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Abstract

Gram-negative bacteria produce outer membrane vesicles (OMVSs) that contain biologically active
proteins and perform diverse biological processes. Unlike other secretion mechanisms, OMVs
enable bacteria to secrete insoluble molecules in addition to and in complex with soluble material.
OMVs allow enzymes to reach distant targets in a concentrated, protected, and targeted form.
OMVs also play roles in bacterial survival: Their production is a bacterial stress response and
important for nutrient acquisition, biofilm development, and pathogenesis. Key characteristics of
OMV biogenesis include outward bulging of areas lacking membrane-peptidoglycan bonds, the
capacity to upregulate vesicle production without also losing outer membrane integrity,
enrichment or exclusion of certain proteins and lipids, and membrane fission without direct energy
from ATP/GTP hydrolysis. Comparisons of similar budding mechanisms from diverse biological
domains have provided new insight into evaluating mechanisms for outer membrane vesiculation.
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INTRODUCTION TO SECRETED VESICLES AND THE ENVELOPE

Gram-negative bacteria, like all other cells, interact with the environment. These interactions
are often accomplished by the distal effects of secreted molecules. Secretion is an important
aspect of gram-negative bacteria that offers distinct advantages over cell-associated material.
Secretion allows cells to interact with a wide area of their environment without expending
energy in moving themselves. Secreted material is smaller and nonviable, so it can influence
an environment that is inaccessible to the whole bacterium, either due to size or growth
restriction. Secreted material is typically considered to be soluble; however, cells in all
domains of life (eukaryote, archaea, and prokaryote) have specific mechanisms to secrete
insoluble material as well. In this review we focus on the function and biogenesis of gram-
negative bacterial outer membrane vesicles (OMVSs), an insoluble secretion pathway.

To discuss OMV secretion, it is first necessary to be familiar with the unique architecture of
the gram-negative envelope, which consists of two membranes, called the inner and outer
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membranes, the peptidoglycan layer, and the periplasm (10). The membranes differ in lipid
and protein composition. In most gram-negative bacteria, the outer leaflet of the outer
membrane (OM) is composed mainly of lipopolysaccharide (LPS), while the inner leaflet
and both leaflets of the inner membrane are composed of phospholipids. A viscous, ~13-nm
periplasmic space between the two membranes makes up 7-40% of the total cell volume
(13, 42, 74). The periplasm is an oxidizing environment devoid of any known energy source
such as ATP or NADPH. Within the periplasm is a thin, rigid peptidoglycan layer attached
to both membranes by membrane-anchored proteins such as Braun’s lipoprotein (Lpp) and
OmpA.

The gram-negative envelope contains a large number of proteins and is the location for
several important functions, such as nutrient acquisition, adherence, secretion, signaling, and
protection from the environment (12, 76). The importance of the envelope is underlined by
the fact that disruptions to any of its layers can be lethal to the cell. To protect the
environment, gram-negative bacteria have evolved multiple mechanisms to monitor and
repair damage caused by envelope stressors (64).

Gram-negative bacteria release OM and periplasm through the production of OMVs, small
spherical structures 20-250 nm in diameter. OMVs are produced when small portions of
OM bulge away from the cell, pinch off, and release. Soluble proteins are associated with
OMVs as entrapped periplasm and as externally adherent material. Secreted OMVs can
disseminate far from the cell and impart biological functions on the environment and on
other cells, including playing a role in pathogenesis, quorum signaling, nutrient acquisition,
and horizontal gene transfer (25, 43, 54, 55, 65, 84). OMV production is a common feature
of all gram-negative bacteria, and because of the energy cost implicit in replacing the shed
lipids and proteins, OMV formation has presumably evolved for a reason.

Many studies of OMVs have been directed at determining OMV composition, OMV
functions, conditions that affect OMV production, and the design of OMV-based vaccines.
Although several mechanisms for vesiculation have been proposed, there is little concerted
evidence supporting these ideas. It is possible that vesiculation occurs by a well-conserved
mechanism; however, different types of OMVs may exist and originate by different
mechanisms. Understanding how bacteria produce OMVs can help us comprehend how
other domains of life produce similar secreted structures, and vice versa. Such comparisons
will yield insight into the general principles involved in forming a vesicle from a biological
membrane.

Here we review the functions of OMVs in relation to bacterial physiology and the conditions
and genes involved in regulating OMV production. Then, based on an aggregate
consideration of compositional, regulatory, and genetic data, as well as analysis of
analogous biological systems, we review the principles of OMV biogenesis.

KEY DISCOVERIES AND ANALYSES OF OUTER MEMBRANE VESICLES

OMVs were first detected when it was observed that the cell-free supernatant of Escherichia
colf cultures grown under lysine-limiting growth conditions contained soluble LPS (9).
Electron microscopy of these cultures revealed that the OM of the cells was actually shed in
the form of small spherical structures with a single membrane surrounding an electron-dense
center (41, 83). The authors hypothesized that the lysine-limiting growth conditions
inhibited peptidoglycan synthesis without affecting OM synthesis, resulting in an excess of
OM that could not remain bound to the cell. However, subsequent studies showed that
similar structures were also formed under normal growth conditions in vitro as well as in
infected host tissues and serum, and that OMVs are produced by a large variety of gram-
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negative bacteria, indicating that this process was more widely relevant for gram-negative
bacteria (21, 29, 31, 67).

Studies of the density and LPS composition of purified OMVs confirmed their origin (31).
By protein analyses, OMVs lacked, or were at least highly depleted in, inner membrane and
cytoplasmic components (38). Thus, OMVs were not simply a result of cell lysis, which
would create vesicles with a mixture of proteins and lipids from all fractions of the cell.
Biochemical comparisons of the protein profiles of OMVs and bacterial OM fractions and
comparisons of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
banding patterns showed that OMVs consisted mainly of the typical, abundant OM proteins
(31, 37, 52). Because OMVs were found to contain periplasmic proteins by activity assays
(34, 35, 48), extra bands representing soluble periplasmic proteins were expected in the
OMYV lanes. Further differences in protein profiles were also observed. Some OM proteins
were disproportionately enriched in OMVs, whereas others were excluded (32, 37, 52, 80).
Similar observations were also made for the lipid composition of OMVs (32, 35, 37, 48).
OMVs from Pseudomonas aeruginosa were nearly exclusively composed of B-band LPS,
which is only present in small proportions in the OM (35, 48). Not only did these studies
further support the origin of OMVSs, but they were also critical in elucidating key features
about OMVs: Enrichment and exclusion of proteins in OMVs meant that the OM does not
simply randomly pinch off, and the inclusion of periplasmic content in OMVs meant that the
OM is not merely fragmenting, sloughing off, and resealing. Instead, OMVs are the product
of a biological mechanism.

