








protein sequence database (downloaded from the PseudoCAP database,
23 November 2009 version) (56) with randomly shuffled protein se-
quences as a decoy. Four different search engines, Crux (57), X!Tandem
with k score (58, 59), InsPecT (60), and MS-GFDB (61), were used with
default options. The results were then integrated with the MSblender pro-
gram (55). APEX scores (62, 63) estimating absolute protein abundance
were calculated using the number of peptide-spectrum matches assigned
by MSblender with a false discovery rate with a cutoff of 	0.01 and APEX
observability score (Oi values) trained by whole-cell lysate proteomics
data. Protein localization information was also downloaded from Pseudo-
CAP (56). To simplify the localization data, cellular compartments were
prioritized in the following order: outer membrane, extracellular,
periplasmic, cytoplasmic membrane, and cytoplasmic. For example, a
protein annotated as both periplasmic and cytoplasmic would be consid-
ered a periplasmic protein in this analysis. Proteins not localized to one of
these five compartments on the basis of annotation were considered un-
known. All search results and detailed parameters are also available at
http://www.marcottelab.org/index.php/PSEAE_oprF.2012. A summary
of the results is available in Table S1 in the supplemental material.

RESULTS AND DISCUSSION

Several OMV biogenesis models hypothesize that loss of outer
membrane connections to the underlying peptidoglycan is re-
quired for OMV release (6, 8, 33). Supporting this model, deletion
of the peptidoglycan-associated outer membrane proteins OmpA,
Pal, and Lpp has been shown to significantly increase OMV for-
mation in E. coli, S. Typhimurium, and V. cholerae (6, 34–37).
Based on these findings, we predicted that inactivation of pepti-
doglycan-associated outer membrane proteins in P. aeruginosa
would increase OMV formation. To test this hypothesis, OMV
formation of the P. aeruginosa PA14 oprF, oprI, and oprL mutants
was assessed as previously described using a spectrophotometric
lipid assay (31). It is important to note that in strain PA14, oprI is
reported to have a premature stop codon (TAA) at position �139

relative to the ATG start codon (64); however, when we sequenced
oprI from P. aeruginosa PA14, it was found that the codon encom-
passing position �139 instead encodes glutamic acid (139T ¡ G),
indicating that the open reading frame is intact. This was con-
firmed by LC-MS/MS data, which showed that OprI is translated
and encodes glutamic acid at amino acid 47.

While the oprI and oprF mutants grew at rates equivalent to the
rate of wild-type (wt) P. aeruginosa (Fig. 1), they produced �3-
fold and �8-fold more OMVs, respectively (Fig. 2A). Expression
of oprI and oprF in trans in the corresponding mutants reduced
OMV levels (Fig. 2B), indicating that increased OMV production
was due to the loss of OprF and OprI. The oprL mutant showed a
slight decrease in growth rate and growth yield (Fig. 1), although it
produced OMVs at levels equivalent to those for the wt (Fig. 2A).
While the growth rates of wt P. aeruginosa and the oprF mutant
were equivalent, the oprF mutant reached slightly lower cell yields
(Fig. 1). On the basis of these lower cell yields (OD600 of �5 for wt
P. aeruginosa and �3.5 for the oprF mutant) and the observation
that P. aeruginosa can undergo autolysis (65), it was possible that
the increase in OMV production in the oprF mutant was due to the
presence of cytoplasmic membrane components (arising from ly-
sis) in our OMV preparations. While we did not think that this was
likely since the growth yield differences were small, it was critical
to examine this possibility experimentally.

If the OMV preparations from the oprF mutant were contam-
inated with cytoplasmic membranes, we reasoned that these prep-
arations would be enriched in cytoplasmic membrane proteins.
To examine this, the proteome of OMV samples from wt P. aerugi-
nosa and the oprF mutant were determined using LC-MS/MS.
Raw files, results, and details of the analyses are available at http:
//www.marcottelab.org/index.php/PSEAE_oprF.2012 and in Ta-
ble S1 in the supplemental material. As was observed by several

FIG 3 OMVs from the P. aeruginosa oprF mutant are not enriched for cytoplasmic membrane proteins. Two biological replicates displaying the proportion of
protein abundance from each cellular compartment in wt P. aeruginosa OMVs and P. aeruginosa oprF mutant OMVs. The protein abundance of each compart-
ment was estimated by dividing the sum of APEX scores of proteins identified in each compartment by the total APEX score for each sample. Protein localization
predictions were obtained from the Pseudomonas Genome Database. In wt PA14 samples, 159 (first replicate) and 533 (second replicate) proteins were identified.
In the oprF mutant samples, 504 (first replicate) and 1,140 (second replicate) proteins were identified.
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other groups, OMV preparations in wt P. aeruginosa are enriched
for outer membrane and periplasmic proteins, although some cy-
toplasmic and cytoplasmic membrane proteins are also present.
The relative abundances indicate that the oprF mutant OMV sam-
ple was also enriched for outer membrane proteins and not inner
membrane proteins (Fig. 3), indicating that the increase in OMV
production in the oprF mutant is not due to cell lysis and contam-
ination by cytoplasmic membrane proteins.

