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We have functionally produced the outer membrane cytochrome OmcA from Shewanella oneidensis in
Escherichia coli. Substrate accessibility experiments indicate that OmcA is surface exposed in an E. coli B strain
but not in a K-12 strain. We show that a functional type II secretion system is required for surface localization.

Under anaerobic growth conditions, Shewanella oneiden-
sis MR-1 can use iron(III) as a terminal electron acceptor
(16, 20, 27). Iron respiration in this organism requires elec-
tron transfer components spanning the cell envelope from
the external surface of the outer membrane to the quinone
pool in the cytoplasmic membrane. The mtrD-mtrE-mtrF-
omcA-mtrC-mtrA-mtrB gene cluster encodes components
necessary for dissimilatory metal reduction, and it is likely
that at least some of these have overlapping functions (26,
27). One route to dissecting the pathway of electron flow is
to establish the pathway in a heterologous host (22). To this
end, we have expressed the omcA gene from S. oneidensis
MR-1 in Escherichia coli.

OmcA is a probable decaheme c-type cytochrome which is
anchored at the exterior face of the Shewanella outer mem-
brane via an N-terminal phospholipid modification (19). The
type II protein export machinery has been implicated in the
export of OmcA and the related outer membrane c-type cyto-
chome, MtrC, across the outer membrane (5, 10, 12). To ex-
press omcA in E. coli, we cloned the gene into pUNI-PROM
(14), a medium-copy-number vector in which the expression of
omcA is driven by the constitutive tat promoter and tatA ribo-
some binding site (13). To maximize the likelihood of heme
insertion into heterologously produced OmcA, we coexpressed
the E. coli cytochrome c maturation genes from plasmid
pEC86 (1).

As shown in Fig. 1A, Western blot analysis clearly detected
the presence of OmcA in whole cells of E. coli laboratory
strains MC4100 (a K-12 derivative [3]) and BL21 (an E. coli B
strain) when the strains were transformed with pOmcA and
pEC86. Analysis of a number of Western blots did not reveal
any reproducible differences in the amounts of OmcA pro-
duced in the two strains. Subcellular fractionation revealed

that OmcA was present in the inner and outer membrane
fractions of both strains, with no antigen detectable in the
soluble protein fraction. Since a significant amount of OmcA
was clearly detected in the membranes of both strains, we next
examined the absorption spectra of whole cells of MC4100 and
BL21 expressing omcA.

For visible spectroscopy analysis, cell suspensions of each
strain coexpressing the omcA and ccm genes were incubated
in sealed 1-ml cuvettes and the headspace was sparged with
nitrogen. From spectra collected from the turbid cell sam-
ples, it was possible to resolve clearly the Soret absorption
band of cytochromes, with a maximum wavelength (�max) of
�410 nm, for both MC4100 (Fig. 2A and B) and BL21 (Fig.
3A and B). As shown in Fig. 2 and 3, for each strain,
reduction of the cytochrome pool by the addition of sodium
dithionite (10 �l of a 0.2% solution) resulted in a red spec-
tral shift of this band (�max of �420 nm). An increase in
absorbance at �552 nm was also observed upon the addition
of dithionite. This peak is characteristic of the reduced
�-band of c-type cytochromes, and its appearance confirms
that these cytochromes dominate the dithionite-reducible
cytochrome pool of E. coli MC4100(pOmcA) and E. coli
BL21(pOmcA).

OmcA is implicated in the reduction of Fe(III), and the
purified protein has been shown to reduce soluble Fe(III) in
the form of Fe(III)-nitrilotriacetic acid (NTA) (23, 26). The
addition of the soluble Fe(III)-NTA complex to cell suspen-
sions of either MC4100(pOmcA) (Fig. 2A) or BL21(pOmcA)
(Fig. 3A) resulted in the reoxidation of this c-type cytochrome
pool, as judged by the disappearance of the 552-nm band and
the shift of the �max of the Soret band from 420 nm back to 410
nm. This demonstrated that, in both strains, the OmcA hemes
were accessible to soluble Fe(III) and indicates that OmcA is
functional for substrate reduction when it is heterologously
produced in E. coli.