In light of these studies on the composition of OMVs, it should be emphasized that the
OMV purification method is crucial in studying their properties (outlined in Figure 1).
OMVs are typically separated from cell-free culture supernatants by high-speed (=40,000x
g) centrifugation. However, sedimentation of cell-free supernatants can also cause larger
macro-molecules such as fimbriae and flagella to be included in the OMV pellet (5). To
characterize a pure population, OMVs must be separated from other supernatant material.
This is most readily accomplished by density gradient centrifugation. It should be noted that
concentration by ammonium sulfate precipitation prior to density gradient separation can
artificially induce nonspecific binding of extracellular proteins to OMVs. Unfortunately,
many studies have utilized mechanical shearing, detergent, or chemical treatments to
produce greater quantities of material also termed “outer membrane vesicles” (see Figure 1).
These studies have confused the literature because such vesicles have different properties
than OMVs produced naturally. These vesicles consist of proteins and lipids from the entire
bacterium that were randomly captured by membrane fragments that sealed in solution.
Thus, results of these studies should be interpreted carefully.

FUNCTIONAL ROLES FOR OUTER MEMBRANE VESICLES

As secreted complexes of insoluble and soluble bacterial envelope components, OMVs are
poised to play myriad biological roles. An important feature of OMVSs is that the proteins
associated with them exhibit biological activities (25, 35, 48, 55, 76). OMVs act as delivery
vehicles, as nucleators in the formation of bacterial communities (biofilms), and as
contributors to bacterial survival and virulence (22, 23, 57, 69).

A Secretion and Delivery System

OMVs are a secretion and delivery system in that they can disseminate bacterial products
and interact with the environment (Figure 2). Like other secretion systems, OMV-mediated
secretion can be regulated temporally and spatially. However, OMV secretion is distinct
from the better-studied soluble protein secretion systems. In OMV secretion, soluble
material is released in a complex with and/or surrounded by insoluble material. By contrast,
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soluble secretory pathways export specific monomeric or small protein complexes, and
secretion is not accompanied by the release of other cellular material. Characteristics unique
to OMV secretion and delivery are discussed below.

OMV-mediated secretion—One characteristic unique to OMV secretion is that it allows
the secretion of bacterial lipids, membrane proteins, and other insoluble compounds. For
pathogenic bacteria, integral OM proteins called adhesins are particularly important in
colonization of host tissues because they mediate coaggregation. Coadherence and
coaggregation of bacteria require functionally displayed, multivalent adhesins. Because
OMVs present multivalent complexes of membrane adhesins, OMVs can satisfy this role.
Indeed, Porphyromonas gingivalis OMVs cause cellular aggregation and aid in the
development of dental plaque biofilms (25, 33).

The highly hydrophobic P. aeruginosa quorum-signaling molecule, PQS, is another type of
insoluble compound secreted by OMVs (17, 54). It has recently been shown that PQS
cosediments with OMVs and contributes to OMV generation by intercalating into the OM
and inducing membrane curvature (53, 54). OMV association allows dispersion of this very
hydrophobic molecule in an aqueous environment.

A second characteristic unique to OMV secretion is that it is a means by which soluble
proteins can be released in a protective complex (Figure 2). Soluble proteins are included in
the OMV lumen as well as bound to the OMV surface. There is expected to be some
compensation to the bacteria for this seemingly energetically unfavorable co-release of
bystander insoluble material. One possible advantage is the protection of the soluble
material within OMVs. In the bacterial environment, particularly in biological niches,
extracellular proteases often degrade secreted proteins. Both periplasmic molecules inside
the OMV lumen as well as soluble proteins associated with the external surface of OMVs
are highly resistant to proteases (39). Thus, OMV-mediated transport can allow less stable
molecules, such as protease-susceptible toxins, to reach further destinations or behave like
time-release capsules, which provide a beneficial activity at a later time.

A third characteristic unique to OMV secretion is that it allows proteins to be delivered at
high concentrations and in close proximity to other factors (Figure 2). If bacteria are far
from a target and the secreted molecules are effective only at high concentrations, these
soluble effectors will have to be secreted at high levels. By using OMVs, bacteria can
deliver effectors at a higher concentration over greater distances. Furthermore, if multiple
enzymes are necessary for a particular distal activity, OMVs can co-transport proteins so
that they reach a remote site simultaneously.

Finally, OMVs can not only reach a distant site in a hostile environment with an active,
specific, and/or highly concentrated cohort of molecules, but they can also be specifically
targeted to a particular distal site through the binding specificity between surface-exposed
bacterial adhesins and environmental ligands or receptors (Figure 2). The combination of
these characteristics makes OMV secretion particularly effective, albeit energy consuming.

OMV-mediated delivery—Soluble OMV content is delivered to a target via two proposed
mechanisms. In the first mechanism, OMVs spontaneously lyse, allowing the contents to
subsequently diffuse. In the second delivery mechanism, OMVs attach to the target and
deliver content by proximal lysis, internalization, or fusion (35).

Little evidence exists for spontaneous OMYV lysis. One study did show that exogenously
added DNA associated with OMVs in a DNase-resistant manner, suggesting DNA could
enter OMVs through OMV lysis and resealing (70). However, this study did not demonstrate

Annu Rev Microbiol. Author manuscript; available in PMC 2012 December 18.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Kulp and Kuehn

Page 5

the release of lumenal content, and other studies demonstrated that exogenous DNA does
not always associate with OMVs (15). Further, many studies have demonstrated that OMVs
are stable (36, 63), and large amounts of environmental content have not typically been
observed in OMVs. As an alternative explanation for the data regarding DNase-resistant
DNA, DNA attached to the surface of OMVs could be protected, or DNA could enter OMVs
by the mechanism used in natural bacterial transformation.

