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ABSTRACT
The aim of this dissertation is to characterize the physiological roles of E. coli YqjA and
YghB, which belong to the ancient and conserved DedA protein family of hitherto unknown
functions. YqjA and YghB are inner membrane (IM) proteins with 61% amino acid identity and
share partially redundant functions. Such characterization is achieved by addressing the
phenotypes exhibited by strain BC202 with in-frame deletions of yqjA and yghB. BC202 exhibits
cell division defects, inability to grow at temperatures above 42°C and an altered phospholipid
composition. The cell division defect of BC202 is attributed to the inefficient secretion of
periplasmic amidases AmiA and AmiC by the twin arginine transport (Tat) pathway into the
periplasm. This inefficient secretion by the Tat pathway is likely related to the loss of proton
motive force (PMF) as demonstrated by fluorescence microscopy. In addition, several envelope
stress response pathways are induced in BC202 under permissive growth conditions as
demonstrated using lacZ fusions. The activation of the stress response pathways in BC202 is
largely independent of its cell division and temperature sensitive phenotypes, and demonstrates
compromised envelope integrity. The temperature sensitivity of BC202 is also related to the loss
of PMF and is rescued by overexpression of the multidrug transporter MdfA or by growth in
acidic media. The altered phospholipid composition of BC202 is unrelated to its cell division
defect and temperature sensitivity and likely results from an adaptive response to compromised
IM integrity. Together, these results suggest possible role(s) of YqjA/YghB in cellular PMF
homeostasis and IM quality control either directly as proton transporters or indirectly as
regulators of extant cellular mechanisms which participate in the homeostasis of PMF.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 : The Gram-negative envelope of E. coli
The most defining characteristic of Gram-negative bacteria is their cell envelope
(illustrated in Fig. 1.1). It is composed of the inner and the outer membranes separated by a
compartment known as the periplasm, which houses a thin layer of peptidoglycan (murein). The
inner membrane (IM) is a symmetric lipid bilayer composed of phospholipids - primarily
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL). The inner
leaflet of the IM is in contact with the cytoplasm while the outer leaflet of the IM is in contact
with the periplasm. The outer membrane (OM) is an asymmetric lipid bilayer composed of an
inner leaflet of phospholipids facing the periplasm and an outer leaflet of lipopolysaccharide
(LPS).
The periplasm is a highly viscous compartment of the Gram-negative cell envelope
which houses the peptidoglycan layer (Tokuda and Matsuyama 2004). The viscosity is attributed
to the presence of a plethora of soluble periplasmic proteins. The periplasm is devoid of any
energy source such as ATP and provides a highly oxidizing environment suitable for disulphide
bond formation. The periplasmic proteins are often essential to cellular survival and participate
in protein folding and trafficking (chaperones). They can also participate in small molecule
transport and degradation of misfolded proteins (proteases). These activities are necessary for the
homeostasis and maintenance of the cell envelope even under environmental stress (Duguay and
Silhavy 2004; Mogensen and Otzen 2005). This stress sensing is mediated by the sensory
domains of many receptor proteins of the IM, such as the histidine kinases (HK) of twocomponent systems, which interprets environmental cues from the periplasm (Hoch 2000). The
1

peptidoglycan layer housed inside the periplasm serves as an extracytoplasmic cytoskeletal
structure (Vollmer and Holtje 2004). It is composed of glycan chains crosslinked by
oligopeptides and also contains proteins attached to it. The peptidoglycan is covalently anchored
to the inner leaflet of the OM by Lpp (Braun’s lipoprotein) (Braun 1975).

Fig 1.1 Structure of the E. coli cell envelope. The inner membrane (IM), which is a
symmetrical phospholipid bilayer, can contain two types of proteins – integral IM proteins with
α-helical transmembrane domains and IM lipoproteins attached to the outer leaflet of the IM
facing the periplasm. The periplasm is an aqueous compartment bounded by both the IM and the
outer membrane (OM). It is extremely viscous and contains soluble proteins. The periplasm also
contains a thin peptidoglycan layer. The OM is an asymmetric lipid bilayer composed of
phospholipids (PL) in the inner leaflet and lipopolysaccharide (LPS) in the outer leaflet. It also
contains two types of proteins – the integral OM proteins which fold in the characteristic β-barrel
conformation and the OM lipoproteins attached to the inner leaflet of the OM. The OM is
anchored to the rest of the cell by covalent attachments of the OM lipoproteins to the
peptidoglycan layer. This figure was reproduced with permission from Nature Publishing
Group: Nature Reviews Microbiology (Ruiz, Kahne et al. 2006).

