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Abstract
The envelope of Gram-negative bacteria is a tightly regulated, intricate system,
and as an essential component of these species, it is often the target of antibacterial
treatments. Bacteria monitor and protect their envelope through a multitude of distinct
stress response pathways, each with its own specialized role in maintaining a
functioning envelope. Although these response pathways are each specialized for a
particular type of stress, they are co-regulated and act as a network of stress responses
rather than isolated pathways. Studying these pathways, both individually and as a
network, provides insight into bacterial survival and may aid the design of
antimicrobials. In this work, envelope stress response pathways of Escherichia coli are
explored to elucidate the activation mechanisms driving individual pathways and to
describe the co-regulatory properties linking the pathways. The production of outer
membrane vesicles is examined for an entire knock-out library using a new, highthroughput dot-blot method. Based on these data, novel biological pathways are
implicated in the production of vesicles and the link between vesiculation and the σE
stress response pathway is investigated. Further experiments on the σE pathway lead to
the discovery of a second necessary activation signal. Finally, the CPX stress response
pathway is categorized as a general envelope stress response that is suppressed by the
σE pathway, creating a potentially exploitable weakness in the bacteria’s defense.
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Chapter 1: Introduction
1.1 The Gram-Negative Envelope
A common feature of all living cells is that they are encompassed by a plasma
membrane that contains and protects interior components, such as the cell’s DNA.
While a single plasma membrane is sufficient to contain cellular material, many cells
further bolstered the protective capabilities of the membrane by incorporating a rigid
cell wall, a polysaccharide capsule, or both. The conglomeration of the cell membrane,
wall and capsule is referred to as the cellular envelope and can be thought of as a
distinct region of the cell.
In the case of Gram-negative bacteria, the cell envelope is remarkably intricate,
being composed of an inner membrane, a thin peptidoglycan cell wall, a polysaccharidedecorated outer membrane, and in many cases a capsule (Costerton, Ingram et al. 1974;
Osborn, Rick et al. 1974). The area between the two membranes is the periplasm, which
has been described as a viscous, oxidizing environment (Raivio and Silhavy 2001). Each
layer of the Gram-negative envelope is unique and can be thought of as a distinct
subcellular location. The periplasm is distinct from the cytoplasm by its protein content,
redox potential and the complete lack of a known energy source, such as ATP or GTP.
Likewise, the composition of the outer membrane is different than that of the inner
membrane, both in terms of lipids and proteins. Some features of the outer membrane
and periplasm of Escherichia coli are discussed below.
1

1.1.1 The Outer Membrane
1.1.1.1 Outer membrane proteins
Membrane proteins of Gram-negative bacteria can be defined as either innermembrane proteins or outer-membrane proteins (OMPs), with no overlap between the
two groups. Initially, nascent membrane proteins are translocated from the ribosome to
the inner membrane (Yuan, Dalbey et al. 2010). Newly formed inner membrane proteins
are immediately inserted into the inner membrane by the inner membrane protein YidC
while new outer membrane proteins (OMPs) are transferred across the periplasm to the
outer membrane where they are inserted by the BAM complex (Rigel and Silhavy 2012).
Interestingly, nearly all OMPs cross the membrane through the formation of β-barrels,
whereas inner membrane proteins rely on α-helices to for their transmembrane domains.
Typically, the OMP β-barrels are fused by joining the N- and C-termini together (Hagan,
Silhavy et al. 2011). In these cases, the C-terminus of the OMP ends in a Y-x-F motif,
with the F residue being critical to the proper formation of the β-barrel (Struyve, Moons
et al. 1991).
Lipoproteins are also differentiated as belonging to the inner or outer
membranes based on an N-terminal signal sequence (Okuda and Tokuda 2011).
Lipoproteins destined for the outer membrane contain a signal sequence that is
recognized by the periplasmic Lol system, which transports the lipoprotein from the
inner membrane to the outer membrane. In the absence of this signal, or in the absence
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of the Lol system, lipoproteins remain at the inner membrane (Tokuda and Matsuyama
2004).
1.1.1.2 Lipopolysaccharide
The outer surface of the model organism Escherichia coli is decorated with a
variety of polysaccharide chains of varying lengths. The best studied and most
abundant exopolysaccharide is lipopolysaccharide, or LPS (Ruiz, Kahne et al. 2009). LPS
is exclusively found at the outer leaflet of the outer membrane, where it protects the cell
from being permeablized by hydrophobic surfaces (Nikaido and Vaara 1985).
As illustrated in Figure 1, the E. coli LPS molecule can be divided into three main
components: the phospholipid component (Lipid A), which has from 4 to 6 fatty acid
acyl chains anchoring it into the membrane; the core sugar region, which is composed of
up to nine monosaccharide subunits and may be phosphorylated at two sites; and the Oantigen, a long, antigenic polysaccharide chain that can be used to identify the strain
type (Ruiz, Kahne et al. 2009). The commonly-used K-12 lab strains of E. coli do not
express O-antigen, and therefore have relatively short LPS molecules. It is also
important to note that the polysaccharide chains of LPS molecules are not uniform, but
vary in length and in the number of branches, and as such, the surface of Gram-negative
bacteria is non-uniform.

3

Figure 1: Structure of LPS from E. coli
The structure of a full-length LPS molecule (Ruiz, Kahne et al. 2009) is depicted as a
cartoon. In K-12 E. coli the O-antigen is not expressed. The lipid A structure is essential
except for the two orange fatty acid chains, which are attached by the enzymes LpxL
and LpxM.
1.1.1.3 Other surface-associated polysaccharides
Other sugars also adorn the surface of Gram-negative bacteria, and some strains
are coated in a polysaccharide capsule (Whitfield 2006). The thickness and composition
of the polysaccharide capsule can vary, depending on the strain and growth conditions,
and some capsules remain attached to the surface of the bacterium by covalent bonds to
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outer membrane lipids while other types of capsules are composed of soluble, released
polysaccharide chains.
Enterobacterial common antigen (ECA) is an exopolysaccharide found on the
surface of Enterobacteriacae, including K-12 strains of E. coli, although its function is not
understood (Kuhn, Meier-Dieter et al. 1988). ECA is typically covalently bound to PG
molecules at the surface of the outer membrane, but it has also been observed as a
released soluble form or bound to LPS in place of O-antigen (Staaf, Hoog et al. 2001).
Each ECA molecule is assembled from a variable number of repeating trisaccharide
subunits, typically 6 or 7 repeats in E. coli, although this number can range from 1 to 14
subunits (Barr, Klena et al. 1999). The trisaccharide subunit is assembled at the
cytoplasmic face of the inner membrane, and then the subunits are translocated to the
periplasm and assembled into chains of ECA. The protein WzzE limits the number of
subunits incorporated into ECA, and wzzE mutants of E. coli produce extremely long
ECA chains (Barr, Klena et al. 1999).
Two other types of capsules known to be expressed by E. coli strains are the
variable K-antigen capsule and colanic acid, which is also known as M-antigen
(Whitfield 2006). The prototypical K-12 lab strains of E. coli do not express K antigens,
and while these strains do encode the genes for colanic acid, the expression of these
genes is restricted to certain conditions such as low-temperature growth or osmotic
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stress (Sledjeski and Gottesman 1996) and does not occur under normal lab conditions
(Majdalani and Gottesman 2005; Whitfield 2006).

1.1.2 Periplasm
The Gram-negative periplasm is a dense, viscous (Brass, Higgins et al. 1986),
oxidizing environment (Raivio and Silhavy 2001) that houses the peptidoglycan cell
wall. Proteins in the periplasm are responsible for aspects of cell-division, envelope
maintenance, and various transport and signaling processes. Interestingly, there is no
known energy source (such as ATP) in the periplasm (Ames 1986; Raivio and Silhavy
2001). Proteins are targeted to the periplasm by the presence of an N-terminal transport
signal that allows the newly formed protein to be translocated across the inner
membrane by either the Sec or Tat transporters (Natale, Bruser et al. 2008). Misfolded
periplasmic proteins are subjected to chaperones and proteases, such as the dual
functioning protein DegP (Krojer, Sawa et al. 2008). In some cases when these proteins
cannot be salvaged or destroyed, they may be sequestered into insoluble periplasmic
inclusion bodies (Arie, Miot et al. 2006). In other cases, the misfolded proteins can be
ejected from the cell by being packaged into outer membrane vesicles (OMVs)
(McBroom and Kuehn 2007).
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1.3 Outer Membrane Vesicles
1.3.1 OMVs as a secretion system
Despite being anchored to the cell wall, sections of the outer membrane are
constitutively secreted from Gram-negative bacteria constitutively in spheres of 20 to
250 nm in diameter, known as outer membrane vesicles (OMVs) (Kulp and Kuehn 2010).
Once thought to be the product of cell lysis or experimental artifacts, OMVs are now
understood to be a true biological process. The surface of OMVs is composed of outer
membrane lipids and OMPs, and the OMV lumen encapsulates periplasmic material
(Kuehn and Kesty 2005). Proteins and lipids of OMVs can be found in densities not
observed in the bacterial envelope, indicating that specific material can be directed to
OMVs for secretion (Deatherage, Lara et al. 2009; Kulp and Kuehn 2010). However,
unlike the other bacterial secretion systems, OMVs are also capable of secreting
periplasmic and outer membrane-bound molecules non-specifically (Kesty and Kuehn
2004; Chen, Osterrieder et al. 2010). Thus, whereas the other secretion systems must
recognize a protein in order to secrete it, OMVs can release periplasmic and outer
membrane proteins that are foreign to the cell (Chen, Osterrieder et al. 2010). This form
of secretion can be useful in genetically engineering bacteria to secrete a compound of
interest (Kim, Doody et al. 2008), and can also help the bacteria to remove toxic but
unrecognizable compounds from the periplasm or outer membrane (McBroom and
Kuehn 2007).
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The proteins associated with OMVs are biologically active (Mashburn-Warren
and Whiteley 2006), and unlike the other secretion systems, OMVs can release
membrane proteins in a fully functional, properly folded form. Perhaps unsurprisingly
given the diversity of functional proteins they contain, OMVs have been demonstrated
to have a wide range of biological functions. Some of the functions described for OMVs
include bacterial aggregation, biofilm development (Grenier and Mayrand 1987; Inagaki,
Onishi et al. 2006; Yonezawa, Osaki et al. 2009), toxin delivery (Ellis and Kuehn 2010),
quorum signaling (Mashburn and Whiteley 2005), horizontal gene transfer and nutrient
acquisition (Thompson, Naidu et al. 1985; Bauman and Kuehn 2006; Dubern and Diggle
2008; Gorby, McLean et al. 2008; Vasilyeva, Tsfasman et al. 2008). Proteins associated
with OMVs are highly resistant to proteases (Kesty and Kuehn 2004), a feature which
may allow less stable molecules to be effectively delivered to targets more distant than
would be achievable with the other secretion systems. However, despite the wide
range of biological functions attributed to OMVs, the mechanism of OMV biogenesis
remains a mystery.

1.3.2 Functions and significance of OMVs
A wide range of biological activities have been assigned to OMVs, such as the
formation of biofilm (Schooling, Hubley et al. 2009; Yonezawa, Osaki et al. 2009), and
increasing survival against antimicrobial challenges (Manning and Kuehn 2011).
Toxins can be directly delivered to host cells via OMVs, and OMV-delivered toxins
8

create a different immune response from the host cells when compared to toxins
delivered directly (Ellis and Kuehn 2010; Chutkan and Kuehn 2011). OMVs have also
been shown to mediate horizontal gene transfer between bacteria, implicating these
structures in the growing problem of antibiotic resistance (Renelli, Matias et al. 2004).
Because OMVs carry a wide range of natively folded bacterial proteins but are unable to
replicate and cause infection, OMVs are potential vaccine candidates (Chen, Osterrieder
et al. 2010; Collins 2011).

1.3.3 OMV biogenesis
While the research on OMV functions has largely found agreement from within
the field, the topic of OMV production and regulation has been more contentious. In the
late 1960’s, OMVs were originally described by electron microscopic observations as
blebs that appeared to be forming from the outer membrane of bacteria (Work, Knox et
al. 1966; Wiebe and Chapman 1968). Secreted LPS was also identified in cultures grown
either in nutrient-limiting conditions or in the presence of bacteriophage, leading to the
belief that these blebs were products of cell lysis (Knox, Vesk et al. 1966). A decade later,
it was originally proposed that the released blebs were not random lysis, but are
released from distinct sites at the outer membrane (Mug-Opstelten and Witholt 1978).
This heralded studies on the composition of the released membranes, which led to the
discovery that membrane proteins in the secreted fraction differed was found in the
9

membranes of the cells, specifically by the absence of Braun’s lipoprotein, Lpp (Loeb
and Kilner 1979; Gankema, Wensink et al. 1980; Wensink and Witholt 1981). Around
this time, OMVs were also found to be induced or modified by growth conditions, as
well as by mutations (Sonntag, Schwarz et al. 1978; Katsui, Tsuchido et al. 1982;
Thompson, Naidu et al. 1985), indicating that bacterial vesiculation is a regulated
biological process. OMVs have also been studied extensively for their potential in
vaccines, including engineering bacteria to produce OMVs that present specific antigens
(Chen, Osterrieder et al. 2010; Collins 2011).
Despite the decades of research on OMVs, very little is known about how
bacteria vesiculate. OMVs have been observed with a wide range of Gram-negative
bacteria, and no growth conditions, strains, or mutations have been discovered in which
OMVs are not formed, suggesting that vesiculation is a conserved and essential process
(Mashburn-Warren, McLean et al. 2008; Wolfe, Parikh et al. 2008; Kulp and Kuehn 2010).
Early studies of OMV composition confirmed that the vesicles originated from the outer
membrane, showing that outer membrane and periplasmic components were easily
identified in OMVs but that cytoplasmic and inner membrane proteins were either
depleted or absent all together (Hoekstra, van der Laan et al. 1976; Katsui, Tsuchido et
al. 1982). As a greater number of species were described to produce OMVs, the common
theme of emerged in which OMVs were observed to be enriched in specific proteins and
deplete in others. Vesiculation levels were also observed to be regulated by growth
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conditions, and increased vesiculation was shown to be independent of membrane
instability (McBroom, Johnson et al. 2006). These observations helped rule out the
possibility that OMVs were a result of random membrane shedding or that they were
merely fragments of lysed cells. If OMVs were caused by random membrane shedding,
then membrane instability would correlate with increased vesiculation levels, and if
OMVs were fragments of lysed cells, they would not be consistently enriched in specific
proteins and devoid of cytoplasmic and inner membrane components. Based on this, it
is now typically accepted that OMVs are formed through a regulated mechanism.
Although OMVs are able to release periplasmic and outer membrane
components non-specifically, some proteins and lipids are enriched in OMVs, signifying
that a loading mechanism exists to preferentially include certain molecules in OMVs.
Identifying the proteins and lipids that are enriched or depleted from OMVs may lend
insight into the mechanism that controls vesiculation. Pseudomonas aeruginosa OMVs
were found to be highly enriched in LPS molecules with long, highly charged
polysaccharide chains (Kadurugamuwa and Beveridge 1996; Li, Clarke et al. 1996).
These LPS molecules, termed B-band LPS, made up the vast majority of OMV LPS but
were a small minority of the host LPS composition. Based on these observations, it was
proposed that charge repulsion acting at the surface of the outer membrane could
induce membrane bulges to form, and these membrane bulges could then be released as
OMVs. Porphyromonas gingivalis OMVs were enriched in LPS molecules with longer
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sugar chains as compared to the outer membrane of the bacteria (Haurat, Aduse-Opoku
et al. 2011). The fatty acid chains of the OMV LPS molecules also were deacylated, as
compared to the LPS in the outer membrane. Mutations that greatly reduced the length
of the sugar chain attached to LPS resulted in OMVs with sharply different protein
profiles, indicating a defect in proper OMV production. Notably, these mutations did
not seem to affect the amount of OMVs produced, suggesting that LPS sugar length is
important in cargo sorting but not in the budding or scission in this species of bacteria.
Braun’s lipoprotein (Lpp), which binds both the outer membrane and the cell wall, is
depleted in OMVs, suggesting that OMVs form at areas of the bacterium where the
outer membrane is not strongly attached to the cell wall (Hoekstra, van der Laan et al.
1976; Wensink and Witholt 1981).
Growth conditions that cause vesiculation levels to change may also help in
discovering how OMVs are formed. PQS, a P. aeruginosa quorum signaling molecule,
stimulates vesiculation in both P. aeruginosa and E. coli, and strains of P. aeruginosa that
do not make PQS also release fewer OMVs (Mashburn-Warren, Howe et al. 2008;
Tashiro, Ichikawa et al. 2010). PQS is an ampipathic molecule that intercalates into the
outer leaflet of membranes (Mashburn-Warren, Howe et al. 2008). Molecules that
preferentially insert into one leaflet of a membrane cause the membrane to curve to
accommodate for the additional surface area of that leaflet (Drin and Antonny 2010).
Multiple studies have verified that PQS causes membrane curvature (Mashburn-Warren,
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Howe et al. 2008; Schertzer and Whiteley 2012), and it can be reasonably concluded that
PQS can serve as a regulator of vesiculation in P. aeruginosa. However, this regulatory
mechanism may not be conserved among other species of Gram-negatives as homologs
of PQS are not found in most species, and small variations to the structure of PQS can
negate its effect on vesiculation.
Vesiculation levels can also be controlled by the nutrient levels of the growth
medium. Species of Lysobacter increase their production of OMVs when grown in
nutrient-restricted media (Vasilyeva, Tsfasman et al. 2008), and P. fragi increases
vesiculation levels in response to the availability of nutrients in media containing meat
(Thompson, Naidu et al. 1985). These studies show that environmental conditions can
stimulate regulatory responses for vesiculation, although the same stimulus may result
in opposing phenotypes depending on the bacteria being examined. A lysine
auxotrophic mutant strain of E. coli was also shown to release more OMVs when grown
in low lysine conditions (Bishop and Work 1965), but this effect was not observed with
the wild-type strain, so it is not clear whether the increase in vesiculation is due to a
regulatory role associated with lysine or due to a general starvation response.
Another source of insight into the vesiculation process is through mutations that
cause vesiculation phenotypes. A study using Salmonella typhimurium showed that
deleting the genes responsible for linking the peptidoglycan wall to the outer membrane
drastically increased the formation of OMVs, and in some cases led to the production of
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giant vesicles (greater than 2 microns in diameter) (Deatherage, Lara et al. 2009). Similar
results have been reported in E. coli for mutants of the Tol-Pal structure, which also
binds the outer membrane and peptidoglycan cell wall (Bernadac, Gavioli et al. 1998;
Lazzaroni, Germon et al. 1999; Berlanda Scorza, Doro et al. 2008).
A transposon mutagenesis screen was performed in E. coli to identify genes that
affect vesiculation (McBroom, Johnson et al. 2006). Consistent with other publications,
several of the identified mutants had transposon insertions that interrupted proteins that
tethered the outer membrane to the cell wall. In addition to these genes, several genes
involved in the σE stress response pathway were identified, suggesting that vesiculation
could be controlled by that pathway. Complicating matters, some mutants released a
substantially high number of OMVs but did not have an active σE response, indicating
that vesiculation could also occur independently of the σE pathway. Subsequent to this
study, a study of Vibrio cholerae mutants found that the σE pathway regulated
vesiculation through sRNA-mediated inhibition of OmpA, another protein that links the
outer membrane to the peptidoglycan wall (Song, Mika et al. 2008). Supporting this
study, a similar pathway was recently described in Salmonella typhi, with the exception
that a different stress response pathway controlled the expression of the small RNA
(Karavolos, Bulmer et al. 2011).
Based on these data, two of the published models for Gram-negative vesiculation
seem most feasible. The first is that membrane components induce curvature which
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leads to vesiculation and this is supported by the data showing B-band LPS enrichment,
PQS-induced vesiculation and the effects of LPS structure on vesiculation. The second
model is that vesicles are formed in areas where the outer membrane losses contact with
the peptidoglycan wall. At these areas, the outer membrane has more flexibility and is
able to bulge outward, initiating the formation of an OMV. This model is supported by
the observation that mutations to proteins that connect the membrane to the cell wall
lead to increased vesiculation and through the sRNA-dependent regulation of
vesiculation observed with V. cholerae and Salmonella typhi.
It should be noted that the two models are not mutually exclusive. For example,
reducing the links between the wall and the outer membrane may allow the membrane
to bulge outward, and features of LPS structure may increase the chances that a bulge
occurs or that the bulge matures into an OMV. It should also be stated that these models
ignore any potential scission step that may be required for OMVs to be released from the
bacterial surface. Although little is known about how OMVs are formed, it is clear that
vesiculation is yet another of the complicated processes associated with the envelope of
Gram-negative bacteria.

