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Carbapenem-resistant Acinetobacter baumannii (CRAb) shelter cohabiting carbapenem-susceptible bacteria from carbapenem
killing via extracellular release of carbapenem-hydrolyzing class D �-lactamases, including OXA-58. However, the mechanism of
the extracellular release of OXA-58 has not been elucidated. In silico analysis predicted OXA-58 to be translocated to the
periplasm via the Sec system. Using cell fractionation and Western blotting, OXA-58 with the signal peptide and C terminus de-
leted was not detected in the periplasmic and extracellular fractions. Overexpression of enhanced green fluorescent protein fused
to the OXA-58 signal peptide led to its periplasmic translocation but not extracellular release, suggesting that OXA-58 is selec-
tively released. The majority of the extracellular OXA-58 was associated with outer membrane vesicles (OMVs). The OMV-asso-
ciated OXA-58 was detected only in a strain overexpressing OXA-58. The presence of OXA-58 in OMVs was confirmed by a car-
bapenem inactivation bioassay, proteomic analysis, and transmission electron microscopy. Imipenem treatment increased OMV
formation and caused cell lysis, resulting in an increase in the OMV-associated and OMV-independent release of extracellular
OXA-58. OMV-independent OXA-58 hydrolyzed nitrocefin more rapidly than OMV-associated OXA-58 but was more suscepti-
ble to proteinase K degradation. Rose bengal, an SecA inhibitor, inhibited the periplasmic translocation and OMV-associated
release of OXA-58 and abolished the sheltering effect of CRAb. This study demonstrated that the majority of the extracellular
OXA-58 is selectively released via OMVs after Sec-dependent periplasmic translocation. Addition of imipenem increased both
OMV-associated and OMV-independent OXA-58, which may have different biological roles. SecA inhibitor could abolish the
carbapenem-sheltering effect of CRAb.

Acinetobacter baumannii is a major cause of nosocomial infec-
tions worldwide. The rapid emergence of carbapenem-resis-

tant isolates has severely reduced therapeutic options (1, 2). Re-
cently, we demonstrated that carbapenem-resistant A. baumannii
(CRAb) sheltered coexisting carbapenem-susceptible bacteria,
preventing them from being killed by carbapenem and, thereby,
leading to polymicrobial infections with enhanced pathogenicity
compared to that of monomicrobial infection (3). This sheltering
effect is clinically relevant because 20 to 50% of A. baumannii
infections have been found to be polymicrobial (4–6).

The primary mechanism of carbapenem resistance in A. bau-
mannii is high-level production of carbapenemases, especially
carbapenem-hydrolyzing class D �-lactamases (CHDLs), which
include the OXA-23, -40, -51, -58, and -143 classes (7). We dem-
onstrated that the extracellular release of CHDLs contributed to
the sheltering effect (3), but this was seen only when CHDLs were
expressed at high levels using a strong promoter. At the time of
the earlier study, the mechanism for the extracellular release of
CHDLs had not been elucidated.

In this study, we determined that extracellular OXA-58 was
associated with Sec-dependent periplasmic translocation and that
the majority of the extracellular OXA-58 was selectively released
via outer membrane vesicles (OMVs) in the absence of a carbap-
enem. Carbapenem treatment increased OMV formation and
caused cell lysis, resulting in an increase in the OMV-associated
and OMV-independent release of extracellular OXA-58. Addition

of rose bengal, an SecA inhibitor, abolished the periplasmic trans-
location, reduced the extracellular release of OXA-58, and inhib-
ited the carbapenem-sheltering effect of CRAb in the presence of
carbapenem.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and
plasmids used in this study are listed in Table 1, and primers used in this
study are listed in Table S1 in the supplemental material. Bacterial strains
were cultured in Luria Bertani broth (LB; Difco, Detroit, MI) at 37°C.
Overnight cultures were subcultured in fresh LB broth for 2 h before
antibiotics or chemicals were added. Imipenem, ticarcillin, kanamycin,
rose bengal, erythrosin B, saponin, and phenylmethylsulfonyl fluoride
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(PMSF) were purchased from Sigma-Aldrich (St. Louis, MO). 4-(2-Ami-
noethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) was purchased
from USB Corporation (Cleveland, OH). Restriction enzymes and pro-
teinase K were purchased from New England BioLabs (Beverly, MA).
Electroporation of A. baumannii cells was performed as previously de-
scribed (8).