Both the IM and OM contain proteins but of varied characteristics. IM proteins can be of
two types – integral IM proteins and lipoproteins. The integral IM proteins are embedded in the
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IM and they possess α-helical transmembrane domains, which span the membrane. The
lipoproteins possess lipid modifications at their N-terminal cysteine residues which anchor them
to the outer leaflet of the IM (Tokuda and Matsuyama 2004). Roughly 25-30% of the genes in
sequenced genomes are predicted to encode integral IM proteins (Daley, Rapp et al. 2005). In
contrast, less than 1% of all known protein structures present in the Protein Data Bank are IM
proteins and functions of many are only poorly understood (White 2009; Rose, Beran et al.
2011). The IM proteins are involved in a variety of important and essential physiological
functions such as transport of several classes of molecules, secretion and translocation of
proteins, oxidative phosphorylation, lipid biosynthesis etc. The OM proteins (OMPs) can also be
of 2 types – integral OMPs and lipoproteins.

Integral OMPs span the OM with multiple

amphipathic antiparallel β-strands and assume a β-barrel conformation. The OM lipoproteins,
similar to the IM lipoproteins, possess lipid modifications at their N-terminal cysteine residues,
which anchor them to the inner leaflet of the OM. The integral OMPs form channels and pores,
which are crucial for the transport of molecules (nutrients, toxins etc.) across the otherwise
impervious OM (Ruiz, Kahne et al. 2006; Silhavy, Kahne et al. 2010).
Both the LPS and the integral OMPs contribute effectively to the selectively permeable
nature of the Gram-negative bacterial envelope. E. coli LPS is composed of lipid A, a
phosphorylated glucosamine disaccharide with 6 or 7 fatty acyl chains; an oligosaccharide core
attached to lipid A, composed of KDO (3-deoxy-D-manno-oct-2-ulosonic acid), heptoses and
hexoses; and an optional extended polysaccharide chain, known as O-antigen, attached to the
core oligosaccharide (Raetz and Whitfield 2002; Nikaido 2003). Divalent cations like Mg2+
intercalate between the LPS molecules and neutralize the negatively charged phosphorylated side
chains thereby resulting in a strongly compacted outer leaflet, which is essential to the barrier
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function of the OM. The OMPs can also serve as enzymes (for e.g. OmpT, PldA) and adhesins.
The OM also hosts surface organelles such as pili which play important roles in surface
attachment and pathogenesis. Sometimes, a polysaccharide capsule is secreted outside the OM,
which can act as an additional protective layer of the cell envelope (Ruiz, Kahne et al. 2009;
Silhavy, Kahne et al. 2010).
1.2 : The DedA membrane protein family
The DedA protein family is an ancient family of highly conserved integral membrane
proteins which are found in most sequenced genomes including that of bacteria, archea and
eukarya. To date, their exact physiological roles in all organisms remain enigmatic. The
nomenclature originated from a 1987 publication due to the presence of a specific gene in a 9.7
kb genomic DNA fragment of E. coli between the hisT and purF genes, which was designated
as dedA (downstream “of hisT” E. coli DNA gene A) (Nonet, Marvel et al. 1987). The DedA
family polypeptides are typically composed of 200-250 amino acids, which are typically
arranged as 4-6 predicted transmembrane domains. They also contain a conserved DedA domain,
which can contain portions of both transmembrane and cytoplasmic domains, as well as a likely
amphipathic helix. The DedA domains can be part of a unique polypeptide with no other
domains or they can be part of multidomain secondary transporters and enzymes (Barabote,
Tamang et al. 2006). While the entire sequence of the DedA domain is not conserved, all defined
DedA family proteins are grouped into NCBI’s Clusters of Orthologous Groups – COG0586.
In prokaryotes, there are thousands of homologs of the E. coli DedA protein presently
found in the NCBI database (Protein BLAST against E. coli DedA with e-value < 0.02). Multiple
DedA homologs are often found in a single bacterial species as shown in Table 1.1. These DedA
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homologs have not been classified into any functional groups because the polypeptides do not
resemble any known enzymes, channels, transporters or signaling proteins. There are 8 DedA
homologs found in E. coli – YqjA, YghB, YohD, YabI, DedA, YqaA, YdjX and YdjZ. A
multiple ClustalW alignment of DedA homologs is presented in Fig. 1.2.
Table 1.1 Numbers of DedA family homologs in various microbial species. This table shows
the number of DedA family homologs found in sequenced genomes of representative eubacterial
and archeal species. These numbers represent significant homologs (BLASTp e-value < 0.02)
only. Many bacterial species have multiple DedA homologs. Certain obligate intracellular
pathogenic bacterial species like Chlamydia sp. lack any significant DedA homologs. * The
DedA family homologs have been demonstrated to be collectively essential in E. coli (Boughner
and Doerrler 2012). ** The single DedA homolog of B. burgdorferi has also been demonstrated
to be essential (Liang, Xu et al. 2010).
Strain