1.4 The Envelope Stress Response Networks
Cell envelopes do much more than just contain cellular material. Because the
envelope is the interface between the organism and the environment, it must allow
selective passage of certain molecules and signals. The multi-layered construction of the
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Gram-negative envelope complicates transport and signaling processes. An array of
biological networks is used to import molecules such as amino acids across the
envelope, and these systems typically involve a periplasmic intermediate (Braun and
Endriss 2007; MacRitchie, Buelow et al. 2008). Cellular signaling also travels through the
envelope (MacRitchie, Buelow et al. 2008). For example, upon attaching to a surface,
Escherichia coli transmits a signal from the outer membrane, across the periplasm,
through the inner membrane, and into the cytoplasm to invoke a transcriptional
response (Otto and Silhavy 2002). In addition to import and signaling, Gram-negative
bacteria use at least seven different secretion systems (Economou, Christie et al. 2006;
Pukatzki, Ma et al. 2006; Abdallah, Gey van Pittius et al. 2007).
Aside from the transport and signaling pathways of the envelope, there are also a
number of systems involved in envelope assembly and maintenance (Ruiz and Silhavy
2005). Proteins and other building blocks must be properly sorted to their proper
locations. This may involve a wide range of proteins, as is the case for peptidoglycan
(PG) synthesis (Nanninga 1991), outer membrane protein (OMP) assembly (Rigel and
Silhavy 2012), and LPS transport (Sperandeo, Deho et al. 2009). Thus, the Gramnegative envelope is more akin to a complex machine than a simple barrier. As a
complex machine, it must be well-maintained.
Under most conditions, a properly functioning envelope is essential for Gramnegative bacteria. This is underscored by the effectiveness of antimicrobials that target
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components of the bacterial envelope. Polymyxin B is an effective antimicrobial peptide
that specifically targets the outer membrane of bacteria (Bader and Teuber 1973),
lysozyme and beta-lactams such as penicillin target the peptidoglycan wall (Lehrer,
Barton et al. 1989), defensins impart their lethality by creating pores in the bacterial
membrane (Ganz and Lehrer 1998), and the accumulation of aggregated material in the
periplasm can be lethal to the bacteria (Snyder and Silhavy 1995). As mentioned before,
the Gram-negative envelope is a complicated structure that carries out a large number of
critical processes. In addition to maintaining the integrity of the envelope structure,
these essential processes must remain functional. As is the case with most complicated
machines, the Gram-negative envelope must be maintained.
To efficiently maintain the envelope, E. coli enlists at least six different
mechanisms to monitor and respond to envelope damage (Darwin 2005; Ruiz and
Silhavy 2005; McBroom and Kuehn 2007). These mechanisms are referred to as the
envelope stress response pathways, and each pathway responds to different types of
envelope damage. Acting together, the network of stress response pathways is capable
of maintaining the entire envelope. In the case of five of these pathways, detected
stressors stimulate a signaling pathway that triggers a transcriptional response tailored
specifically to type of stress the cell has encountered. The size of the regulons for each
stress response pathway differs greatly, from as few as 8 genes to over 100 genes, and in
many cases there is substantial overlap between the regulons (Bury-Mone, Nomane et al.
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2009). The six pathways are the σE, CPX, BAE, RCS, PSP, and vesiculation pathways,
and the extent of our understanding varies for each pathway.

1.4.1 The σE pathway
The σE pathway monitors the outer membrane, and it’s mechanism of activation
has been studied in great detail (Ades 2008). Triggered by misfolded outer membrane
proteins (OMPs), the σE pathway is responsible for the direct regulation of over 100
genes, including two additional sigma factors, which leads to a large number of
downstream effects (Rhodius, Suh et al. 2006; Rhodius and Mutalik 2010). Ultimately,
activation of the σE pathway leads to the down regulation of major outer membrane
proteins (OMPs) and increases the amount of proteins and chaperones in the periplasm.
Vesiculation is also increased by activating the σE pathway, which is thought to relieve
stress by increasing the secretion of misfolded, potentially toxic proteins (McBroom and
Kuehn 2007). The σE pathway is conserved among Gram-negative bacteria (Rhodius,
Suh et al. 2006), and in E. coli it is essential, although suppressor mutants are readily
obtained (Button, Silhavy et al. 2007).
1.4.1.1 The σE activation mechanism
The SigmaE pathway is activated by recognizing features specific to OMPs
(Figure 2) (Sohn, Grant et al. 2009; Chaba, Alba et al. 2011). Unlike their inner
membrane counterparts, OMPs almost exclusively traverse the membrane as betabarrels (Schulz 2002). Further, the C-termini of OMPs are usually found within the beta18

barrel domain, and the final three amino acids of these OMPs are often Y-x-F. The Cterminal phenylalanine is especially well-conserved, as this amino acid is often essential
to the proper folding of the beta-barrel; mutating the C-terminal phenylalanine of OmpC
to an aspartic acid prevents the protein from properly folding. Gram-negative bacteria
use these conserve OMP features to monitor the outer membrane. Disruptions of outer
membrane biogenesis result in an accumulation of misfolded OMPs in the periplasm.
The exposed C-terminal phenylalanines of the misfolded OMPs bind to an innermembrane-bound protease, DegS, thereby activating it. Active DegS then cleaves
another inner membrane protein, RseA, initiating a proteolytic cascade that ultimately
releases the σE sigma factor into the cytoplasm where it can bind to RNA polymerase,
altering the regulation of over 100 genes to create conditions that favor outer membrane
biogenesis.

19

Figure 2: Mechanism of σE activation
Activation of the σ envelope stress response pathway is controlled by the cleavage of
the anti-sigma factor RseA (green) by the inner membrane-bound protease DegS (blue).
DegS remains in an inactive state until it binds the C-terminus of a misfolded OMP
(red). Activated DegS can cleave RseA, leading to the release of the sigma factor (yellow)
in the cytoplasm. The periplasmic protein RseB (purple) prevents DegS from cleaving
RseA by binding to the cleavage site. Removal of RseB from RseA is required for
activation of the pathway, but it is not clear how this step occurs.
E

It was long believed that DegS activation is the sole regulated step in activating
the σE pathway, and OMP-DegS binding has been worked out in great detail. However,
the DegS-cleavage site of RseA is occluded by the periplasmic protein RseB, which is
normally bound to RseA (Collinet, Yuzawa et al. 2000; Cezairliyan and Sauer 2007;
Ahuja, Korkin et al. 2009). It has been suggested based on experimental evidence that
RseB is removed from RseA by misfolded periplasmic proteins (Collinet, Yuzawa et al.
2000). RseB also shares structural homology with LolB, a protein involved in the
transport of lipoproteins to the outer membrane (Kim, Jin et al. 2007; Kim, Kwon et al.
2010). This homology has fueled speculation that RseB also binds misplaced
lipoproteins, removing RseB from RseA and thereby allowing RseA to be cleaved.
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However, RseB has never been directly observed to bind to lipoproteins. Recently, it
was observed that RseB inhibits σE activation by C-terminal fragments of OmpC and
OmpX that were shorter than 10 amino acids, but not fragments 20 amino acids or
longer (Chaba, Alba et al. 2011). These results implicated a C-terminal OMP feature that
relieves RseB inhibition located between 10 and 20 amino acids from the C-termini of
OmpC and OmpX.

1.4.2 The CPX pathway
The CPX stress response pathway has been the subject of several studies,
although its precise role in monitoring the envelope is not well understood. Unlike the
σE stress response pathway, which specifically responds to misfolded outer membrane
proteins, the CPX pathway is activated by a diverse range of stimuli, ranging from
aggregating periplasmic proteins to osmotic stress (Vogt and Raivio 2012). The CPX
pathway relays the stress signal through a two component system, CpxAR, resulting in
the phosphorylation of the transcriptional regulator CpxR (Raivio and Silhavy 1997;
Wolfe, Parikh et al. 2008). Phosphorylated CpxR alters the regulation of a large set of
genes, some of which are also activated by the σE pathway (Price and Raivio 2009). The
periplasmic protein CpxP binds to CpxA and represses CPX activation, although the
mechanism underlying this repression is not clear (Danese and Silhavy 1998; Zhou,
Keller et al. 2011). Importantly, CPX activation results in the down-regulation of several
genes, including the σE pathway genes rseABC and rpoE (the gene that encodes the
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alternative sigma factor σE), thus repressing the σE stress response pathway (De Wulf,
McGuire et al. 2002).
The aggregation of the misfolded proteins into periplasmic inclusion bodies has
been linked to CPX activation (Isaac, Pinkner et al. 2005; Keller and Hunke 2009). The
formation of periplasmic inclusion bodies can be lethal to bacteria, so alleviation of these
aggregates is critical. Intriguingly, the CPX inhibitor CpxP was found to bind to
misfolded proteins in the periplasm, ushering them towards refolding or degradative
machinery (Danese and Silhavy 1998; Isaac, Pinkner et al. 2005). Based on this,
misfolded proteins may activate the CPX pathway by titrating CpxP from CpxA, thereby
removing the inhibitor.

1.4.3 OMVs as a stress response
Vesiculation has been described as a stress response pathway that protects
against the accumulation of potentially toxic material in the periplasm (McBroom and
Kuehn 2007). A protein construct that mimics a misfolded membrane protein was
strongly enriched in OMVs, suggesting that vesiculation can act as a mechanism to
remove misfolded proteins from the periplasm. Enrichment of misfolded proteins
enhances the efficiency of this stress response pathway. Compared to the isogenic wildtype strain, mutants that produce higher levels of OMVs are better able to survive some
stressors, including denaturing agent ethanol and the expression of a toxic periplasmic
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protein (McBroom and Kuehn 2007). Conversely, an under-vesiculating mutant was
more susceptible to these stressors.
OMVs can also protect bacteria from antimicrobials that attack the cell surface
and from phage (Manning and Kuehn 2011). It is hypothesized that OMVs act to absorb
potentially dangerous material near the cell, lowering the effective concentrations of
antimicrobials in the vicinity of the bacterial culture. Taken together these data show
that the production of OMVs can aid in bacterial survival. Importantly, vesiculation
levels increase in response to certain envelope stresses. Exposure to phage or the drug
polymyxin B lead to increased vesiculation in E. coli (Manning and Kuehn 2011), oxygen
stress promotes vesiculation in Pseudomonas aeruginosa (Sabra, Lunsdorf et al. 2003), and
activation of the σE pathway increases vesiculation in E. coli and Vibrio cholerae
(McBroom and Kuehn 2007; Song, Mika et al. 2008; Manning and Kuehn 2011).

1.4.4 The RCS, PSP and BAE pathways
At least three other stress response pathways protect the envelope of E. coli (Ruiz
and Silhavy 2005). The RCS pathway is activated by osmotic stress and damage to the
peptidoglycan wall (Laubacher and Ades 2008). Activation of this pathway results in
the upregulation of several genes, including colanic acid biosynthesis genes, presumably
to protect the cell from osmotic stress by forming an extra barrier around the cell
(Wehland and Bernhard 2000; Laubacher and Ades 2008). The RCS pathway transmits
the stress signal across the inner membrane via a two-component system that results in
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activation of the response regulator RcsA (Majdalani and Gottesman 2005). RcsA is
degraded by a cytoplasmic protease, Lon, which serves to repress the system when it the
cell is not experiencing osmotic stress (Stout, Torres-Cabassa et al. 1991). Recently,
activation of the RCS pathway has been linked to the production of OMVs in Serratia
marcescens (McMahon, Castelli et al. 2012).
The PSP pathway was initially described as a response to phage infection and
spheroblasting but is now understood to monitor the integrity of the inner membrane
(Darwin 2005). Loss of inner membrane integrity leads to a disruption of the proton
gradient between the periplasm and the cytoplasm, and the resulting loss of proton
motive force activates the PSP pathway. Activation of the PSP pathway leads to the
upregulation of the several genes, and sharply increases the production of the protein
PspA, which aggregates at the cytoplasmic face of the inner membrane and in doing so
may help seal the membrane and restore the gradient (Model, Jovanovic et al. 1997; Joly,
Engl et al. 2010).
The BAE pathway responds to stressors such as indole by upregulating an efflux
pump (Leblanc, Oates et al. 2011). Of the envelope stress responses, the BAE pathway
has received the least attention. It has a relatively small regulon compared to the other
stress response pathways (Bury-Mone, Nomane et al. 2009), much of which is coregulated by the CPX response.
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1.4.5 Interactions between the pathways
Down-regulation of the σE pathway by the CPX response (De Wulf, McGuire et
al. 2002) and upregulation of vesiculation by the σE and RCS responses (McBroom and
Kuehn 2007; McMahon, Castelli et al. 2012) suggests that the envelope stress response
pathways function as a network rather than as independent pathways. Very few studies
have looked at the pathways in relationship to each other (Bury-Mone, Nomane et al.
2009; Sikdar, Simmons et al. 2012), and therefore little is known about the dynamics of
this network. In cultures, multiple stress response pathways can be simultaneously
activated by general stressing agents such as ethanol or high salt concentrations (BuryMone, Nomane et al. 2009). However, it is not clear whether the different stress
responses are active in individual cells, or if each cell activates a single pathway but the
total population of the culture has a mix of responses. A greater understanding of how
the different pathways interact would enhance our knowledge of a critical defense
mechanism common to Gram-negative bacteria.

1.5 Summary
The Gram-negative envelope is an intricate cellular compartment that houses a
wide range of important cellular function. Numerous pathways are constantly at work
within the envelope, shuffling proteins, nutrients and signals across membranes,
breaking down and rebuilding portions of the cell wall to facilitate division, folding and
assembling nascent proteins, or performing one of the many other critical processes. A
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network of pathways is used to monitor the status of the envelope and repair damage
(Miot and Betton 2004). These envelope stress response pathways are an important line
of defense for Gram-negative bacteria, and are critical to their survival in native
environments and during infections (Raivio 2005). One of stress response is the
production of OMVs, which not only serves as a mechanism to rid the periplasm of
unwanted proteins, but also as a way to secrete active proteins, including toxins and
DNA for horizontal transfer (Ellis and Kuehn 2010; Kulp and Kuehn 2010). Studying
how these pathways work individually and as a network will improve our
understanding of how Gram-negative bacteria are able to survive hostile environments
and may lead to improved methods of combating pathogens.
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Chapter 2: A New Method to Measure Vesiculation
2.1 Background
OMVs have been implicated in a wide range of biological processes, including
biofilm development (Schooling, Hubley et al. 2009; Yonezawa, Osaki et al. 2009),
bacterial survival (Manning and Kuehn 2011) and pathogenesis (Ellis and Kuehn 2010;
Chutkan and Kuehn 2011). Additionally, OMVs have been studied for their potential in
vaccine design and targeted delivery of biological compounds (Chen, Osterrieder et al.
2010; Collins 2011). Despite the wide range of activities attributed to OMVs, few studies
have yielded clues towards the actual mechanism of OMV biogenesis. A better
understanding of OMV biogenesis would shed light on the roles of OMVs in vivo and
enhance the optimization of bioengineering using OMVs. Because OMVs are implicated
in a wide range of biological functions (Mashburn-Warren and Whiteley 2006;
Mashburn-Warren, McLean et al. 2008; Kulp and Kuehn 2010), discoveries in OMV
biogenesis could also lead to insights into more general aspects of bacterial life, such as
pathogenesis and inter-cellular communication.
A wide range of biological activities have been attributed to OMVs, ranging from
pathogenesis and bacterial survival to engineered cargo delivery (Mashburn-Warren,
McLean et al. 2008). Studies describing the proteomic content or immunogenic potential
of OMVs are published regularly. However, there is a dearth in published material
regarding OMV biogenesis. Although vesiculation has been shown to be a regulated
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process in Gram-negative bacteria, very little has been discovered about the biological
pathways used to create OMVs. Understanding this process could shed light into
bacterial survival and help enhance the efficiency of OMVs engineered for vaccine
development.
One potential way to investigate bacterial vesiculation is by determining the
affects that individual genes or growth conditions have on vesiculation. The recent
creation of a complete E. coli knock-out library allows the opportunity to systematically
describe the vesiculation phenotypes of each mutant (Baba, Ara et al. 2006). Similarly,
evaluating vesiculation levels in media supplemented with different nutrients could
clarify how metabolism and vesiculation are linked. Unfortunately, the methods
currently used to quantify vesiculation are time-consuming and expensive, thus
precluding these studies. An efficient, high-throughput and cost-effective method of
measuring vesiculation must be developed first before these studies can be conducted.
Typically, vesiculation levels are determined by quantifying the amount of
OMVs collected from a culture, adjusting these values to account for the growth density
of the culture, and finally by normalizing to a basal condition. The standard method to
collect OMVs is to grow cultures overnight, remove the cells by a combination of
centrifugation and filtering, and pellet the OMVs using high-speed centrifugation for at
least an hour. Quantification of OMVs can be based on direct protein or lipid
measurements, although dry mass measurements have also been used (Kulp and Kuehn
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2010). To account for variation in growth densities, the OMV measurements can be
divided by a measurement of culture growth, such as a CFU count or the OD600 value.
Herein, this method will be referred to as the flask-grown culture OMV preparation
method (FCOP).
For a typical laboratory with a single large centrifuge, the FCOP method allows
for approximately 15 samples to be measured in a day at a cost of $7.00 per sample. At
this calculated rate, measuring the vesiculation levels for all of the mutants in the Keio
collection E. coli knockout library a single time would take 10 months and cost over
$30,000 in materials alone. Clearly, this method, although well-established, is ill-suited
for large projects.
Previously, a transposon mutagenesis screen was performed using a highthroughput technique to identify mutants with altered vesiculation levels (McBroom,
Johnson et al. 2006). That high-throughput method collected OMVs from small-scale
cultures grown in 96-well plates. Essentially, cell-free supernatant from each well was
spotted onto a membrane and blotted with polyclonal antibodies against the membrane.
Spots that had abnormally high or low intensities were used to identify mutants with
potentially altered vesiculation levels. The identified mutants were then further
examined using the previously described, standard protocol.
Although the transposon mutagenesis screen successfully identified vesiculation
mutants, it did not attempt to quantify vesiculation values directly. Because vesiculation

29

was not measured based on the dot-blots, it remains to be determined whether this
technique can serve as a method to accurately determine vesiculation values in a quick
and cost-effective manner. To establish this, the dot-blot method was used to measure
the vesiculation values of the entire Keio collection mutant library, and the values
obtained from this method were directly compared to vesiculation values obtained
using the FCOP method. Although the dot-blot method did result in some errors, this
new method produced repeatable results that agree with previously published data and
can be reproduced using the established larger scale method. Furthermore, the dot-blot
method can be performed rapidly and at a fraction of the cost of other methods. This
finding provides a new, efficient method to measure vesiculation.

2.2 Materials and Methods:
2.2.1 Strains and growth conditions
Unless otherwise indicated, the Keio collection (Baba, Ara et al. 2006) was used
for all mutants, and the BW25113 strain was used as the wild-type. Unless otherwise
indicated, cultures were grown in Miller LB media containing 50 µg/mL kanamycin or
250 µg mL-1 ampicillin as necessary.

2.2.2 High-throughput OMV phenotype assessment
Strains from the Keio collection E. coli knock out library were inoculated into 96well U-bottom plates (BD) containing 150 µl of LB with 50 µg mL-1 kanamycin and
incubated at 37°C with shaking at 200 rpm overnight. To prevent evaporation, the sides
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of the plates were sealed with Parafilm. After the incubation, cells were pelleted by
centrifugation at 1000 x g for 5 minutes. Using a vacuum manifold, 15 µl of supernatant
from each well of a plate was passed through a 0.45 µm polyvinyl difluorine (PVDF)
filter (Pall Scientific, Ann Arbor, MI) onto a nitrocellulose membrane (Pall Scientific).
The nitrocellulose membranes were blocked in TBST (50 mM Tris-Cl, pH 7.4, 150 mM
NaCl, and 1% Tween-20) containing 2% nonfat dry milk for one hour at room
temperature, then incubated with polyclonal antibodies against E. coli LPS (1:1,000 in
TBST; Affinity BioReagents) overnight at 4°C. The blots were then washed in TBST 6
times for 5 minutes each, followed by incubation with mouse-conjugated anti-rabbit
secondary antibodies (1: 10,000 in TBST; LiCor) for 1 hour at room temperature. The
blots were again washed 5 times in TBST for 5 minutes each and once in TBS for 5
minutes. The blot was imaged using the Odyssey infrared imager (Licor), and the
accompanying software was used to perform densitometry for the blot. To account for
day-to-day variations in blotting intensity, the densitometry values were normalized to
the mean value of the membrane. At least two biological replicate trials and at most 5
were performed for each mutant strain in the library collection, and these values were
averaged to determine the vesiculation phenotype for each mutant.
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2.2.3 Growth curves
Mutants were grown in Miller LB media containing 50 µg mL-1 kanamycin in
flat-bottom 96-well plates (BD, Franklin Lakes, NJ, USA) for 18 hours, taking OD600
measurements every 30 minutes using a BioTek EL808 microplate reader (BioTek, USA).
The growth of each strain was measured three times independently, and the maximum
OD600 values for each of the trials were averaged. The average maximum OD600 was
used to determine the growth phenotype of the mutant strains. The growth
measurements were then repeated in LB media containing kanamycin, 0.025% SDS and
1.15 mM EDTA to test for mutants with disrupted membrane integrity. Strains that
were unable to reach a maximum OD600 of 0.45 within 18 hours of growth in either
medium were considered to have a defective growth phenotype.

2.2.4 Flask-grown culture OMV preparation (FCOP)
Vesiculation levels were assessed using large volume cultures (typically >200
mL) and a previously described, established method (McBroom, Johnson et al. 2006)
with some modifications, herein referred to as the FCOP. Specifically, four test strains
and two independent control strains were grown in 250 mL cultures at 37°C overnight
while shaking at 200 rpm. After the incubation, a 1 mL aliquot of the culture was used
to determine the number of colony forming units (CFUs) by dilution plating. Cells were
removed from the culture by centrifugation at 10,000 x g for 10 minutes followed by
filtering the supernatant through a 0.45 µm PVDF filter (Millipore). OMVs were
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pelleted from the cell-free media by centrifugation at 38,000 x g for 3 h at 4°C. The
majority of the supernatant was decanted, and to avoid losing OMVs to aspiration, the
pelleted OMVs were resuspended in approximately 1.5 ml of the remaining supernatant
and repelleted at 100,000 x g for 1 hour at 4°C in a tabletop ultracentrifuge. The media
was decanted from the tubes, and the collected OMV pellets were resuspended in 100 µl
of DPBSS, salt-supplemented Dubelco’s phosphate buffered saline containing additional
salts (200 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, 1.47 mM KH2PO4, 0.9 mM CaCl2,
and 0.5 mM MgCl2). The OMVs were quantified using the lipophilic fluorescent dye
FM4-64 (Invitrogen) as described previously (McBroom, Johnson et al. 2006).
Vesiculation values were determined by normalizing the FM4-64 measurement to the
CFUs and to the average vesiculation value of control strains across at least 3 replicate
trials. By normalizing to the control strain in each set, values from different
preparations could be compared.

