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ABSTRACT Previous work from our laboratory showed that the Gram-negative aquatic pathogen Vibrio cholerae can take up a
much wider repertoire of fatty acids than other Gram-negative organisms. The current work elaborated on the ability of V. chol-
erae to exploit an even more diverse pool of lipid nutrients from its environment. We have demonstrated that the bacterium can
use lysophosphatidylcholine as a metabolite for growth. Using a combination of thin-layer chromatography and mass spectrom-
etry, we also showed that lysophosphatidylcholine-derived fatty acid moieties can be used for remodeling the V. cholerae mem-
brane architecture. Furthermore, we have identified a lysophospholipase, VolA (Vibrio outer membrane lysophospholipase A),
required for these activities. The enzyme is well conserved in Vibrio species, is coexpressed with the outer membrane fatty acid
transporter FadL, is one of very few surface-exposed lipoprotein enzymes to be identified in Gram-negative bacteria and the first
instance of a surface lipoprotein phospholipase. We propose a model whereby the bacterium efficiently couples the liberation of
fatty acid from lysophosphatidylcholine to its subsequent metabolic uptake. An expanded ability to scavenge diverse environ-
mental lipids at the bacterial surface increases overall bacterial fitness and promotes homeoviscous adaptation through mem-
brane remodeling.

IMPORTANCE Our understanding of how bacteria utilize environmental lipid sources has been limited to lipids such as fatty acids
and cholesterol. This narrow scope may be attributed to both the intricate nature of lipid uptake mechanisms and the diversity
of lipid substrates encountered within an ecological niche. By examining the ability of the pathogen Vibrio cholerae to utilize
exogenous lipids, we uncovered a surface-exposed lipoprotein (VolA) that is required for processing the prevalent host lipid ly-
sophosphatidylcholine. VolA functions as a lipase liberating a fatty acid from exogenous lysophospholipids. The freed fatty acid
is then transported into the cell, serving as a carbon source, or shunted into phospholipid synthesis for membrane assembly. A
limited number of surface-exposed lipoproteins have been found in Gram-negative organisms, and few have enzymatic function.
This work highlights the ability of bacteria to exploit exogenous lipids for both maintenance of the membrane and carbon source

acquisition.
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ram-negative bacteria have developed several mechanisms
for scavenging nutrients and other important metabolites
from their surroundings. One such mechanism, the fatty acid up-
take pathway, allows Gram-negatives to import long-chain fatty
acids (LCFAs) through their cell wall via the outer membrane
transporter FadL and ligate them to coenzyme A using the fatty
acyl coenzyme A ligase FadD. After this ligation event, the acti-
vated fatty acids are destined for energy production or membrane
construction. Exogenous fatty acids can serve as an energy source
through the degradative B-oxidation pathway, which yields nu-
merous activated carrier molecules for metabolic gain. Alterna-
tively, the steep energy requirements for fatty acid biosynthesis
can be circumvented by shunting the imported fatty acid into the
membrane for phospholipid assembly (1).
Previous research by our laboratory has shown that the Gram-
negative human pathogen Vibrio cholerae is capable of utilizing
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diverse fatty acids from the surrounding environment, including
very-long-chain fatty acids with multiple unsaturations (2). This
is in contrast to other Gram-negative organisms; Escherichia coli
cannot metabolize fatty acids that are longer than 20 carbons nor
process those fatty acids with equally high degrees of unsaturation
(3-5). This difference in substrate profiles between V. cholerae and
other Gram-negatives may be attributed to V. cholerae’s multiple
homologs of FadL and FadD. A previous study from our labora-
tory determined that the bile secreted in the small intestine caused
variation in the phospholipid profile of V. cholerae when analyzed
via thin-layer chromatography and mass spectrometry (2). All of
the major phospholipids—including phosphatidylglycerol, phos-
phatidylethanolamine, and cardiolipin (see Fig. S1A in the supple-
mental material)—showed an altered acylation profile. Further
experimentation revealed that the fatty acid component of bile
specifically caused the altered migratory pattern. The ability of
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FIG1 GrowthofE. coliand Vibrio species on LPC or LCFA. (A) Chemical structures of PC (phosphatidylcholine), LPC (lysophosphatidylcholine), and an LCFA
(long-chain fatty acid). (B) Both E. coliand V. cholerae can utilize LCFA as the sole carbon source for growth, while only V. cholerae can utilize LPC. (C) All Vibrio
species tested were able to use LPC as the sole carbon source for growth, with the exception of V. fischeri.