Cell fractionation. Overnight A. baumannii cultures were diluted
100-fold in 100 ml of LB broth and grown to logarithmic phase. Cell
densities (CFU/milliliter) of the cultures were determined. The cultures
were centrifuged at 10,000 � g for 15 min at 4°C. Supernatants (extracel-
lular fractions) were collected, filtered through 0.22-�m-pore-size filters
(Millipore, Bedford, MA), and concentrated using 10,000-molecular-
weight-cutoff (MWCO) Amicon Ultra centrifugal filters (Millipore). Pro-

teins in the supernatants were fractionated by size using 100,000 -MWCO
Amicon Ultra centrifugal concentrators (Millipore). Proteins in the
�100-kDa fraction were further concentrated using 10,000-MWCO
Amicon Ultra centrifugal concentrators. The periplasmic and cytoplasmic
cell fractions were separated as previously described (9). All of the frac-
tions were stored at �20°C.

Western blot analysis. Proteins in the different cell fractions from
�2 � 108 CFU of bacteria were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto nitrocellulose
membranes. The membranes were incubated with primary antibody, fol-
lowed by incubation with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondary antibody (Millipore) or HRP-conjugated goat anti-
mouse secondary antibody (Sigma-Aldrich). Primary polyclonal antibod-

TABLE 1 Bacterial strains and plasmids

Strain or plasmid(s) Description Reference or source

Strains
Ec1003 A clinical carbapenem-susceptible E. coli isolate (imipenem MIC, 0.125 �g/ml). This isolate

was used to demonstrate the sheltering effect of carbapenem-resistant A. baumannii.
3

Ab290 A clinical A. baumannii isolate susceptible to multiple antimicrobials, which was used as the
recipient for multiple transformations.

3

Plasmids
pEGFP A commercial plasmid containing enhanced green fluorescent protein. Clontech

Laboratories, Inc.
pYMAb-2 A shuttle vector created by inserting a replicon of a plasmid from A. baumannii ATCC

19606T into pET-28a; Kanra

3

pYMAb-3 A shuttle vector created by inserting a replicon of pMAC from A. baumannii ATCC 19606T

into pET-28a; Kanr

8

pOXA-58-2 IS1008-�ISAba3-blaOXA-58 with its P2 and P1 promoters was amplified using primers
IS1008(XbaI)F and OXA-58(XhoI)R and cloned into the XbaI and XhoI sites of
pYMAb-2.

3

pOXA-58-3 IS1008-�ISAba3-blaOXA-58 was amplified using primers XbaIIS1008 and NcoIOXA58 and
cloned into the XbaI and NcoI sites of pYMAb-3.

8

pOXA-23 blaOXA-23 and its promoter in ISAba1 were amplified using primers ISAba1(XbaI)F and
OXA23-like(XhoI)R and cloned into the XbaI and XhoI sites of pYMAb-2. OXA-23 was
His tagged.

3

pOXA-72 blaOXA-72 and its promoter were amplified using primers OXA-24-like(XbaI)F and OXA-
24-like(XhoI)R and cloned into the XbaI and XhoI sites of pYMAb-2. OXA-72 was
His-tagged.

3

pOXA-83 blaOXA-83 and its promoter in ISAba1 were amplified using primers ISAba1(XbaI)F and
OXA-51-like(XhoI)R and cloned into the XbaI and XhoI sites of pYMAb-2. OXA-83 was
His tagged.

3

pOXA-58�SP Promoters P2 and P1 of IS1008-�ISAba3-blaOXA-58 were amplified using primers
IS1008(XbaI)F and IS1008(M-BamHI)R. blaOXA-58 minus the signal peptide was
amplified using primers OXA-58�20aaSP(BamHI)F and OXA-58(XhoI)R. These two
fragments were BamHI ligated and cloned into the XbaI and XhoI sites of pYMAb-2.b

This study

pOXA-58�P2-1, pOXA-58�P2-2,
and pOXA-58�P2-3

IS1008-�ISAba3-blaOXA-58 with deletions in P2 was amplified using primer IS1008-�P2-
1(XbaI)F, IS1008-�P2-2(XbaI)F, or IS1008-�P2-3(XbaI)F and primer OXA-58(XhoI)R
and cloned into the XbaI and XhoI sites of pYMAb-2.