Although spontaneous lysis of OMVs is rare, triggered OMV lysis near a target site has been
demonstrated. OMVs from over a dozen species lysed near both gram-positive and gram-
negative bacteria, indicating that OMV release of autolysins may enable bacterial
competition for an environmental niche (35, 49). It was proposed that the OMV membrane
was disrupted by interactions with the positively charged peptidoglycan of gram-positive
bacteria, whereas OM fusion of OMVs was proposed in the delivery of autolysins to gram-
negative cells.

OMV attachment followed by membrane fusion can deliver OMV content directly into
target cells (35, 36). In studies by the Beveridge lab, immunogold-labeled LPS was used to
track OMVs (36). After coincubation, OMV lipids were detected in the OM of the target
bacteria and host cells, and OMV content (notably autolysins and gentamicin) was con-
comitantly deposited inside the target cells (35). Although this was clear evidence of OMV
fusion and delivery of lumenal content, it is not clear why OMVs are able to fuse with target
cells whereas bacterial cells do not readily fuse with each other or with eukaryotic cells.
Fusion-inhibiting factors might be present on the surface of the cells but excluded from
OMVs, or OMV curvature might facilitate membrane fusion. Restricted membrane fluidity
due to the peptidoglycan layer could also prevent fusion of two bacterial membranes.

The combination of OMV-mediated membrane fusion and the ability of OMVs to carry
DNA implicates OMVs in evolutionary and population dynamics. Indeed, OMVs have been
reported to facilitate horizontal gene transfer between different strains of gram-negative
bacteria and even across species (16, 84). In other studies, although DNA was observed in
OMVs, transformation could not be achieved (65). In order to transform a recipient cell,
OMV-associated DNA would presumably enter into the periplasm along with the other
lumenal content during OMV-cell fusion and then transverse the inner membrane. However,
the data could also be explained if the DNA was actually on the OMV surface and if DNA
brought in proximity to a recipient cell by OMV adherence resulted in gene transfer and
transformation by a low level of natural bacterial competence. The latter mechanism is
supported by the extremely low frequency (3 x 10710 with 0.165 ng of DNA) of OMV-
mediated transformation (84).

A final mechanism of OMV delivery to consider is endocytosis into eukaryotic cells. OMVs
enter host cells by multiple endocytic pathways (22, 40). Endocytosis-mediated delivery
bypasses the need for heterotypic fusion of a bacterial OM bilayer into a eukaryotic plasma
membrane and results in the entry of the entire OMV into the interior of the cell. The
consequences of OMV endocytosis are particularly evident for bacterial pathogens. For
example, endocytic delivery of OMVs into antigen-presenting cells results in the display of
a cohort of bacterial epitopes to the immune system (1). Also, caveolae-mediated attachment
and internalization of enterotoxigenic £. coli~derived OMVs result in both enterotoxic and
proinflammatory responses (40).

OMV-Enabled Bacterial Survival

Many qualities of OMVs may aid in bacterial survival. For instance, OMVs can titrate a
variety of damaging agents, either intrinsic or extrinsic, away from the bacterial population
(51, 57, 69). OMVs can also contribute to nutrient acquisition either by carrying nutrient-
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generating enzymes or by transporting key nutrients that can be recovered by the cells (76).
Furthermore, OMVs can nucleate and maintain cohesion of biofilm communities (69, 86).

Defense and resistance—Under conditions of environmental stress that affect the
envelope, such as the accumulation of protein aggregates or exposure to surface-damaging
agents, OMVs are a means to quickly relieve the cell of misfolded or toxic material (57).
Although induction of OMV secretion requires a significant energy cost, the benefit in life-
and-death situations must have been sufficient to allow OMV secretion to evolve.

OMV production can quickly remove a surface-attacking agent from bacteria. For example,
OMV production increases the survival of bacteria treated with lytic phage (A. Manning &
M.J. Kuehn, unpublished data). Vesiculation increases during the onset of phage adhesion,
which helps the bacteria avoid infection by immediately releasing the phage before the
phage DNA is injected and by creating an abundance of decoy membranes in the
environment (51). OMVs also absorb other molecules, such as complement and antibiotics
(12, 75). As with phage binding, OM-targeting antimicrobial treatments can induce OMV
production (A. Manning & M.J. Kuehn, unpublished data). Not only do OMVs bind some
antibacterial molecules, OMV association can lead to their inactivation (12, 76). OMVs
tightly associated with bacterial communities (biofilms) are likely to contribute significantly
to the antibiotic resistance of biofilm bacteria. In contrast, planktonic cells must
continuously produce OMVs to maintain a sufficient concentration to provide protection.
Because this would be expensive in terms of energy, it suggests that OMV-mediated
protection by planktonic cells is only an immediate, short-term solution to lethal doses of
antibacterial agents. In other words, OMV production can be used to allow the bacteria to
survive long enough to establish a more permanent resistance.

OMVs are an envelope stress response pathway. Hypervesiculating mutant strains of £. coli
were better able to survive conditions of envelope stress, using both external (ethanol and
polymyxin treatment) and internal (overexpression of a toxic periplasmic protein) stressors
(57). In contrast, hypovesiculating mutants of £. coli were typically significantly more
sensitive than wild type in these conditions. Stressors can influence vesiculation levels as
well as OMV content. Overexpression of a periplasmic fusion protein designed to mimic a
misfolded OM protein in £. coli causes hypervesiculation and OMV enrichment of the
misfolded mimic at least tenfold over a housekeeping protein (57). This enrichment could
demonstrate a key feature of the OMV stress response pathway whereby misfolded proteins
are selectively removed from the cell by OMVs. Aggregates of misfolded proteins could
become resistant to proteolytic cleavage and interfere with essential processes. Therefore,
OMVs could be used to remove aggregated proteins from the cell before they become toxic.
OMVs seem a particularly good mechanism for secreting large aggregates because the size
of the aggregates is not restricted by an OM pore.