V. cholerae to remodel its membrane phospholipids using exoge-
nous lipid sources is an important advantage. This is further em-
phasized by the fact that environmental fatty acids found in
aquatic sediment were also found to cause migratory shifts (2).
Altering the phospholipid profile in this manner can have dra-
matic effects on fitness via homeoviscous adaptation and reduced
energetic requirements for membrane biogenesis.

In their respective niches, Gram-negatives are in contact with
diverse lipid chemical species, more than fatty acids alone, which
can serve as potential carbon sources. V. cholerae is immersed in
lipids when colonizing the human intestine and when living in an
aquatic environment (6). For example, copepods, which consti-
tute a common animal reservoir for V. cholerae, are known to
synthesize phospholipids with very-long-chain fatty acyl tails, in-
cluding phosphatidylcholine with attached docosapentaenoic
(C,,.5) and docosahexaenoic (C,,.¢) acids (7). The lumen of the
human intestine has significant amounts of lysophosphatidylcho-
line (LPC), derived from lecithinase activity on biliary and dietary
sources of phosphatidylcholine (8, 9). Given that V. cholerae has
been shown to remodel its membrane architecture using exoge-
nous lipids and that the bacteria have consistent exposure to these
alternative lipids, V. cholerae might have evolved mechanisms to
utilize these alternate sources of acyl chains for membrane remod-
eling as well.

Currently, while some steps in the transport of fatty acids into
the bacterial cell are well characterized—such as those performed
by FadL and FadD— other steps—such as how V. cholerae might
utilize alternative lipid sources in conjunction with the fatty acid
transport pathway—are enigmatic. This work reports the ability
of V. cholerae El Tor O1 to utilize LPC for nutrition and for re-
modeling of cell wall phospholipids. We have identified a putative
surface-exposed lipoprotein, VolA, that is responsible for this
activity, and we suggest a mechanism for its function. VolA medi-
ates the unusual lipid utilization characteristics of V. cholerae and
represents a newly discovered member of undercharacterized
surface-exposed lipoprotein enzymes of Gram-negative bacteria.

RESULTS

Vibrio cholerae can use lysophosphatidylcholine as the sole car-
bon source. In order to determine if V. cholerae El Tor O1 could
utilize lysophospholipids, bacteria (strains are listed in Table S1
in the supplemental material) were grown in defined minimal
medium with either 0.2% glucose, 2 mM stearoyl (Cg.)-
lysophosphatidylcholine (LPC), or 2 mM stearic acid, serving as
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the sole carbon source (Fig. 1; see also Fig. S2). When E. coli and
V. cholerae were grown with LCFAs, no difference in growth could
be detected. However, only V. cholerae was able to utilize LPC. The
maximal optical density at 600 nm (ODy,,) of V. cholerae grown
on LPC was approximately half that of the LCFA-grown cultures
(Fig. 1B); the slower growth on LPC is likely due to the rate-
limiting step of release of the fatty acid from the LPC molecule.
Similar results were obtained when the level of growth was mea-
sured by determining CFU of viable cells on agar plates (see
Fig. S3).

After observing this phenotype in V. cholerae El Tor, we ex-
panded our testing to other Vibrio species, including V. alginolyti-
cus, V. fischeri, V. harveyi, V. parahaemolyticus, and V. vulnificus.
Bacteria were grown under conditions similar to those of the ini-
tial experiments, with either 0.2% glucose (see Fig. S2) or 2 mM
LPC (Fig. 1C). A defined salt-rich minimal medium was used for
growth of V. fischeri and V. harveyi strains. Interestingly, when
grown with 2 mM LPC as the sole source of carbon, all strains were
able to grow, with the exception of E. coli and V. fischeri (Fig. 1C).