2.2.5 Statistics
Unless otherwise indicated, statistical significance between vesiculation
phenotypes of individual cultures was assessed using the Student’s t-test assuming
unequal variance. Statistical significance of previously described under- and overvesiculators was tested using Fisher’s exact test. Dixon’s Q and Inter-Quartile Range
(IQR) tests were used to identify outlier values.
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2.3 Results
2.3.1 Using the dot-blot method to measure the vesiculation of the Keio
collection
Studies into the mechanism of bacterial vesiculation are limited by the timeconsuming, difficult methods that are currently being used. The FCOP method is the
most commonly used technique to quantify vesiculation levels (Figure 3A), but it is not
feasible to scale up this method for use in large-scale studies. A high-throughput dotblot method was developed with the goal of accurately quantifying OMVs rapidly and
accurately (Figure 3B).
To determine the accuracy and effectiveness of the dot-blot method, all 3908
strains from the Keio collection, a knock-out library generated from the K-12 E. coli
strain BW25113, were evaluated (Baba, Ara et al. 2006). The mutants of the collection
were grown overnight in 96-well plates in a 37°C shaking incubator. After overnight
growth, the plates were centrifuged to pellet the cells, and 10 µl of culture supernatant
was removed from each well. Using a vacuum manifold, the supernatants were passed
through a 0.45 micron filter and deposited onto a nitrocellulose membrane. The filter
catches residual cells that may be present in the supernatant, and the nitrocellulose
membrane catches the secreted proteins and OMVs. Polyclonal antibodies against E.
coli LPS were used to detect and measure secreted LPS by treating the membrane as a
dot blot.
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Figure 3: Comparison of the FCOP and dot-blot methods
The two methods used to measure OMVs used in this work. A) The FCOP method.
Cultures are grown in large flasks over-night. Cells are removed by a combination of
centrifugation and filtering, leaving OMVs (red circles) in the supernatant. High-speed
centrifugation is used to pellet the OMVs, which are then measured based on protein or
lipid content. A sample taken from the initial culture can be used to count CFUs,
allowing culture density to be factored into the vesiculation values. B) The dot-blot
method. Cultures are grown in 96-well plates overnight. The plates are centrifuged at
low speed to pellet cells. Using a vacuum manifold, a small aliquot of the supernatant is
drawn through a filter to remove residual cells (blue). After passing through the filter,
the sample continues through a nitrocellulose membrane, which catches the OMVs (red).
The membrane is then immunoblotted with anti-LPS antibodies and densitometry is
used to quantify vesiculation levels.
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Each culture generated a dot on the nitrocellulose membrane in the same layout
as the 96-well plate. The intensity of each dot was measured by densitometry and the
values were normalized to the median value of its 96-well plate. Normalized
densitometry values were used to avoid problems of day-to-day variations, and the
median value, as opposed to the mean value, was used in the calculation to ensure that
strong over-vesiculator or under-vesiculator phenotypes did not skew the results. All
values were recorded in log10 scale to allow under-vesiculation phenotypes to have the
same weight in the analysis as over-vesiculating phenotypes.

2.3.2 Reproducibility of the dot-blot method
The entire Keio collection was measured at least two times independently. The
distribution of the results from the first two trials is shown in Figure 4. A large amount
of variability is observed for the values in the lower left quadrant, representing mutants
that produced an extremely low score in at least one of the trials. The R2 value for the
entire collection was 0.2233 (black dashed line). However, this value is largely skewed
by ~10% of the mutants that showed extreme variability. Removing only 47 mutants
(black dots, 1.2% of the total) from the analysis increases the R2 to 0.2618 (red dashed
line). If the 503 mutants with the greatest variability are removed (black and red points;
12.9% of the total), the R2 value increases to 0.4620. Additionally, for 75% of the mutants
(blue points) the R2 value is 0.5988 (dashed blue line). Based on these results, the screen
is adequately reproducible for the majority of the mutants tested, although considerable
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variability is observed with samples that have at least one extremely low reading. This
is explored further in the discussion.

Figure 4: Reproducibility of the dot-blot method
The dot-blot method was used to measure each mutant of the Keio collection in
duplicate. The results from the two trails are ploted against each other. The solid black
line represents a perfect correlation between the two values. The dashed black line
represents the linear model for the two values over the entire collection. Blue circles
represent the 75% of the collection with the best correlation values, and the linear model
for these values is represented by the blue dashed line. Orange, red and black circles
represent 87%, 99% and 100% of the mutants with the highest correlation, and the
dashed lines represent their respective linear models.
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To establish the frequency of outlier values produced by the dot-blot method, 76
mutants from the Keio collection (representing one 96-well plate) were tested in five
independent trials, resulting in a total of 380 data points. Outlier rates were determined
using two different tests and three thresholds for each tests (Table 1), resulting in outlier
rates between 11.3% and 0.26%. Defining outliers as any value greater than 1.5x the
interquartile range, 43 of the 380 measurements were considered outliers for that group,
representing 11.3% of the measurements. If outliers are defined as those values that fall
outside the 90% confidence threshold based on the Dixon’s Q test, the dot-blot method
has an outlier rate of 2.37%. Based on these data, the results of the dot-blot method are
reproducible, and increasing the number of replicate trials will increase the confidence
in the results.
Table 1: Outliers Generate by the Dot-Blot Method
IQR Test
Dixon's Q Test
1.5 IQR 1.75 IQR 2 IQR
90%
95%
99%
19
15
5
2
2
0
Outliers (under)
26
22
13
7
4
1
Outliers (over)
45
37
18
9
6
1
Outliers (total)
Pct. of Outliers
11.84%
9.74%
4.74% 2.37% 1.58%
0.26%
The mutants tested in five independent trials were analyzed for the amount of outlier
values detected among these genes using either the Inter-Quartile test (IQR) or the
Dixon’s Q test with three different stringencies. In all cases, the majority of outliers were
values that were aberrantly high, and the highest calculated outlier percentage was
11.84%. This value was used to estimate the confidence level of the assay.

2.3.3 Distribution of values
The vesiculation values measured in the screen were normally distributed, with a
mean value of -0.02509, which is slightly skewed towards under-vesiculation, and a
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standard deviation of 0.219439. The distribution of vesiculation scores was plotted
against a simulated Gaussian distribution curve (n = 3908) with the same standard
deviation and mean. The vesiculation score curve has a taller, narrower peak than the
normal distribution, and the differences in the curves is statistically significant based on
the Kolmogorov-Smirnov and Anderson-Darling goodness-of-fit tests, but not when
using the Chi squared test.

2.3.4 Well location bias
The measurements are slightly biased based on the location of the sample within
the 96-well plate. Wells in Column 1, Column 2, and Row B produced, on average,
significantly higher vesiculation levels than the average of the entire plate (Figure 5).
The average values for these columns or rows was 0.016, 0.004, and -0.003, respectively,
while the overall average was -0.026. The standard distribution of the entire collection
was 0.219, whereas the average Column 1 score was only 0.042 above the mean.
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Figure 5: Bias of sample data depending on placement in the 96-well plate
Average of the values obtained from each well during the assessment of the Keio
collection. Red values are above the mean and blue values are below the mean.
Averages for rows and columns are listed on the right and bottom, respectively. The
average for the entire plate is shown at the bottom right corner. Stars indicate a
statistical significance (p<0.05).

2.3.5 Agreement with previous methods
Standard deviations were used to divide the mutants into six groups (more than
2 standard deviations below the mean [2 SD-], one standard deviation below the mean [1
SD-], within one standard deviation below the mean [0 SD-], within one standard
deviation above the mean [0 SD+], one standard deviation above the mean [1 SD+], and
more than 2 standard deviations above the mean [2 SD+]) based on the average
vesiculation scores. As expected, most genes fell into the 0 SD- and 0 SD+ categories.
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Figure 6: Dot-blot method agrees with established FCOP method
A) Graph depicting the vesiculation scores (y-axis) for each mutant (x-axis). Mutants
are arranged alphabetically. Red dots represent previously identified over-vesiculating
mutants and blue-dots represent previously identified under-vesiculating mutants. B)
Mutants are categorized based on the number of standard deviations they fall from the
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mean. 2 SD- : 2 SD-: Further than 2 standard deviations below the mean; 1 SD-: between
1 and 2 standard deviations below the mean; 0 SD-: less than 1 standard deviation
below the mean; 0 SD+: less than 1 standard deviation above the mean; 1 SD+: between
1 and 2 standard deviations above the mean; 2 SD+: further than 2 standard deviations
above the mean. C) Mutants predicted to be under vesiculators were tested by the
FCOP method. Error bars indicate standard error of the mean (SEM). Values were
compared to the wild-type. *p<0.05, **p<0.001.
The Keio collection contains 22 deletions of genes that have been identified in the
literature as having an effect on vesiculation levels in E. coli, including 16 mutants with
over-vesiculation phenotypes and 6 mutants with under-vesiculation phenotypes.
(Figure 6A, red and blue circles, respectively). The screen values for 4 of the 6 (66.67%)
under-vesiculating mutants were below the average, and 3 (50%) were below 1 standard
deviation from the mean. The values of 14 of the 16 (87.5%) over-vesiculating mutants
were above the mean, with 9 (56.25%) greater than 1 standard deviation above the mean.
Notably, the screen values for 2 under-vesiculators and 8 over-vesiculators (33.33% and
50.0%, respectively) were greater than 2 standard deviations from the mean. Based on
these values, the screen data showed good agreement with previous publications,
indicating that the method successfully partitions mutants based on their vesiculation
levels.
Over-vesiculators were significantly enriched among the 2 SD+ group and had
significantly higher vesiculation scores when compared to the rest of the collection.
Statistical significance was not achieved for the under-vesiculation mutants, potentially
because of the low number of known under-vesiculators (6 known mutants). To further
examine the predictive power of the dot-blot method for under-vesiculation phenotypes,
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17 mutants from the 2 SD- and 1 SD- groups were selected at random and tested for
vesiculation levels using the FCOP method (Figure 6C). These tested mutants typically
showed an under-vesiculation phenotype, although in some cases the mutants showed
over-vesiculation phenotypes. Statistical significance was difficult to achieve for
individual mutants using the FCOP method due to the high level of variability for this
method, particularly among under-vesiculation phenotypes. However, it should be
noted that 14 of the 17 tested mutants produced average measurements that were below
the wild-type value, indicating that the dot-blot method can identify under-vesiculation
phenotypes.

2.4 Discussion
An inexpensive, high-throughput method of measuring vesiculation is needed to
achieve the productivity necessary to perform comprehensive studies on OMV
biogenesis. The dot-blot method was examined for its ability to quickly and accurately
determine vesiculation levels for a large number of samples. Examining replicate
vesiculation measurements for the Keio collection shows that the dot-blot method is
capable of producing repeatable results. The rate at which outlier values are generated
is between 2.37% and 11.84%, depending on how one defines an outlier. Even assuming
the worst case scenario of 11.84%, this level of reproducibility is sufficient for highthroughput studies. If needed, repeated measurements will increase the reliability of
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results, which allows this method to be useful to projects for more sensitive assessments,
as well.
The mutants with the largest variance (Figure 4, black circles) generally had at
least one extremely low value, and correspondingly, the variability was highest among
mutants in the 2 SD- group (standard deviations of 0.2733576 for the 2 SD- group vs.
0.2117505 for the entire collection). This change in variability among under-vesiculating
mutants could be partially due to the lower limit of detection for this method. Another
factor affecting this variability is inconsistencies in growth. For example, suppose that
due to a technical failure, a well is not inoculated properly, resulting in a sterile well
after overnight growth. That well will be measured as an extreme under-vesiculation
phenotype. If that mutant is properly inoculated during the second trial, it may produce
a wild-type phenotype. The average result would be a slight vesiculation with a high
level of variability. This variability is a reflection of technical problems associated with a
high-throughput screen and does not reflect a limitation of the detection power of the
method. Variability of this source can be reduced by incorporating a step to monitor
growth, such as recording the OD600 of the wells after overnight growth.
A slight bias was observed in the method regarding the placement of the sample
in the 96-well plate. Certain rows and columns produced significantly higher results.
However, while statistically significant, the values were not altered to a large degree.
The highest value was obtained for column 1, which produced an average vesiculation
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score of 0.016 as compared to the overall average of -0.026, for a total increase in the
score of 0.030. To put this value in perspective, scores between 0.186 and -0.238 (a range
of 0.424) were not considered significant in our subsequent evaluation of the collection
(see Chapter 3). Therefore, it is unlikely that a bias of 0.030 in the score will have a
noticeable effect on a study. However, well-bias could be avoided by using different
wells for each replicate.
The results of the dot-blot method agree with those of the FCOP method.
Previously identified vesiculation phenotypes were recapitulated using the dot-blot
method. Novel vesiculation mutants identified by the dot-blot method were confirmed
using the FCOP method as well. Although the FCOP method is currently the accepted
method to measure vesiculation, it is technically challenging and leads to high levels of
variability in the results, especially at the lower limits of detection. For this reason,
many of the mutants tested by the FCOP method in Figure 6C failed to achieve statistical
significance as individuals. However, the mean values were consistently lower than the
wild-type. Together, these data show that the dot-blot method can be used to accurately
and reliably determine vesiculation phenotypes.

2.5 Conclusions
There is a substantial need to create a high-throughput method to measure
bacterial vesiculation. By growing cultures at small volumes in 96-well plates, a dot-blot
method can be performed quickly and inexpensively, producing data that is repeatable
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and agrees with the established FCOP method. Establishing this method makes possible
large-scale studies of vesiculation over a wide range of conditions.
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Chapter 3: Mutations that Alter Vesiculation in E. coli
3.1 Background
Although OMVs were once thought to be the product of cell lysis (Bishop and
Work 1965; Knox, Vesk et al. 1966; Work, Knox et al. 1966), studies of OMV composition
and regulation have shown that OMVs are not random cell fragments (Wensink and
Witholt 1981; Kadurugamuwa and Beveridge 1995), supporting the idea that OMVs are
formed by a controlled vesiculation process. This belief is well supported by studies
showing different proportions of various lipids (Kadurugamuwa and Beveridge 1995)
and proteins in OMVs (Gankema, Wensink et al. 1980; Wensink and Witholt 1981;
McBroom and Kuehn 2007; Galka, Wai et al. 2008; Kwon, Gho et al. 2009) as compared
to the bacteria of origin. If vesicles were released as a result of random membrane
shedding or degradation, they would be composed of the same proteins and lipids, in
the same proportions, as the bacterial membrane of origin, similar to what is observed
when membranes are isolated by sonication. Instead, OMV lipid and protein profiles
show specific enrichment and depletion of components (Berlanda Scorza, Doro et al.
2008). For example, one study showed that the outer membrane of Pseudomonas
aeruginosa is composed primarily of A-band LPS, with only a minor amount of B-band
LPS, but the OMVs from that strain are almost exclusively composed of B-band LPS
(Kadurugamuwa and Beveridge 1995). Numerous studies have described protein
enrichment and depletion in OMVs from a wide range of species (Nally, Whitelegge et
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al. 2005; Ferrari, Garaguso et al. 2006; Lee, Bang et al. 2007; Berlanda Scorza, Doro et al.
2008; Galka, Wai et al. 2008; Kwon, Gho et al. 2009). Furthermore, bacteria can regulate
the amount of OMVs that are shed based on the growth conditions (Sabra, Lunsdorf et
al. 2003; Vasilyeva, Tsfasman et al. 2008), and increased vesiculation levels do not
require a loss of stability for the outer membrane (McBroom, Johnson et al. 2006). The
ability to shed higher numbers of OMVs without causing membrane damage indicates
that there is a mechanism controlling vesiculation.
Studies of component enrichment in OMVs can lend insight into the mechanism
of vesiculation. For example, the OMV-enriched B-band LPS is more negatively charged
than the A-band counterpart, leading to the hypothesis that B-band enrichment may be
an important step in the biogenesis of OMVs (Kadurugamuwa and Beveridge 1996;
Beveridge 1999; Sabra, Lunsdorf et al. 2003). In this model, it was proposed that B-band
LPS could accumulate at sites of the bacterial surface, and the close proximity of the
negatively charged LPS would induce membrane curvature through charge-repulsion.
The higher curvature at these regions would form buds in the outer membrane, which
could then mature into OMVs. Recent work by the Feldman laboratory showed that
LPS acylation alters the ability of OMVs to preferentially package protein components,
indicating that the fatty acid chains of LPS are involved in the generation of OMVs
(Haurat, Aduse-Opoku et al. 2011). Taken together, these data implicate LPS structure
in the production of OMVs.
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In addition to the structure of LPS and other outer membrane components,
vesiculation may be regulated through the proteins linking the outer membrane to the
peptidoglycan layer (Deatherage, Lara et al. 2009). By reducing the number of bonds
between these two structures, membrane integrity can be reduced, perhaps in small,
localized patches, and the outer membrane will be able to bulge away from the cell at
these site. These membrane bulges may mature into OMVs, although little data is
available regarding the transition from an outer membrane bulge to an outer membrane
vesicle.
Supporting the model that links between the outer membrane and the
peptidoglycan layer regulate vesiculation, it has been shown that deleting or truncating
proteins that link the outer membrane to the cell wall often result in increased
vesiculation (Sonntag, Schwarz et al. 1978; Bernadac, Gavioli et al. 1998; Deatherage,
Lara et al. 2009). It should be noted that in some cases, these mutations disrupt the
integrity of the outer membrane, which is inconsistent with the generation of natural
OMVs from a wild-type strain (McBroom, Johnson et al. 2006). Despite the loss of
membrane integrity, these models remain credible because the mutant phenotypes may
represent an extreme end of the pathway. In wild-type cells, the links between the outer
membrane and the cell wall may be down-regulated to an extent that OMVs are released
but the membrane is not damaged.
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The two aforementioned models for vesiculation (membrane-directed curvature
and regulating membrane-cell wall links) are not mutually exclusive, and there are data
in the literature that support both, thereby making vesiculation a contentious topic
(Deatherage and Cookson 2012). Proteomic analyses have sought to identify the
mechanism by identifying enriched OMV components, but these studies have produced
conflicting results, and some studies have even identified inner membrane and
cytoplasmic proteins in OMVs, which is in conflict with both vesiculation models (Nally,
Whitelegge et al. 2005; Lee, Bang et al. 2007; Berlanda Scorza, Doro et al. 2008; Galka,
Wai et al. 2008). Other studies have identified growth conditions that lead to an increase
in the number of OMVs released from the bacteria, and the data from these studies
shows that stress and nutrient levels can influence vesiculation (McBroom and Kuehn
2007; Song, Mika et al. 2008; Vasilyeva, Tsfasman et al. 2008). However, while these
studies have been useful in showing that vesiculation is a regulated process, they have
not been able to identify a pathway or regulatory step that directly controls the process.
Mutagenesis has also been employed to identify genes that control vesiculation. A
transposon mutagenesis study provided evidence that the σE stress response pathway
can control vesiculation in E. coli, although σE-independent vesiculation was also
observed (McBroom and Kuehn 2007). Subsequent studies using mutants of Vibrio and
Salmonella spp. were able to show that envelope stress responses can lead to increased
vesiculation through an sRNA-dependent reduction in crosslinks between the outer
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membrane and the peptidoglycan layer (Lewis, Skovierova et al. 2008; Song, Mika et al.
2008; Karavolos, Bulmer et al. 2011). Thus, mutational studies have provided the best
insights into the mechanism of vesiculation.
In this study, an E. coli knock-out library was screened to identify mutants with
strong vesiculation phenotypes, creating a set of 111 genes that are predicted to affect
vesiculation. Analysis of these genes led to the findings that surface-exposed
oligosaccharide chains have a negative effect on vesiculation, and that vesiculation is
regulated by the availability of certain amino acids. Mutational studies are also used to
show that although a stress-induced sRNA plays a role in E. coli vesiculation, the σE
system can control vesiculation independently of this mechanism.

3.2 Materials and Methods
3.2.1 Strains and growth conditions
Unless otherwise indicated, the Keio collection (Baba, Ara et al. 2006) was used
for all mutants, and the BW25113 strain was used as the wild-type. Unless otherwise
indicated, cultures were grown in Miller LB media containing 50 µg/mL kanamycin or
250 µg mL-1 ampicillin as necessary. The lpxL and lpxM deletion mutants were grown in
Lennox LB due to their sensitivity to high salt concentrations. To test nutrient-limiting
conditions, strains were grown in M9 minimal media (64 mM Na2HPO4, 15 mM KH2PO4,
2.5 mM NaCl, 5 mM NH4Cl2, 2 mM MgSO4, 0.1 mM CaCl2, and 4 mM glucose) with the
addition of 1 mM of the indicated amino acids. The strain ADA600 was used to measure
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the E stress response (Bianchi and Baneyx 1999). The effect of MicA on vesiculation
was examined using strain CAG45114 and the isogenic micA knock-out mutant (both
kindly provided by Carol Gross) expressing rpoE from the pTRC99a plasmid (Gogol,
Rhodius et al. 2011). The expression of rpoE was induced by adding 1 µM IPTG.