3

pOXA-58�5AA-CT, pOXA-
58�10AA-CT, and
pOXA-58�15AA-CT

IS1008-�ISAba3-blaOXA-58 with a deletion of 5, 10, or 15 amino acids at C terminus of
OXA-58 was amplified using primers IS1008(XbaI)F and OXA-58-C�5aa(XhoI)R, OXA-
58-C�10aa(XhoI)R, or OXA-58-C�15aa(XhoI)R and cloned into the XbaI and XhoI site
of pYMAb-2.

This study

pEGFP-2 The P2 and P1 promoter of IS1008-�ISAba3-blaOXA-58 was amplified using primers
IS1008(BamHI)F and IS1008(NcoI)R and cloned into the BamHI and NcoI sites of
pEGFP. The promoter-EGFP fragment was cloned into the XbaI and BamHI sites of
pYMAb-2.

This study

pOXA-58SP-EGFP The P2 and P1 promoter and signal peptide of IS1008-�ISAba3-blaOXA-58 was amplified
using primers IS1008(BamHI)F and OXA-58-20aaSP(NcoI)R and cloned into the
BamHI and NcoI sites of pEGFP. The promoter-signal peptide-EGFP fragment was
cloned into the XbaI and BamHI sites of pYMAb-2.

This study

a Kanr, kanamycin resistance.
b The signal peptide of OXA-58 was predicted using the program SignalP, version 4.0, server (http://www.cbs.dtu.dk/services/SignalP/).
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ies against A. baumannii OXA-58 and gyrase were generated in rabbits (3).
Antibody for the detection of enhanced green fluorescent protein (EGFP)
was purchased from Clontech (Palo Alto, CA), and His-tagged proteins
were purchased from Sigma-Aldrich. An ECL Western blotting kit
(PerkinElmer, Boston, MA) was used for detection. Densitometry was
performed using ImageQuant TL software, version 7.0 (GE Healthcare,
Little Chalfont, Buckinghamshire, United Kingdom). Sample buffers
were included as negative controls (see Fig. S1 in the supplemental mate-
rial).

Preparation of OMVs. Overnight cultures of A. baumannii were di-
luted 100-fold into 1 liter of LB broth. After growing to logarithmic phase,
bacteria were centrifuged at 10,000 � g for 15 min at 4°C. Supernatants
were filtered through 0.22-�m-pore-size filters and concentrated using
100,000-MWCO Amicon Ultra centrifugal concentrators (Millipore).
Precipitates containing OMVs were collected by centrifugation at 100,000
� g for 1 h. The OMV suspensions were cultured on Mueller-Hinton agar
to confirm that they were free of bacteria (10).

Bioassay to determine carbapenem inactivation. Aliquots contain-
ing suspended OMV (OMV associated) and the extracellular fraction
containing proteins of �100 kDa (OMV independent) were used. The
two aliquots were adjusted to have similar concentrations of OXA-58
using densitometry analysis. After treatment with 100 �g/ml proteinase
K, 2% saponin, or both for 1 h at 37°C and deactivation of proteinase K
with 10 mM PMSF and AEBSF, 10-�l aliquots were treated with 10 �l of
8 �g/ml imipenem for 1 h at 37°C. Each 20-�l mixture was loaded onto a
blank disk (Becton Dickinson and Company, Franklin Lakes, NJ) that was
placed on an agar plate containing a lawn of Ec1003, a carbapenem-sus-
ceptible Escherichia coli. Plates were incubated overnight at 37°C, and
zones of inhibition were measured. A decreased zone of inhibition indi-
cated carbapenem inactivation.

Nitrocefin hydrolysis assay. Samples containing equal amounts of
OXA-58 were incubated with 50 �g/ml of nitrocefin (Oxoid, Basingstoke,
United Kingdom) in a total volume of 100 �l. Samples were loaded into
microtiter plates (Corning, NY), and absorbance at 486 nm was measured
at 5-min intervals for 30 min in the dark using a U3300 Pro spectropho-
tometer (Amersham Biosciences, Freiburg, Germany).