Nutrient acquisition—OMVs carry degradative enzymes and receptors that could
contribute to nutrient acquisition and thus to bacterial survival (5, 76, 78). Proteases such as
the P. aeruginosa aminopeptidase can be both external and active when associated with
OMVs. As a result, they are positioned to release into the environment amino acids that may
be critical to bacterial growth (5). PQS is a highly hydrophobic molecule associated with ~.
aeruginosa OMVs, and PQS binds iron, which is essential for bacterial viability and often
limiting in biological environments (17, 54). Similar to siderophores, OMVs carrying PQS
could enable bacteria to scavenge iron. PQS-Fe-OMVs could then be absorbed into the OM
by fusion, or the OMVs could release PQS-bound iron in the vicinity of the cell. OMVs can
also acquire electrons from the surrounding environment (24).
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Biofilm OMVs—aBiofilm OMVs have been studied most extensively for P. aeruginosa and
Helicobacter pylori (69, 86). Although significantly smaller than bacteria, OMVSs contribute
a majority (52 %) of the LPS present in P. geruginosa biofilms and are associated with the
entire biofilm matrix (69). Biofilm-derived OMVs can be separated into two distinct
populations based on their density. The high-density biofilm OMVs are slightly larger and
associate with fimbriae and pili fragments. The low-density biofilm OMVs are the same size
as OMVs from planktonic cultures; however, these OMVs have more LPS and less protein
than their planktonic counterparts.

The addition of OMVs to a H. pylori culture stimulated biofilm production (86). This result
suggests that vesicles enable biofilms to form and that their presence in biofilms is not solely
the result of their entrapment in the matrix. Given the above mentioned studies on DNA
association with OMVs, and that exogenous addition of DNA to cells stimulates biofilm
production (81), it is possible that OMVs play a role in signaling biofilm production via
surface-associated DNA.

Beyond a role in nucleation, OMVs can mediate interactions within and external to the
biofilm. OMVs may mediate communication by OMV-associated quorum-signaling
molecules (54). Further, biofilm OMVs could serve to bind and/or inactivate harmful
molecules (such as antibiotics, complement, and antibodies) and thereby prevent damage to
bacteria within the biofilm. By their contributions to nucleation, communication, nutrient
acquisition, and defense, OMVs are key multifunctional elements of biofilms, and further
studies of these abundant biofilm components are warranted.

OMVs in Bacterial Pathogenesis

The survival-related functions of OMVs described above are likely important to the ability
of bacterial pathogens to cause disease. OMVs can shield infecting bacteria from the host
immune response, enable survival in the stressful environment inside the host during
infection, and help acquire nutrients in an iron- and nutrient-scarce host environment.
However, OMVs also have specific virulence-associated activities. OMVs can contain, and
sometimes be enriched for, active toxins, and they can deliver these toxins into host cells
using a variety of mechanisms (23, 37, 40). The stressful environment encountered during
infection can cause OMV upregulation, with substantial downstream consequences:
Increased production of OMVs is accompanied by increased toxicity and activation of both
innate and adaptive immune responses. Thus, OMVs likely play a variety of key roles in the
various stages of bacterial infections. For a recent, detailed review of the role of OMVs in
the host-pathogen interactions, see Reference 17a.

REGULATION OF OUTER MEMBRANE VESICLE PRODUCTION

Although no known growth condition or mutation results in the absence of OMV formation,
they can affect the levels of vesiculation. Examining the regulation of vesicle production
provides some insight into the mechanism of OMV biogenesis. Quantitation of OMVs in
these studies usually relies on the quantitation of protein in sedimented OMVs from a
culture supernatant, but it should be mentioned that some conditions or mutations
dramatically affect the OM protein-to-lipid ratio; therefore, quantitation of lipids in the
OMV pellet (e.g., using FM4-64, a lipophilic fluorescent dye, as described in Reference 56)
can and often should also be taken into account when quantifying vesicle production.

Growth Conditions

Growth conditions can have a drastic effect on OMV production. For example, high growth
temperatures can increase the number of OMVs produced (38). However, this effect is likely
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indirect because increased growth temperature affects many processes. For example, at high
temperatures more proteins are denatured, activating stress response pathways that influence
vesiculation, but also membranes become more fluid, enabling the OM to bulge and release
OMVs. Higher growth temperatures also increase the rate of cell division, with concomitant
increased rates of cell wall growth and turnover. Indeed, cells growing at exponential phase
produce more OMVs and more OMVs are produced at division septa, possibly because of
the increased peptidoglycan turnover that occurs during cell division (38, 58).

As discussed above, nutrient availability affects vesiculation. Depending on the species of
bacteria, this response can depend on opposite signals. Upregulation of OMV production for
Lysobacter occurs in response to low nutrition, whereas for Pseudomonas fragi it occurs in
response to the availability of nutrients in meat media (76, 79). Enzymes contained within
OMVs might degrade a distant, immobile nutrient, thereby releasing soluble nutrients into
the environment.

External conditions that generate envelope stress elicit a strong vesiculation response in £.
coli (57; A. Manning & M.J. Kuehn, unpublished data). These treatments may increase
vesiculation indirectly by activating envelope stress response pathways or directly by
disrupting the peptidoglycan layer or the proteins linking the OM to the peptidoglycan.

Genetic Control

Several genes are involved in OMV production based on vesiculation changes that occur
when the gene is mutated or knocked-out. Genetic mutants must be carefully analyzed to
reveal whether they change only vesiculation levels and not simply reduce membrane
integrity. For example, mutations of components of the Tol/Pal-envelope-spanning complex
caused vesiculation to increase sharply, and this result has been interpreted to mean that the
Tol/Pal system was a master regulator of vesiculation (7, 14, 30). However, defects in this
system cause considerable leakiness of the OM (45, 50). Because other mutations result in
hypervesiculation without concomitant loss of membrane integrity (56), it is not likely that
the Tol/Pal system is the sole mechanistic basis for OMV production.

A study of two closely related strains of Lysobacterhas provided a compelling example of
OMYV regulation at the genetic level (79). Strains XL1 and XL2 have distinct OMV
production phenotypes, even though XL2 arose from subculturing XL1. Strain XL1
produced a higher basal level of OMVs and responded much more dramatically to changes
in nutrient availability. For both strains, only low levels of OMVs were observed in nutrient-
rich media, but when grown in poor media, XL1 produced up to 100-fold-more OMVs
whereas XL2 did not. Thus, for XL2, the ability to vesiculate was unaffected, but the
regulation of OMV production was disrupted. Because XL2 did not result from mutagenic
treatment, it can be assumed that it was nearly genetically identical to XL1. The identity of
the genes that differ between these two strains could provide valuable insight into OMV
regulation.