3.2.2 High-throughput OMV phenotype assessment
Strains from the Keio collection E. coli knock out library were inoculated into 96well U-bottom plates (BD) containing 150 µl of LB with 50 µg mL-1 kanamycin and
incubated at 37°C with shaking at 200 rpm overnight. To prevent evaporation, the sides
of the plates were sealed with Parafilm. After the incubation, cells were pelleted by
centrifugation at 1000 x g for 5 minutes. Using a vacuum manifold, 15 µl of supernatant
from each well of a plate was passed through a 0.45 µm polyvinyl difluorine (PVDF)
filter (Pall Scientific, Ann Arbor, MI) onto a nitrocellulose membrane (Pall Scientific).
The nitrocellulose membranes were blocked in TBST (50 mM Tris-Cl, pH 7.4, 150 mM
NaCl, and 1% Tween-20) containing 2% nonfat dry milk for one hour at room
temperature, then incubated with polyclonal antibodies against E. coli LPS (1:1,000 in
TBST; Affinity BioReagents) overnight at 4°C. The blots were then washed in TBST 6
times for 5 minutes each, followed by incubation with mouse-conjugated anti-rabbit
secondary antibodies (1: 10,000 in TBST; LiCor) for 1 hour at room temperature. The
blots were again washed 5 times in TBST for 5 minutes each and once in TBS for 5
minutes. The blot was imaged using the Odyssey infrared imager (Licor), and the
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accompanying software was used to perform densitometry for the blot. To account for
day-to-day variations in blotting intensity, the densitometry values were normalized to
the mean value of the membrane. At least two biological replicate trials and at most 5
were performed for each mutant strain in the library collection, and these values were
averaged to determine the vesiculation phenotype for each mutant.

3.2.3 Growth curves
Mutants were grown in Miller LB media containing 50 µg mL-1 kanamycin in
flat-bottom 96-well plates (BD, Franklin Lakes, NJ, USA) for 18 hours, taking OD600
measurements every 30 minutes using a BioTek EL808 microplate reader (BioTek, USA).
The growth of each strain was measured three times independently, and the maximum
OD600 values for each of the trials were averaged. The average maximum OD600 was
used to determine the growth phenotype of the mutant strains. The growth
measurements were then repeated in LB media containing kanamycin, 0.025% SDS and
1.15 mM EDTA to test for mutants with disrupted membrane integrity. Strains that
were unable to reach a maximum OD600 of 0.45 within 18 hours of growth in either
medium were considered to have a defective growth phenotype.

3.2.4 Flask-grown culture OMV preparation (FCOP)
Vesiculation levels were assessed using large volume cultures (typically >200
mL) and a previously described, established method (McBroom, Johnson et al. 2006)
with some modifications, herein referred to as the FCOP. Specifically, four test strains
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and two independent control strains were grown in 250 mL cultures at 37°C overnight
while shaking at 200 rpm. After the incubation, a 1 mL aliquot of the culture was used
to determine the number of colony forming units (CFUs) by dilution plating. Cells were
removed from the culture by centrifugation at 10,000 x g for 10 minutes followed by
filtering the supernatant through a 0.45 µm PVDF filter (Millipore). OMVs were
pelleted from the cell-free media by centrifugation at 38,000 x g for 3 h at 4°C. The
majority of the supernatant was decanted, and to avoid losing OMVs to aspiration, the
pelleted OMVs were resuspended in approximately 1.5 ml of the remaining supernatant
and repelleted at 100,000 x g for 1 hour at 4°C in a tabletop ultracentrifuge. The media
was decanted from the tubes, and the collected OMV pellets were resuspended in 100 µl
of DPBSS, salt-supplemented Dubelco’s phosphate buffered saline containing additional
salts (200 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, 1.47 mM KH2PO4, 0.9 mM CaCl2,
and 0.5 mM MgCl2). The OMVs were quantified using the lipophilic fluorescent dye
FM4-64 (Invitrogen) as described previously (McBroom, Johnson et al. 2006).
Vesiculation values were determined by normalizing the FM4-64 measurement to the
CFUs and to the average vesiculation value of control strains across at least 3 replicate
trials. By normalizing to the control strain in each set, values from different
preparations could be compared.
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3.2.5 Pathway enrichment
Significant enrichment in GO (Ashburner, Ball et al. 2000) functional categories
was calculated for the 111 genes that resulted in strong vesiculation phenotypes (defined
as having phenotype values outside of 2 SD from the mean of the collection) and lacking
growth defects (Table 3). Because the GO database is not annotated for the BW25113
strain, the closest relative, MG1655, was used for all evaluations. Over-representation in
GO categories was determined using the hypergeometric distribution in the GOstats
package within R Bioconductor (Falcon and Gentleman 2007). Categories with
enrichment p-values lower than 0.05 were considered significant. Pathways were
modeled using Cytoscape v2.8.2 with edges colored according to the measured
vesiculation values for the respective mutant.

3.2.6 OMV function assays
To test for proteolytic activity, OMVs were spotted on LB agar plates containing
2% milk and incubated at 37°C overnight. Cultures of E. coli were spotted as positive
controls. Proteolysis was determined by the presence of a zone of clearance on the plate.
The ability to bind amino acids was determined by incubating OMVs with various
concentrations of tryptophan at 37°C for up to 3 hours. OMVs were then removed from
the solution by high-speed centrifugation (100,000 x g for 1 h), and the amount of
tryptophan remaining in the OMV-free supernatants was evaluated by measuring the
absorbance at 275 nm. Tryptophan without OMVs was used as the control.
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3.2.7 σE assays
σE activity was measured in the ADA600 reporter strain using previously
described methods (Kulp and Kuehn 2011). Mutants of ADA600 were created by P1
transduction using the Keio collection strains as the donors. σE activity was measured
from cultures grown to early log phase (OD600 ~0.30) based on β-galactosidase activity.
Each measurement was calculated by at least three independent trials, and the values
were normalized to the wild-type ADA600 control strain grown in LB, which was
measured in parallel.

3.2.8 Statistics
Unless otherwise indicated, statistical significance between vesiculation
phenotypes of individual cultures was assessed using the Student’s t-test assuming
unequal variance. Vesiculation values for mutants of the LPS, ECA and flagella
biosynthesis pathways were compared to the values of the Keio collection using the
Kolmogorov-Smirnov goodness-of-fit test to assess statistical significance. Statistical
significance of previously described under- and over-vesiculators was tested using
Fisher’s exact test. Published gene expression data (Tani, Khodursky et al. 2002; Zare,
Sangurdekar et al. 2009; Sangurdekar, Zhang et al. 2011) was analyzed by comparing the
average expression levels of all genes included in the Keio collection to the genes
involved in the LPS, ECA or flagella biosynthesis pathways using the student’s T-test.
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3.3 Results
3.3.1 Analysis of cell-surface sugars

Figure 7: Distribution of vesiculation scores for surface-associated antigens
Density plots of the score distributions for (Black) the Keio collection, (Red) LPS
biosynthesis mutants, (Orange) ECA biosynthesis mutants, (Blue) colanic acid
biosynthesis mutants and (Green) flagella biosynthesis mutants. The p-values
determined using the Kolmogorov-Smirnov goodness-of-fit test comparing the pathway
curves to the entire collection are listed. The color bar at the bottom of the graph
indicates the colors used to denote the vesiculation phenotypes for the networks in
subsequent figures of this chapter.
The vesiculation scores of the Keio collection were used to predict aspects of the
bacterium that affect OMV biogenesis. Biosynthesis pathways for cell-surface molecules
were investigated by analyzing the distribution of vesiculation values for the mutants of
individual pathways. In particular, mutants of the LPS and ECA biosynthesis pathways
showed a significant increase in vesiculation values. This phenotype is not common to
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all surface-associated molecules. Flagella biosynthesis and colanic acid biosynthesis
mutants did not show a difference in vesiculation levels (Figure 7).
3.3.1.1 LPS Biosynthesis Pathway
Thirty-seven LPS biosynthesis genes are identified as active in K-12 E. coli based
on the established Gene Ontology (GO) categories for LPS biosynthesis (GO:0009103,
GO:0009244, and GO:0009245). Of these 37, 25 are non-essential and have deletion
mutants that were tested by the dot-blot method. From these 25 non-essential mutants,
17 (68%) displayed vesiculation phenotypes above the mean, with 7 (28%) producing
values in the 2 SD+ category. Of the 8 mutants that resulted in under-vesiculation
phenotypes, 3 (ΔrfaC, ΔlpxL, ΔlpxM) were unable to grow to an OD600 above 0.1 in the
conditions used for the dot-blot, meaning that the under-vesiculation phenotype may be
an artifact of poor growth rather than a reflection of the true vesiculation level. The
ΔrfaL mutant also displayed a strong under-vesiculation phenotype. RfaL is responsible
for ligating O-antigen or other polysaccharides to the LPS core sugar (Kuhn, MeierDieter et al. 1988).
To ensure that the measured increases in vesiculation were not an artifact of the
detection method used in the dot-blot method, several mutants from these two
pathways were also examined using the FCOP method. All 6 of the tested LPS
biosynthesis mutants were confirmed to produce more OMVs by this method.
Surprisingly, the lpxL and lpxM mutants, which produce penta-acylated LPS molecules
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instead of the standard hexa-acylated molecules, were also found to over-vesiculate,
despite being identified as under-vesiculators by the dot-blot method. This discrepancy
is potentially due to the slow growth rate of these two mutants when grown in LB
medium. Although LB medium was used throughout the dot-blot assessment of the
Keio collection, a low-salt LB was used to culture the ∆lpxL and ∆lpxM mutants for the
FCOP tests. The change in salt concentration (5 g/L vs. 10 g/L) did not affect the
vesiculation of the WT strain (data not shown).

Figure 8: LPS biosynthesis mutants have increased vesiculation
Vesiculation levels were measured for several LPS biosynthesis mutants (left). A
schematic of the core sugars of LPS is shown on the right. The steps catalyzed by the
mutated genes are denoted. Values are compared to the wild-type. * p < 0.05, ** p <0.01.
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3.3.1.2 ECA biosynthesis pathway
Based on western blot analysis of OMVs and cells, the antibody used in the
detection step of the dot-blot method cross-reacts with ECA (Figure 13A). Western blots
probed with the anti-LPS antibody resulted in a spectrum of bands for OMV and total
culture samples. This laddering pattern was dependent on the expression of ECA, as it
was not observed in a ∆rffT background. These data show that the LPS antibodies crossreact with ECA.

Figure 9: ECA biosynthesis mutants have altered vesiculation levels
A) Schematic of the ECA biosynthesis pathway. Each arrow represents a reaction step,
with the substrates and products listed. The color of the arrow indicates the vesiculation
score obtained using the dot-blot method. B) The FCOP method was used to verify the
vesiculation phenotypes of four ECA biosynthesis mutants. The reactions are indicated
in part A. Values are compared to wild-type. ** p <0.01.

Because the LPS antibody recognizes ECA, the FCOP method was also used to
verify the over-vesiculation phenotypes of the ECA biosynthesis mutants. Four ECA
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mutants were tested, ΔrffD, ΔrffM, ΔrffT and ΔwzzE. Additionally, ΔrffC was previously
examined using the FCOP method as part of the initial validation of the dot-blot method
(See Figure 6A, Chapter 2). With the exception of ΔwzzE, the ECA biosynthesis mutants
all produced an over-vesiculation phenotype based on the FCOP method. WzzE is a
regulator of ECA length, and in the absence of WzzE, extremely long ECA chains are
formed. The dot-blot and FCOP methods both determined that the ΔwzzE mutant is an
under-vesiculator.

3.3.2 Identifying and analyzing candidate vesiculation genes
To identify other biological pathways involved in vesiculation, the mutants of
the Keio collection with the most pronounced vesiculation phenotypes were further
analyzed. Because nearly half of the 24 previously characterized vesiculation mutants
were found in the 2 SD+ and 2 SD- categories, the 2-standard deviation mark was used
to define mutants with pronounced vesiculation phenotypes. This stringent cut-off
categorizes 103 mutants as under-vesiculators and 57 as over-vesiculators.
As observed with the ΔlpxL and ΔlpxM mutants, growth defects can create false
positive results when using the dot-blot method. In some cases, a slow growth
phenotype can be misinterpreted as an under-vesiculation phenotype. Alternatively,
increased rates of cell lysis and general membrane instability may cause OM material to
be released into the medium. These membrane components in the culture supernatant
could be detected and interpreted as OMVs, resulting in a false over-vesiculation
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phenotype. The screening method used in this study is susceptible to false positive
results based on growth defects and general membrane instability of the mutants.

Figure 10: Distribution of Growth Phenotypes Among Candidate Mutants
Density plots of the maximum OD600 obtained by for the candidate mutants after 18
hours of growth in LB (left) or LB containing SDS and EDTA (right). The dashed red
line at OD600 of 0.40 indicates the cut-off value. Strains that failed to grow to this level
were excluded from the enrichment analyses. As can be observed, most strains
surpassed this growth level.
To reduce the amount of false positives among the 160 selected mutants, growth
rates of the strains were measured in either LB medium or LB containing 0.025% SDS
and 1.1.5 mM EDTA. Inhibited growth in LB indicates a general growth defect, and
strongly inhibited growth in the supplemented medium is indicative of general
membrane instability. Inhibited growth is defined here as failing to achieve an OD600 of
0.45 after 18 hours of growth. Using this criterion, 41 mutants were inhibited for growth
in the standard medium, and an additional 8 were inhibited in the SDS/EDTA medium
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(Figure 10). These 49 mutants were removed from consideration, leaving 111 genes to
be used in subsequent enrichment analyses (Table 2).
Table 2: Candidate Vesiculation Genes
Under-vesiculators
Over-vesiculators
glnA
paaA
ychP
yqiC
adiC gmhB
tolA
yncC
gloB
pepT
ydcL
yraH ahpC gpmI
vacJ
yncK_1
gshB
Pfs
ydhX
yrdD
allD
hyaA
vsr
yneG
hfq
pin
ydhY
alpA
ihfB
wbbL_2
hslU
priA
yebK
bglJ
mrcB
yafM
hybD
proW
yecA
cheR
nlpI
ybhT
iscS
sapC
yfiL
degP ompC
ycfM
lipA
tfaQ
yfjY
dhaL pabB
ycgX
livH
trkH
yhfU
envC
pal
ydfO
lpd
truA
yhhP
fdoI
proQ
ydfV
lrhA
ttk
yifE
flgA
recJ
yeiH
mobA
wzzE
yigL
fliI
rfaH
yeiU
nirC
ybjC
yncM
fre
rfaI
yejK
nuoF
ycdB
ypfJ
gdhA rpoD
ylbE_1
oxyR
ychJ
yphD
gidB
spr
ylcG

acrR
bolA
cheZ
cls
cmk
cof
cpxR
cyaA
cysB
dnaJ
dsbA
dsbB
eutQ
folP
frlR

The 111 genes associated with the most extreme vesiculation phenotypes were
analyzed for enrichment in Gene Ontology (GO) categories using the GOstats package
for R (Table 3). Folic acid and pteridine cofactor biosynthesis pathways were
significantly enriched (p < 0.05), suggesting that cellular metabolism may be involved in
vesiculation. The folic acid biosynthesis pathway was examined more closely by
overlaying the vesiculation scores with the folate biosynthesis pathway as it is described
in the EcoCyc and KEGG databases (Keseler, Collado-Vides et al. 2011; Kanehisa, Goto
et al. 2012).
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Table 3: GO Categories with Significant Enrichment
Term2
GOBPID1
GO:0009108 coenzyme biosynthetic process
GO:0051188 cofactor biosynthetic process
GO:0006760 folic acid and derivative metabolic process
GO:0009396 folic acid and derivative biosynthetic process
GO:0046655 folic acid metabolic process
GO:0046656 folic acid biosynthetic process
GO:0042558 pteridine and derivative metabolic process
GO:0042559 pteridine and derivative biosynthetic process
GO:0050896 response to stimulus
GO:0006732 coenzyme metabolic process
1GO identification number.
2GO term.
3The number of genes identified in the analysis.
4The size of the GO category

p-value
0.004457
0.00661
0.014546
0.014546
0.014546
0.014546
0.025616
0.025616
0.027637
0.03925

Count3
6
6
2
2
2
2
3
3
15
6

Size4
49
53
6
6
6
6
20
20
276
78

Examining the reconstructed pathway shows that the strongest phenotypes were
observed for mutants disrupting the generation of tetrahydrofolate (THF) from
chorismate and GTP (Figure 11). Chorismate is a precursor for aromatic amino acids
and methylated THF is a precursor of methionine synthesis (Banerjee, Frasca et al. 1990).
Removing the enzymes between chorismate and THF in the folate biosynthesis pathway
may remove inhibition of starvation response proteins and create a surplus of an
aromatic amino acid precursor or it may reduce the availability of methionine. These
results suggest that amino acid levels may play a role in vesiculation as has been
suggested for a variety of Gram-negative bacteria species (Knox, Vesk et al. 1966;
Rothfield and Pearlman-Kothencz 1969; Loeb and Kilner 1979; Thompson, Naidu et al.
1985; Vasilyeva, Tsfasman et al. 2008).
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Figure 11: Chorismate Pathway is linked to vesiculation
Folate biosynthesis network, with nodes representing metabolic intermediates and
arrows representing enzymes responsible for the reactions. The color of the arrows
indicates the vesiculation score (see Fig. 7 for color key), with black arrows representing
essential genes not scored in this study. The identity of the metabolites is as follows: 1:
Phosphoenol-pyruvate; 2: 7P-2-Dehydro-3-deoxy-D-arabinoheptonate; 3: Quinate; 4: 3Dehydroquinate; 5: 3-Dehydroshikimate; 6: Shikimate; 7: Shikimate 3-phosphate; 8: 5O-1-Carboxyvinyl-3-phosphoshikimate; 9: 4-Amino-4-deoxychorismate; 10: 4Aminobenzoate; 11: 2-Amino-4-hydroxy-6-erythro-1,2,3-trihdroxypropyldihydropteridine triphosphate; 12: Dihydroneopterine; 13: 2-Amino-4-hydroxy-6hydromethyl-7,8-dihydropteridine; 14: 2-Amino-4-hydroxy-6-hydromethyl-7,8dihydropteridine-P2; and 15: 7,8-Dihydropteroate.

3.3.3 Amino acid availability affects vesiculation
Vesiculation can be affected either directly (i.e., forcing the outer membrane to
curve) or indirectly (i.e., regulating the expression of OMV-altering proteins).
Hypothesizing that amino acids affect vesiculation indirectly, published microarray data
under conditions of amino acid supplementation (Tani, Khodursky et al. 2002; Zare,
Sangurdekar et al. 2009; Sangurdekar, Zhang et al. 2011) were explored to determine if
any OMV-related pathways were misregulated by the addition of specific amino acids.
Specifically, LPS and ECA biosynthesis genes were examined because of their
65

association with vesiculation. As a control, flagella biosynthesis genes were also
examined. Several amino acids were significantly correlated with an altered response in
the expression of LPS or ECA, although supplementing the growth medium with
leucine resulted in the strongest effect (Table 4). The addition of leucine to the media
caused the LPS biosynthesis genes to be strongly up-regulated, thus suggesting that
leucine would have a negative effect on vesiculation.
Table 4: Change in Gene Expression with Amino Acid Supplementation
Supplemented amino acid1
Biosynthesis pathway

Leu

Arg

Asp

Cys

His

LPS

0.22788

-0.04974

-0.0727

N.S.

-0.05995

ECA

N.S.

N.S.

N.S.

-0.167

N.S.

Flagella

-0.3775

-0.0884

-0.05122

N.S.

-0.1959

Cultures were grown in minimal media supplemented with indicated amino acids.
Values indicate the difference in average gene expression levels between the LPS, ECA,
or flagella biosynthesis genes and the entire genome for the indicated growth conditions
using data from published microarray data (Tani, Khodursky et al. 2002; Zare,
Sangurdekar et al. 2009; Sangurdekar, Zhang et al. 2011). Genes that were not deleted in
the Keio collection were excluded from the analysis. N.S. indicates that the change was
not statistically significant (p > 0.05).
1

The effect of amino acids on vesiculation was directly assessed using WT
cultures grown in M9 minimal media lacking amino acids or with 1 mM
supplementation of an amino acid. Compared to growth in rich LB media, M9-grown
cultures produced significantly more OMVs (Figure 12), consistent with the hypothesis
that amino acid starvation leads to increased vesiculation. When grown in M9 media
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supplemented with leucine, vesiculation levels dropped dramatically as compared to
unsupplemented M9 media, which is consistent with the analysis of the microarray data.
Tryptophan, arginine, glutamine and glutamic acid were also tested as supplements to
the M9 media. Interestingly, the effects of these amino acids on vesiculation were not
uniform. The dot-blot and FCOP methods yielded essentially the same results for the
analysis, further validating the dot-blot method.