Bioinformatic analysis of Vibrio strains reveals a putative
phospholipase in an operon with a FadL homolog. Since the abil-
ity to use LPC as the sole carbon source was found in multiple
species of Vibrio and not in others, a comparative genome search
was performed using the String 9.0 database (http://string-db
.org). In all species capable of growth on LPC, an additional gene
(vca0863 in V. cholerae) was found directly downstream of a FadL
homolog (gene vca0862 in V. cholerae) (see Fig. S4 in the supple-
mental material). A similar genetic organization was conspicu-
ously absent from the V. fischeri genome. Because only those bac-
terial strains that contained this putative operon were capable of
growth on LPC, it suggested that vca0863 might be involved in the
LPC growth phenotype. Interestingly, VcA0863 is annotated as a
putative lipase (Uniprot Q9KL83 [http://www.uniprot.org]; Gen-
Bank accession no. AAF96761.1 [http://ncbi.nlm.nih.gov]) and
has an N-terminal lipoprotein signal sequence. VcA0863 shows
strong homology to pfam12262, having the known lipase amino
acid sequence motif Gly-Xaa-Ser-Xaa-Gly (10). This motif, con-
taining a catalytic serine, has been identified in lipases derived
from other aquatic organisms (10) and could potentially act in a
similar manner in V. cholerae. A nonaspartate residue is present in
the +2 position after the signal peptide cleavage site, and based
upon rules governing lipoprotein sorting and localization, the
protein should be localized to the outer membrane (11).
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FIG 2 Organization and expression of vca0862 and vca0863. (A) The genetic organization of vca0862 (FadL) and vca0863 (VolA) in V. cholerae, along with
primer extension locations used in RT-PCR. (B) RT-PCR of vca0862 and vca0863 show that the genes are cotranscribed and basal levels of expression are
independent of the presence of LPC. A genomic DNA template was used to confirm the amplified product sizes, and cDNA without reverse transcriptase (-RT)
was used as the negative control verifying DNA-free RNA. (C) qRT-PCR data of the expression of vca0862 and vca0863 grown with glucose and/or LPC. When
growth was in minimal medium containing LPC as the sole carbon source, expression of vca0862 and vca0863 increased 25- and 18-fold, respectively, compared

to expression for a glucose-grown control.

The genes vca0862 and vca0863 are cotranscribed in V. chol-
erae. The intergenic region between the genes vca0862 and
vca0863 in all Vibrio species was between 16 and 23 bp. To confirm
that the FadL homolog (encoded by vca0862) and the phospho-
lipase (encoded by vca0863) are encoded in an operon, RNA was
purified from wild-type V. cholerae grown in minimal medium
supplemented with glucose or glucose and LPC. cDNA was gen-
erated and amplified by primers designed for internal regions of
vca0862, vca0863, or a region spanning 400 bases centered on the
intergenic region (Fig. 2A). Genomic DNA from wild-type
V. cholerae was used as a positive control. PCR products were
observed for the internal regions of the individual genes under
both conditions: a 200-bp band representing vca0862 and a
165-bp band representing vca0863 (Fig. 2B). The presence of LPC
in the growth medium was not required for gene transcription
compared to the glucose control. A 430-bp band, generated from
the intergene-spanning primers, confirms that vca0862 and
vca0863 are cotranscribed.