Transmission electron microscopy (TEM). A. baumannii cells and
OMVs were collected during logarithmic-phase growth. Aliquots were
immuno-hybridized with anti-OXA-58 primary antibody and 5-nm gold
particle-conjugated secondary antibody (Abcam, Cambridge, United
Kingdom) before embedding. Samples were embedded in melted agarose
and fixed overnight at 4°C with 2.5% glutaraldehyde and 4% paraformal-
dehyde in phosphate-buffered saline (PBS; pH 7.4). After two washes with
PBS, samples were postfixed in 1% osmium tetroxide and dehydrated
using a graded acetone series (30%, 50%, 70%, 85%, 95%, and 100%).
Samples were embedded in Spurr’s resin (Electron Microscopy Science,
Hatfield, PA) and incubated at 70°C until polymerized. Ultrathin sections
were collected using grids, stained in an oversaturated uranyl acetate so-
lution for 5 min, and examined using a JEM-2000EXII microscope (JEOL,
Tokyo, Japan) at 100 kV (11).

Bacterial cocultures. To determine the effect of an SecA inhibitor
on the carbapenem-sheltering effect, overnight cultures of A. bauman-
nii and E. coli were diluted 100-fold and cosubcultured in 5 ml of LB broth
in culture tubes (Pyrex; Corning, Manassas, VA) for 2 h before the addi-
tion of imipenem and rose bengal. At given time points, cocultures were
10-fold serially diluted, and 100 �l of the dilutions was plated onto Mac-
Conkey agar (Difco) to differentiate between A. baumannii and E. coli and
to determine counts of CFU/milliliter. Plates were incubated at 37°C over-
night (3).

RESULTS
OXA-58 was primarily and selectively released via OMVs after
Sec-dependent periplasmic translocation in the absence of car-
bapenem. Even in the absence of a carbapenem, we detected
OXA-58 in the extracellular fraction of an A. baumannii strain that

produced high levels of OXA-58 (Fig. 1A). In this strain, blaOXA-58

is preceded by ISAba3, which is truncated by IS1008 (IS1008-
�ISAba3). The genetic structure of IS1008-�ISAba3 provides a
strong promoter, P2, and a weak promoter, P1, for the expression
of blaOXA-58 (3, 8).

We determined whether OXA-58 was released after transloca-
tion to the periplasm or directly from the cytoplasm. Two major
export systems, Sec and Tat, are involved in the periplasmic trans-
location of proteins in Gram-negative bacteria (12, 13). In silico
analysis of the OXA-58 signal sequence with the programs
SignalP, version 4.0 (14), and TatP, version 1.0 (15), predicted
that OXA-58 was preferentially translocated via the Sec system
(see Fig. S2 in the supplemental material). After deletion of the
putative signal sequence (the first 20 N-terminal amino acids),
OXA-58 was not detected in the periplasmic or extracellular frac-
tion (Fig. 1A). Because the C termini of �-lactamases are also
required for periplasmic translocation (16), strains with C-termi-
nal deletions were also examined to verify that extracellular release
of OXA-58 was associated with periplasmic translocation.
OXA-58 was not detected in the periplasmic or extracellular frac-
tions of strains that had high OXA-58 expression and C-terminal
deletions of the last 5 (Fig. 1A), 10, or 15 amino acids (see Fig. S3
in the supplemental material). These results indicated that
OXA-58 was released after translocation to the periplasm.

We then determined whether periplasmic OXA-58 was selec-
tively or passively released. We used a strain in which EGFP was
fused to the signal sequence and the natural promoter of OXA-58
(OXA-58SP-EGFP). OXA-58SP-EGFP was detected in the cyto-
plasmic and periplasmic fractions but not in the extracellular frac-
tion (Fig. 1B). However, OXA-58SP-EGFP was detected in the
extracellular fraction when OXA-58 was coexpressed (Fig. 1B).
These results indicated that periplasmic OXA-58 was selectively
released.

