified His-tagged proteins were dialyzed in dialy-
sis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol)
at 4 °C and stored at �20 °C.

For crystallization studies, E. coli cells harboring pMCSG7-
MdbAAo were cultured in M9 medium supplemented with
ampicillin (100 �g/ml). A selenomethionine derivative of the
expressed MdbA protein was prepared as previously described
(29). Cells were harvested by centrifugation, disrupted by son-
ication, and the insoluble cellular material was removed by cen-
trifugation. The protein was purified by affinity chromatogra-
phy using nickel-nitrilotriacetic acid (Qiagen) with the addition
of 5 mM �-mercaptoethanol in all buffers. The protein was
digested with 0.15 mg of tobacco etch virus protease per 20 mg
of purified protein for 16 h at 4 °C, and then passed through a
nickel-nitrilotriacetic acid column to remove both the tobacco
etch virus protease and cleaved N-terminal tags. The final step
of purification was gel-filtration on a HiLoad 16/60 Superdex
200pg column (GE Healthcare) in 10 mM HEPES buffer, pH 7.5,
200 mM NaCl and 1 mM DTT. The protein was concentrated on
Amicon Ultracel 10K centrifugal filters (Millipore) approxi-
mately to 45 mg/ml.

Protein Crystallization, Data Collection, Structure
Determination and Refinement

The initial crystallization condition was determined with a
sparse crystallization matrix at 4 and 16 °C temperatures using
the sitting-drop vapor-diffusion technique in 96-well plates
with MCSG crystallization suite (Microlytic), Pi-minimal and
Pi-PEG screens (Jena Bioscience) (30). Several conditions
yielded diffraction quality crystals. The best crystals (rhomboi-
dal shape, 0.2 � 0.2 � 0.15 �m) were directly obtained from
G12 conditions of Pi-minimal screen (37.1% PEG 8000, 40 mM

sodium iodide, 150 mM CAPSO buffer, pH 9.5) using the pro-
tein concentration of 45 mg/ml at 4 °C after 1 week. Crystals
selected for data collection were flash-cooled in liquid nitrogen
without addition of any cryo-protectant.

Single-wavelength x-ray diffraction data were collected at
100 K at the 19-ID beamline of the Structural Biology Center
(31) at the Advanced Photon Source at Argonne National Lab-
oratory using the program SBCcollect. The intensities were
integrated and scaled with the HKL3000 suite (32).

The structure was determined by single-wavelength anoma-
lous dispersion phasing using the HKL3000 suite (33) incorpo-
rating SHELXC, SHELXD, SHELXE (34), MLPHARE, and
SOLVE/RESOLVE (35) programs. Several rounds of manual
adjustments of structure models using COOT (36) and refine-
ments with the Refmac program (37) from the CCP4 suite
(38) were performed. The stereochemistry of the structure
was validated with the PHENIX suite (33) incorporating
MOLPROBITY (39) tools. A summary of data collection and
refinement statistics is presented in supplemental Tables S1
and S2.

Cell Fractionation and Western Blotting

Equivalent overnight cultures of A. oris strains were used to
inoculate fresh cultures (1:50 dilution). Cells grown to early- or
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mid-log phase at 37°C were normalized to an A600 of 1.0, and
subject to cell fractionation as previously described (27). Pro-
teins in culture medium (S), cell wall (W), membrane (M), and
cytoplasm (C) fractions were TCA precipitated and acetone
washed. Protein samples were heated in sample buffer contain-
ing SDS at 60 °C for 10 min prior to SDS-PAGE analysis using
3–12 or 3–20% Tris glycine gradient gels. Proteins were
detected by immunoblotting with specific antibodies (1:5,000
for �-FimA; 1:4,000 for �-MdbAAo; and 1:10,000 for �-FimP).

Determination of the Redox Status of Pilus Proteins and MdbA
by Alkylation

For A. oris, FimA monomers were isolated from A. oris AR4
pFimA-K198A, a mutant strain that expresses cell wall-an-
chored monomeric FimA (4). Bacteria grown overnight on HI
agar plates, washed, and re-suspended in SMM buffer (500 mM

sucrose, 10 mM MgCl2, 10 mM maleate, pH 6.8) were treated
with 300 units ml�1 of mutanolysin for 3 h at 37 °C. The soluble
cell wall fractions were isolated by centrifugation, TCA precip-
itated, and acetone washed.