Figure 12: Amino acid availability affects vesiculation
Vesiculation of the wild-type strain in indicated media conditions as determined by the
dot-blot method (dark bars) and the FCOP method (light bars). All values are given
relative to vesiculation in unsupplemented M9 media. Error bars indicate SEM n ≥ 3; * p
< 0.05, **p < 0.01.
Western blots analysis of OMVs showed that ECA levels were diminished when
cultures were grown in M9 media (Figure 13). A banding pattern that ranged between
15 and 35 KDa was observed when total cultures were subjected to SDS-PAGE analysis
(Figure 13A and B, WT and LB, respectively). In ∆rffT strains, this banding pattern was
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not observed, indicating that the bands are ECA. Consistent with this assertion, deleting
wzzE or nsrR, which negatively regulates the transcription of ECA biosynthesis genes,
results in increased expression of the ECA band (Figure 13B). Interestingly, the banding
was observed with purified LPS samples (Figure 13A), indicating that ECA was bound
to LPS. Further supporting the idea the ECA is bound to LPS in these samples, the ECA
bands were not observed in ∆waaL strains. ECA was observed in both total culture and
OMV samples (Figure 13C), which is supportive of the hypothesis that ECA plays a
direct role in vesiculation.
ECA bands were less pronounced when cultures were grown in minimal media
(Figure 13C and D). Because mutants that inhibit ECA biosynthesis caused increased
vesiculation, it was hypothesized that the upregulation of vesiculation observed in M9grown cultures could be due to the down-regulation of ECA biosynthesis genes.
However, ECA levels were not restored when the M9 media was supplemented with
leucine, despite the restoration of vesiculation levels in that media, suggesting that the
ECA is not the primary mechanism by which vesiculation levels are altered in aminoacid starved cells.
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Figure 13: The presence of ECA on LPS of OMVs
Western blot analysis of cultures and OMVs using the anti-LPS antibody. A) Purified
LPS from WT, ΔwaaL and ΔrffT strains. B) Expression of ECA as observed from cultures
of different strains grown in LB media. The arrow indicates the position of the ECA
bands. C) ECA expression is observed on OMVs, and expression of ECA decreases
when WT cells are grown in M9 minimal media. Brackets/yellow star marks the
position of the ECA bands. The stars indicate bands that are different between OMVs
and culture samples. D) ECA expression in cultures grown in different media. The
arrow indicates the position of the ECA bands.
Amino acid starvation may be alleviated by using OMVs to create a more
nutrient-rich environment, as has been suggested for the XL1 species of lysobacter and
for Pseudomonas fragi (Thompson, Naidu et al. 1985; Vasilyeva, Tsfasman et al. 2008). E.
coli OMVs could be used to increase the nutritional content of the local environment,
69

either by lysing larger protein complexes to create more soluble peptide fragments or by
binding to amino acids and shuttling them back to the bacteria.
To test the hypothesis that E. coli OMVs could solubilize amino acids of peptides,
concentrated OMVs from the wild-type K-12 strain or from an over-vesiculating
pathogenic ETEC strain were spotted onto LB-agar plates containing 2% milk, and the
plates were incubated overnight at 37°C. No zone of clearance was observed on the
milk plates, suggesting that the OMVs did not contain proteolytic activity (data not
shown).
When amino acids are imported into E. coli, they are shuttled through the
periplasm by different amino acid-binding proteins (Rosen 1973; Wissenbach, Six et al.
1995; Kramer, Bongaerts et al. 2003). These periplasmic proteins are potentially included
in the lumen of OMVs and could serve to bind soluble amino acids, holding onto the
nutrients until the OMV fuses with another bacterium, thereby delivering a nutrient
payload into the periplasm of the recipient. Based on this model, purified OMVs were
incubated with large quantities of tryptophan for various amounts of time before the
OMVs were spun down from the solution and the tryptophan content of the OMV-free
supernatant was measured. Even with the largest quantities of OMVs and at the longest
incubation times, no tryptophan was removed from the solution, suggesting that E. coli
OMVs are not able to capture free amino acids (data not shown).
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3.3.4 Other genes of interest
If the stringent growth cut-offs are not applied, other GO categories and gene
groups are apparent among the 2 SD+ and 2 SD- groups. The over-vesiculation mutants
were significantly enriched for genes that regulate the cell shape (GO: 0008360, p =
0.027603). The three genes from this category were mrcB, rodZ (yfgA) and lpoB (ycfM).
mrcB encodes penicillin-binding protein 1B (PBP1B), catalyzes transpeptidation and
transglycosylation of the peptidoglycan cell wall, and lpoB encodes an activator of
PBP1b. RodZ also plays and important role in determining cell shape, and rodZ
mutants have a round or ovoid morphology (Shiomi, Sakai et al. 2008), possibly because
of defects in the localization of peptidoglycan remodeling enzymes. The enrichment of
this category suggests that the cell wall plays an important role in vesiculation, although
these mutants may be releasing random membranous blebs.
The SAP operon, sapABCDF, encodes an ABC transporter system that, when
deleted, results in sensitivity to several antimicrobials, including defensins in Salmonella
typhimurium (Parra-Lopez, Baer et al. 1993). The knock-outs of sapD and sapC are in
the 2 SD- group and the sapF knock-out is in the 1 SD- group. The periplasmic SapA
component that may be able to bind to the antimicrobials when they enter the periplasm
(Parra-Lopez, Baer et al. 1993). Direct evidence shows that the SAP transporter is
involved in K+ transport (Harms, Domoto et al. 2001), but there is no direct evidence
that antimicrobials are actually transported by this system. Because the SAP mutants
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produce fewer OMVs, and OMVs have a protective role against antimicrobials, the
sensitivity phenotype observed for these mutants may be partially due to the reduction
in vesiculation. Future tests using point mutants of the SAP pathway that are unable to
bind ATP and therefore are not functional may help differentiate between the transport
and vesiculation roles in antimicrobial protection.

3.3.5 σE-regulation of OMV production
Mutations affecting LPS structure can lead to instability of OMPs, and thereby
activate the σE pathway. The σE levels were measured for select mutants representing
the LPS and ECA pathways, ∆waaG and ∆rffT, respectively (Figure 14A). Overvesiculating mutants affecting both LPS and ECA significantly activated the σE pathway,
while no increase in σE activity was observed for the ∆wzzE mutant, which has a positive
effect on the length on ECA and negatively affects vesiculation levels. σE activity has
been reported to increase vesiculation in E. coli, as well as other Gram-negative bacteria
(McBroom and Kuehn 2007; Song, Mika et al. 2008), and therefore, the effect of LPS and
ECA on vesiculation could be indirect and dependent upon the σE stress response. To
further test this, the σE pathway must be uncoupled from vesiculation. However, this is
not currently possible because the mechanism of σE-induced vesiculation has not been
determined.
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Figure 14: σE and Vesiculation
A) The σ activity levels were measured for a WT strain and isogenic LPS and ECA
mutants grown in LB media. The σE activity of the WT strain grown in M9 media was
also measured. B) Vesiculation levels were measured for WT and a ΔmicA mutant
under rpoE-expressing conditions.
E

In V. cholera, the σE stress response pathway was linked to vesiculation through
the small regulatory RNA vrrA, which represses the translation of an outer membrane
protein OmpA (Song, Mika et al. 2008). E. coli has a homologous sRNA, micA, which is
also expressed from a σE promoter and blocks the translation of OmpA (Udekwu and
Wagner 2007). OmpA binds both the outer membrane and the peptidoglycan layer, and
deleting OmpA increases vesiculation in both species. In Salmonella, micA is also
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implicated in vesiculation, although in this species it is driven from a different envelope
stress response pathway, the CPX pathway (Karavolos, Bulmer et al. 2011). Small
regulatory RNAs such as micA were not included in the knock-out library used in this
screen, but the ∆ompA mutant was identified by the dot-blot method as having a strong
over-vesiculation phenotype, which is consistent with the models developed for V.
cholera and Salmonella.
Based on this data, a micA knock-out mutant was also tested for its role in σEinduced vesiculation (Figure 14B). Because the ∆micA mutant was not included in the
Keio collection, the strains used in these experiments were from a different background
(kindly provided by Carol Gross). Vesiculation was strongly reduced in the ∆micA
mutant, as expected. However, exogenous expression of σE was still able to increase
vesiculation in this mutant, suggesting that micA was not solely responsible for the
ability of σE to regulate vesiculation.

3.4 Discussion
Using commercially purchased antibodies against E. coli LPS, the vesiculation
phenotypes of an E. coli knock-out library were measured and compared. Although
some errors are expected in this high-throughput assessment, the majority of
phenotypes will be accurate. Using this data, LPS and other surface-bound
polysaccharides were investigated to determine if these structures had an effect on
vesiculation. Consistent with previous studies in other species, LPS and ECA were
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found to be important for proper vesiculation levels. These results were verified by an
independent method, which further supports the accuracy of the dot-blot method.
Mutants that affected the synthesis of the LPS core sugar structure typically
displayed an above-average vesiculation phenotype, which is consistent with the model
of LPS-controlled vesiculation first proposed by the Beveridge lab (Beveridge 1999).
Subsequent large scale preps confirmed the over-vesiculation phenotype for these
mutants.
Most of the non-essential enzymes in the LPS biosynthesis pathway add sugars
to the LPS molecule, but WaaY and WaaP phosphorylate LPS at the second and first
heptose subunits, respectively (Reeves, Hobbs et al. 1996). The model proposed for P.
aeruginosa stated that the highly charged B-band LPS promoted vesiculation through
charge repulsion. Based on this model, the inability to phosphorylate the core sugars of
LPS should result in reduced vesiculation, as fewer negatively charged phosphate
groups will result in weaker charge-repulsion forces. In contrast to this model, the
∆waaP mutant was found to be an over-vesiculator. The results of the ∆waaY mutant
were inconclusive due to the high variability of the FCOP method, but the dot-blot
method identified this mutant as having a slight under-vesiculation phenotype (0 SDgroup). Because of the conflicting phenotypes between the ∆waaP and ∆waaY mutants,
the data from this screen is inconclusive in regards to whether LPS charge plays a role in
vesiculation.
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Although the charge of LPS was inconclusive for its role in vesiculation, the
individual sugar subunits of the molecule were important. Mutations to any of the
enzymes responsible for adding a sugar subunit to the LPS chain resulted in an overvesiculation phenotype. Moreover, deletion of the acyltransferase genes lpxL and lpxM
resulted in an over-vesiculation phenotype, implicating the entire LPS molecule in the
mechanism of vesiculation. LPS acylation has been implicated in OMV biogenesis in a
Porphyromonas species, although the role of these acyl chains was not determined
(Haurat, Aduse-Opoku et al. 2011). The results of this study show that the entire
structure of LPS can affect vesiculation.
ECA has been observed on the surface of a variety of species of enterobacteria,
although its function is unknown. Large scale vesiculation preps confirmed that ECA
expression has a similar effect on vesiculation as LPS. Deletion of the ECA biosynthesis
genes results in increased vesiculation, and deletion of wzzE, which restricts the length
of ECA polymers, resulted in decreased vesiculation. Taken together, the data show that
the expression and length of surface sugars has a negative effect on vesiculation.
Interestingly, ECA was predominantly observed attached to LPS. It has been reported
that ECA is primarily attached to PG head groups, although LPS attachment and soluble
cyclic forms of ECA have been observed (Kuhn, Meier-Dieter et al. 1988). These
differences between those studies and the results reported here may be due to the use of
different strains. Regardless, in this study, ECA molecules can be considered as a
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component of a larger LPS molecule, essentially serving the same role as an O-antigen.
As such, these results suggest that E. coli O-antigen would have a similar role in
vesiculation as ECA.
Mutations to the LPS biosynthesis pathway have been shown to activate the σE
stress response pathway, and σE activity increases vesiculation (McBroom and Kuehn
2007; Klein, Lindner et al. 2009). Based on these findings, the LPS mutants may induce
vesiculation indirectly. Deleting rffT, thus blocking the ECA biosynthesis pathway, also
caused the σE pathway to be activated, which could also explain the increased
vesiculation observed for this strain. However, the ∆wzzE mutant, which undervesiculates and has longer ECA molecules at the surface, had wild-type levels of σE
activity, indicating that the decrease in vesiculation observed with this mutant was
independent of the σE pathway. Therefore, ECA may still play a direct role in
vesiculation, despite the association with the σE stress response pathway.
The data were further analyzed by searching for enrichment in biological
pathways among the mutants with the strongest vesiculation phenotypes. To further
strengthen the results of this analysis, growth curves were used to eliminate falsepositives from the data-set. The only substantial result of the enrichment analysis under
these conditions was a link to chorismate metabolism. The use of stringent cut-offs
(using mutants from the 2 SD- and 2 SD+ categories and the growth curves) limited the
analysis to a manageable number of genes (111 in total), but these restrictions may have
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resulted in the exclusion of meaningful data. Analysis using less stringent cut-offs
produced a wider range of data, such as the Sap operon, which may lead to interesting
discoveries
Growth in an amino acid-deplete M9 medium resulted in increased vesiculation
when compared to growth in LB. There are numerous differences between these two
media, any of which could serve as inducers of vesiculation. Supplementing the
minimal media with certain amino acids decreased vesiculation significantly, although
not all amino acids had this effect. Leucine had the strongest effect, followed by
tryptophan and isoleucine, but arginine, glutamine and glutamate did not significantly
reduce vesiculation. Leucine is known to be a strong signal for gene regulation,
activating a large regulon controlled by the leucine-responsive regulatory protein Lrp
(Newman and Lin 1995) . Microarray data on gene expression in response to leucine
addition showed that leucine-induced gene expression correlated with the vesiculation
phenotype of the mutant. Genes that result in high vesiculation values when deleted
were more responsive to leucine than genes that did not alter vesiculation or those that
had a negative effect on vesiculation when deleted. Depending on the gene, overexpression of a gene may result in the opposite phenotype of a deletion mutant, thus
expression of the over-vesiculation genes should result in an under-vesiculation
phenotype, as was observed. Ten over-vesiculation genes (in the 2 SD+ category) were
strongly induced by leucine (ygeG, ycbL, ybhT, yjeM, yeiU, mrcB, ihfB, yncC, yddL and
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cspB) (Tani, Khodursky et al. 2002). The most notable gene in this group is mrcB, which
encodes the peptidoglycan synthesis enzyme PBP1b. Increased levels of PBP1b may
strengthen the cell wall, making it a stronger anchor for the outer membrane. Overexpression of these ten genes independently may determine whether any of these genes
are direct regulators of vesiculation.
The use of low levels of leucine or arginine in place of casamino acids in M9
minimal media has been shown to affect the protein profiles of OMVs from E. coli (Loeb
and Kilner 1979), but no change in vesiculation levels were observed. Lysine has also
been shown to affect vesiculation, although in that study, higher concentrations of lysine
(0.025% compared to 0.003%) resulted in increased OMV production (Rothfield and
Pearlman-Kothencz 1969). The data presented here represent the first instance where
the addition of specific amino acids reduces vesiculation in wild-type E. coli.
ECA expression was reduced in M9 media, and this reduction in ECA could
result in increased vesiculation similar to what is observed in the ECA mutants.
However, the addition of leucine to the media reduced vesiculation without restoring
ECA levels, suggesting that ECA levels are not controlling vesiculation in minimal
media. Further studies are needed to identify the factors responsible for the M9mediated increase in vesiculation. Testing the vesiculation genes identified in this
screen for mutants that fail to respond to M9 media or leucine supplementation may
provide insight into the regulatory mechanism.
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Compared to growth in LB, growth in M9 media has been shown to increase the
expression of the rpoE, the gene encoding σE (Bernstein et al 2002 PNAS). As with the
LPS and ECA mutants, the σE stress response pathway may serve as the regulator of
vesiculation in these conditions. The σE pathway has been shown to directly regulate
vesiculation in E. coli (McBroom and Kuehn 2007) and in Vibrio cholerae (Song, Mika et al.
2008). A mechanism for σE-induced vesiculation has been proposed for V. cholerae in
which a small RNA regulates the expression of OmpA, a protein that links the outer
membrane to the cell wall. The data in this study support the role of OmpA and its
regulatory RNA micA in the vesiculation of E. coli. However, the ∆micA mutant was still
able to increase vesiculation in response to rpoE expression, suggesting that σE controls
vesiculation through two independent mechanisms.
The σE pathway is also known to inhibit the synthesis of Braun’s lipoprotein, a
highly abundant protein that links the outer membrane to the cell wall in E. coli
(Rhodius, Mutalik et al. 2011). Repression of the gene encoding this protein, lpp, is
mediated by σE-bound RNA polymerase binding to the lpp promoter in the wrong
orientation, and experimental evidence of this repression has been shown by microarray
analysis. The ∆lpp mutant had an under-vesiculating phenotype based on the screen
results, but lpp mutants have been reported to secrete large amounts of vesicles in other
publications (Sonntag, Schwarz et al. 1978; Wensink and Witholt 1981). Because of the
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role Lpp plays in linking the outer membrane to the cell wall, it is likely that the σE
pathway can control vesiculation by negatively regulating both OmpA and Lpp.

3.5 Conclusions
Screening the Keio collection for genes involved in vesiculation resulted in the
isolation of 111 genes that are predicted to have a strong influence on OMV production.
Analysis of these genes predicted that both surface sugars and amino acid availability
would affect vesiculation, and these predictions were confirmed using large scale preps.
The σE stress response pathway was implicated in both surface sugar expression and
growth in minimal media, suggesting that this pathway can serve as a mechanism to
regulate vesiculation, possibly through the expression of two proteins that anchor the
outer membrane to the peptidoglycan layer. There are two contending models for
vesiculation, one stating that vesiculation can be controlled directly through the
properties of the outer membrane components such as LPS and the other stating that
links between the cell wall and the outer membrane regulate vesiculation. The data
from this study support the idea that these two mechanisms co-exist, and that they can
be linked through the σE pathway.

81

Chapter 4: The Role of RseB in σE Activation
4.1 Background
The outer membrane of E. coli is monitored by the σE stress response pathway.
Activation of this pathway involves a proteolytic cascade that releases an alternative
sigma factor into the cytoplasm (Ades 2008). Under normal growth conditions, an
alternate sigma factor, σE, is sequestered at the cytoplasmic face of the inner membrane
by its anti-sigma factor RseA. RseA spans the inner membrane and is subject to
sequential proteolysis by the inner membrane proteins DegS and RseP. DegS first
cleaves RseA at the periplasmic portion of the protein. Cleavage by DegS makes RseA a
substrate for RseP, although it has been suggested that in some cases RseP can function
independently of DegS. RseP cuts RseA at the cytoplasmic side of the inner membrane,
releasing σE into the cytoplasm. The remaining portion of RseA is removed from the
sigma factor by a series of proteolytic events by enzymes such as ClpX. Although a
large number of steps are required for σE activation, only the first step, cleavage of RseA
by DegS, is regulated (Walsh, Alba et al. 2003); all subsequent steps of the proteolytic
cascade occur automatically.
Once σE is released into the cytoplasm, it is able to bind to RNA polymerase,
thereby directing the enzyme to specific promoter sequences. Both bioinformatics and
microarray data have shown that over 100 genes, including at least two small RNAs, are
regulated by σE, most of which are up-regulated (Rhodius, Suh et al. 2006; Rhodius and
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Mutalik 2010; Rhodius, Mutalik et al. 2011). The σE stress response does result in the
down-regulation of at least 8 genes. In some cases, this negative regulation is an indirect
effect, as is the case for OmpA, which is regulated directly by the σE-induced sRNA
micA (Udekwu and Wagner 2007). σE is able to directly down-regulate the expression of
genes, such as lpp, by binding to the promoter in the wrong orientation, thus blocking
the promoter site and reducing transcription.
Many of the genes regulated by the σE response are involved in envelope
biogenesis (Rhodius, Suh et al. 2006). Production of some abundant OMPs, such as
OmpC, OmpA, and Lpp, is reduced, which is thought to reduce the pressure on the OM
biogenesis system. The σE regulation genes, rseA, rseB and the gene for σE, rpoE, are
also regulated by this system. This allows the pathway to revert to a basal level after the
stress conditions pass.
The regulation of DegS activity has been the topic of several high-profile papers,
and a great deal has already been discovered about this process (Walsh, Alba et al. 2003;
Sohn, Grant et al. 2007; Sohn and Sauer 2009). DegS is an integral inner membrane
protein with a single transmembrane domain and a periplasmic PDZ domain (Sohn,
Grant et al. 2007). In its normal state, DegS is inactive. Activation is triggered by the
PDZ domain binding a C-terminal Y-x-F motif common to outer membrane proteins
(Hasselblatt, Kurzbauer et al. 2007). This binding causes conformational changes in
DegS, exposing the proteolytic site. Activated DegS is then able to cleave RseA at a
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specific site between residues V148 and S149 (Collinet, Yuzawa et al. 2000). The PDZ
binding domain has been extensively studied, and it has been shown that different
peptide sequences activate DegS to different extents (Hasselblatt, Kurzbauer et al. 2007).
Varying the first residue of the motif has strong effects on DegS activity levels, while the
identity of the second residue has only a modest effect. The third, C-terminal residue
has a profound effect on DegS activity, and only a few amino acids are tolerated at this
position. Specifically, changing the last residue from a phenylalanine to an aspartic acid
completely abolishes activation of DegS.
With only one exception, all OMPs form beta-barrels as their transmembrane
domains, and these proteins typically have a C-terminal phenylalanine residue (Schulz
2002; Rigel and Silhavy 2012). In most cases, the N- and C-termini of OMPs interact to
fuse the B-barrel shut, and this interaction between termini typically requires a Cterminal phenylalanine (Struyve, Moons et al. 1991). Mutations to the C-terminal F of
some OMPs cause the proteins to misfold and not properly insert into the outer
membrane (Struyve, Moons et al. 1991; Gerken, Leiser et al. 2010). Thus, C-terminal
phenylalanine residues are conserved in the majority of OMPs. A notable exception to
this rule is in OMPs with C-terminal periplasmic domains, such as OmpA and GspD.
The C-terminal phenylalanine residues found in most OMPs are incorporated into the Bbarrel, but when the OMPs are unable to fold properly, these C-termini are left exposed
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in the periplasm where they can bind to and activate DegS, thus activating the σE stress
response.