In Gram-negative bacteria, proteins can be secreted across the
outer membrane via different transporters (17, 18), OMVs, or
both (19). Although the predicted molecular mass of OXA-58 is
�31 kDa, we found that the majority of the extracellular OXA-58
existed in a 	100-kDa protein complex (Fig. 2A and B). OXA-58
(Fig. 2C) and other CHDLs (see Fig. S5C in the supplemental
material) were detected in purified OMVs via Western blotting,
but OMV-associated OXA-58 was not detected in the strain in
which the P2 promoter of OXA-58 was deleted (Fig. 2C). Pro-
teomic analysis (20, 21) of purified OMVs also revealed the pres-
ence of OXA-58 (see Table S2 in the supplemental material).
OMV-associated OXA-58 was partially protected from proteinase
K degradation, and this protection was abolished in the presence
of saponin (Fig. 2D). In contrast, OXA-58 collected from the
�100-kDa fraction (defined as OMV-independent OXA-58) was
susceptible to proteinase K degradation. Carbapenem inactiva-
tion by OMV-associated and OMV-independent OXA-58 is dem-
onstrated by the data shown in Fig. 2E. The results were in accor-
dance with those shown in Fig. 2D, indicating that enzyme activity
of OMV-independent OXA-58 was susceptible but that of OMV-
associated OXA-58 was resistant to proteinase K degradation.

Carbapenem addition increased extracellular levels of
OXA-58 by increasing OMV formation and cell lysis. After imi-
penem treatment, levels of OXA-58 in the periplasmic and extra-
cellular fractions increased (Fig. 1A), and the majority of the ex-
tracellular OXA-58 was associated with a 	100-kDa protein
complex (Fig. 2A and B). We demonstrated that OXA-58 in-
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creased in the purified OMVs in the presence of imipenem chal-
lenge (Fig. 3A). This OMV-associated OXA-58 was also partially
protected from proteinase K degradation (Fig. 3B).

After imipenem treatment, OXA-58 levels in the �100-kDa
fractions also increased, although not to the extent that they did in
the 	100-kDa fractions (Fig. 2A and B). In contrast to OMV-
associated OXA-58, this �100-kDa OMV-independent OXA-58
was susceptible to proteinase K degradation (Fig. 3B). In addition,
extracellular gyrase was also detected (Fig. 2A). However, gyrase
was not found in purified OMVs by proteomic analysis (see Table
S2 in the supplemental material) and was susceptible to proteinase
K degradation (see Fig. S4 in the supplemental material). The
results indicated that OMV-independent OXA-58 and extracellu-
lar gyrase were likely released upon cell lysis. The OMV-indepen-
dent OXA-58 hydrolyzed nitrocefin more rapidly than OMV-as-
sociated OXA-58 (Fig. 3C).

TEM showed that imipenem treatment increased the forma-
tion of OMVs on the surface of an A. baumannii strain that ex-
pressed OXA-58 at high levels (Fig. 4B). Increased OMV forma-
tion on the cell surface was also induced with ceftazidime (Fig. 4C)
but not with kanamycin (Fig. 4D). OXA-58 was detected in puri-
fied OMVs of a strain highly expressing OXA-58 (Fig. 4E) but not
in a strain carrying a shuttle vector (data not shown). OXA-58 was
also not detected by using gold-conjugated secondary antibody
alone (Fig. 4F).

An SecA inhibitor reduced extracellular CHDL levels and
abolished the sheltering effect of CRAb. Since the deletion of the
OXA-58 signal sequence abolished its periplasmic translocation
and extracellular release, we hypothesized that inhibition of the

translocation pathway would also reduce the extracellular release
of OXA-58. In the Sec-dependent translocation system, polypep-
tides with signal sequences are recognized by SecA and translo-
cated to the periplasm. Several SecA inhibitors, including rose
bengal and erythrosin B (22), have been developed. Addition of
rose bengal and erythrosin B at sublethal doses lowered the MIC of
imipenem (see Fig. S5A and B in the supplemental material). Be-
cause rose bengal had a stronger effect, we used this inhibitor in
further studies. Addition of rose bengal at a sublethal dose of 12.5
�g/ml inhibited the periplasmic translocation and extracellular
release of OXA-58 in the absence of imipenem (Fig. 5A) and de-
creased the extracellular OXA-58 in the presence of imipenem
(Fig. 5A). The extracellular OXA-58 collected after bacteria was
treated with imipenem and rose bengal was susceptible to pro-
teinase K degradation (see Fig. S6 in the supplemental mate-
rial), indicating that this extracellular OXA-58 was OMV inde-
pendent.