Obtained FimA Proteins Were Alkylated by Similar Methods

Proteins were reduced in DTT-containing buffer (100 mM

Tris-HCl, 1% SDS, 100 mM DTT, pH 8) at room temperature for
1 h, followed by TCA precipitation and acetone wash to remove
DTT. The resulting pellets were treated with Mal-PEG in alky-
lation buffer (100 mM Tris-HCl, pH 6.8, 1% SDS, 20 mM Mal-
PEG 2 kDa) at room temperature for 1 h, followed by TCA
precipitation and acetone wash. Protein samples were then dis-
solved in SDS-loading buffer and separated by 3–20% Tris gly-
cine gels for immunoblotting with �-FimA.

To investigate the redox status of MdbA, equal cell numbers
of wild-type A. oris and �vkor grown to mid-log phase were
collected, washed, and re-suspended in PBS, and then lysed by
mechanical disruption with glass beads (5 cycles of shaking for
30 s, followed by incubation on ice for 10 min). The protein
samples were acid-trapped and precipitated with TCA, washed
with acetone, and then re-suspended in alkylation buffer with
Mal-PEG. Following a 1-h incubation at room temperature, the
samples were TCA precipitated, re-suspended in SDS-loading
buffer, and separated by 3–20% Tris glycine gels for immuno-
blotting with antibodies against A. oris MdbA (�-MdbAAo).

Coaggregation and Biofilm Assays

Coaggregation and biofilm assays were performed according
to a previous procedure with minor modifications (5). Briefly,
stationary cultures of A. oris and S. oralis were normalized to an
A600 of 1.5. Bacterial cells were harvested by centrifugation,
washed 3 times in TBS buffer (200 mM Tris-HCl, pH 7.4, 150
mM NaCl, 0.1 mM CaCl2), and then re-suspended in 500 �l of
TBS. A. oris and S. oralis suspensions were then mixed in
12-well plates, and coaggregation was imaged with bacterial
aggregates sedimented at the bottom of the wells.

For biofilm growth, equivalent overnight cultures of A. oris
strains were used to inoculate fresh cultures (1:100 dilution) in
24-well plates containing 1% sucrose at 37 °C with 5% CO2 for
48 h. Biofilms were washed gently 3 times with phosphate-buff-
ered saline (PBS), air-dried, stained with 0.5% crystal violet for

30 min, and quantified by optical density (A580) using crystal
violet extracts in 80% ethanol. The results were presented as an
average of three independent experiments performed in
triplicate.

Reconstitution of Disulfide Bond Formation in Vitro

Recombinant FimA isolated from E. coli was reduced over-
night at room temperature with 100 mM DTT in 50 mM Tris-
HCl, pH 8.0. After reduction and acid-trapping of free thiols by
HCl, DTT was removed by centrifugation using 3-kDa Amicon
centrifugal filters and exchanged with 50 mM Tris-HCl, pH 3.5.
3 �M reduced FimA was incubated in redox buffer (100 mM

Tris-HCl, pH 8.0, 2 mM EDTA, 0.2 mM GSSG, 1 mM GSH) in the
presence of 1.8 �M recombinant wild-type or MdbA mutant
enzymes at 37 °C. Similar reactions without enzymes were used
as controls. At time intervals of 0, 5, 10, 15, and 30 min, reac-
tions were stopped with the addition of Mal-PEG buffer (20 mM

Mal-PEG, 1% SDS, 100 mM Tris-HCl, pH 6.8). After incubation
at room temperature for 1 h, glycerol was added to each reac-
tion to a final concentration of 20% before SDS-PAGE using
3–20% Tris glycine gels and detection by Coomassie stain.

Electron Microscopy

Immunogold labeling of bacterial pili was followed accord-
ingly (40). In brief, �7 �l of bacterial suspension in PBS was
placed onto carbon-coated nickel grids and washed with PBS
containing 1% BSA, followed by incubation with 0.1% gelatin in
PBS plus 1% BSA. Samples were stained with primary antibod-
ies diluted in PBS, 1% BSA (1:100 for �-FimA and �-FimP; 1:25
for �-FimB and �-FimQ), followed by staining with secondary
antibody conjugated to 12- or 18-nm gold particles diluted 1:20
in PBS, 1% BSA. Finally, samples were then washed 5 times with
sterile water and stained with 1% uranyl acetate. The samples
were viewed by a JEOL JEM-1400 electron microscope.