4.2 Materials and Methods
4.2.1 Strains and growth conditions
E. coli strain ADA600, which has been previously described (Bianchi and Baneyx
1999), was used as the “wild type” to determine levels of σE activity. ADA600 is derived
from the MC4100 background and contains an rpoHP3::lacZ chromosomal fusion that is
specifically activated by the σE stress response pathway. The ΔrseB strain was created by
P1 transduction using the rseB knockout strain from the Keio collection (BW25113
background) as the donor (Miller 1992; Baba, Ara et al. 2006). All cultures were grown at
37°C with shaking in Luria-Bertani (LB) media containing 250 µg/ml ampicillin and/or
50 µg/ml kanamycin as necessary.

4.2.2 Plasmids and constructs
Bacterial alkaline phosphatase (AP) and the OMP C-terminal sequences were
PCR amplified from the genomic DNA of E. coli strain BW25113 using the appropriate
primers indicated in Table 1. The phoA gene, encoding AP, was cloned into the
expression vector pTRC99a at the SacI and XbaI restriction sites, and then the DNA
encoding the OMP C-termini, including the stop codon, was inserted using the
restriction sites XbaI and HindIII, fusing the OMP peptide to the C-terminus of AP.
Fusions containing non-native OMP C-terminal sequences were created by
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incorporating mutations into the primer during the amplification step. The pTRC99a
plasmid encoding wild-type AP, without a C-terminal OMP fusion, was used as a
control. All of the constructs were verified by sequencing. The constructs were
transformed into ADA600, and expression was induced with 25 µM IPTG (SigmaAldrich, USA).

4.2.3 Protein detection assays
Periplasmic fractions were obtained from cells that were grown to early
exponential phase in the presence of 25 µM IPTG. The cultures were inoculated at an
initial OD600 of approximately 0.03. When the cultures reached an OD600 of
approximately 0.3, 2 mL of culture was collected, centrifuged at 10,000 g for 2 min to
pellet cells, washed twice in PBS, and then treated with 200 µL of 10 mg/mL polymyxin
B (Sigma-Aldrich, USA) in PBS for 1 h at 37°C while shaking. After the treatment, the
cells were pelleted by centrifugation at 10,000 g for 2 min, and the supernatant,
containing released periplasm, was collected. Periplasmic fractions and total cultures
were analyzed by SDS-PAGE using a 15% acrylamide gel. Protein concentrations were
determined using the Bradford assay following the manufacturer’s directions
(Invitrogen). To assess total protein content, gels were fixed for 1 h in fixing solution
(10% MeOH and 7% acetic acid), stained with Ruby stain (Invitrogen, USA) overnight in
the dark, and washed for 1 h in fixing buffer. Ruby-stained proteins were detected under
UV light and quantified by densitometry using the ImageJ program (NCBI).
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Immunoblots were performed by transferring unstained gels to nitrocellulose
membranes, blocking in Tris-buffered saline (50 mM Tris-Cl, pH 7.4, 150 mM NaCl; TBS)
containing 5% skim milk for 1 h at room temperature, incubating with anti-AP
monoclonal antibodies (1:10,000 in TBS containing 1% Tween-20 [TBST], Sigma-Aldrich)
overnight at 4°C, washing six times in TBST for 5 min each, incubating with IRdye antimouse secondary antibodies (1:25,000 in TBST, LiCOR, USA) for 1 h at room
temperature, washing six times in TBS, and visualizing using the Odyssey thermal
imaging system (LiCOR, USA) according to the manufacturer’s instructions. AP activity
was also assessed for the periplasmic fractions using the Sensolyte pNPP colorimetric
alkaline phosphatase activity kit (AnaSpec, USA) according to the manufacturer’s
instructions.

4.2.4 Stress response activity assays
The σE response pathway activity levels were determined by lacZ-reporter
assays, as previously described (Miller 1992; Raivio and Silhavy 1997; Bianchi and
Baneyx 1999). Briefly, cultures were incubated in LB at 37°C until the cultures reached
an OD600 of 0.03, induced with 25 µM of IPTG, and allowed to grow until they reached
an OD600 of 0.3. Samples from each culture (400 µL) were diluted to 1 mL total volume
using ice cold Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4,
and 50 mM β-mercaptoethanol) and lysed by adding one drop of 0.1% SDS and two
drops of chloroform and vortexing for 30 s. The lysed cultures were incubated in a water
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bath (27°C, 10 min) before adding 0.2 ml of 4 mg/mL ortho-nitrophenyl-β-galactoside in
Z buffer. The reaction was stopped by adding 0.5 mL of 1 M Na2CO3, and the absorbance
at 420 nm and 550 nm were measured. The Miller units were determined using the
following equation:
Miller Units = 1000 x (OD420 – 1.75 x OD550)/(t x v x OD600)
where t is the time between adding the substrate and stopping the reaction, v is the
volume of culture used in the reaction, and OD600 is the density of the culture at the time
the sample was removed. Each sample was tested in a minimum of three independent
experiments, and values were normalized to the empty vector control for the
appropriate background.

4.2.5 Statistical analysis
The Students’ T-test assuming unequal variance was used to assess statistical
significance. A P value <0.05 was considered statistically significant. Data represent the
mean +/- standard deviation.

4.3 Results
4.3.1 Periplasmic expression of peptides that mimic misfolded OMPs
The C-terminal domains of several OMPs were tested for their ability to activate
the σE system. To accomplish this, the C-terminal 50 amino acids of 7 OMPs were fused
to the periplasmic proteins bacterial alkaline phosphatase (AP). The OMPs used in this
study were chosen for based on their predicted ability to activate the σE pathway
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(Hasselblatt, Kurzbauer et al. 2007). Activation of the σE response is dependent on the
identity of the 3 C-terminal amino acids of the misfolded OMP, which bind to and
activate the inner membrane protein DegS. This activation step has been extensively
studied in vitro, and using the results of these studies, seven OMPs with a range of
predicated DegS activation potentials were chosen for this study (Hasselblatt, Kurzbauer
et al. 2007). The OMPs PhoE and OmpC have strong DegS activation motifs, BtuB, FecA
and FepA have moderate activation motifs, and GspD and OmpA lack a DegS-activation
motif.
Fusion to the periplasmic carrier protein AP ensures that the OMP constructs are
localized to the periplasm. Although both of these proteins are used for the same
purpose in this study, they have distinct characteristics. AP forms a dimer (Akiyama
and Ito 1993) and can be measured by activity assays. Proper localization of the
ectopically expressed constructs was verified by Western blots of periplasm extracted
from cultures grown overnight in the presence of IPTG (Figure 15). AP activity was
detected at similar levels in strains expressing the AP-fused constructs (data not shown).
Because AP is only active when forming a dimer, these results show that the C-terminal
OMP tag does not strongly alter the structure of the AP carrier protein. Cultures
containing the empty vector did not produce bands using either antibody and AP
activity was not detected in strains expressing the empty vector.

89

Figure 15: Periplasmic expression of OMP constructs
Immunoblots of periplasmic preparations from exponentially growing cells expressing
the various constructs using an antibody against the carrier protein, AP. A) GspD-YYF
migrates slower than AP, and migration and expression levels of GspD-YYF do not
differ between the wild-type and ΔrseB strains. B) Expression of the native constructs in
the wild-type background. The GspD construct migrates slower than the rest of the
constructs.

4.3.2 GspD and OmpA constructs lack a σE activation motif
Cultures expressing the various constructs were tested to determine which
constructs activated the σE stress response pathway, using a strain expressing the empty
pTRC99a vector as a reference for basal stress levels. The carrier protein did not induce
σE activity, ensuring that any observed effects were due to the fused OMP portion of the
hybrid constructs. AP fused to C-terminal sections of PhoE, OmpC, BtuB, FecA or FepA
all induced σE activity, with OmpC and PhoE fusions producing the strongest responses.
The initial results showed that the σE activity derived from the OMP constructs
largely followed the predicted DegS-activation potential. However, when the GspD and
OmpA constructs were mutated to end in strong DegS-activating motifs (YYF), they still
failed to elicit a σE response. These results show that at least one additional feature is
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required for σE activity, and that this feature is absent in the GspD and OmpA
constructs. It was recently reported that RseB recognizes an undiscovered signal in
OmpC and OmpX, and that this signal was at least 10 amino acids from the C-terminus
(Chaba, Alba et al. 2011). To determine whether GspD and OmpA lacked the RseBdependent signal, σE levels were examined in rseB-deletion strains expressing GspD and
OmpA with or without the DegS-activation motif.
In the rseB deletion strain, GspD-YYF and OmpA-YYF both elicited a σE response
(Figure 16). The GspD-YYF response was strong, whereas the OmpA-YYF response was
much weaker. However, OmpA-YYF was not stable, based on Western blot analyses
(data not shown). The GspD and GspD-YYF constructs were equally expressed (Figure
15), allowing this construct to be further examined. The unmodified GspD and OmpA
constructs (lacking a DegS-activation motif) were unable to induce σE activity in the
mutant background, indicating that DegS is still required and that the response is being
activated through the same pathway.
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Figure 16: σE activity induced by OMP constructs
AP fusions with the 50 C-terminal amino acids of the indicated OMP were expressed in
A) wild-type and B) ΔrseB strains of ADA600, and σE activity was measured. V indicates
vector and Carrier indicates AP plasmid controls. Data are presented as the mean σE
activity normalized to the vector control for that background, and the error bars
represent the standard deviation. ** p<0.01 compared to the vector control.
The other OMP constructs also retained activity in the ∆rseB strain, although the
levels of activity were increased in the mutant background as compared to the wild-type
strain. To ensure that the activation potential of the GspD-YYF and OmpA-YYF
constructs was due to the rseB mutation and not slight differences in stability of
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expression levels, the GspD-YYF construct was tested in both backgrounds at different
levels of induction (Figure 17). The GspD-YYF construct was a strong σE activator even
at barely detectable levels of expression (0 µM IPTG) in the ΔrseB background but did
not cause a significant increase in the wild-type background when induced at high levels
(50 µM IPTG). These results confirm that the GspD-YYF construct is unable to invoke
the σE in the presence of RseB. Thus, GspD and OmpA lack a critical RseB-recognition
feature, whereas the other OMP constructs contain this feature.

Figure 17: GspD-YYF only induces σE activity in the ∆rseB background.
The GspD-YYF construct was tested for the ability to activate the σE pathway at different
levels of induction in both the wild-type (blue) and ΔrseB backgrounds (red). Western
blots of cultures were used to determine expression levels of the constructs.
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4.3.3 β-strand Motifs are required to overcome RseB inhibition
To identify the RseB-recognition feature of the OMPs, the secondary structures of
the OMP constructs were compared (Figure 18). For PhoE, OmpC, BtuB, FecA and
FepA, the secondary structure was determined from the crystal structures. The crystal
structures of GspD and OmpA have not been solved for the C-termini, so the program
PhiPred was used to predict the secondary structure. The OMP constructs that have
wild-type σE activity all contain a number of β-strand motifs (BSMs), as is expected for
B-barrel proteins. The GspD and OmpA constructs, however, lacked predicted BSMs.
GspD and OmpA both have periplasmic C-terminal domains, and therefore their Ctermini are not part of the β-barrel transmembrane domain. Because OMPs are almost
exclusively B-barrels, it is reasonable to hypothesize that unfolded BSMs in the
periplasm can be used as a marker for misfolded OMPs.
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Figure 18: Secondary structures of OMP constructs
The amino acid sequence of the 50 C-terminal residues of the tested OMPs are shown.
Arrows above the sequence indicate a predicted (GspD and OmpA) or known (all
others) β-strand region.

To test the hypothesis that RseB must recognize BSMs for a misfolded protein to
elicit a σE response, the BSMs of the OmpC and FepA constructs were removed or
disrupted and σE levels were measured in response to these constructs in either wildtype or ∆rseB backgrounds (Figure 19). The FepA construct contained only a single
BSM. Deleting this motif, but leaving a DegS-activation motif, resulted in a complete
lack of σE activation in the wild-type strain (Figure 20). In the ∆rseB background, the
truncated FepA construct induced σE activity.
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Figure 19: Removal of BSMs from OMPs
The C-terminal sequences of the FepA and OmpC constructs were mutated to remove βstrands (Truncates). The native amino acid sequences were also mutated to terminate in
YQF (FepA and OmpC truncates) or to disrupt the BSM (OmpC20-Proline) as indicated
by brackets.
The OmpC construct contains three BSMs, herein designated as BSM1, BSM2 and
BSM3 going from the N- to C-terminus of the construct. Removing BSM3 (OmpC
Truncate) reduced wild-type σE levels, but did not completely abolish σE activity.
Similarly, deleting BSM1 and BSM2, so that only BSM3 remained (OmpC-20), reduced
σE induction. When BSM3 was disrupted in OmpC-20 by mutating a residue into a
proline, σE activity was no longer achieved in the wild-type strain. However, in the
∆rseB background the OmpC-20-Proline construct still induced σE to high levels.
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Figure 20: BSMs are required for σE activation by OMPs
A) The σE activity of wild-type ADA600 diminished when BSMs were removed from σEactivating OMPs. B) In ΔrseB strains, σE activity was not affected by the reduction of
BSMs from OMPs. Data are presented as the mean σE activity normalized to vector
control for that background, and the error bars represent the standard deviation. *
p<0.05; ** p<0.01. Asterisks directly over data bars indicate comparisons to the vector
control, and pairwise comparisons between constructs are indicated by asterisks over
horizontal lines.

BSMs were added to the GspD-YYF construct to determine whether these motifs
would be sufficient for σE activity in the wild-type strain (Figure 21). The 10 C-terminal
amino acids of GspD were exchanged with one of the three BSMs from OmpC and a Cterminal YYF. Each of these constructs activated the σE pathway in the wild-type strain,
although different extents (Figure 22). The addition of BSM2 strongly increased σE
activity, but BSM1 had only a modest effect. In the ∆rseB background, no differences
were observed between BSM1, BSM2 and BSM3, indicating that BSMs also control the
strength of the σE response through RseB.
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Figure 21: Adding BSMs to the GspD construct
The BSMs in the native OmpC construct are labeled BSM1-3. Individually, these BSMs
along with a YQF DegS-activating C-terminus replaced the C-terminus of the GspD
sequence (BSM1, BSM2, BSM3). Also, the BSM from MscS similarly replaced the Cterminus of the GspD construct (McsS). Mutated sequences are indicated by brackets.
Because the BSM plays a role in the strength of the σE response, a BSM from a
cytoplasmic protein was added to GspD to determine if RseB preferentially recognized
BSMs from transmembrane β-barrels (Figure 21). A BSM from a β -barrel of the
cytoplasmic protein MscS was fused to GspD in the same way as the OmpC BSMs
(Figure 22) (Bass, Strop et al. 2002). The MscS BSM was sufficient to produce a moderate
level of σE activity in the wild-type strain, indicating that RseB is not specific for
transmembrane BSMs.
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Figure 22: The σE activity of the GspD construct with incorporated BSMs
BSMs from OmpC were incorporated into the GspD construct along with a YQF Cterminal sequence. The resulting σE activities were measured in A) wild-type and B)
ΔrseB strains. Data are the mean σE activity normalized to vector control (V) for that
background, and the error bars represent the standard deviation. * p<0.05; ** p<0.01.
As previously stated, the BSM1-3 constructs created similar levels of activity in
the ∆rseB background but not in the wild-type background. This data suggests that the
BSMs are not equal in their ability to overcome RseB inhibition. However, it could also
be explained if the BSM1-3 constructs have achieved an upper detection limit in the
∆rseB background. To ensure that the similar levels of σE activity were not a result of
detection limits, the constructs were expressed in the absence of the IPTG inducer, and
σE activity was measured (Figure 23). The lower induction levels reduced σE activity, as
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expected, but the three BSM constructs retained their similar activation levels. Based on
these results, the similar levels of σE activity obtained by the BSM1-3 constructs in the
ΔrseB background is an indication that the different BSMs have different efficacies for
relieving RseB inhibition.

Figure 23: The σE profile of BSM-containing GspD constructs under different levels of
IPTG induction.
GspD constructs containing OmpC BSMs were induced with different levels of IPTG in
the wild-type (blue) or ΔrseB background (red). The wild-type was induced with 25 µM
IPTG, and the ΔrseB cultures were induced with 25 µM (dark) or 0 µM (light) IPTG. σE
levels are similar among the BSM1-3 constructs at 0 µM IPTG, indicating that the
similarities seen at 25 µM are not due to maxing out the system.

4.3.4 BSMs target proteins for partial degradation
In addition to serving as a requirement for σE activation, BSMs also appear to
target the constructs for partial degradation, as determined by migration rates during
SDS-PAGE (Figure 24). Fusion of the GspD C-terminus to AP resulted in a protein with
a slower migrate rate than the un-tagged AP protein, as expected. However, the PhoE,
OmpC, BtuB, FepA and FecA constructs migrated at the same rate as the untagged AP,
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indicating that the tag was cleaved or that the protein was misfolded into a faster
migrating conformation. The GspD chimeric constructs containing BSMs from OmpC
also migrated at the same rate as the untagged AP construct, showing that the addition
of a single BSM was sufficient to achieve this change, and therefore making it unlikely
that the conformational changes were the cause. Boiling the samples in 4 M urea, which
should fully denature the proteins, also did not change the migration of any of the
constructs (data not shown), indicating that the altered migration rates are due to
changes in the size of the proteins and not different conformations.

Figure 24: Cleavage of OMP constructs is dependant on the presence of BSMs
Anti-AP immunoblots of periplasmic preparations from strains expressing various
constructs. A) Deletion of rseB did not affect the migration rates or expression levels of
BSM-containing constructs. B) The faster migration pattern correlates with the presence
of BSMs but not with σE activity. Notably, OmpC F367D has a mutation in the DegSactivating motif and does not activate the σE pathway, however it migrates fast. The
GspD construct migrates slower than the carrier, but when its C-terminus is substituted
with a BSM (BSM3), a faster migration is observed. The GspD-YYF construct migrates at
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the same, slower rate as GspD, even in the ΔrseB background where it activates the σE
pathway.
The potential degradation was not dependent on σE activity, because mutating
the DegS-activating YQF of OmpC to an inactive YQD sequence (F367D mutant) did not
restore the proper migration rate. Also, the GspD-YYF construct migrated at the larger
size in both the wild-type and ΔrseB backgrounds, despite activating the σE response in
the mutant background. Thus, this phenomenon seems to be dependent on the presence
of BSMs in the misfolded OMP portion of the construct.
Because BSMs target the constructs for partial degradation, and RseB recognizes
the BSMs of these constructs, it was hypothesized that RseB may be required for
processing. A similar effect has been reported for the periplasmic protein CpxP. CpxP
is a negative regulator of the CPX stress response pathway, and is normally found
bound to an inner membrane component of that pathway. CpxP has been shown to
bind to some misfolded proteins within the periplasm, and this binding leads to
degradation of both CpxP and the misfolded protein. However, RseB was not required
for the degradation of the constructs used in this study, as the deletion of rseB had no
effect on construct migration. Several periplasmic proteases, such as DegP and DegQ,
were individually deleted in an effort to identify the protease responsible for the faster
migration of the constructs, but all of the deletion strains showed the same migration
patterns as the wild-type (data not shown). Double mutants were not tested, so it is
possible that multiple proteases are able to cleave the OMP tag from the constructs, and
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because of the redundant function of the proteases, single mutants were unable to
identify the involved proteins.

4.4 Discussion
Activation of the σE stress response pathway results in significant changes to the
regulation of over 100 genes (Rhodius, Suh et al. 2006), including up-regulating other
alternative sigma factors such as rpoH and rpoD and down regulating several important
OMPs such as OmpA and OmpC. σE activation also induces higher levels of
vesiculation (McBroom and Kuehn 2007), secreting proteins and lipids from the cell that
need to be replaced. Thus, activation of the σE pathway comes at a high cost for the
bacterium, and it is therefore important that this pathway is not induced unnecessarily.
To ensure that the σE pathway is only invoked during periods of outer
membrane damage, bacteria have evolved an activation mechanism that is specific for
features common to OMPs. With only one known exception, bacterial OMPs form β barrels as their transmembrane domains, and in most cases a C-terminal phenylalanine
of the OMP is an integral part of the β-barrel (Koebnik, Locher et al. 2000). Mutating the
phenylalanine causes OMPs to misfold, and therefore, it is a well-conserved residue
among a large number of OMPs in Gram negative bacteria (Struyve, Moons et al. 1991).
This high level of conservation makes the C-terminal phenylalanine an excellent marker
for misfolded OMPs, because it will always be present when OMPs are unable to fold
properly, ensuring that the σE response will always be activated when needed.
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However, C-terminal phenylalanine may not provide enough specificity to be the sole σE
activation signal. For example, cleavage or mutations could produce periplasmic
peptides ending in C-terminal phenylalanine residues, potentially inducing the σE
pathway, which would be unable to resolve the problem.
The addition of a second OMP-recognition signal for σE activation would serve to
add specificity to the system. In addition to a conserved C-terminus, the β-barrel
structure of OMPs ensures that, when misfolded, BSMs will be exposed. BSMs are
abundant in OMPs and because the C-terminal phenylalanine is a component of the βbarrel, BSMs will always be found near this residue if it is part of an OMP. Recognition
of both the C-terminal phenylalanine and an exposed BSM creates an incredibly specific
activation system for the σE stress response pathway.
It is not clear how RseB recognizes BSMs. Previous studies on RseB found that it
shares structural homology to LppX, which binds to lipoproteins (Kim, Jin et al. 2007;
Kim, Kwon et al. 2010). Based on this homology, it was inferred that RseB would bind
and recognize lipoproteins that were not properly inserted into the outer membrane,
much the same way that DegS recognizes OMPs in the periplasm. However, the data in
this study shows that RseB is involved in the recognition of OMPs through the presence
of BSMs. The crystal structure of RseB shows that it is very rich in BSMs itself, and these
BSMs may be able to interact with exposed BSMs of a misfolded OMP, changing the
structure of RseB and thereby releasing RseA.
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The degradation of BSM-containing misfolded constructs suggests that another
system is in place to monitor the quality of proteins in the periplasm. This pathway has
not been identified. In an attempt to identify a protease responsible for the faster
migration of the BSM-containing constructs, the constructs were expressed in a variety
of mutant strains, and periplasmic fractions were collected and subjected to Western blot
analysis. However, all of the strains showed the same migration patterns, and thus no
single protease could be identified to be responsible for the degradation. Multiple
deletion strains obtained from Scarab Genomics, Inc., were also tested. These strains are
genetically engineered to be streamlined for protein expression by deleting large, nonessential sections of the genome. Although these strains are believed to have fewer
proteases and therefore stabilize the expressed proteins, BSM-containing constructs still
migrated faster when extracted from these strains. Therefore, it is impossible to
conclude that a periplasmic protease is degrading the BSM-containing constructs.