The amounts of OMV-associated OXA-58 (Fig. 5B) and
other CHDLs (see Fig. S5C in the supplemental material), as
well as the nitrocefin hydrolyzing activity of OMV-associated
OXA-58, decreased after rose bengal treatment (Fig. 5C). The
inhibitory activity of rose bengal on A. baumannii SecA was
verified by inhibition of periplasmic translocation of another Sec-
dependent protein, alkaline phosphatase (see Fig. S5D in the sup-
plemental material) (23). Addition of rose bengal at a sublethal
dose of 50 �g/ml abolished the CRAb sheltering effect for imi-
penem-susceptible E. coli (Fig. 5D). Notably, rose bengal did not
inhibit imipenem-induced formation of OMVs (Fig. 5E).

FIG 1 Periplasmic localization is required for the selective extracellular release of OXA-58. (A) Western blot analysis of OXA-58 in fractions obtained from
Acinetobacter baumannii (Ab290) strains expressing wild-type OXA-58, OXA-58 with a deletion of the N-terminal signal peptide (OXA-58�SP), or OXA-58 with
a deletion of the C-terminal 5 amino acids (OXA-58�5AA-CT). (B) Western blot analysis of enhanced green fluorescent protein (EGFP) in fractions obtained
from Ab290 expressing EGFP fused with the OXA-58 signal peptide (OXA-58SP-EGFP) or without the OXA-58 signal peptide (EGFP). These two strains were
cotransformed with a compatible plasmid (pYMAb-3) carrying blaOXA-58 (pOXA-58-3) to produce both OXA-58 and EGFP or OXA-58SP-EGFP. E, P, and C
indicate extracellular, periplasmic, and cytoplasmic fractions, respectively. IPM, imipenem (8 �g/ml). Blots were probed with primary antibodies to OXA-58,
EGFP, or gyrase A.
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DISCUSSION

Previously, we demonstrated that CHDLs were released extracel-
lularly and sheltered cohabiting carbapenem-susceptible bacteria
from carbapenem killing. This sheltering effect has been associ-

ated with polymicrobial infections, which demonstrate higher
pathogenicity than monomicrobial infections in the presence of
imipenem treatment (3). In this study, we demonstrated that
OXA-58 was primarily and selectively released via OMVs after

FIG 2 Overexpressed OXA-58 was primarily released via OMVs. (A and B) Western blot analysis of Acinetobacter baumannii (Ab290) extracellular OXA-58
showed that most of the extracellular OXA-58 was present in a protein complex of 	100 kDa, with or without treatment with 8 �g/ml imipenem (IPM). (B)
Densitometry results from the experiment shown in panel A. (C) Western blot analysis of OXA-58 in the �100-kDa fraction and in purified OMVs using the
following strains: OXA-58 with an intact P2 promoter (OXA-58�P2-1), OXA-58 with a deletion at �35 of the P2 promoter (OXA-58�P2-2), or OXA-58 with
deletions at �35 and �10 of the P2 promoter (OXA-58�P2-3). (D) Western blot analysis of OXA-58 in the �100-kDa fraction or associated with OMVs after
treatment with proteinase K (PK; 100 �g/ml), 2% saponin, or both. (E) Zones of inhibition resulting from incubation of a carbapenem-susceptible E. coli, Ec1003,
with 8 �g/ml imipenem and exposure to OXA-58 in the �100-kDa fraction or associated OMVs, with or without pretreatment with PK, saponin, or both. NC,
OMVs from the negative-control strain carrying the shuttle vector. Each bar represents the mean of zone sizes in three independent experiments.

FIG 3 Outer membrane vesicle-associated (OMV-A) OXA-58 and OMV-independent (OMV-I) OXA-58 increased after challenge with imipenem (IPM). (A)
Western blot analysis of OMV-independent or OMV-associated OXA-58 after challenge with 8 �g/ml imipenem. (B) Susceptibility of OMV-independent or
OMV-associated OXA-58 to 100 �g/ml proteinase K (PK) degradation. Purified OXA-58 was included as a control. (C) Nitrocefin hydrolysis by OMV-
independent or OMV-associated OXA-58 with or without pretreatment with 100 �g/ml proteinase K, 2% saponin, or both. NC, OMVs from the negative-control
strain carrying the shuttle vector.