Results

Essentiality of Disulfide Bonds in Pilus Assembly, Biofilm For-
mation, and Interspecies Interactions—FimP and FimA, the
pilus shaft proteins of types 1 and 2 fimbriae of A. oris, respec-
tively, contain pairs of cysteine (Cys) residues within the N and
C termini (see Fig. 1A for FimA). Genetics and structural stud-
ies have predicted that these residues are oxidized to form
disulfide bonds (4, 12). Within FimA, thiol linkages are pre-
dicted to form between Cys116-Cys157 and Cys394-Cys445 (Fig.
1A). To test if these bonds form in vivo, we employed alkylation
using methoxypolyethylene glycol-maleimide (Mal-PEG), a
2-kDa agent that reacts with free sulfhydryls to form stable
thioether bonds (41). FimA monomers were collected from
A. oris upon muramidase treatment (see “Experimental Proce-
dures”), re-suspended in buffer with or without DTT, and incu-
bated with Mal-PEG. The treated FimA was detected by West-
ern blotting. As shown, Mal-PEG treatment did not change
migration of FimA monomers in SDS-PAGE compared with
the untreated protein (Fig. 1B, compare lanes 1 and 3). How-
ever, pretreatment of FimA with DTT produced a visible up-
shift of the FimA band after Mal-PEG alkylation (Fig. 1B, lane
4), signifying the attachment of Mal-PEG to the protein via the
formation of thioether bonds. Because pretreatment with DTT
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was required for protein alkylation, we conclude that the Cys
residues in FimA are linked by disulfide bonds in vivo.

We next addressed whether disulfide bonds play a role in
pilus assembly by substituting Cys residues in FimA individu-
ally to Ala by site-directed mutagenesis using pFimA and test-
ing if the constructs could rescue a fimA deletion mutant
(�fimA). To examine pilus polymerization, subcellular frac-
tions of A. oris grown to mid-log phase were immunoblotted
with �-FimA. As expected, polymerized FimA (marked P) was
detected in both medium (M) and cell wall (W) fractions col-
lected from the parental (MG-1) strain, but no FimA was
detected in the �fimA mutant (Fig. 1C, lanes 1– 4). Pilus assem-
bly was apparent in cells complemented with pFimA encoding
wild-type FimA (lanes 5 and 6). Strikingly, whereas the C116A
and C157A mutations did not affect pilus production, the
mutants targeting the C-terminal Cys residues (C394A and
C445A) produced no visible pilus polymers (last 8 lanes).
Instead, a low molecular mass form of FimA (less than 55 kDa)
was abundantly secreted into the extracellular media of these
mutants (Fig. 1C, M lanes for C394A and C445A). Pilus assem-
bly was further examined using immunogold electron micros-
copy (IEM). Similar to the Western blotting results, no fimbriae
were detected on the surface of pC394A or pC445A mutants
(Fig. 2).

To assess the bacterial phenotypes further, we examined if
the Cys mutations affected A. oris biofilm formation and co-ag-
gregation with S. oralis, two key processes known to require

type 2 fimbriae (5). To cultivate biofilm, A. oris were grown
under conditions of biofilm development (see “Experimental
Procedures”) and after 48 h, the resulting biofilms were stained
with crystal violet. Wild-type A. oris cells formed a robust bio-
film, whereas the �fimA mutant failed to produce any as
expected (Fig. 1D). Complementation with pFimA as well as the
pC116A or pC157A mutants restored biofilm growth, but
pC394A and pC445A did not form biofilm. These strains were
also analyzed for interspecies interactions using S. oralis co-ag-
gregation assays (5). Coaggregation between A. oris MG-1 and
S. oralis So34 was visible, but undetectable when A. oris MG-1
was combined with S. oralis OC1, a mutant that lacks the recep-
tor for type 2 fimbriae (Fig. 1E). The �fimA mutant did not
coaggregate with So34, but complementation with pFimA,
pC116A, or p157A restored the interaction. Identical to the
�fimA mutant, A. oris containing pC394A or pC445A also
failed to co-aggregate. Altogether, these data show that the
C-terminal Cys394-Cys445 disulfide bond is essential for type 2
fimbrial assembly, whereas the N-terminal Cys116-Cys157 disul-
fide bond is dispensable.

The Disulfide Bond-forming Machine in A. oris—Because
bacterial coaggregation is linked to FimA assembly, we aimed to
identify disulfide bond-forming factors by screening a Tn5
transposon library of �3,000 clones for A. oris mutants that
failed to co-aggregate with S. oralis. Mapping of Tn5 inserts in
the four mutants by DNA sequencing revealed the expected
insertions disrupting fimA and srtC2, the type 2 fimbria-spe-