4.5 Conclusions
The σE envelope stress response pathway is specifically activated by the presence
of misfolded OMPs in the periplasmic space. To ensure that this powerful stress
response pathway is only activated by misfolded OMPs, two motifs typical of OMPs
serve as checkpoints for activation. The C-terminal phenylalanine of OMPs has been
well-described as a required σE activation motif. In the work presented in this chapter,
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another common OMP feature, BSMs, are shown to prevent RseB from inhibiting σE
activation. This additional requirement adds specificity to the σE system.
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Chapter 5: σE Regulation of the CPX Pathway
5.1 Background
In E. coli, the three best-studied envelope stress response pathways are the σE,
CPX and PSP pathways. For two of these responses, the activation step is a very specific
signal. The σE pathway, as described in the preceding chapter, responds to outer
membrane stress through specific recognition of misfolded OMPs, and the PSP pathway
is activated by the loss of proton motive force across the inner membrane (Darwin 2005).
Activation of the CPX pathway, however, is not as clear-cut. A wide variety of stimuli
have been shown to induce activation of the CPX response in E. coli (Vogt and Raivio
2012). The CPX pathway uses a two-component system to relay signals through the
inner membrane, ultimately resulting in altered transcription regulation of a large set of
genes (Price and Raivio 2009). The periplasmic stress signal is channeled through the
inner membrane protein CpxA, resulting in autophosphorylation of CpxA at the
cytoplasmic side of membrane. Phosphorylated CpxA then transfers the phosphate
groups to the cytoplasmic protein CpxR, which as a transcriptional regulator by binding
to the promoter regions of several regulons. Transcriptional data shows that CpxR
inhibits the expression of the core components of the σE pathway , including rpoE, the
gene for the alternative sigma factor σE (De Wulf, McGuire et al. 2002).
The CPX pathway is activated by a wide range of stress conditions, including
alkaline pH (Danese and Silhavy 1998), heavy metals such as copper (Yamamoto and
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Ishihama 2006; Hirano, Hossain et al. 2007), contact with other surfaces (Otto and
Silhavy 2002), the presence of insoluble protein aggregates in the periplasm (Hunke and
Betton 2003), and even inner membrane perturbations (Shimohata, Chiba et al. 2002). It
is not clear how one pathway is capable of responding to so many different signals, and
unlike the σE pathway, the details of the initial steps in CPX activation are not
understood. Regardless, it is clear that the CPX pathway is capable or responding to a
wide range of stresses that could occur in all areas of the envelope. This promiscuous
activation suggests that the CPX pathway may serve as the general stress response for
the envelope, as opposed to pathways such as the σE and PSP responses, which are the
guardians of specific regions in the envelope.
In this chapter, the role of the CPX pathway is explored in terms of responding to
misfolded proteins within the periplasm. The relationship between the CPX and σE
pathways is also examined, and it is shown that the activation of the σE pathway leads to
an inhibition of CPX activity. Based on this interaction between the two responses, it is
hypothesized that activation of the σE pathway makes E. coil more susceptible to CPXinducing stress conditions. This hypothesis is reinforced by the results of preliminary
studies, suggesting that antimicrobial treatments that combine multiple stressor-types
may have a greater-than-cumulative effect on bacteria.
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5.2 Materials and Methods
5.2.1 Strains and growth conditions
E. coli strains ADA600 and TR50, which contain σE and CPX reporter constructs,
respectively, have been previously described (Raivio and Silhavy 1997; Bianchi and
Baneyx 1999). The ΔrseB strains were created by P1 transduction using the rseB
knockout strain from the Keio collection (BW25113 background) as the donor (Miller
1992; Baba, Ara et al. 2006). All cultures were grown at 37°C with shaking in LuriaBertani (LB) media containing 250 µg/ml ampicillin and/or 50 µg/ml kanamycin as
necessary.

5.2.2 Plasmids and constructs
Bacterial alkaline phosphatase (AP) and the OMP C-terminal sequences were
PCR amplified from the genomic DNA of E. coli strain BW25113 using the appropriate
primers indicated in Table 1. The phoA gene, encoding AP, was cloned into the
expression vector pTRC99a at the SacI and XbaI restriction sites, and then the DNA
encoding the OMP C-termini, including the stop codon, was inserted using the
restriction sites XbaI and HindIII, fusing the OMP peptide to the C-terminus of AP.
Fusions containing non-native OMP C-terminal sequences were created by
incorporating mutations into the primer during the amplification step. The pTRC99a
plasmid encoding wild-type AP, without a C-terminal OMP fusion, was used as a
control in all the experiments. All of the constructs were verified by sequencing. The
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constructs were transformed into ADA600 and TR50 strains, and expression was
induced with 25 µM IPTG.

5.2.3 Protein detection assays
Periplasmic fractions were obtained by treating cell pellets with 2.5 mg/ml
polymyxin B in PBS for 1 h at 37°C while shaking. After the treatment, the cells were
pelleted by centrifugation at 10,000 g for 2 min, and the supernatant containing released
periplasm was collected. Periplasmic fractions and total cultures were subjected to SDSPAGE using 15% gels. To assess total protein content, gels were fixed for 1 h in fixing
solution (10% MeOH and 7% acetic acid), stained with Ruby stain (Invitrogen, USA)
overnight in the dark, and washed for 1 h in fixing buffer. Ruby-stained proteins were
detected under UV light and quantified by densitometry using the ImageJ program
(NCBI). Immunoblots were performed by transferring unstained gels to polyvinylidene
fluoride membranes, blocking in Tris-buffered saline (50 mM Tris-Cl, pH 7.4, 150 mM
NaCl; TBS) containing 5% skim milk for 1 h at room temperature, incubating in anti-AP
monoclonal antibodies (1:10,000 in TBS containing 1% Tween-20 [TBST], Sigma-Aldrich)
overnight at 4°C, washing six times in TBST for 5 min each, incubating in IRdye antimouse secondary antibodies (1:25,000 in TBST, LiCOR) for 1 h at room temperature,
washing six times in TBS, and visualizing using the Odyssey thermal imaging system
(LiCOR) according to the manufacturer’s instructions. AP activity was also assessed for
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the periplasmic fractions using the Sensolyte pNPP alkaline phosphatase activity kit
(AnaSpec, USA) according to the manufacturer’s instructions.

5.2.4 Stress response activity assays
Activity of the σE and CPX response pathways were determined by lacZ-reporter
assays, as previously described (Cezairliyan and Sauer 2007). Briefly, cultures were
incubated in LB at 37°C until the cultures reached an OD600 of 0.03, induced with 25 µM
of IPTG, and allowed to grow until they reached an OD600 of 0.3 or 0.6 to assess σE or
CPX activities, respectively. Samples from each culture (400 µl for σE assays and 10 µl
for CPX assays) were diluted to 1 ml total volume using ice cold Z buffer (60 mM
Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, and 50 mM β-mercaptoethanol)
and lysed by adding one drop of 0.1% SDS and two drops of chloroform and vortexing
for 30 s. The lysed cultures were incubated in a water bath (27°C, 10 min) before adding
0.2 ml of a 4 mg/ml ortho-nitrophenyl-β-galactoside solution (in Z buffer). The reaction
was stopped by adding 0.5 ml of 1 M Na2CO3, and the absorbance at 420 nm and 550 nm
were measured. The Miller units were determined using the following equation:
Miller Units = 1000 x (OD420 – 1.75 x OD550)/(t x v x OD600)
where t is the time between adding the substrate and stopping the reaction, v is
the volume of culture used in the reaction, and OD600 is the OD600 of the culture at the
time the sample was removed.
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5.2.5 Electron microscopy
Cultures were grown over-night with 25 µM IPTG. Cell pellets were fixed in
fixing buffer (2.0% paraformaldyde, 2.5% gluteraldehyde, 1% tannic acid, and 0.1 M
sodium cacodylate [EM sciences], pH 7.3) for 1 h at 4°C. Pellets were then washed three
times for 5 min each in 0.1 M sodium cacodylate (pH 7.3), post-fixed with 1% osmium
tetroxide in 0.1 M sodium cacodylate, washed three times for 5 min each in dH2O, and
rinsed in 50% ethanol for 5 min. Samples were stained in aqueous 2% uranyl acetate for
30 min in the dark, rinsed in 50% ethanol for 5 min, and dehydrated in increasing
ethanol concentrations (2 times for 5 min each in 70%, 80%, 90%, and 95%, and 3 times
for 5 min in 100%). Pellets were infiltrated in propylene oxide twice for 5 min each, then
incubated overnight in 1:1 Embed 812 (EM Sciences)/ propylene oxide in capped tubes.
Pellets were then treated with 3:1 Epon/propylene oxide for 2 h, followed by two
treatments with fresh Epon for 2 h each. Cells were embedded in fresh Epon for 2 days
at 60°C and 1 day at 70°C. The Epon blocks were trimmed and cut on a Leica Ultracut
Microtome at 60 nm. Sections were post-stained with 2% uranyl acetate in 50% ethanol
followed by Sato lead stain. Sections were viewed on a Tecnai 12 electron microscope
(FEI) and images were recorded using a Gatan Multi-scan Camera Model 794.

5.2.6 Cell fractionation
Cultures were grown overnight at 37°C in LB containing 25 µM IPTG. Cell
pellets were spun down and resuspended in 20 mM Tris, 20% sucrose, 5 mM EDTA, pH
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8.0. Lysozyme (150 µg) was added, and the cells were incubated on ice for 40 minutes.
After the incubation, 150 mM MgCl2 was added, the cells were pelleted, and the
supernatant was collected as the periplasmic fraction. The cell pellet was then
resuspended in 10 mM Tris, pH 8.0 and sonicated. Cell fragments were pelleted by
centrifugation (9000 g, 5 min) and the supernatant was removed. Membranes were
pelleted from the supernatant by centrifugation (40,000 g, 1 hr). The membrane pellet
was washed with 10 mM Tris, pH 8.0, resuspended in dH2O, and freeze fractured by
freezing at -80°C and thawing at room temperature. The membrane suspension was
then mixed 1:8 with Sarkosyl solution (1.67% Sarkosyl and 11.1 mM Tris, pH 8.0) and
incubated at room temperature for 20 min. The inner and outer membranes were then
separated by centrifugation (40,000 g, 90 min) at 27°C, resulting in the inner membrane
remaining in the supernatant and the outer membrane forming a pellet. The outer
membrane was then washed in 10 mM Tris, pH 8.0 and resuspended in SDS-PAGE
sample buffer.

5.2.7 Growth curves
To measure growth at an alkaline pH, 25 mL cultures were grown in LB media
with the pH adjusted to 7.0 or 9.0 in the presence of the appropriate antibiotics. To
measure growth in the presence of copper, CuSO4 was added to 25 mL cultures growing
in LB media at pH 7.4 to achieve the indicated final concentration. In both cases, 25 µM
IPTG was used to induce the expression of the OMP constructs or their controls.
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Growth was recorded every 30 min by measuring the OD600 value in a standard
spectrophotometer.

5.2.8 Statistical analysis
The Students’ T-test assuming unequal variance was used to assess statistical
significance. A P value <0.05 was considered statistically significant. Data represent the
mean +/- standard deviation.

5.3 Results
5.3.1 The CPX pathway is activated by non-specific misfolded proteins
In the previous section, proteins were expressed in the periplasm of E. coli to
mimic the presence of misfolded OMPs. Variations to either the OMP or to the cell
background could alter the σE response to these constructs. Interestingly, while
conducting these experiments, it was observed that the CPX pathway was induced when
the σE pathway remained inactivated (Table 5). Thus, there was a direct inverse
correlation between the two stress response pathways. Mutating the DegS-activating
YQF motif of the OmpC construct to YQD changed the stress response profile of the
construct from σE-activating to CPX-activating. Deleting the BSM of the FepA construct
also caused this protein to activate the CPX pathway instead of the σE pathway,
although only in the wild-type background. In the ΔrseB background, where BSMs are
not required for σE activity, the BSM-less FepA construct activated the σE pathway and
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not the CPX pathway. Similarly, the GspD-YYF construct, which lacks BSMs but
contains a DegS-activating motif, was only a CPX-inducer in the wild-type background.

Constructs:

Table 5: σE vs CPX responses for OMP Constructs
WT
ΔrseB
E
E
σ
CPX
σ
CPX

GspD
OmpA
OmpC
GspD-YYF
OmpA-YYF
FepA-Truncate
OmpC-20
OmpC-20-Proline
OmpC-F367D

+
+
-

+
+
+
+
+
+
+

+
+
+
+
+
+
-

+
+
N.D.
+

+: Statistically significant activation of the pathway.
-: No significant change
N.D.: Not determined
It has been shown using an aggregating variant of the periplasmic maltose
binding protein (MalE31) that the CPX pathway is activated by proteins that aggregate
into insoluble periplasmic inclusion bodies (Keller and Hunke 2009). The proteins in
these inclusion bodies retain their activity, and the inclusions are easily observed under
an electron microscope. Modifications that solubilized the MalE31 construct prevented
the CPX pathway from responding, leading the authors to conclude that the CPX
pathway responds to insoluble periplasmic material, but not soluble material. It was
therefore hypothesized that the OMP constructs used in this study were aggregating in
the absence of a σE response, thus resulting in CPX activation.
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Figure 25: Electron microscopy of cells expressing OMP constructs.
Thin-section electron micrographs showing the periplasm of cells expressing the empty
vector (top right), or (moving clockwise) the OmpC, OmpC F367D or GspD constructs.
Periplasmic inclusions were not observed in any of the samples.
Strains expressing the OmpC and GspD constructs were examined for the
presence of periplasmic inclusion bodies by fractionating the cells to isolate insoluble
material, which is comprised of membranes and inclusion bodies. Based on Western
blots, AP was only observed in the soluble fractions, indicating that the constructs are
not forming aggregates (data not shown). Further, the strains were examined by
electron microscopy, and no evidence of periplasmic inclusion bodies was found (Figure
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25). From these results, it can be concluded that the CPX response observed in the
absence of σE activity is not caused by subsequent aggregation of the constructs.
Instead, the CPX pathway seems to be activated as in response to non-specific misfolded
proteins but not activated by misfolded OMPs.

5.3.2 σE activation reduces CPX activity
These data show that the CPX pathway is invoked in response to misfolded
proteins that fail to generate a σE response. Also, the CPX pathway was activated by a
wide range of constructs, with the only requirement seeming to be a lack of a σE
response. Based on these observations, a model was proposed where the CPX response
recognizes all misfolded protein constructs, but can be inhibited by an active σE response
(Figure 26).

Figure 26: σE and CPX response network
Flowchart model depicting the envelope stress responses generated by a misfolded
protein in the periplasm. All misfolded proteins activate the CPX pathway and are
checked by the proteins DegS and RseB. If the DegS and RseB checks are met, the σE
pathway is activated, consequently resulting in inhibition of CPX activity.
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Under this model, all proteins will induce a CPX response, but if a σE response is
also activated, then the increase in CPX activity is at least partially balanced by the σE–
mediated inhibition. Supporting this model, it was observed that CPX activity was
reduced in an ΔrfaG, a mutant that was shown in Chapter 3 to have a constitutively
active σE response (Figure 27). A similar effect was shown with a yieM:tn5 mutant that
was previously shown to induce the σE pathway (McBroom and Kuehn 2007).

Figure 27: Mutations known to induce σE activity result in decreased CPX activity
CPX activity levels are reduced for mutants known activate the σE response. Values
represent the means, and error bars represent the standard deviation. Values were
compared to the wild-type. * p < 0.05
To better test the proposed model, the σE and CPX responses should be tested
under identical conditions. Based on the established methods, CPX activity is measured
at an OD600 of approximately 0.6, whereas σE activity is measured at the onset of log
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phase growth, at an OD600 of approximately 0.3. To determine whether a single growth
phase could be used in subsequent studies, σE activity was measured for a variety of
strains and conditions at OD600s of 0.3 and 0.6 (Figure 28). No significant differences
were observed in the relative σE activity under between the two growth phases. Based
on these results, all subsequent measurements were performed at an OD600 of 0.6.

Figure 28: Activation of the σE pathway at different growth states
Wild-type and rseA mutant cultures expressing an OMP construct or a control vector
were tested for σE activity at an OD600 of 0.30 (dark blue) or 0.60 (light blue). No
statistical differences were observed between the two growth phases. The values
represent the mean and the error bars represent the standard deviation. V indicates the
expression of the empty vector, pTrc99a.
To test the model that σE activation inhibits CPX activity, CPX activity was first
measured in a condition where σE levels were up-regulated in the absence of a misfolded
protein. Using a mutant lacking the anti- σE factor rseA, which has a constitutively
active σE response, it was first determined that σE activation can reduce CPX levels, in
the absence of misfolded proteins (Figure 29). In the ΔrseA background, CPX levels
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were significantly reduced to approximately half the WT level when harboring an empty
vector. These results indicate that an active σE response inhibits the CPX pathway.
Interestingly, when misfolded OMP constructs were expressed in the ΔrseA background,
a statistically significant increase in CPX levels was observed (Figure 29 OmpC and
GspD lanes). These results show that although σE activity reduces CPX levels, the ability
of the CPX system to respond to proteins is not completely lost. Therefore, activation of
the σE pathway reduces the levels of the CPX response but does not necessarily inhibit
the mechanism of CPX activation.

Figure 29: CPX activity in a ΔrseA background
CPX levels were tested in different backgrounds with the expression of an empty vector
control (V), the AP-carrier protein (Carrier) or the OMP constructs OmpC or GspD. The
values represent the mean and the error bars represent the standard deviation. Statistical
significance was tested by comparing the values to the vector control of the same
background. * p < 0.05.
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To determine if the σE pathway mediates CPX inhibition through CpxP, the
periplasmic CpxA inhibitor, CPX activity was measured in a ΔcpxP background (Figure
29). As expected, CPX levels are considerably elevated in the absence of CpxP. No
significant increases in CPX activity were observed when misfolded OMP constructs
were expressed, suggesting that the CPX pathway was locked in an active state. OmpC
construct expression did not suppress CPX activity in this background. These results
support the hypothesis that σE activity suppresses the CPX response through CpxP.