Liao et al.

7350 aac.asm.org December 2015 Volume 59 Number 12Antimicrobial Agents and Chemotherapy

http://aac.asm.org


translocation to the periplasm via the Sec system. OMV-associ-
ated OXA-58 was released even in the absence of stressors, but its
release was increased upon carbapenem challenge. During car-
bapenem challenge, cell lysis also played a minor role in the extra-
cellular release of OMV-independent OXA-58. Treatment with an
SecA inhibitor diminished extracellular CHDL levels and abol-
ished the carbapenem-sheltering effect.

Deletions of the OXA-58 signal sequence and C terminus sug-
gested that OXA-58 was released via OMVs after translocation to
the periplasm rather than being transported directly from the cy-
toplasm. In contrast, some cytoplasmic proteins identified in our
OMVs and in the literature (11, 24) could be directly packaged
from the cytoplasm via outer-inner membrane vesicles (25). An-
other possibility for the identification of proteins annotated to be
located in cytoplasm was that these proteins actually had multiple
locations and functions, such as translation elongation factor Tu
(see Table S2 in the supplemental material) (26).

We demonstrated that, in the absence of carbapenem, OXA-58
was released via OMVs only when it was overexpressed. It has been
demonstrated that overexpression of periplasmic proteins triggers
OMV formation (27). However, when EGFP was fused to the
OXA-58 signal sequence and overexpressed with the strong P2
promoter, EGFP was detected in the periplasmic fraction but not
in the extracellular fraction. This result suggests that OXA-58 con-

tains an additional domain(s) that selectively triggers OMV for-
mation. Similarly, the N-terminal signal sequence of Salmonella
enterica serovar Typhimurium PagK directs its periplasmic local-
ization but is insufficient for its incorporation into OMVs (28).

In the absence of imipenem, there was a small amount of pro-
teinase K-susceptible OXA-58 in the �100-kDa fraction. This
OMV-independent OXA-58 probably did not result from cell lysis
because cells were carefully collected during log-phase growth,
and no extracellular gyrase was detected. This OMV-independent
OXA-58 may be secreted via an unidentified pathway. The partial
degradation of OMV-associated OXA-58 by proteinase K indi-
cated that some of the OXA-58 is attached to the outer surface of
the OMVs. Although Moraxella catarrhalis �-lactamase was found
within OMVs, a Bacteroides cephalosporinase was found on the
outer surface of OMVs (29). This proteinase K-susceptible
OXA-58 may also arise from the breakdown of OMVs.

In the presence of harmful carbapenem, A. baumannii in-
creased extracellular OXA-58 through increased release of OMV-
associated OXA-58 and OMV-independent OXA-58. We did not
determine whether the increase in OMV-associated OXA-58 was
due to an increase in OMVs, an increase in the amount of OXA-58
in each OMV, or both. But TEM showed that imipenem and cef-
tazidime enhanced OMV formation. Because the outer mem-
brane is bound to peptidoglycan via several lipoproteins (30), in-

FIG 4 OMV formation increased after treatment with �-lactam antibiotics. TEM of an Acinetobacter baumannii (Ab290) strain expressing wild-type OXA-58
without antibiotic treatment (A), with 8 �g/ml imipenem (B), with 4 �g/ml ceftazidime (C), or with 200 �g/ml kanamycin (D). The black arrows indicate OMVs.
(E) OMVs were hybridized with anti-OXA-58 and 5-nm gold particle-conjugated secondary antibody (white arrows). (F) OMVs were hybridized with 5-nm gold
particle-conjugated secondary antibody as the negative control. Scale bars, 200 nm (A to D) and 50 nm (E and F).
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hibition of peptidoglycan synthesis by these �-lactams may have
caused increased vesiculation and OMV formation (25). In con-
trast, kanamycin, an antibiotic that does not inhibit peptidoglycan
synthesis, did not induce OMV formation in A. baumannii or in E.
coli (31). Enhanced expression of periplasmic OXA-58 (Fig. 1A)
by imipenem may also trigger OMV formation, but inhibition of
OXA-58 periplasmic translocation by rose bengal did not abolish
the OMV formation induced by imipenem treatment, indicating
that multiple mechanisms may be responsible for imipenem-in-
duced OMV formation.