FIGURE 1. Requirement of disulfide bonds in pilus assembly, biofilm formation, and coaggregation. A, the C-terminal disulfide bond of FimA is predicted
to form between Cys394 and Cys445. The modeled IgG-fold domain (yellow) at the N terminus, absent from the original structure, was proposed to contain a
disulfide bond between Cys116 and Cys157. B, FimA monomers isolated from the cell wall were treated or mock treated with DTT, followed by Mal-PEG. The
protein samples were analyzed by immunoblotting with �-FimA. Reduced and oxidized forms of FimA are indicated. C, culture medium (M) and cell wall (W)
fractions were collected from the A. oris MG1 strain (WT) and its isogenic derivatives. Equivalent protein samples harvested by TCA precipitation were analyzed
by immunoblotting with �-FimA. Monomeric and polymeric forms of FimA, as well as molecular mass markers (kDa) are indicated. D, A. oris biofilms were
cultivated in 12-well plates at 37 °C with 5% CO2 for 48 h. Biofilms were stained with crystal violet, and biofilm production was quantified by measuring
absorbance at 580 nm. E, for coaggregation, A. oris and RPS-positive S. oralis (So34) cells were mixed in equal numbers for coaggregation were imaged by an
AlphaImager. S. oralis OC1 strain lacking RPS was used as a negative control.
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cific sortase. One insertion, however, disrupted a vkor homolog
(Fig. 3A). The A. oris VKOR homolog is a 27-kDa protein pre-
dicted to contain five predicted transmembrane helices and an
N-terminal CXXC motif located in an exoplasmic loop. To con-
firm that the phenotype of the vkor::Tn5 mutant was not due to
a polar effect, we created an unmarked vkor deletion mutant
targeted by allelic exchange. This mutant also failed to coaggre-
gate with S. oralis, and the defect was rescued by plasmid com-
plementation (Fig. 3A).

FIGURE 2. Assembly of A. oris type 2 fimbriae requires the formation of
disulfide bonds. A. oris cells of various strains immobilized on nickel grids
were stained with �-FimA (A–D) or �-FimB (E–H) followed by anti-rabbit IgG
conjugated to 12- or 18-nm gold particles, respectively. The samples were
stained with 1% uranyl acetate and viewed by a transmission electron micro-
scope. Scale bars indicate 0.2 �m. Note that the experiments were performed
with A. oris strains lacking type 1 fimbriae, i.e. �fimP/Q/A, to eliminate
background.

FIGURE 3. A. oris VKOR is required for type 2 fimbrial assembly. A,
coaggregation was performed as described in the legend to Fig. 1E. B–K,
A. oris cells of various strains grown in the absence or presence of cystine
were immobilized on nickel grids and stained with �-FimA (B, D, F, H, and
J) or �-FimB (C, E, G, I, and K), followed by anti-rabbit IgG conjugated to
18-nm gold particles. The samples were stained with 1% uranyl acetate
and viewed by a transmission electron microscope. Scale bars indicate
0.5 �m.
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To elucidate the coaggregation defect of the �vkor mutant,
we examined type 2 fimbriae by IEM using specific antibodies
against the pilus shaft FimA and tip fimbrillin FimB, i.e. �-FimA
and �-FimB, respectively. Compared with MG-1, pilus forma-
tion was severely diminished in the �vkor mutant, but restored
upon ectopic expression of vkor (Fig. 3, panels B–G). Impor-
tantly, mutating the first Cys of the CXXC motif of VKOR to Ala
(C175A) abolished complementation of the �vkor mutant indi-
cating the functional importance of the motif (Fig. 3, H and I).
Moreover, media supplemented with the oxidizing agent cys-
tine restored type 2 fimbrial assembly in the �vkor mutant (Fig.
3, J and K). We conclude that A. oris VKOR is required for
fimbrial assembly through disulfide bond formation.

Incidentally, the tip fimbrillin FimB harbors 12 Cys residues.
Although the cell surface of the �fimA mutant contains FimB
(Fig. 2E), it was rarely detected on the �vkor mutant (Fig. 3E).
This suggested that FimB folding requires disulfide bond for-
mation, consistent with a similar requirement we reported for
CafA, another pilus tip protein of A. oris (6). Logically, we
hypothesized that VKOR targets multiple fimbrial substrates.
To explore this, we probed the assembly of type 1 fimbriae
made of FimP, whose structure predicts the presence of two
disulfide bonds in its N- and C-terminal IgG-like domains (12).
Similar to type 2 fimbriae, type 1 fimbrial structures were barely
detected in the Tn5::vkor mutant (Fig. 4, panels A–F) as well as
the non-polar �vkor mutant (Fig. 4H); instead, some FimP was
secreted into the culture medium (Fig. 4G). These defects were
rescued by VKOR complementation or the addition of cystine
to the culture (Fig. 4, G and H). Collectively, these data establish
the oxidoreductase activity of VKOR as a key common factor
for pilus assembly.