Quantitative reverse transcription-PCR (qRT-PCR) was per-
formed to determine the expression profiles of vca0862 and
vca0863 in wild-type bacteria grown in the presence of glucose,
LPC, or glucose and LPC together. The relative expression of both
genes was measured as a ratio compared to expression for the
glucose-only control. Results showed that there was no statisti-
cally significant difference in the expression of vca0862 and
vca0863 when LPC was added to the glucose control (Fig. 2C).
However, when the strain was grown with LPC as the sole carbon
source, expression of the genes increased dramatically, with that of
vca0862 increasing ~25-fold and that of vca0863 increasing ~18-
fold compared to expression for the glucose control. Analysis of
the vca0862 promoter region using a footprinting algorithm (12)
revealed binding sites for both cAMP receptor protein (CRP) and
FadR. E. coli CRP is a transcriptional activator that binds to DNA
in a complex with cyclic AMP (cAMP); in the presence of glucose,
levels of cAMP are decreased and CRP does not bind to the DNA
(13, 14). FadR is a repressor of many fatty acid metabolism genes,
including fadL, and is inhibited by binding coenzyme A (CoA)-
activated fatty acids (15). Thus, in the presence of glucose, both
genes could be downregulated due to a lack of active CRP; this is
consistent with the upregulation that is observed in cultures
grown with LPC as the sole carbon source. Additionally, for
growth in succinate (see Fig. S5 in the supplemental material), this
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downregulation is abrogated, and growth with both succinate in
the presence of LPC and LPC only shows an upregulation of
vca0862 and vca0863 compared to findings for a succinate-only
control. This upregulation in the presence of LPC could also be
due in part to a lack of downregulation by FadR because of its
inhibition by LPC-derived fatty acids.

vca0863 is necessary for utilization of lysophosphatidylcho-
line. After identification of an operon containing a phospholipase
and an outer membrane fatty acid transporter, we investigated
whether bacterial growth on LPC was dependent upon expression
of vca0863. When a vca0863-deficient V. cholerae strain was incu-
bated with LPC as the sole carbon source, we found that it failed to
grow (Fig. 3A). Growth on LPC is restored when vca0863 was
expressed in trans from a low-copy-number vector (pVcA0863).
However, the doubling time for the complemented strain was de-
creased ~3-fold compared to that for the wild type and may arise
from increased release of LCFA from LPC by the lipase activity.

Although E. coli K-12 is unable to grow on LPC, heterologous
expression of VcA0863 in E. coli conferred growth on LPC
(Fig. 3B). However, expression of VcA0863 in which the amino
acid glycine at position 20 is replaced with an aspartate residue
(VcA0863-G20D) does not support growth. Based upon the rules
of lipoprotein sorting, replacement of the glycine residue with an
aspartic acid in the +2 position after the lipoprotein signal se-
quence would result in mislocalization of VcA0863 to the inner
membrane (11). These results suggest that expression of VcA0863
is sufficient for the bacterium to utilize lysophospholipids from
the environment and that the protein must be localized to the
outer membrane.

Strains expressing vca0863 modify their membrane phos-
pholipids using the fatty acyl moiety of lysophosphatidylcho-
line. Previously, we reported that V. cholerae underwent substan-
tial membrane remodeling by incorporating long-chain fatty
acids from its surrounding environment. Here, we asked if mem-
brane remodeling also occurred in the presence of lysophospho-
lipids. Cultures of wild-type V. cholerae El Tor O1, the vca0863
mutant strain, and the complemented mutant were grown in de-
fined minimal medium containing 2% glucose and 32P; in the
presence of LCFA or LPC. Wild-type E. coli K-12 was included as
a negative control (see Fig. S1B in the supplemental material).
32p—]abeled phospholipids were extracted and analyzed by thin-
layer chromatography (TLC) (Fig. 4A). By using commercially
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the complemented mutant on LPC. (B) Growth of wild-type E. coli and E. coli containing either pVcA0863 or pVcA0863-G20D on glucose, LCFA, or LPC.

available exogenous lipid sources with acyl chains that cannot be
generated by the bacteria de novo, we can monitor the ability of the
bacteria to utilize the exogenous lipid in the phospholipid biosyn-
thesis pathway by TLC. Here, we grew cultures in the presence of
a mixed sample of either long-chain fatty acids or LPC, predomi-
nantly consisting of 18:2 and 18:3 acyl chains; V. cholerae does not
synthesize either of these chains de novo (16). When all three
strains were grown in LCFA and 2% glucose, an upwards shift in
mobility could be observed in all three of the major phospholipids

A
L

(Fig. 4A), consistent with incorporation of the exogenous LCFAs
into phospholipids. When the cultures were grown with glucose
and LPC, only strains expressing vca0863 showed the same up-
ward shift in mobility. The lack of a shift in the mobility pattern in
wild-type E. coli and the vca0863 transposon mutant is consistent
with a requirement for VcA0863 expression to liberate the fatty
acid from the LPC molecule.