5.3.3 σE activation increases bacterial susceptibility to CPX-activating
stresses
Reduction of CPX levels by an active σE response may create a weakness in the
bacterial envelope stress response network. An active σE response could inhibit the
ability of E. coli to mount an effective CPX response against a general envelope stressor.
To test this hypothesis, growth curves were measured using strains with constitutive σE
activity in the presence of two different, well-described CPX stressors, copper and
alkaline pH.
The σE pathway was kept in a constitutively active state by either the deletion of
rseA or by expressing the OmpC construct, with the wild-type and untagged APexpressing strains were used as the controls, respectively. Activation of the σE pathway
by itself did not impact the growth of the strains, as they both grew at the same rate as
the controls in non-stressed conditions (pH 7.0-8.0, no added CuSO4) (Figure 30). When
the pH of the growth media was raised to 8.5 or 9.0, all of the strains showed a growth
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defect, but the ΔrseA and OmpC-expressing strains were impacted more severely than
the control strains. Thus, the active σE response appeared to weaken the cells ability to
survive alkaline pH conditions. No differences were noticed between the rseA mutant
and the OmpC-expressing strain, suggesting that the two methods of σE induction were
interchangeable and ruling out the possibility that the high pH levels were causing the
OmpC construct to become toxic.
Exposure to copper had a similar effect as the alkaline pH conditions. Cultures
expressing OmpC or AP were exposed to various concentrations of CuSO4 (Figure 30).
The addition of 3 mM CuSO4 caused growth defects in both strains, but the OmpCexpressing strain was showed a substantially stronger growth defect than the control
strain. Moreover, 2 mM CuSO4 created a slight growth defect in the OmpC-expressing
strain but had no effect on the control strain. Thus, the σE response appeared to also
make the bacteria more susceptible to copper exposure.
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Figure 30: Active σE induction hinders growth in CPX-inducing conditions
Growth curves of wild-type strains or strains with an active σE pathway incubated
under normal growth conditions or CPX-inducing conditions. A) Blue lines are wildtype strains expressing an empty vector and red lines are wild-type strains expressing
the OmpC construct. Solid lines show growth at a pH of 7.0 and dashed lines show
growth at a pH of 9.0. B) The same as A but with red lines representing the ΔrseA
knockout. The lines are the average of three experiments and the error bars represent
the standard deviation. C) Growth of wild-type strain expressing the carrier control
protein in media with CuSO4 added at various concentrations. The yellow star indicates
when the CuSO4 was added. D) Same as C but with the expression of the OmpC
construct.
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5.4 Discussion
E. coli relies on a network of pathways to monitor and repair the envelope (Ruiz
and Silhavy 2005). In some cases, such as with the PSP and σE pathways, the stress
response is tailored for specific regions of the envelope. To maintain this specificity,
these pathways are activated by signals that are indicative of the monitored region. For
the PSP pathway, which monitors the inner membrane, proton motive force is used as
the stress signal (Darwin 2005), while the σE pathway uses misfolded OMPs as the signal
for outer membrane stress (Ades 2008). The RCS pathway is thought to be triggered by
peptidoglycan fragments, and therefore monitor the cell wall (Laubacher and Ades
2008). A potential problem with a network of stress response pathways that are
activated by a limited range of signals is that some stressors may go unrecognized.
Therefore it would be advantageous to have a general stress response pathway that is
activated by a wide variety of stress signals. The CPX pathway responds to signals at all
areas of the envelope, including surface attachment, periplasmic aggregates, and inner
membrane signals, as well as global stressors such as alkaline pH conditions and heavy
metals (Dorel, Vidal et al. 1999; Hung, Raivio et al. 2001; Otto and Silhavy 2002;
Shimohata, Chiba et al. 2002; Dorel, Lejeune et al. 2006; Keller and Hunke 2009; Gerken,
Leiser et al. 2010). With such a wide range of activation signals, the CPX pathway is a
good candidate for a general envelope stress response pathway.
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A scenario in which a general stress response pathway is good is OMPs. The Cterminal phenylalanine found on most OMPs is critical both to proper folding and to
activating the σE pathway (Sohn, Grant et al. 2007; Sohn, Grant et al. 2009; Gerken, Leiser
et al. 2010; Sohn, Grant et al. 2010). Mutating this residue therefore creates a misfolded
OMP that resides in the periplasm and is not recognized by the σE response. Based on
the stress response profiles of the OmpC and OmpC-YQD constructs, as well as the
GspD and GspD-YYF constructs in the ΔrseB background (Table 5), a misfolded OMP
with a mutated C-terminal phenylalanine would be recognized by the CPX system,
consistent with the notion that the CPX pathway acts as a general envelope stress
response. Because the CPX response can inhibit σE activity, there would be a direct
benefit to repressing the CPX pathway during a σE response. In further support of this
hypothesis, similar results were recently published showing that the expression of two
full-length OMPs with mutated C-terminal phenylalanine residues led to the activation
of the CPX pathway (Gerken, Leiser et al. 2010).
Minor changes to the OMP constructs completely altered whether a σE or CPX
response was induced. For example, the OmpC 20 and OmpC 20-proline constructs
only differ by a single proline substitution. The proline is not a required CPX activating
signal because the CPX-activating OmpC-YQD and the OmpA constructs do not contain
prolines, and removing the prolines from GspD did not change the stress response
profile. As another example of the subtle differences between a CPX-activating
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construct and a σE-activating construct, only difference between the OmpC construct
and the OmpC-YQD construct is the Phe-Asp mutation. Like the prolines, a C-terminal
Asp is not required for CPX activity because the OmpC-20 proline, FepA-truncate,
GspD-YYF and OmpA-YYF constructs all contain C-terminal phenylalanine residues but
activate the CPX pathway in wild-type backgrounds. The GspD construct activated the
CPX pathway, but adding BSM3 from the OmpC construct abrogated CPX activity. This
data shows that the CPX pathway is activated by the misfolded constructs in general
and not by specific signals in the constructs. The only commonality between the CPXactivating constructs is that they are mimic misfolded proteins and they fail to activate
the σE pathway. This strongly suggests that the CPX pathway is able to respond to a
wide range of misfolded proteins and could therefore serve as a general envelope stress
response pathway.
The requirement of σE inactivation for CPX activation suggests that the σE
response suppresses the CPX response. This effect does not appear to be intrinsic to the
OMP construct, as the GspD-YYF and OmpC-20 truncate constructs were either CPX or
σE activators, depending on the background (WT or ΔrseB, respectively). RseB does not
appear to play a direct role in repressing CPX activity, either, as the ΔrseB strain did not
show increased CPX levels compared to WT when the empty vectors were expressed
and because the GspD and OmpC-YQD constructs activated the CPX pathway in both
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WT and ΔrseB backgrounds. It seems, therefore, that the σE pathway directly represses
the CPX pathway.
It is not clear how σE repression of the CPX response is accomplished. The data
in this study shows that the CPX pathway still responds to misfolded proteins in the σEactive ΔrseA strain, and that the ΔrseA has lower basal CPX levels than the wild-type.
Thus the σE pathway represses CPX levels but does not prevent CPX activation, and
therefore the σE pathway is unlikely to directly target the CpxA-CpxR phosphor-relay
system. The results of this chapter suggest that an active σE response reduces the
activity of the CPX pathway, but does not prevent the CPX pathway from being
responding to a misfolded protein.
Notably, CPX activity levels were constant in the ∆cpxP background, regardless
of the OMP construct that was expressed. This indicates that CpxP is involved in both
the activation of the CPX response to misfolded periplasmic material and the repression
of the CPX pathway by the σE pathway. A σE response was still generated in the ∆cpxP
background when the OmpC construct was expressed (data not shown), ruling out the
possibility that the constitutive CPX activity prevented a proper σE response.
Suppression of the CPX pathway by an active σE response may balance the
increase in CPX activity induced by the presence of a misfolded OMP. The CPX
pathway is activated by the presence of any misfolded protein in the periplasm,
resulting in an approximately 2-fold increase in the expression of the reporter gene.
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When the σE pathway is activated in the absence of a misfolded protein (i.e., deletion of
rseA), the CPX pathway is suppress to approximately half the basal levels. Using these
observations to construct a model (Figure 26), when a misfolded OMP construct is
expressed, there will be two factors influencing CPX levels: 1) the construct will induce
CPX activity; and 2) the active σE response will suppress CPX activity levels. Because
one effect is a 2-fold increase and the other effect is a 2-fold decrease in CPX activity
levels, no net change in CPX activation is expected. Indeed, when the σE-activating
OMP constructs are expressed, no effect was observed for CPX activity levels. This
network would ensure that CPX activity is not induced during the σE response without
placing restrictions on what proteins can trigger the CPX pathway. Regulating the CPX
pathway in this way allows it to respond to as many misfolded proteins as possible,
ensuring that it retains its role as a general stress response.
In contrast to the data presented here, microarray analysis by the Gross lab did
not show a repression in CPX activity when rpoE was exogenously over-expressed
(Rhodius, Mutalik et al. 2011). However, these experiments were only carried out for a
short amount of time (60 min at the longest) at a starting OD600 of 0.3. The CPX pathway
does not begin to show induction until much later in exponential phase, near an OD600 of
0.6. Thus, it is possible that any effects on CPX activity were not noticeable during early
exponential growth. Differences in growth conditions may also play a role in these
differences. Also contradicting the findings of this chapter, CPX and σE responses have
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been shown to be simultaneously activated in some cases (Bury-Mone, Nomane et al.
2009). However, in these studies, the entire envelope was perturbed, creating a situation
in which a wide range of CPX- and σE-activating signals would be produced. Because
the CPX pathway can also inhibit the σE pathway, treating a culture with a general
stressing agent may create a mixed population in which some cells are locked into a σE
response while others are locked into a CPX response. Measuring the entire population
will give the appearance that the two pathways are co-activated, even if individual cells
are only capable or mounting a single response.
A downfall to the networked proposed herein is that an active σE response
would weaken the ability of the bacteria to respond to CPX-inducing stressors. When σE
activity was induced through mutagenesis or construct expression, cultures of E. coli
were more susceptible to copper or alkaline pH, two documented CPX activators. These
data support the proposed model for σE-mediated CPX suppression and suggest that
antimicrobial treatments may work best in specific combinations. Further research into
this topic is certainly warranted.

5.5 Conclusions
The repression of CPX levels by the σE pathway creates specificity in the stress
response generated within the cell while allowing the CPX pathway to act as a general
stress response mechanism for the envelope. To achieve greatest effectiveness, a general
stress response pathway should be able to recognize the widest range of misfolded
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proteins. Thus, it is in the best interest of the bacteria to not restrict the types of proteins
that are able to activate the CPX pathway. Using the active of one stress response
pathway to inhibit another ensures that all misfolded proteins will be recognized by at
least one pathway. In the proposed network, the onus of specificity is placed solely on
the σE pathway, thereby allowing the CPX pathway to remain completely promiscuous
to misfolded proteins, which is ideal for a general stress response pathway. This type of
network does create weaknesses in cases where both responses are needed
simultaneously, and these weaknesses should be studied further to determine if they can
be exploited.

130

Chapter 6: Concluding Remarks
The envelope of Gram-negative bacteria is a complicated structure that houses a
large number of critical processes and serves as an essential protective barrier for the cell
(Costerton, Ingram et al. 1974; Osborn, Rick et al. 1974). Disruptions to the envelope can
be lethal for bacteria, a feature that is exploited by antimicrobials like ampicillin and
polymyxin B. Because of its importance for survival, maintaining the envelope is critical
for bacteria, and an impressive network of stress response pathways have evolved to
monitor and repair the envelope (Raivio and Silhavy 2001). Because this network
supports bacterial survival and protects a potential target of antimicrobials, it is
important to understand how these pathways function, both individually and as a
network.
One of the most enigmatic stress responses employed by Gram-negative bacteria
is the ability to shed OMVs. By packaging unwanted periplasmic material into the
lumen of OMVs, bacteria can remove damaged, potentially dangerous compounds from
the periplasm (McBroom and Kuehn 2007). Further, OMVs can be used to preemptively
by the bacteria, by acting as decoys that absorb antimicrobials and bind with phage,
thereby protecting the bacterial cells (Manning and Kuehn 2011). The importance of
OMVs extends beyond their defensive role; toxins and other material can be secreted
through OMVs (Ellis and Kuehn 2010), allowing them to act as both the sword and
shield of the bacterium.
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Despite the large number of biological activities associated with OMVs, little is
known about how OMVs are formed, largely because measuring vesiculation levels is a
laborious, expensive task. To help overcome the barrier set by experimental limitations
in this field, a new, high-throughput, inexpensive method was developed to allow
vesiculation levels to be measured and compared accurately from a wide variety of
conditions. This approach produced data that agreed with previously published results,
showing that the new dot-blot method can be used in place of the established FCOP
method. The results obtained by the two methods are pleasantly compared in Figure 12,
and it is clear that the two methods produce the same general results. These results
convincingly show that the dot-blot method is a valid alternative to the FCOP method.
It is important to note that although the FCOP method is used most frequently
and is widely accepted, it has its own trouble with accuracy, particularly when dealing
with low levels of vesiculation. The FCOP method relies on collecting OMVs on a tube
after high-speed centrifugation. A frequent, frustrating problem with this method is that
the pelleted OMVs can resuspend quickly, and all too often the pellet is lost during
when the supernatant is decanted. The losses are more pronounced when the OMV
pellet is small, creating higher degrees of variability at the lower end of the detection
spectrum. Because of the technical problems associated with the FCOP method, as well
as the time and costs it requires, the dot-blot method provides a much-needed
alternative method.
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Although the dot-blot method has advantages over the FCOP method, there are
drawbacks. Most notably, the dot-blot method does not take the growth of the culture
into account. It would be possible to couple growth curves with the dot-blot method
using an automated plate-reader during the overnight incubation. This additional step
obviously requires an additional instrument that is not be available to some labs and
creates a bottle neck in the process, as the number of plates that could be assessed in a
day would be limited. If a small number of samples are being tested, then CFUs could
be measured from a small aliquot of each culture, but this would also limit the number
of samples that could be measured in a day. Ideally, an end-point OD600 measurement
for each plate could be used to account for growth rates. This idea was explored, but
technical problems stymied the attempts. Over-night cultures formed a pellet at the
bottom of the wells that obscured the measurements. Resuspending the pellets by
pipetting created bubbles in the media that also obscured the OD600 measurements. The
usefulness of the dot-blot method could be enhanced by finding a way to either
resuspend the culture without creating bubbles or to remove the bubbles without
repelleting the culture.
Taking advantage of the dot-blot method, a systems biology approach was used
to examine the role of individual genes in vesiculation. The production of ECA and LPS
were negatively associated with vesiculation. Although the increase in vesiculation
observed with many of the mutants is partially due to activation of the σE stress
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response pathway, this does not fully account for the vesiculation effects. Both the ECA
and LPS mutants reported similar σE activity levels, but the vesiculation levels were
significantly higher for the LPS mutants. Therefore, the LPS mutant must have a σEindependent effect on vesiculation. Further, the ΔwzzE mutant is an under-vesiculator
despite having wild-type σE activity, indicating that the lengthy ECA molecules are
inhibiting vesiculation independently of the σE pathway.
It is not clear how polysaccharide chains at the bacterial surface affect
vesiculation. Capsule sugars and LPS may impede vesiculation directly by inhibiting
the outward budding of the outer membrane through stochastic hindrances. In addition
to polysaccharide length, the charge of the polysaccharide chain also appears to play a
role in vesiculation, as indicated by the strong over-vesiculation phenotype of the ΔrfaP
mutant. This mutant is unable to phosphorylate LPS at the first heptose, but otherwise
creates full-length LPS. Exploring the phenotypes of double mutants in the LPS and
ECA pathways may shed light on how polysaccharide charge and length affect
vesiculation. For example, a double mutant of ΔrfaG and ΔrfaP would be useful in
determining if the charge and length of LPS affect vesiculation independently.
Combinations between ECA and LPS mutants would help determine if these two
polysaccharide chains act independently on vesiculation, which is important in
consideration of the finding that ECA is bound to LPS in the strain used in this study.
Because LPS and ECA have been implicated in vesiculation in previous studies
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(Kadurugamuwa and Beveridge 1996; Haurat, Aduse-Opoku et al. 2011; McMahon,
Castelli et al. 2012) and were both strongly observed in this work, further studies into
the connection between vesiculation and surface sugars are certainly warranted.
The vesiculation phenotypes of the Keio collection can be used to direct future
studies into vesiculation. Initial analyses of this dataset led to the discovery that certain
amino acids, particularly leucine, influence vesiculation. It is not yet understood how
amino acid levels affect vesiculation, and follow-up studies into this nutrient-mediated
regulation may elucidate the mechanism directly driving bacterial vesiculation. Further,
much of the data from the Keio collection measurements remains unexplored, and clues
about the mechanism behind OMV biogenesis may be revealed from this data.
Hopefully, the data on the Keio collection vesiculation levels will serve as a valuable
resource for the entire vesiculation community to help usher in and direct future studies
on OMVs.
Vesiculation has been shown to be regulated by the σE stress response in E. coli
and other Gram-negative bacteria (McBroom and Kuehn 2007; Song, Mika et al. 2008).
The mechanism by which the σE response up-regulates vesiculation in E. coli is not clear.
A sRNA-mediated effect has been observed previously in Vibrio cholerae and may be
conserved by the E. coli sRNA micA (Song, Mika et al. 2008). In this work, it is shown
that the σE-regulated sRNA micA is partially involved in vesiculation in E. coli, but a
micA-independent response was still observed. The σE response has been shown to
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down-regulate the expression of Lpp, which is likely to cause an increase in vesiculation.
The role of Lpp in σE-mediated vesiculation was not studied in this work, but
experiments into this relationship are likely to be fruitful and should be considered by
other members of the laboratory. Hint, Hint.
A second requirement for σE activation was discovered. The requirement for
BSMs as part of the stress response signal is reasonable because nearly all misfolded
OMP will have an exposed BSM. This makes σE extremely specific, ensuring that it will
not be activated at the wrong times. Because the σE suppresses the CPX response, it is
important to regulate σE activity carefully, as inappropriate activation can be dire.
Future experiments could be designed to determine how RseB recognizes BSMs, if the
BSMs have to be on the same protein or in close proximity to the C-terminal
phenylalanine, and to find out how BSMs lead to σE-independent degradation.
The envelope stress responses of E. coli work as a network. Previous work has
implicated the σE and RCS responses with inducing OMVs (McBroom and Kuehn 2007;
McMahon, Castelli et al. 2012) and the CPX response with inhibiting σE (De Wulf,
McGuire et al. 2002). The data in chapter 5 show that the σE response also inhibits the
CPX response. By examining the effects of both σE and CPX to the same cohort of
constructs, it was hypothesized that the CPX is an easily activated general envelope
stress response pathway that is suppressed when σE is active. This is a good design
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because it ensures that a there will always be some response to protein misfolding but
still allows the σE pathway to be specifically activated during OM stress.
The expression of an OMP construct is a very artificial stress condition; during a
real stress condition there will be many different types of misfolded proteins in the
periplasm, and the choice in whether a CPX or σE response is activated may come down
to stochastic interactions. In these cases, a culture of bacteria would appear to activate
both responses, as has been previously reported (Bury-Mone, Nomane et al. 2009), even
if individual cells are only activating one of the two pathways. This variability within
the population may be advantageous because it will increase the chances that some cells
will survive, even in part of the colony perishes.
There is an inherent flaw in a system in which only one stress response can be
active at a time, and this weakness may be exploited as a way to enhance the use of
antimicrobials. If E. coli are forced into a state of high σE activity, their sensitivity to CPX
stressors will increase. This principal is demonstrated in chapter 5, although the results
are preliminary. Future studies focusing on practical applications of this principal,
working out the time frame of CPX inhibition or seeing if other envelope stress response
pathways are inhibit each other could make this chapter into a complete publication.
The data in this thesis emphasize the intricacy of the Gram-negative envelope,
from the enigmatic process of vesiculation to the web of stress responses. The progress
made by these studies primarily focuses on OMVs and the σE pathway, touching only

137

briefly on the CPX pathway. Even with this narrowed focus, there was much to
discover, and one could make a long career of studying these envelope stress response
pathways.
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Appendix
Table 6: Primers
Primer
name
pTRC Fwd

Sequence
TGCAGGTCGTAAATCACTGC

pTRC Rev

TTTTATCAGACCGCTTCTGC

AP 5

ACGTGAGCTCATGAAACAAAGCACTAT

AP 3

ACGTTCTAGATTATTTCAGCCCCAGAG

AP Link 3

OmpC 5

ACGTTCTAGATTTCAGCCCCAGAG
TCTAGAGTGATGGTGATGGTGATGTTTCAGCC
CCAGAG
TCTAGATATGTTGATGTTGGTGCTACC

OmpC 3

AAGCTTTTAGAACTGGTAAACCAGACCC

PhoE 5

TCTAGACTGGTCAATTATATCGACGT

PhoE 3

AAGCTTTTAAAACTGATACGTCATGCC

BtuB 5

TCTAGAAGCTTGTGGGATCTTGCG

BtuB 3

AAGCTTTCAGAAGGTGTAGCTGCCAG

FecA 5

TCTAGATTTGGCCCGCAGATGG

FecA 3

AAGCTTTCAGAACTTCAACGACCCCT

FepA 5

TCTAGAGTGGACAATCTGTTCGACAAAC

FepA 3

AAGCTTTCAGAAGTGGGTGTTTACGC

GspD 5

TCTAGACGCTCACTGTCAAAAGAGAAATA

GspD 3

AAGCTTTCACCGTGACGATGGCG

OmpA 5

TCTAGAGCACGTGGTATGGGCGAA

OmpA 3

AAGCTTTTAAGCCTGCGGCTGAGTTA
AAGCTTTCAGAAGTAGTATGGCGCAGGGGCG
TGACTGTT
AAGCTTTTAGAAGTAGTACTGAGTTACAACGT
CTTTGA
AAGCTTCTAGAACTGGTAACGTCCCGGCTCGT
TATAGGTATA

AP HIS 3

GspD YYF
OmpA YYF
FepATruncate
OmpCProline
OmpC-T1

AAGCTTCTAGAACTGGTAAACCAGAGGCAG
AAGCTTCTAGAACTGATAGTTATCAGTGTTGA
TGCCAGCGT
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OmpC-T2
OmpC-20 5'
BSM1
BSM1-Short
BSM2
BSM2-Short
BSM3
MscS
OmpCF367D

AAGCTTCTAGAACTGGTAGTTGATTTTGTAGTC
AACGTAGGTG
TCTAGAACTCGTGACGCTGGC
GAACTTCTAGAACTGGTAGAAGTAGTAGGTA
GCACCAACATCAACATATTCATCCAGCACCGG
CAA
GAACTTCTAGAACTGGTAGGTAGCACCAACAT
CAACATAGAACGTGTTTTCATCCA
GAACTTCTAGAACTGGTAGTTGATTTTGTAGTC
AACGTAGGTGGACATTTCATCCAGCACCGGCA
A
GAACTTCTAGAACTGGTAGTAGTCAACGTAGG
TGGACATGAACGTGTTTTCATCCA
AAGCTTCTAGAACTGGTAAACCAGACCCAGA
GCTACGATGAACGTGTTTTCATCCA
GAACTTCTAGAACTGGTACTTAAAGTTCACAT
CCATTTGGAACGTGTTTTCATCCA
AGTCAAGCTTTTAATCTTGGTAAACCAGACC
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