The biological roles of OMV-associated OXA-58 release and
OMV-independent OXA-58 release may differ. The OMV-inde-
pendent OXA-58 hydrolyzed �-lactams more rapidly than OMV-
associated OXA-58 but was more susceptible to degradation by
proteases, which may be present in the extracellular environment
(10). In E. coli, it has been demonstrated that release of OMV-
associated hemolysin and release of free hemolysin play different
roles in endothelial cell pathogenesis. Free hemolysin caused cell
lysis, whereas OMV-associated hemolysin caused apoptosis via
cellular internalization of OMVs (32). Further, the activities of
free and OMV-associated cytolysin A also differed (33).

OMV-associated �-lactamase release has been observed in
Pseudomonas aeruginosa (34), M. catarrhalis (10), and Bacteroides
species (29). Previously, an Acinetobacter-derived cephalospori-
nase was identified in A. baumannii OMVs, but its function was
not characterized (11). In addition to OXA-58, we demonstrated
that other CHDLs, including OXA-23, OXA-83 (in the OXA-51
family), and OXA-72, are also found in OMVs. In addition to
�-lactamases, many other degradative enzymes are also released
via OMVs (35–38), and macromolecules that are degraded by
OMV-associated enzymes support the growth of other bacteria
(39). These data demonstrate that OMV-associated enzyme re-
lease is beneficial to members of a bacterial community.

Two major export systems, Sec and Tat, translocate proteins
into the periplasm of Gram-negative bacteria. Although most
�-lactamases are translocated via the Sec system, some �-lactama-
ses are transported via the Tat system (40). The SignalP program,
version 4.0, predicted that the OXA-58 signal sequences belonged
to the Sec-dependent system. SecA participates in co- and post-
translational translocation (41, 42) and is a drug target (22) be-
cause it is essential and conserved, has no human homolog, and
has several ligand-binding pockets (43). The fluorescein ana-

FIG 5 Effect of the SecA inhibitor rose bengal on periplasmic translocation and OMV-associated release of OXA-58. Western blot of OXA-58 from an
Acinetobacter baumannii (Ab290) strain expressing wild-type OXA-58 in different cell fractions (A) and in OMVs (B) after treatment with 8 �g/ml imipenem
(IPM), 12.5 �g/ml rose bengal (RB), or both. (C) Nitrocefin hydrolysis by OMV-associated OXA-58 without treatment, with 8 �g/ml imipenem, with 12.5 �g/ml
rose bengal, or with both. (D) Cocultures of Ab290 expressing wild-type OXA-58 and a carbapenem-susceptible E. coli strain, Ec1003, with 8 �g/ml imipenem
and rose bengal at various concentrations. Rose bengal at 50 �g/ml eliminated the carbapenem-resistant A. baumannii sheltering of E. coli from imipenem killing
(right panel). (E) TEM of Ab290 expressing wild-type OXA-58 after treatment with imipenem, rose bengal, or both. E, P, and C indicate extracellular, periplasmic
and cytoplasmic fractions, respectively. Images were taken at a magnification of �200,000. Scale bar, 50 nm. OD486nm, optical density at 486 nm.
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logues rose bengal and erythrosin B were both found to effectively
inhibit the ATPase activity of SecA (44), but we found rose bengal
to be more effective in our experiments. In the absence of imi-
penem, treatment with a sublethal dose of rose bengal inhibited
the periplasmic translocation and OMV-associated secretion of
OXA-58. In the presence of imipenem, addition of rose bengal was
also able to diminish the amount of extracellular OXA-58 through
inhibition of OMV-associated release of OXA-58 and abolished
the carbapenem-sheltering effect.

In conclusion, OXA-58 was translocated to the periplasm via
the Sec system, and the majority of the extracellular OXA-58 was
selectively released via OMVs. Imipenem treatment increased ex-
tracellular OXA-58 levels by increasing OMV formation and cell
lysis. Treatment with an SecA inhibitor abolished the OMV-asso-
ciated release of OXA-58 and the carbapenem-sheltering effect
conferred by CRAb.
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