We performed liquid chromatography/electrospray ionization
(ESI)-tandem mass spectrometry on lipids extracted from wild-
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FIG 4 Incorporation of LPC-derived fatty acids into membrane phospholipids of V. cholerae. (A) TLC of LCFA- and LPC-grown cultures of V. cholerae.
V. cholerae strains, including the wild type, the vca0863 transposon mutant, and the vca0863-complemented mutant, were grown in the presence of 2 mM LCFA
or LPC containing 18:2 and 18:3 unsaturated carbon chains that V. cholerae cannot synthesize de novo. All three strains show a shift in mobility for each of the
major phospholipids when treated with LCFA, as expected. When treated with the LPC mix, only strains expressing vca0863 (wild type and complemented
mutant) showed a similar shift, indicating that vca0863 is required for generating LPC-derived fatty acid. The dashed line has been included for comparison on
mobility shifts. (B) Phosphatidylglycerol (PG) was isolated from wild-type, vca0863 mutant, and vca0863 mutant complement strains of V. cholerae and analyzed
by liquid chromatography/ESI-mass spectrometry. Strains that express vca0863 showed a unique set of peaks (shown in red) corresponding to weights of PG that
have acyl chains with unsaturations matching those in the LPC mix. These peaks were absent from the vca0863 mutant. (C) Tandem mass spectrometry (MS/MS)
of the PG peak, with an m/z of 743.469 found only in vca0863-expressing strains. MS/MS showed that C,5., and C, 5.5 acyl chains that originate with exogenous
LPC are incorporated into the V. cholerae membrane.
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FIG 5 Biotin labeling of surface-exposed VcA0863. (A) Antibiotin Western blot of soluble and insoluble protein fractions from either whole V. cholerae cells or
cell lysates labeled with NHS-LC-LC-biotin. (B) SDS-PAGE and antibiotin Western blot of His-tagged VcA0863, 3-lactamase, OmpT, and mislocalized VcA0863
affinity purified from cell extracts of biotin-labeled whole cells. Protein bands at ~81 kDa (VcA0863-His, and mislocalized VcA0863-Hisg) and ~41 kDa
(B-lactamase-His, and OmpT-His,) in size were observed in SDS-PAGE, establishing that all proteins were running according to their molecular masses. The
antibiotin Western blot showed two proteins, an 81-kDa band representing wild-type VcA0863 and a 41-kDa band representing OmpT. The fact that VcA0863
was labeled with biotin strongly indicates that VcA0863 is surface exposed. OmpT was also labeled due to its exposure on the surface of the cell. Little or no signal
could be detected for either B-lactamase or mislocalized VcA0863 due to lack of surface exposure.

type V. cholerae, vca0863 V. cholerae, and the complemented mu-
tant. Each of the major phospholipids was analyzed. Analyses of
spectra revealed distinct differences between the vca0863 trans-
poson mutant and the wild-type and complemented strains. Spe-
cifically, results from the Lipid Maps Structure Database predic-
tion algorithm (http://www.lipidmaps.org/) showed several
phospholipid species corresponding to phospholipids containing
Cg., and C, 4.5 that were present only in spectra for wild-type or
complemented V. cholerae grown in the presence of Cg.,/15.3-LPC
(Fig. 4; see also Fig. S6 and S7 in the supplemental material).
Masses of phospholipid species specific to LPC growth are high-
lighted red in Fig. 4B (see also Fig. S6 and S7). A phosphatidylg-
lycerol [M-H]!~ ion peak with mass of 743.469 (Fig. 4B) in the
wild-type or complemented strain was selected for tandem mass
spectrometry. Collision-induced dissociation of the m/z 743.469
ion revealed two phosphatidylglycerol species containing C,g.,/
Cig:1 OF Cig.5/Cig.0, confirmed by the presence of peaks at m/z
277.219 and 279.238, which correspond to C,55 and C,g., acyl
chains, respectively (Fig. 4C). Similar phenotypes were observed
for phosphatidylethanolamine and cardiolipin species, indicating
that lipids derived from LPC can be used both for nutrition and
for remodeling of all of the membrane phospholipids (see Fig. S6
and S7).