A transposon mutant screen of £. coliwas performed to identify genes responsible for
vesiculation (56). Although this screen was not saturating, it did identify a number of
mutations that altered vesiculation levels up to 100-fold. Two of the identified
hypovesiculating mutants had mutations in genes encoding putative cell-envelope-localized
proteins (ypjA and nlpA). A larger number of hypervesiculating mutants were identified,
several of which also displayed compromised OM integrity. Increased OM proteins and
lipids in the supernatants of these mutants could be the result of OM disintegration rather
than a regulated process of generating OMVs.
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Transposon mutations in several genes involved in the Sigmak stress response pathway
caused vesiculation phenotypes with little to no membrane integrity defects. The SigmaE
pathway responds to misfolded OM proteins by upregulating many genes, including those
encoding periplasmic chaperones and proteases (64, 66). Vesiculation increased when the
SigmaE pathway was activated (57). This effect could be due either to a specific Sigma E-
regulated protein or to a general pressure increase in the envelope caused by increased
protein content. The transposon screen also identified hypervesiculation mutants with
significantly lower SigmaE activities (57). These might also be explained by increased
pressure on the OM: Without SigmaE-regulated proteases and chaperones, misfolded
proteins would accumulate in the periplasm.

Whether accumulation of envelope proteins could increase vesiculation was tested directly.
Vesiculation of £. coli increased when genes encoding either nonnative or native
periplasmic proteins were overexpressed (57). Thus, the response was due to the
overabundance of periplasmic material, since this effect was dose dependent, not limited to
endogenous proteins, and not due to SigmaE activation.

The vesiculation screen also identified a gene, n/p/, that encodes an OM-anchored
lipoprotein. The null mutation of n/p/ did not alter SigmaE levels or cause compromised
membrane integrity but did cause hypervesiculation (56). The role of n/p/in vesiculation has
not yet been elucidated, although it appears to also play a role in cell division (62).

A role for OM-peptidoglycan links in vesiculation has been suggested from the early studies
and has gained more support recently. Deleting or truncating OmpA, an abundant protein
linking the OM and peptidoglycan layer, results in increased vesiculation in £. coli,
Salmonella, and Vibrio cholerae (14, 72, 73). It also was recently shown that a small RNA
of V. cholera, VrrA, can block the expression of OmpA and that the presence of VirA
correlated with the amount of OMVs produced (72). The increase in vesiculation observed
with VrrA over-expression was similar to that seen in an ompA mutant. The SRNA
mechanism to downregulate OmpA is conserved across gram-negative species, with
homologues of VrrA found in E. coli, Salmonella, Yersinia pestis, and Klebsiella
pneumoniae (3), suggesting a common mechanism for upregulating vesiculation. VrrA and
the E. colihomolog MicA are regulated by the SigmaE system, possibly explaining how
vesiculation is increased in response to SigmaE-activating envelope stress (72, 77). Further
evidence for the role of OM-peptidoglycan links in vesiculation was presented in a study
using truncation mutants of several other abundant OM-peptidoglycan-linking proteins in
Salmonella (14). The truncations caused vesiculation to increase to varying extents, further
showing that these linkages may be critical in regulating vesiculation.

ANALYSIS OF OUTER MEMBRANE VESICLE CONTENT

The content of OMVs from various species has been characterized using protein mass
spectroscopy (MS). Compositional data from lipid and SDS-PAGE profiles, as well as
comparisons between bacterial fractions and OMVs, have long been used to identify the
source of OMVs; however, this method results in conflicting conclusions (31). Proteomic
data must be carefully interpreted. In some studies, vesicles from chemically or
mechanically treated bacteria were analyzed. These treatments do not produce native OMVs
in protein content or reflect their biogenesis (see Figure 1) (20). Also, whereas MS is
extremely sensitive, it is unable to determine relative abundance in the sample. As a result,
the OMV compositional data is easily misinterpreted. For instance, many MS studies of
OMVs report they include cytoplasm owing to the presence of cytoplasmic components (44,
46). Because the MS studies do not provide information on the abundance of identified
proteins, it is possible that the cytoplasmic proteins are the result of small amounts of
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contamination. Quantitative comparative techniques such as two-dimensional difference gel
electrophoresis have been used to circumvent these problems (5).

Mass Spectroscopy of OMVs

Challenges in the MS proteomic study of £. coli OMVs are exemplified by two studies. In
the first study, Lee et al. (46) identified OMV proteins from a stationary-phase wild-type
culture. They found a large variety of cytoplasmic proteins, suggesting that £. co/i OMVs
regularly contain cytoplasmic material. However, cytoplasmic proteins may actually
represent only a small portion of OMV protein. In the second study, Berlanda Scorza et al.
(6) characterized OMVs from a Tol/Pal mutant of £. coli. The authors took great care to
examine highly purified OMVs and, by collecting OMVs from a log phase culture, to avoid
contaminations from lysed cells. Cytoplasmic or inner membrane proteins were not found,
and they argue that Lee et al. found different results owing to contamination from cell lysis.
Although it appears that Berlanda Scorza et al. analyzed pure OMVs, it is not clear that the
Tol/Pal mutant OMVs are the same as wild-type OMVs, despite the authors finding similar
protein profiles by SDS-PAGE. Because Tol/Pal mutants cause general membrane
instability (45, 50) and because natural OMVs have enriched/excluded OM content
(described above), it is likely that the protein content of OMVs purified from mutants could
differ in subtle but important ways from the protein content of wild-type OMVs.
Nevertheless, most proteomic studies concur that the inner membrane is excluded from
OMVs, supporting EM observations of a single lipid bilayer (5, 41). How cytoplasmic
proteins could enter OMVs without lysis or being accompanied by inner membrane is a feat
hard to imagine. However, current analyses cannot rule out the possibility that OMVs
include some inner membrane and cytoplasmic content, including DNA In order to use the
power of MS proteomics to deduce OMV origins or biogenesis by OMV content, carefully
purified native OMVs should be studied (see Figure 1 and References 32 and 39 for a
detailed method).