Based on work in other bacteria, the increase in OMV levels in
the oprF and oprI mutants was presumably due to detachment of
the outer membrane from the underlying peptidoglycan layer (6,
34–37). However, another possibility is that inactivation of these
proteins altered the levels of PQS, thus leading to increased
OMVs. To test whether production of PQS and its direct precur-
sor, 2-heptyl-4-quinolone (HHQ), were affected in the oprF and
oprI mutants, PQS was measured using TLC and HHQ was mea-
sured using high-performance liquid chromatography (66). The
oprF mutant produced �4-fold more PQS and �1.5-fold more
HHQ than wt P. aeruginosa (Fig. 4A and C), while the oprI mutant
produced PQS levels equivalent to those for the wt (Fig. 4A). Im-
portantly, PQS and HHQ production could be genetically com-
plemented by expression of oprF in trans in the oprF mutant (Fig.
4B and C). Recent evidence partially conflicts with these results,
determining that a P. aeruginosa oprF mutant produces lower lev-
els of PQS (67). Our study likely contradicts this study due to the
fact that different quantification methods were used: Fito-Bon-
compte et al. (67) used an LC/MS method (68) to quantify PQS,
and this study used TLC. In contrast to Fito-Boncompte et al., we
and others have found that in the absence of a chelator in the
mobile phase, PQS is difficult to quantify using liquid chromatog-
raphy (66, 69) due to poor peak resolution; thus, TLC provides a
more quantifiable approach.

To determine if the increase in OMV production by the P.
aeruginosa oprF mutant was due to increased PQS production, the
gene (pqsH) encoding the enzyme responsible for the terminal
step in PQS production was deleted in the P. aeruginosa oprF mu-
tant. Since this strain is unable to produce PQS, assessment of
OMV formation by this strain allows the determination of the
importance of PQS for enhanced OMV formation in the oprF
mutant. The P. aeruginosa oprF pqsH double mutant grew simi-
larly to wt P. aeruginosa (Fig. 5A) and produced extremely low
levels of OMVs (Fig. 5B). In fact, OMVs were not detectable in
over half of the OMV preparations. These data support the hy-
pothesis that increased OMV production in the oprF mutant is a
result of increased PQS production. To further test this hypothe-
sis, we examined OMV production by the P. aeruginosa oprF pqsH
double mutant following supplementation with increasing
amounts of PQS (Fig. 5C). OMV production in this strain in-
creased with increasing amounts of PQS (Fig. 5C). Interestingly,
addition of PQS at levels produced by the P. aeruginosa oprF mu-
tant (40 �M) resulted in production of very high levels of OMVs
equivalent to those observed in the oprF mutant (Fig. 2A and 5B
and C). In addition, the PQS-induced OMV production by the P.
aeruginosa oprF pqsH double mutant was similar to that observed
upon addition of PQS to the P. aeruginosa pqsH mutant (Fig. 5C).
These data again support a model in which the increase in PQS
production and not simply the lack of OprF is responsible for the
increase in OMV formation by the P. aeruginosa oprF mutant.

The oprI mutant produced more OMVs than the wt; however,
unlike the oprF mutant, it produced wt levels of PQS (Fig. 4A). For

this reason, we hypothesized that the increased OMV production
by the oprI mutant was not due to increased PQS production but
instead was due to loss of peptidoglycan tethering. To test this
hypothesis, we constructed an oprI pqsH double mutant and ex-
amined OMV production in the presence and absence of exoge-
nous PQS. Similar to the pqsH mutant, the oprI pqsH double mu-
tant did not produce detectable levels of OMVs (Fig. 5B);
however, the oprI pqsH double mutant produced 2-fold more
OMVs than the pqsH mutant upon addition of exogenous PQS
(Fig. 5C). These experiments indicate that PQS is necessary for
production of detectable OMVs in the absence of OprI; however,
loss of OprI leads to increased production of OMVs in the pres-
ence of PQS. These data, combined with the fact that OprI is the
only P. aeruginosa outer membrane protein known to covalently
bind to peptidoglycan, suggest that this protein limits PQS-medi-
ated production of OMVs through tethering to peptidoglycan.

This work provides additional insight into the mechanism of
OMV formation in P. aeruginosa. While the absence of the OmpA
homolog OprF increases OMV production, we showed that unlike
other bacterial species, this increase is not directly attributable to
the loss of peptidoglycan binding but instead is attributable to

FIG 4 PQS production by wt P. aeruginosa and the oprL, oprI, and oprF mu-
tants. (A) PQS was extracted from whole cultures and quantified using TLC.
The oprF mutant produces �4-fold more PQS than wt. (B) Complementation
of the P. aeruginosa oprF mutant with pEX1.8-oprF restores PQS to wt levels.
(C) The oprF mutant produces slightly more HHQ than the wt, and comple-
mentation of the oprF mutant restores HHQ to wt levels. *, P 	 0.02 via
two-tailed Student’s t test, assuming equal variance (n � 4).
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increased production of PQS. As demonstrated for many other
bacterial species (6, 8, 33), deletion of Braun’s lipoprotein ho-
molog oprI resulted in an increase in OMV production most likely
through the loss of the major peptidoglycan-associated lipopro-
tein. Several models, which are not necessarily mutually exclusive,
describe the molecular mechanisms of OMV formation (8, 13,
26–29, 31, 33), but few studies have clarified which models apply
to different species and/or growth conditions. These data have

allowed us to refine the P. aeruginosa bilayer-couple model (31)
for OMV biogenesis through demonstration that OprI reduces
PQS-mediated OMV formation.
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