The vca0863 gene product is a surface-exposed lipoprotein.
In the course of this study, we observed that a fadL mutant of
E. coli failed to grow using LPC as the sole carbon source when
heterologously expressing vca0863 (see Fig. S8 in the supplemen-
tal material). Because FadL is responsible for the uptake of LCFAs,
it is reasonable to assume that the breakdown of LPC occurs prior
to entry into the cell. This indicates that VcA0863 may be surface
exposed. To confirm localization of VcA0863, whole bacteria were
labeled with an amine-reactive biotin (N-hydroxysuccinimide
[NHS]-long-chain [LC]-LC biotin), and the labeled proteins were
visualized using a streptavidin horseradish peroxidase conjugate
(17). The large size and polar nature of the biotin compound
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prevent passage across the outer membrane, allowing selective
labeling of surface-exposed proteins. When whole cells were la-
beled, only minimal signal could be detected in the soluble frac-
tion, indicating that the biotin compound failed to significantly
penetrate the outer membrane (Fig. 5A).

To determine if VcA0863 was surface exposed, a V. cholerae El
Tor O1 vca0863-deficient strain was transformed with vectors ex-
pressing His-tagged variants of either vca0863 or vca0863 encod-
ing the G20D replacement (vca0863-G20D). Cells were also sepa-
rately transformed with vectors containing an E. coli-derived
B-lactamase (encoded by ampC) (18), serving as a negative con-
trol, or V. cholerae ompT, an outer membrane -barrel acting as a
positive control (19). After labeling the V. cholerae strains with
NHS-LC-LC biotin, cells were harvested and lysed, and polyhisti-
dine tagged proteins were isolated using cobalt affinity resin and
analyzed via Western blotting (Fig. 5B). On the antibiotin blot,
controls reflected the surface specificity of the biotin labeling. For
example, surface-exposed OmpT was efficiently biotinylated and
produced a strong signal. Periplasmic B-lactamase, however,
showed minimal labeling even though the protein is overex-
pressed, suggesting that NHS-LC-LC biotin did not cross the
outer membrane to a significant degree. Also detected on the an-
tibiotin blot was a prominent 83-kDa band representing
VcA0863, indicating that it is surface exposed. No signal could be
detected for the mislocalized VcA0863-G20D mutant.

In addition to using surface biotinylation, we independently
confirmed that VcA0863 is surface exposed through the use of
immunogold electron microscopy. Wild-type E. coli K-12 or wild-
type V. cholerae El Tor expressing VcA0863 were incubated with
polyclonal anti-VcA0863 antibodies followed by gold-conjugated
goat anti-rabbit antibodies. The labeled whole cells were then an-
alyzed via electron microscopy. Both E. coli and V. cholerae cells
expressing VcA0863 showed a considerable number of gold par-
ticles associated with the cell surface in comparison to strains lack-
ing VcA0863, which showed no surface labeling (Fig. 6). Together
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FIG 6 Immunogold electron micrographs of E. coli and V. cholerae strains expressing vca0863. Gold particles (examples are denoted with a red arrow) indicate
the presence of surface-exposed VcA0863. Both E. coli expressing vca0863 from the plasmid and wild-type V. cholerae showed gold particles associated with the
surface of the cell, indicating that VcA0863 is exposed to the surface in both strains. Wild-type E. coli or the V. cholerae vcA0863 mutant failed to display any
associated gold particles on the bacterial surface. Mean gold particle counts are reported with standard errors (n > 10); statistical significance was observed
between results for strains expressing and not expressing vca0863. *, P < 0.0005, Mann-Whitney U test.

with the surface biotinylation of VcA0863, these data indicate a
clear surface localization of the lipase. Given that VcA0863 has a
lipase domain, is required for growth on lysophospholipids, and is
localized to the bacterial surface, we have named the vca0863 gene
product VolA for Vibrio outer membrane lysophospholipase A.