The Primary Thiol-disulfide Oxidoreductase MdbA—
Because cystine can rescue pilus assembly in the �vkor mutant,
we posited that VKOR may act to reoxidize a primary oxi-
doreductase enzyme in A. oris. A search for oxidoreductases in
the A. oris MG-1 genome revealed ANA_1994. Similar to
VKOR, ANA_1994, predicted to be a 32-kDa transmembrane
protein (confirmed in Fig. 4A), harbors a CXXC motif. Based on
the membrane-associated status of ANA_1994 in A. oris, as well
as its thioredoxin-like fold and in vitro oxidoreductase activities
(see below), we named ANA_1994 as MdbA for monoderm
disulfide bond forming protein A. Multiple attempts to delete
mdbA by conventional methods were unsuccessful, suggesting
that this gene is essential. We then generated a conditional
mdbA deletion mutant, whereby mdbA was removed from the
bacterial chromosome in the presence of MdbA expressed from
an arabinose-inducible plasmid (pAraC-MdbAAo). In the
absence of arabinose (Fig. 5C, 0%), although a small amount of
MdbA was produced due to promoter leakage (Fig. 5A), no type
2 fimbriae were detected on the cell surface by IEM; concomi-
tantly, cell morphology was altered. In contrast, induction of
MdbA restored the wild-type phenotypes (Fig. 5D, 2%).
Remarkably, overproduction of MdbA from a multicopy plas-
mid restored both type 2 fimbrial assembly (Fig. 5F) and bacte-
rial coaggregation with S. oralis (Fig. 3A) in the �vkor mutant.
However, an MdbA variant, in which the Cys136 of the CXXC
motif was mutated to Ala, failed to restore pilus assembly (Fig.

5G). The data suggest that MdbA is a thiol-disulfide oxi-
doreductase that functions upstream of VKOR.

We hypothesized that �vkor cells fail to produce fimbriae
because they cannot “reoxidize” the reduced form of MdbA
following catalysis. If this is true, the redox status of MdbA
should be altered in the �vkor mutant. To investigate this,
whole cell lysates of wild-type and �vkor strains were prepared,
and samples collected by TCA precipitation were reacted with
Mal-PEG, followed by SDS-PAGE analysis and immunoblot-
ting using �-MdbA. In wild-type samples, alkylation with Mal-
PEG resulted in a slight up-shift in MdbA migration compared
with the untreated protein band. This is consistent with the
modification of solo Cys169, which is not part of the CXXC
motif; however, Mal-PEG treatment of the �vkor lysates caused
a higher up-shift, consistent with alkylation of Cys residues in
the CXXC motif along with Cys169 (Fig. 5H). These data support
that MdbA is reduced in the �vkor mutant, suggesting that they
form a redox pair required for disulfide bond formation in pilin
precursors.

Crystal Structure of MdbA—The fact that A. oris MdbA has
little sequence similarity with known DsbA proteins (supple-
mental Fig. S1 A), but is required for pilus assembly prompted
us to attempt structural determination by x-ray crystallization

FIGURE 4. A. oris VKOR is required for type 1 fimbrial assembly. A–F and H,
A. oris cells of various strains grown in the absence or presence of cystine were
subject to IEM as described in the legend to Fig. 2 with �-FimP (A–C and H) or
�-FimQ (D–F). Scale bars indicate 0.5 �m. G, the medium (S) and cell wall (W)
fractions were collected from A. oris and its isogenic derivatives grown with
(100 �g/ml) or without cystine. Protein samples were analyzed by immuno-
blotting with �-FimP.
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using selenomethionine single-wavelength anomalous diffrac-
tion. An MdbA protein (residues 76 –310) lacking its trans-
membrane domain was produced in E. coli. A structure for the
reduced form of MdbA was refined to 1.55-Å resolution with
R-work and R-free factors equal to 12.4 and 18.0%, respectively
(Tables 1 and 2). The overall structure represents a typical
DsbA protein family fold (42, 43), which incorporates a thiore-
doxin-like domain and an extended �-helical domain (Fig. 6A).
The thioredoxin-like domain consists of 5-stranded �-sheet in
an order of �11� �32� �22� �41� �52 and 5 flanking
helices (2 �- and three 310-helices); the �-helical domain com-
prises 5 �-helices (H2–H6) and two 310 helices (Fig. 6A and
supplemental Fig. S1B). The CSHC active-site motif, residues
139 –142, is located on the N-terminal end of helix H1 (Fig. 6B).
Significantly, the MdbA structure also harbors a cis-Pro loop
(residues Thr285 and Pro286), a conserved feature of the TRX-
protein family (44). The MdbA cis-Pro element is located on the
loop between H6 � helix and �4 strand, and interacts with the
CXXC motif via a hydrogen bond forming between Thr285 and
Cys139 (Fig. 6B).