Differential Packaging of OMV Cargo

As described above, certain proteins and lipids are enriched in OMVs whereas others are
excluded (5, 37, 80). This consistent population of enriched and excluded OM and
periplasmic components in OMVSs supports a specific vesicle biogenesis mechanism and not
simply a random blebbing of the OM. However, it should also be considered that OMVs
shed by a single bacterial strain could have heterogeneous content owing to multiple
mechanisms of biogenesis. This might confound the detection of more examples of
differential cargo packaging.

Preferential packaging and exclusion of cargo into OMVs can help to reveal the mechanism
of OMV biogenesis. For instance, the finding that Lpp is relatively excluded from OMVs
(31, 80) means that the mechanism must account for the absence of this abundant envelope
protein from the OMV budding site. Because Lpp bridges the OM and peptidoglycan, it is
obvious that the lack of such a component would promote OMV development. As
mentioned above, P. aeruginosa OMVs primarily contain B-band LPS; however, the OM
contains both A-band and B-band LPS, with the B-band being the minor OM constituent
(35, 48). B-band LPS is more highly charged than A-band LPS; therefore, it was proposed
that B-band LPS localized to a small area on the cell surface, and the close proximity of like
charges forced the membrane to curve outward, thereby increasing the distance between the
charged LPS chains. This localized curvature could then be resolved by release as an OMV.
Less obvious is what would cause the clustering of B-band LPS in the OM to initiate these
events. Similarly, it is not understood how overexpressed mimics of misfolded OM proteins
increase vesiculation and become enriched in the secreted OMVs (57). It is possible that a
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gathering of such periplasmic proteins (possibly complexed with an OM component) causes
outward pressure on the OM and leads to OMV formation.

COMPARISON WITH OTHER EXAMPLES OF MEMBRANE BUDDING

Our understanding of the mechanism of OMV biogenesis is assisted by studies of similar
outward budding and fission processes in other biological cells. Vesicles are made with the
egress of enveloped viruses and during the development of archaeal vesicular bodies and
multivesicular bodies of the endosomal sorting complex required for transport (ESCRT)
pathway in mammalian cells.

Viral Budding

Enveloped virus budding offers numerous examples of how small fragments of membrane
can be selectively released from the cell. This process involves three key aspects that are
found in bacterial vesiculation: membrane bulging, packaging of specific components inside
the bud, and membrane fission to release the virion.

Influenza virus release is a particularly well-studied process that presents several similarities
to OMV release. Unlike many envelope viruses, the size and shape of the influenza virion
are not determined by an underlying nucleocapsid; so, much like OMVs, a range of sizes are
observed (27). The size of the influenza virus probably depends on membrane proteins, and
similarly, OMV size may be modulated by OM proteins.

The budding and release of influenza depend on three proteins (the transmembrane proteins
NA and M2, and the membrane-associated protein M1) as well as lipid rafts in the
membrane. Lipid rafts concentrate critical viral proteins such as NA, which is needed for
proper virus release (60). Whereas the majority of the viral envelope is derived from lipid
rafts, the bud scission site appears to be devoid of lipid rafts (4). It is thought that the lipid
raft, which is more viscous than the rest of the membrane, is not sufficiently fluid to support
membrane fission. These data demonstrate how lipid compaosition can play a key role in
initiating budding through protein recruitment. Similarly, OMV formation may depend on a
heterogeneous patch of OM lipids or proteins, and the observed variation in the size of
OMVs, even for a single cell, may be due to varying sizes of the membrane patches.

M1 plays a more direct role in budding (11). M1 remains associated with the inner leaflet of
the plasma membrane and likely helps concentrate the viral proteins NA and HA through
interactions with other envelope proteins (2, 60). M1 also creates a striking asymmetry
between membrane leaflets that could generate membrane curvature (60). A similar process
may occur for OMVs in which membrane proteins may be predominately recruited at one
side of the OM, leading to a change in membrane curvature that induces OMV budding. M1
also binds to ribonucleoproteins and is crucial to packaging the viral genome into the virus
(85). The enrichment of particular OMV cargo might be similar, owing to a protein that
interacts with both enriched proteins and lipids and proteins involved in OMV formation.
Finally, M1 appears to play a role in the fission step, as M1 mutants produced longer virus
particles (11, 61). That a single protein can be important to multiple budding steps gives
precedent that OM vesiculation may not require a large set of proteins.

Bud release typically requires an active step. The release of influenza virus is an ATP-
dependent process that is inefficient; only around 10% of the fully budded viral particles are
released (60). It is not clear if this is caused by a lack of ATP in the host cell late in infection
or a general inefficiency of the scission process. Similarly, filoviruses with defects in viral
release form long buds at the membrane of infected cells, indicating that viral scission is an
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important step that does not occur randomly (28). This stage of the process contrasts with
OMV budding: OMV release appears to be a rapid, efficient process (8).

ESCRT-Mediated Budding by Eukaryotes and Archaea

The ESCRT pathway creates vesicles by an outward budding mechanism, and therefore it is,
at least in principle, related to the OMV biogenesis pathway. The ESCRT pathway is
conserved in most taxa of eukaryotes and was also discovered to exist in archaea (18, 71,
82).

In eukaryotes, the ESCRT pathway is responsible for budding of intracellular multi-
vesicular bodies. In this process, four proteins, ESCRT-0, -1, -11, and -111, are successively
recruited to vesicle budding sites (82). The vesicular bodies are released by a fission event
involving a ring of proteins that forms at the interface between the bud and the membrane.
The polymerized ring constricts by eliminating proteins from the ring, forming progressively
smaller rings, and eventually pinching off the neck of the budding vesicle. Identifying
conserved bacterial proteins homologous to the ESCRT proteins or at least having features
analogous to those of ESCRT proteins, such as the presence of lipid binding domains, might
aid the search for the OMV biogenesis pathway.

ESCRT proteins are also involved in cargo recruitment to the newly forming vesicle (71,
82). However, cargo sorting into multivesicular bodies is ubiquitin dependent (71), and thus
this process would not be conserved in bacteria. However, there may be another, as yet
undiscovered, tag in bacteria that takes the place of ubiquitin.