DISCUSSION

This study demonstrates an unusual form of lipid utilization in the
Gram-negative bacterium Vibrio cholerae. In the course of its life
cycle, V. cholerae experiences a variety of environments, from its
planktonic existence in the ocean, living as aggregates associated
with animal reservoirs in aquatic ecosystems, to infecting a human
host. Concentrations of nutrients, ions, and salts vary significantly
between these conditions, as does the presence of antimicrobial
agents; because of this, V. cholerae has developed specific systems
to adapt itself for survival. One such system is the fatty acid uptake
pathway, used to incorporate fatty acids from the environment
directly into various metabolic pathways. Previous experiments
from our laboratory have shown that V. cholerae is capable of
using very-long-chain fatty acids from the environment both as a
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carbon source and to remodel its membrane lipids; these fatty
acids have not been shown to be used by other Gram-negatives.
This distinct uptake profile could be due to an uncommon evolu-
tion of multiple homologs of FadL and FadD found only in
V. cholerae and some related species. Elaborating on the utilization
of unconventional lipids by V. cholerae, the current work high-
lights the ability of V. cholerae to process lysophosphatidylcholine
(LPC) for use in various metabolic pathways. The ability to use
LPC from its surroundings has advantages for V. cholerae fitness in
terms of nutrient acquisition and environmental acclimatization;
LPC-derived fatty acids can be used as a nutrient source, reducing
the energetic needs of the cell, but they can also be used to remodel
phospholipids. By using environmental lipids to remodel the
membrane architecture of the cell, V. cholerae could respond to
membrane stress through homeoviscous adaptation, a mecha-
nism by which bacteria can regulate their membrane fluidity when
exposed to a new environment.

LPC and its progenitor phospholipids are commonly found in
both aquatic environments and in human host. In the ocean,
V. cholerae associates with a variety of organisms, including zoo-
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plankton (20, 21), chironomid egg masses (22), flora (23), proto-
zoa (24, 25), mollusks (26), and fish (27). Phospholipids and ly-
sophospholipids are present in and on these various reservoirs
(28-31). Secretion of a lecithinase in V. cholerae (32) could free the
lyso derivative from phosphatidylcholine in the environment. The
ability of V. cholerae to use LPC as a carbon source provides a
fitness advantage in nutrient-poor aquatic environments. Fur-
thermore, the ability to scavenge lysophospholipids may reach
beyond the usage of LPC. Other environmental lipids present in
appreciable amounts could also be processed by VolA or VolA-
like proteins.

Once V. cholerae infects a human host, it is consistently ex-
posed to phospholipids and their derivatives. Through human
pancreatic phospholipase A2 activity for both dietary and bile-
sourced phospholipids, the human intestine has significant levels
of lysophospholipids, with LPC as the predominant lipid (33).
V. cholerae can modify its membrane lipids using the fatty acid
freed from LPC in a manner similar to that of exogenous fatty acid
remodeling. By breaking down the LPC that is present and altering
its own membrane phospholipids to resemble the host, V. cholerae
could protect itself against membrane stress. More importantly,
LPC has been shown to be involved in several proinflammatory
signaling pathways (34, 35), generation of reactive oxygen species
(36), and indirect antimicrobial effects on Gram-negatives (37,
38). A secondary effect of this utilization may be to reduce the
local concentration of LPC, thus circumventing host defenses and
reducing bacterial clearance.

The importance of lipid utilization in bacteria is not fully un-
derstood. While fatty acid uptake has been investigated, few data
are available concerning alternate lipid sources. This study is just
one example of how other lipids might be used via undiscovered
enzymes that work in conjunction with established uptake path-
ways. Other lipids may play similar roles in nutrition and mem-
brane remodeling in a manner similar to fatty acids and LPC.
Cholesterol, for example, has been shown to have significant ef-
fects on membrane strength when incorporated into the human
pathogen Helicobacter pylori (39); alternatively, it plays a role in
nutrition in Mycobacterium tuberculosis (40). It is unclear if lipid
uptake plays as substantial a role in other organisms besides
Gram-negatives. Uptake of fatty acids has been observed in Gram-
positives (41), but it is unknown if the mechanism of uptake is
similar to that of Gram-negatives.