According to the DALI server (45), the closest MdbA struc-
tural homolog is Bacillus subtilis BdbD (46) with Z-score
(strength of structural similarity in standard deviations above
the mean) and root mean square deviations (root mean square
deviation of superimposed atoms in Å) equal to 19 and of 2.7,
respectively, for 186 residues. These proteins share only limited
amino acid homology, mainly at the C-terminal fragments (22%
identities for 147 residue alignment, based on NCBI Blastp
server). Despite significant structural similarity (Fig. 6C),
MdbA significantly differs from that of B. subtilis BdbD by two
distinct features. First, the MdbA CXXC active site sequence is
CSHC, whereas BdbD harbors a CPSC motif. Second, MdbA
lacks a metal-binding site present in BdbD formed by residues
Gln49, Glu115, and Asp180 (46). The two last residues are
replaced by glycine residues in MdbA. The subsequent most
similar structures to MdbA are DsbA-like proteins expressed
by M. tuberculosis and Staphylococcus aureus (22, 48) (Fig. 6, D
and E). By contrast, the E. coli DsbA structure (42) (Fig. 5F) is
fairly distant on the DALI homolog list with Z-score and root
meant square deviation values equal to 11.4 and 3.7, respec-
tively. All DsbA-like proteins from Gram-positive bacteria,
including A. oris MdbA, differ from the E. coli DsbA and others
expressed by Gram-negative bacteria by �-sheet topology (i.e.

FIGURE 5. Assembly of A. oris type 2 fimbriae requires putative thiol-oxi-
doreductases VKOR and MdbA. A, cell fractionation on the parental strain
MG-1 and its conditional deletion mdbA strain grown in the presence or
absence of arabinose were performed. Protein samples collected from cul-
ture (S), cell wall (W), membrane (M), and cytoplasmic (C) fractions were
immunoblotted with �-MdbA. B-G, A. oris strains were subject to IEM as pre-
viously described with �-FimA. Scale bars indicate 0.5 �m. H, whole cell
lysates of the wild-type A. oris and �vkor strains were treated with Mal-PEG
prior to immunoblotting with �-MdbA. Molecular mass markers and reduced
and oxidized forms of MdbA are indicated.

TABLE 1
Crystal data collection statistics

Statistics

X-ray wavelength (Å) 0.9792
Space group C 2221
Unit cell dimensions a � 46.9 Å, b � 66.9 Å, c � 256.2 Å,

� � � � � � 90°
Resolutiona (Å) 38.4�1.55 (1.58�1.55)
No. of unique reflections 59,458 (2,938)
Completeness 99.9% (98.4%)
Rmerge 0.10 (0.61)
CC1/2 (Å2) �(0.71)
I/� 9.1 (2.16)
Redundancy 6.3 (4.3)
Wilson plot B-factor (Å2) 25.2
Molecules per asymmetric unit 2
No. of protein residues 400

a Numbers in parentheses are shown for the highest resolution shell.
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the �-strand order of 3-2-4-5-1 in E. coli). Notably, the Gram-
positive proteins were proposed to have highly charged electro-
static surface potential located on the �-helical domain adja-
cent to the catalytic site in place of a neutral hydrophobic patch
in Gram-negative enzymes (42, 49). The A. oris MdbA structure
shows a nearly neutral surface potential in that region (supple-
mental Fig. S1 C). Altogether, the data support the role of A. oris
MdbA as a disulfide bond-forming enzyme that shares some
common characteristics with DsbA proteins, but possesses
novel features as well.

Reconstitution of Disulfide Bond Formation in Vitro—To
unequivocally establish that MdbA enzymes directly oxidize
proteins, we sought to reconstitute the disulfide bond-forming
machine in vitro using A. oris recombinant MdbA enzymes and
FimA as its physiological substrate. The reduced form of FimA
was generated in vitro by DTT treatment. Upon removing
DTT, FimA was incubated with MdbA or a catalytically inactive
mutant in glutathione redox buffer at 37 °C for 30 min. At spe-
cific time points, reactions were quenched by the addition of
Mal-PEG, and analyzed by SDS-PAGE and Coomassie staining.
When reduced FimA was incubated with wild-type A. oris
MdbA, a faster migrating band of FimA (i.e. not modified by
Mal-PEG because Cys residues became oxidized) was visible
after only 5 min of incubation (Fig. 6A). After 30 min, the
majority of reduced FimA formed disulfide bonds (Fig. 7A, lane
30). FimA remained reduced in the reactions that contained no
enzyme (mock-treated lanes) or an inactive enzyme with the
catalytic residue Cys216 mutated to Ala, signifying that the sub-
strate remained accessible to Mal-PEG (Fig. 7A, next 8 lanes).