The ESCRT-III proteins are the final ESCRT proteins recruited to the sites of budding. They
have an inactive monomeric form and an active multimeric lattice form (59). It is not clear
what role this lattice plays. It is not proposed that the ESCRT proteins themselves create
membrane curvature, but instead that they recruit curvature-inducing components. For
example, it is suggested that such membrane curvature in yeast is induced by the interaction
between ESCRT-0 and phosphoinositides with Ent3 and Ent5, which have ENTH (epsin N-
terminal homology) domains (19). A search for analogs in gram-negative bacteria might
identify major players in the vesiculation pathway. In archaea, a cell division pathway
similar to ESCRT-I11 mediates external vesicle formation (18). This conservation between
domains increases the likelihood that bacteria possess a similar system.

IF-BAR-Mediated Budding

Another form of outward budding in eukaryotes is through the use of inverted F-BAR (IF-
BAR) proteins. These proteins create curvature in membranes both in vitro and in vivo (26,
68). IF-BAR proteins are crescent-shaped proteins with charged residues located on the
convex side. These residues are thought to interact with the charged head groups of the
membrane and provide a scaffold for the initial budding (68). Also, domains on the edges of
the protein seem to recruit phosphatidylserine, which is concentrated at those sites (68).
Proteins involved in OMV formation could, similarly, specifically interact with certain lipids
of the OM, causing the observed enrichment of particular lipids seen in OMVs.

OUTER MEMBRANE VESICLE BIOGENESIS

In proposing how OM vesiculation occurs, we must consider both the cumulative OMV data
and the mechanistic principles detailed in this review. A gram-negative species, strain, or
mutant that does not produce OMVs has never been identified. This makes it likely (but not
certain) that vesiculation is an essential, and possibly conserved, process. It has been
established that vesicle biogenesis is regulated, it does not result from or cause fissures in
the OM, it leads to heterogeneous packaging of proteins and lipids, and it cannot require

Annu Rev Microbiol. Author manuscript; available in PMC 2012 December 18.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Kulp and Kuehn

Page 13

ATP or other energy sources directly at the site of budding. In sum, OM vesiculation likely
results from nonexclusive events that depend on physiological circumstances or species
(Figure 3).

Triggering OM Bulging

Fission

The first step toward creating an OMV is outward bulging of the OM. This event implies
that buds form in areas where proteins linking the OM to the peptidoglycan layer are absent
(Figure 3). This could occur if the peptidoglycan is disrupted, such as with antibiotics or
autolysins (35), and could result in the release of OMVs containing peptidoglycan fragments
and portions of OM-peptidoglycan bridging proteins.

Although this model accounts for the increased vesiculation that occurs during envelope
disruption, it is not likely the main mode of vesiculation. Vesiculation can be increased over
100-fold without affecting membrane integrity (56), a feat hard to imagine if the
peptidoglycan layer was heavily degraded. Other envelope events could trigger OMV
budding. For example, OM-peptidoglycan links could be moved or targeted for destruction
(Figure 3). Evidence exists to support both models, as the linking protein OmpA is depleted
but present in OMVs and Lpp is excluded (31, 51, 58, 80). Simply relocating the links
would provide the benefit of maintaining overall membrane integrity, as there would always
be some level of OM-peptidoglycan links present, even if vesiculation were highly
upregulated.

However, simply removing OM-peptidoglycan links cannot suffice for the mechanism of
OMV formation because it does not take into account that overexpressed and misfolded
periplasmic proteins can cause budding and that specific proteins are enriched/excluded in
OMVs. Proteins could gather at the inner surface of the OM first, creating pressure on the
membrane, but not result in budding until OM-peptidoglycan links are removed from the
area (Figure 3). This would increase the odds of a bud forming when the links are removed,
and allow vesiculation to be upregulated by the accumulation of periplasmic material as well
as by removal of OM-peptidoglycan-linking proteins. Specific gathering of particular
proteins at these sites would enrich these proteins in the OMVs (32, 37, 57).

Alternative to or in addition to periplasmic turgor pressure, curvature-inducing molecules
could cause membrane bulging, as mentioned for viral, archaeal, and eukaryotic processes
(Figure 3). If, upon gathering of curvature-inducing molecules, the underlying OM-
peptidoglycan links were broken, then the membrane could bud. This would result in the
enrichment of these molecules in OMVs, such as observed with B-band LPS of ~.
aeruginosa. Also, the curvature-inducing molecules could interact with specific periplasmic
proteins and cause enrichment of particular OMV cargo. In each scenario, vesiculation
would be regulated by the aggregation/dispersion of envelope proteins.

It is often proposed that OMVs release from the cell when the bud grows to the point at
which membrane curvature forces separation. However, it is not clear that this actually
happens. OMVs are found in a variety of sizes, indicating that there is not a critical
threshold of curvature that precipitates OMV release, and viral particles do not
spontaneously release, as discussed above. Further, OMVs from Shewanella spp. remain
tethered to the cell by a thin membrane wire (24). If scission spontaneously resulted from
high membrane curvature, these tethers would be unlikely to occur. Many membrane fission
processes are energy dependent, but the gram-negative bacterial envelope does not have a
direct energy source such as ATP or NADPH, so it is not clear what would drive fission.
One possibility is that energy is provided from the cytoplasm via an inner membrane
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conduit. Alternatively, the required energy is stored by the folding of membrane-associated
proteins and released by their conformational changes, as occurs for the membrane fusion
step of many viruses.

CONCLUSIONS

Rather than a simple, passive barrier, the OM of gram-negative bacteria is a dynamic region
of the cell. Whereas some aspects of the envelope have been well studied, understanding
OMV production has only recently received attention. Studies of OMVs have established
that vesiculation is a common, regulated process of gram-negative bacteria in which
envelope proteins, including membrane-bound proteins, lipids, quorum-signaling molecules,
and even DNA, can be secreted in a protected and often concentrated form that allows
targeted delivery. OMVs play a number of important roles in the growth and survival of
gram-negative bacteria. In addition, OMVSs are a stress response to both internal stresses
such as protein misfolding and external stresses such as phage infections (51, 57).
Vesiculation is regulated by growth conditions, by induction of certain stress response
pathways, and by overexpression of periplasmic proteins (38, 57). Also, vesiculation seems
to be regulated at the genetic level, as single-gene mutations and closely related strains
affect the levels of OMVs released (56).