We propose a model for the mechanism of LPC utilization
(Fig. 7). In this model, VolA acts on LPC prior to its passage
through FadL, supported by the fact that growth on LPC as the
sole carbon source is dependent on expression of FadL (see Fig. S8
in the supplemental material). This model is particularly intrigu-
ing because there are currently only a few surface-exposed lipo-
proteins in Gram-negative bacteria: TraTp (42), an F sex factor,
WZAys, (43), a multimeric pore-forming complex involved in
K30 capsular polysaccharide expression, and CsgG (44), a mem-
ber of the secretion apparatus of curli fibers in the Enterobacteri-
aceae. Additionally, the most abundant protein in E. coli, Lpp, was
recently identified by the Silhavy group as being expressed as a
surface-exposed lipoprotein (17). Lpp has been shown to have two
forms, existing in an ~1:2 ratio: a peptidoglycan-bound form and
a “free” form. Cowles et al. (17) demonstrated that nearly all of the
free form of Lpp is localized to the surface of the outer membrane
of E. coli. While these are several examples of surface-exposed
lipoproteins, there is a noticeable lack of discovered lipoprotein
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FIG7 Proposed model for VolA-dependent utilization of lysophospholipids.
Exogenous LPC is initially cleaved by the surface-exposed lipoprotein VolA
(VcA0863). One of the V. cholerae homologs of FadL (encoded by vc1042,
vc1043, or vca0862) (see Fig. S$4 in the supplemental material) can then trans-
port the free fatty acid. Following transport across the periplasm and the inner
membrane, the fatty acid is converted to an acyl-CoA by FadD. The activated
fatty acid can be utilized for phospholipid biosynthesis or used as a carbon
source for the bacterial cell.

enzymes. Pullulanase, a starch-debranching lipoprotein that is ex-
ported to the outer surface of Klebsiella species and subsequently
released into the growth medium, is one of the only known exam-
ples of a surface lipoprotein with enzymatic function (45). The
protein described in this work is an instance of a surface-exposed
lipase illuminating how lipoproteins can play a role in extracellu-
lar enzymatic mechanisms.

Itis currently unknown how the protein identified in this study
is transported to the surface of V. cholerae. VolA is likely shuttled
through the Lol system (46), especially since mutation of the +2
residue after the lipoprotein signal sequence can disrupt localiza-
tion (Fig. 5). Since the Lol transport machinery ends at the
periplasmic face of the outer membrane, how VolA reaches the
outer surface of the cell (Fig. 7) is unknown. The fact that VolA can
be properly expressed in E. coli, combined with the recent discov-
ery that Lpp is also surface exposed, indicates that both E. coli and
V. cholerae express the machinery required to transport lipopro-
teins to the outer surface. The easily observed growth phenotype
associated with the utilization of lysophospholipids presents an
opportunity to identify additional machinery required for the
transport of VolA to the bacterial surface.

The current study continues to highlight the importance of
lipid utilization by Gram-negative bacteria. Vibrio species may
have evolved this adaptation as an efficient means for both main-
tenance of the membrane and carbon source acquisition. The abil-
ity to exploit exogenous lipids in different environmental reser-
voirs would allow the bacterium to adopt a phospholipid profile
that reflects the fatty acid composition of its surrounding environ-
ment, perhaps as a mechanism of homeoviscous adaptation to
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survive membrane stress. The roles that VolA and membrane re-
modeling play in the adaptation of V. cholerae to diverse environ-
ments are currently under investigation.

MATERIALS AND METHODS

A description of all bacteria strains, plasmids, and oligonucleotides can be
found in Table SI in the supplemental material. Methods for the purifi-
cation and characterization of phospholipids, electron microscopy, bioti-
nylation of proteins, and the generation of polyclonal antibodies are all
described in the supplemental Materials and Methods. Methods describ-
ing recombinant DNA and RNA techniques and the generation of com-
plementation plasmids can also be found in the supplemental Materials
and Methods.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBi0.00305-13/-/DCSupplemental.
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