Interestingly, however, the reoxidation states of the c-type
cytochrome pool following the addition of insoluble amor-
phous iron (hydr)oxide to the reduced cell suspensions were
quite different in the two strains. In the case of E. coli
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MC4100(pOmcA), no reoxidation of the c-type cytochrome
pool was observed, suggesting that the hemes were not acces-
sible to the insoluble oxidant (Fig. 2B). By contrast, in the case
of E. coli BL21(pOmcA), the addition of insoluble amorphous
iron (hydr)oxide fully reoxidized the c-type cytochrome pool
over a timescale similar to that observed with soluble Fe(III)-
NTA (Fig. 3B). These results strongly suggest that for E. coli
BL21(pOmcA), the OmcA hemes are accessible to the insol-
uble Fe(III) oxidant and therefore must be located on the
outside of the cell. By contrast, for E. coli MC4100(pOmcA),
the observations are consistent with the likelihood that the
OmcA hemes are located on the inside of the cell, i.e., on the
inner leaflet of the outer membrane. This latter observation
would be entirely in keeping with previous studies which have
shown that although E. coli K-12 strains carry genes for a type

II secretion system, these genes are cryptic in the MC4100
strain and are not expressed under any laboratory growth con-
ditions studied thus far (8, 9). An alternative explanation might
be that the surface properties of the outer membrane differ
between the two strains, differentially preventing access to the
insoluble oxidant for the MC4100 strain only.

In order to test whether the type II secretion machinery was
required for the surface exposure of the OmcA hemes in BL21,
we constructed an in-frame, polar deletion in the gspD gene by
insertion of the apramycin resistance cassette from plasmid
pIJ773 (11) according to the method of Datsenko and Wanner
(4). We cotransformed the resultant strain, JWD1, with
pOmcA and pEC86. Western blot analysis of the gspD strain
(Fig. 1A) showed clearly detectable OmcA that was found in
both the inner and outer membrane fractions, as was the case

FIG. 1. Localization of OmcA in E. coli. (A) OmcA is found in the inner and outer membranes after heterologous production in E. coli.
Four-hundred-milliliter cultures of strains MC4100 (F��lacU169 araD139 rpsL150 relA1 ptsF rbs flbB5301), BL21 [F� ompT hsdSB(rB

� mB
�) dcm

gal �(DE3)], and JDW1 (as BL21, �gspD::Apra), transformed with pEC86 and pOmcA grown aerobically in LB medium supplemented with 20
�g/ml chloramphenicol and 125 �g/ml ampicillin, were harvested and fractionated to give soluble and membrane fractions, and the inner and outer
membranes were separated by sucrose density gradient centrifugation (21). Whole cells (WC) (equivalent to an optical density at 600 nm of 0.05
of cell suspension), soluble fractions (Sol) (250 �g protein), inner membranes (IM) (10 �g protein), and outer membranes (OM) (2 �g protein)
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (15), electroblotted (28), and probed with anti-OmcA
antiserum (1:5,000 dilution). (B) OmcA produced in E. coli is released into outer membrane vesicles (OMVs). Cells of MC4100 (MC), BL21 (BL),
and JWD1 producing the OmcA and Ccm proteins were washed with a high-salt buffer (100 mM Tris-HCl, pH 7.4, 500 mM KCl, 40% sucrose,
supplemented with Roche complete EDTA-free protease inhibitor). The wash fraction was ultracentrifuged and the pellet resuspended, separated
by SDS-PAGE, and blotted with antiserum to OmcA (left), �-lactamase (Bla; Sigma) (left), or TatA (right) (25). (C) Production of OmcA in E.
coli leads to enhanced outer membrane vesicle release. Twenty-five-milliliter cultures of MC4100 or BL21 harboring either pEC86 plus pUNI-PROM
or pEC86 plus pOmcA were centrifuged twice and filtered through a 0.45-�m filter to remove all cells, after which vesicular material was pelleted
by ultracentrifugation, washed in phosphate-buffered saline (24), and repelleted as described previously (18). (Left) The vesicular material was
resuspended in 50 �l of the same buffer, and the optical density of the suspension at 280 nm was determined. Error bars represent standard errors
of the means (n 	 3). (Right) Sixteen microliters of each of these samples was subjected to SDS-PAGE and blotted with antiserum to OmpA.
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for the gspD� strain. Whole-cell visible spectroscopy of the
BL21 gspD strain, shown in Fig. 4A, indicated that, as with the
parent strain carrying omcA, the c-type cytochrome pool was
oxidizable by soluble Fe(III)-NTA in intact cells. However, the
inactivation of gspD resulted in an inability of the c-type cyto-
chrome pool to be reoxidized by insoluble Fe(III) (hydr)oxide
(Fig. 4B), indicating that the hemes of OmcA were no longer
surface exposed. These data strongly suggest that the type II
secretion system present in E. coli BL21 is able to recognize
and transport the OmcA heme domain to the surface of the
cell. This observation is quite unexpected since type II-depen-
dent secretion of an exoprotein expressed in a heterologous
host is rarely observed (2, 7). It is likely that the OmcA we
detect in the inner membrane in each of our strains (Fig. 1A)