The Gram-positive actinobacterium C. diphtheriae also
encodes a predicted MdbA homolog (DIP_1880), and a plasmid
expressing this protein in the A. oris �vkor mutant restored
pilus assembly similar to plasmid-borne VKOR or A. oris MdbA
(Fig. 7, compare E and F). Indeed, the recombinant MdbA

enzyme of C. diphtheriae also displayed oxidoreductase activity
upon the FimA substrate; when reduced FimA was incubated
with wild-type C. diphtheriae MdbA, all of the substrate
became oxidized by 30 min. Substituting the catalytic Cys res-
idue to Ala (MdbA-C91A) abolished C. diphtheriae MdbA oxi-
dative folding activity (Fig. 7B). Altogether, we conclude that
MdbA is necessary and sufficient for the oxidative folding of
secreted disulfide containing pilus proteins and suggest that
oxidative protein folding may be a common pathway for matu-
ration of secreted proteins in Actinobacteria.

Discussion

Bacteria secrete a wide variety of proteins whose proper fold-
ing and function depends on disulfide bond formation. Gram-
negative bacteria possess an oxidative periplasmic compart-
ment with Dsb proteins that are required for disulfide bond
formation in many secreted proteins. Although these pathways
have been well characterized in these bacteria, little is known
about how oxidative protein folding occurs in Gram-positive
monoderms that lack periplasms (50). Here we report an oxi-
dative folding pathway for pilus proteins in A. oris (Fig. 8) that
likely represents a conserved mechanism to fold secreted pro-
teins in other Actinobacteria, including two major pathogens
C. diphtheriae and M. tuberculosis.

Our studies began with the Actinomyces FimA pilin consti-
tuting the type 2 fimbriae important for establishing biofilms
within the oral cavity (5). FimA contains two disulfide bonds, a
common feature of actinobacterial pilins (4, 11, 12). We have
shown here that the C-terminal disulfide bond is essential for
fimbrial assembly and function in biofilm formation and poly-
microbial interactions (Figs. 1 and 2). Importantly, this disul-
fide bond (Cys394 and Cys445) stabilizes a loop proximal to the
cell wall sorting signal, a feature required for sortase-mediated
processing of the pilin precursor and pilus polymerization (51).
We postulate that this linkage is important for maintaining the
proper conformation of this region as it is required for sortase
processing (Fig. 8). The folding may also protect the protein
from proteolysis because a loss of oxidative folding causes the
degradation of FimA in addition to a defect in pilus assembly
(Fig. 1).

Although disulfide bonds can form spontaneously, we sus-
pected that disulfide bond formation in FimA might be facili-
tated by an extra cytoplasmic factor. To uncover it, we screened
a random transposon library of A. oris for mutants defective in
pilus assembly and identified vkor (Fig. 3A). VKOR is believed
to function as a DsbB analogue, because expression of the M.
tuberculosis vkor rescues an E. coli dsbB mutant (52). An
M. tuberculosis vkor mutant is available, but its physiological
function has not been assessed (21). Independently, we sur-
veyed the A. oris genome for genes encoding extracellular
CXXC-containing proteins and found MdbA. Unlike E. coli
dsbA and dsbB, which are non-essential genes, deletion of
A. oris mdbA is lethal, suggesting that MdbA substrates are
involved in essential processes. We then provided several lines
of evidence that MdbA is a thiol-disulfide oxidoreductase and
that MbdA and VKOR function as a redox pair to catalyze pro-
tein oxidation. First, whereas depletion of mdbA abolished pilus
assembly, ectopic expression of mdbA restored fimbrial assem-

TABLE 2
Structure refinement statistics

Statistics

Resolution range (Å) 38.4�1.55 (1.59�1.55)
Reflections 56,424 (4,241)
� cutoff None
R-value (all) (%) 12.67
R-value (R-work) (%) 12.39 (18.1)
Free R-value (%) 17.99 (24.9)
Root mean square deviations from

ideal geometry
Bond length (Å) 0.013
Angle (degrees) 1.61
Chiral (Å) 0.102

No. of atoms
Protein 3,175
CAPSO 30
Water 451

Mean B-factor (Å2)
All atoms 22.2
Protein atoms 20.6
Protein main chain 18.2
protein side chain 23.1
CAPSO 30.4
Water 33.8

Molprobity Ramachandran plot statistics
Residues in favored regions (%) 99.6
Residues in allowed regions (%) 100.0
Residues in disallowed region (%) 0.0
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bly in the mdbA and vkor mutants, and the functions of MdbA
required its catalytic CXXC motif (Figs. 5 and 7). Second, MdbA
possesses a thioredoxin-like domain (Fig. 6 and supplemental
Fig. S1). Third, we were able to demonstrate that recombinant
MdbA protein catalyzes disulfide bonds within FimA in vitro
and its enzymatic activity requires the conserved CXXC motif
(Fig. 7). Finally, we showed that in the absence of VKOR, the
CXXC motif of MdbA was reduced suggesting that VKOR was
required for its recycling (Fig. 5).