Itis likely that OMV biogenesis involves several key features: breaking the contacts
between the OM and the peptidoglycan wall, inducing localized membrane curvature,
enriching/excluding particular proteins, and releasing OMVs. The study of membrane
dynamics and vesicle formation in eukaryotes and archaea will likely provide significant
guidance toward identifying the bacterial components that are critical to OMV biogenesis.

FUTURE DIRECTIONS

The study of OMVs will continue to elucidate general features of gram-negative bacteria
and allow the application of this knowledge to other uses. OMYV studies have already
revealed the nonhomogenous distribution of protein and lipid in the bacterial envelope. An
important breakthrough in finding the mechanism of vesiculation will be the identification
of conserved envelope components that are directly involved in OMV formation and are
common to all gram-negative bacteria. Based on the discovery that OMV production is
essential in specific, stressful growth conditions, synthetic genetic analysis might be used to
identify which proteins are involved in the mechanism of OM vesiculation. Ultimately, it is
possible that a novel antibiotic could be designed to target this conserved, essential, and
virulence-associated process and thereby inhibit bacterial growth and pathogenesis. In
addition, although already successful, OMV-based vaccines can be optimized further.
Several studies have shown that vesicle vaccines can elicit a strong, lasting immune
response in animal models (47); however, these studies rely on artificially created vesicles
that may not be effective in presenting the most efficacious antigens. Further understanding
of OMV biogenesis will help in the production of OMVs enriched in ideal antigens, thus
creating more effective vaccines and improving human health.
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Outer membranevesicle spherical structure derived from the OM of gram-negative
(OMV) bacteria
LPS lipopolysaccharide
oM outer membrane
Vesiculation the process of making natural OMVs
MS mass spectroscopy
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Natural OMVs Nonnative vesicles

Stage 1: The bacterial culture contains cells,

OMVs, and soluble secreted material. Stage 1

Sonicate or
chemically
Stage 1b: Sonication or chemical treatment l treat
results in cell lysis. Cell fragments and —
nonsecreted (e.g., cytosolic) proteins are
released into the culture. Ruptured membranes
resulting from these procedures are able to
close, encapsulating any nearby proteins, cells Stage 1b
including those resulting from cell lysis, and
thereby form nonnative vesicles.
Spin
7 down
l cells
Stage 2: Cells are pelleted by low-speed
centrifugation (i.e., 10,000x g,10 min). The
culture supernatant contains vesicles, Stage 2
soluble-secreted proteins, and proteins released
from cell lysis. N\ \

To ensure that all cells are removed, the

supernatant is sterile filtered (0.45 pm). The use Filter and Filter and
of a smaller pore size (0.22 pm) may lead to centrifuge centrifuge
lower yield or yield only small vesicles, since supernatant supernatant

some vesicles are ~200 nm in diameter.

Stage 3: Vesicles in the cell-free supernatants
are pelleted by high-speed centrifugation (i.e.,
38,000x g, 2 h). Note that secreted proteins will
pellet if they are associated with the vesicles or if
they are large or abundant (i.e., flagella).

Stage 3

Stage 4: To purify vesicles from secreted

proteins, the pellet is resuspended in buffer and

loaded at the bottom of a velocity or equilibrium

density gradient (e.g., 45%-20% iodixanol, Stage 4
280,000x g, 3 h). Vesicles will float higher than

the soluble proteins. It is important to note that

this step does not separate natural OMVs from

nonnative vesicles.

@ Vesicles W Broken-down cell fragments
@ Wwhole cells A X Secreted proteins

Figure 1.

General schemes for purifying native (/eff) and nonnative (righi) vesicles. Detailed
explanations for each stage are provided along the left side of the figure. OMVs, outer
membrane vesicles.
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»
Unaffected substrate % % Soluble secreted enzyme Y OMV receptor
¥

Affected substrate , Secreted host-protective protease OMV-containing secreted enzyme

Figure2.

Comparison of soluble and outer membrane vesicle (OMV)-based secretion and delivery.
Soluble secretion pathways (&) result in general diffusion of secreted enzymes. Soluble
secretion is most effective over short distances, especially if a threshold concentration is
required for activity. Also, if the secreted enzymes are sensitive to proteases and other
degradative factors in the environment, fewer enzymes reach target cells. OMV-mediated
secretion pathways (6) generate OMVs that contain sufficient concentrations of enzymes to
affect the substrate. Further, other molecules on the surface of OMVs can bind to host
receptors, thereby allowing the enzyme to be targeted to specific cells or distal sites. OMVs
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protect the associated enzymes from extracellular degradation, allowing the enzymes to have
a greater effective range.
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Induced budding event Induced budding event

Step 4

OMV with nonenriched cargo OMV with enriched cargo OMV with enriched cargo

Curvature-inducing

OM protein Molecule associated with
curvature-inducing protein

. . OM-peptidoglycan-linking proteins ' S Periplasmic proteins

‘ Broken link to peptidoglycan

Figure 3.

Events in outer membrane vesicle (OMV) biogenesis. Step 1: Unbudded gram-negative
envelope. The overall homogenous distribution of envelope proteins, including outer
membrane (OM)-peptidoglycan-linking proteins (purple ovals or orange hexagons), does not
lead to significant areas of OM unlinked from peptidoglycan. Steps 2 and 3: Initial stages of
vesiculation. In various areas, links between the OM and the peptidoglycan are lost, either
by movement of the linking protein (purple ovals) or by breaking the connections directly
(orange half hexagons). This could be sufficient for basal OMV production (column ).
Gathering of periplasmic proteins ( yellow stars) (column b) and/or accumulation of
curvature-inducing OM proteins (red wedges) (column c) could induce additional budding
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events. Step 4: Released OMVs. OMVs that form without an inducing force (column a) may
not have particularly enriched cargo. If OMVs are formed because of localized pressure on
the OM, then the proteins causing the pressure (yellow stars) would be enriched in the
OMVs (column b). If curvature-inducing molecules (red wedges) are involved, then these
molecules and molecules associated with them (green circles) would also be enriched in the
OMVs (column ¢). In all cases, inactive or cleaved OM-peptidoglycan-bridging proteins
may be present in the OMVs. These multiple budding mechanisms are not exclusive, so
OMVs released in a culture could be a mixed population and would make cargo enrichment
difficult to detect.

Annu Rev Microbiol. Author manuscript; available in PMC 2012 December 18.