reflects a transit stage in the export of OmcA to the outer
membrane. It should be noted that although inner membrane
localization of outer membrane cytochromes is not normally
observed in Shewanella, it can be detected upon inactivation of
the type II secretion system, consistent with the idea that it
represents a transit form of the protein (5).

It has previously been reported that incubation of intact cells
of Shewanella in high-salt buffer resulted in the release of
OmcA into the wash buffer, which was taken as an indication
that the protein was attached to the exterior face of the outer
membrane (6). When we carried out similar experiments with
heterologously produced OmcA, we also observed release of
the protein from intact cells of E. coli expressing omcA into the
wash fraction. However, OmcA release occurred regardless of
the strain used for the experiments, and since the accessibility
experiments described above have already demonstrated that

FIG. 2. Whole-cell spectroscopy of E. coli MC4100 producing
OmcA. (A) Treatment with Fe(III)-NTA. (B) Treatment with insolu-
ble Fe(III) oxide. Black spectra, air oxidized; red spectra, dithionite
reduced; blue spectra, 5 min after treatment with Fe(III)-NTA (A) or
Fe(III) oxide (B). The Soret (
) region is shown between 390 and 450
nm, and the �-band region is shown between 530 and 600 nm. The
sloping baselines are a result of the turbid whole-cell suspensions used.
The cell concentration was �0.15 mg ml�1. A, absorbance.

FIG. 3. Whole-cell spectroscopy of E. coli BL21 producing OmcA.
(A) Treatment with Fe(III)-NTA. (B) Treatment with insoluble
Fe(III) oxide. Black spectra, air oxidized; red spectra, dithionite re-
duced; blue spectra, 5 min after treatment with Fe(III)-NTA (A) or
Fe(III) oxide (B). The Soret (
) region is shown between 390 and 450
nm, and the �-band region is shown between 530 and 600 nm. The
sloping baselines are a result of the turbid whole-cell suspensions used.
The cell concentration was �0.15 mg ml�1. A, absorbance.
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the catalytic domain of the protein is not surface exposed in
either MC4100 or JWD1, we reasoned that the OmcA that
apparently washed off from the cell surface could not result
from the release of surface-exposed protein in this case. In-
stead, as shown in Fig. 1B, ultracentrifugation of the cell
washes from each strain resulted in pelleting of the OmcA
material, suggesting that the protein was associated with a
particulate fraction. Western blotting analysis of the particu-
late material showed that the periplasmic protein �-lactamase
was also present (Fig. 1B), as was the outer membrane protein
OmpA (Fig. 1C), but that the inner membrane protein TatA
was not (Fig. 1B). Thus, we conclude that the washing step
releases sealed outer membrane vesicles containing OmcA
from the surface of E. coli cells.

The release of outer membrane vesicles in gram-negative
bacteria is a general stress response that correlates with the

accumulation of protein in the cell envelope (18). To deter-
mine whether heterologous production of OmcA was giving
rise to the production of outer membrane vesicles in E. coli
strains, we compared the quantities of outer membrane vesi-
cles (determined by measuring the absorbance at 280 nm of the
resuspended outer membrane vesicle fraction according to the
methods described in references 17 and 18) shed from strains
MC4100 and BL21 harboring pEC86 and either pOmcA or
pUNI-PROM as our negative control. As shown in Fig. 1C,
heterologous production of OmcA in either E. coli strain
clearly resulted in a notable increase in the shedding of outer
membrane vesicles, possibly as a stress response induced by the
increased amount of lipoprotein anchored in the outer mem-
brane.

In summary, in this report we have demonstrated the func-
tional production and correct localization of the S. oneidensis
decaheme cytochrome OmcA in E. coli. Our results represent
a key step toward reconstituting the type II secretion-depen-
dent pathway for dissimilatory metal reduction in a heterolo-
gous host.
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