Although VKOR is evidently required to maintain a func-
tional MdbA, which is essential, we were able to construct a
�vkor strain. At first glance, this result seems contradictory. It is
possible that MdbA may have an essential function that is inde-
pendent of VKOR and future studies will address why A. oris
mdbA is essential. Alternatively, a VKOR-like factor could be
present in the exoplasm that can partially compensate for the
loss of vkor. However, it is also possible that laboratory condi-
tions used in this study artificially supported the survival of the

FIGURE 6. Structural analysis of A. oris MdbA. A, the A. oris MdbA crystal structure (residues 86 –296) solved to a 1.55-Å resolution has two domains, a
thioredoxin-like domain (rainbow colors) and an �-helical domain (purple). B, the MdbA active site is made of Cys139, Ser140, His141, and Cys142. The S� group in
the two cysteine residues forms a hydrogen bond with Thr268 of the Cis-Pro element. C–F, the MdbA structure (purple) was aligned with B. subtilis BdbB (C;
Protein Data Bank code 3EU3), M. tuberculosis DsbA (D; Protein Data Bank code 4JR6), S. aureus DsbA (E; Protein Data Bank code 3BCI), and E. coli DsbA (F; Protein
Data Bank code 1FVK).

FIGURE 7. Reconstitution of a disulfide bond forming machine. A and B, reduced recombinant FimA was left untreated or treated with recombinant
wild-type or catalytically inactive MdbA proteins from A. oris (A; MdbAAo) or C. diphtheriae (B; MdbACd). At timed intervals, the reactions were stopped by
addition of Mal-PEG, and the protein samples were analyzed by SDS-PAGE, followed by Coomassie staining. Oxidized and reduced forms of FimA and MdbA
proteins are indicated. C–F, the presence of FimA fimbriae was analyzed by IEM; scale bars of 0.2 �m.
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vkor mutant. For this study, A. oris were grown in rich media in
the presence of oxygen. Thus, oxidizing agents present in this
environment might suffice to activate enough MdbA to keep
cells viable. In support of this, a small portion of MdbA detected
in �vkor was not alkylated by Mal-PEG, suggesting that they
harbored an oxidized CXXC motif (Fig. 5). Additional support
for this notion comes from a recent study of Dsb proteins
expressed by the Gram-negative bacterium Francisella tuleran-
cis that observed mixed populations of reduced and oxidized
DsbA in a dsbB mutant (53). As a primary colonizer of the oral
cavity, A. oris resides within the lower, anaerobic layers of bio-
film, which do not contain oxidizing agents like oxygen. Thus,
within its natural environment, A. oris vkor may be essential.

It is noteworthy that that although many Gram-positive bac-
teria seemingly exclude Cys residues from their secretomes
(25), Actinobacteria, like A. oris and possibly C. diphtheriae,
utilize disulfide bond formation as a key folding pathway. Are
they exceptions, and if so, why? The cell envelope of corynebac-
teria and mycobacteria contains an outer layer of mycolic acids
that is proposed to be equivalent to the outer membrane of
Gram-negative bacteria (54, 55). However, A. oris is not known
to produce mycolic acid. Its ultrastructure needs a closer
inspection to examine whether it harbors any distinct compart-
ments. It is likely that its peri-membranous environment con-
tributes to disulfide bond formation within secreted polypep-
tides. Notably, because A. oris resides within the innermost,
anaerobic layers of oral biofilms, its niche may shield it from
aberrant protein oxidation (56).

Finally, specialized zones of secretion have been identified
in Gram-positive bacteria including Streptococcus pyogenes,
Enterococcus faecalis, and C. diphtheriae (57–59). It is possible
that protein secretion, folding, and processing are closely cou-
pled and coordinated to avoid damage that may be caused by
extracellular oxygen. Unlike E. coli DsbA, A. oris MdbA is a
membrane-bound protein. Because pilins may complete fold-
ing prior to interacting with sortase, it is possible that the disul-
fide bond forming machinery is both physically and function-

ally coupled to secretion (Fig. 8). This would ensure that proper
disulfide bond formation is catalyzed rapidly before any aber-
rant oxidation can occur.
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