Number of DedA family homologs

Escherichia coli K-12 str. W3110

8*

Salmonella typhimurium LT2

6

Pseudomonas aeruginosa PAO1

5

Helicobacter pylori J99

2

Borrelia burgdorferi B31

1**

Caulobacter crecentus CB15

3

Vibrio cholerae El Tor N16961

3

Neiserria meningitides Z2491

3

Bacillus subtilis str. 168

6

Bacillus anthracis str. Ames

8

Mycobacterium smegmatis MC2

1

Chlamydia trachomatis D/UW-3/CX

0

Mycobacterium tuberculosis H37Rv

4

Thermoplasma acidophilum DSM1728

2

Halobacterium salinarum NRC-1

1

5

Fig 1.2 Multiple sequence alignment of DedA homologs. The amino acid sequences of 8 DedA
homologs of E. coli K-12 (protein name preceded by Ec_) and DedA family homologs,
BCG2664 of Mycobacterium bovis, BB0250 from Borrelia burgdorferi and HP1162 from
Helicobacter pylori, are aligned in ClustalW 2.1 (www.ebi.ac.uk/Tools/msa/clustalw2/). The
DedA domains (COG0586) are indicated in the boxed regions. The green regions are predicted
transmembrane (TM) domains and the blue regions indicate partial TM regions (possible
amphipathic
helices).
TM
prediction
was
done
by
TMHMM
software
(http://www.cbs.dtu.dk/services/TMHMM/). The singularly conserved Glycine (G) residue is
marked in bold and is in or near the predicted amphipathic helix for all aligned homologs. This
figure was modified and reproduced with permission from American Society for Microbiology:
Journal of Bacteriology (Doerrler, Sikdar et al. 2012).
Individually, none of the eight E. coli K-12 DedA homologs are essential for viability
(Baba, Ara et al. 2006). However, it has been demonstrated that the DedA protein family is
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collectively essential in E. coli (Boughner and Doerrler 2012). The high level of genetic
redundancy of the DedA homologs in E. coli prompted the creation of a mutant (BAL801) which
contains in-frame deletions of all the 8 genes encoding for the DedA homologs and subsequently
requires expression of a DedA family member in trans from an inducible promoter on a plasmid
for survival. On similar lines of research, the single DedA homolog of the spirochete and Lyme
disease pathogen Borrelia Burgdoferi, designated as BB0250, proved to be essential for its
survival (Liang, Xu et al. 2010). However, the search for the essential function of the DedA
protein family will not be a matter of discussion in this dissertation. The main topic will remain
focused on an E. coli mutant BC202, which contains in-frame deletions of two genes yqjA and
yghB and will be used as the basis to elucidate possible physiological roles of the DedA protein
family in E. coli.
1.3 : Isolation and initial characterization of BC202
The isolation of a novel E. coli mutant Lud135 from a Ludox density gradient enrichment
of chemically mutagenized E. coli (Doerrler 2007; Six, Lambert et al. 2012), prompted the
beginning of research on the DedA protein family in our laboratory. Lud135 harbors mutations
in two non-essential genes – a nonsense mutation (W92TGA) in yqjA and a missense mutation
(G203D) in yghB. YqjA and YghB are proteins of 220 and 219 amino acids respectively and
display 61% amino acid identity to each other (Fig 1.3). They likely possess four transmembrane
domains with cytoplasmic N- and C-terminus (Thompkins 2010).
Lud135 demonstrates several intriguing phenotypes such as aborted cell division leading
to cell chaining, failure to grow at temperatures above 42°C and an altered membrane lipid
composition with decreased levels of zwitterionic PE and increased levels of acidic PG and CL
(Thompkins, Chattopadhyay et al. 2008). These phenotypes of Lud135 can readily be rescued by
7

Fig 1.3 Multiple sequence alignment of YqjA and YghB from E. coli strain W3110. There is
61% amino acid identity between the two polypeptides. Multiple sequence alignment is done
with ClustalW 2.1 (www.ebi.ac.uk/Tools/msa/clustalw2/).

Fig 1.4 Predicted membrane topology of E. coli YqjA. YqjA is predicted to have 4
transmembrane domains spanning the IM. Both the animo and carboxy terminus lies in the
cytoplasm. Topology prediction is done with SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/). This
predicted topology is supported by preliminary biochemical experiments done in our laboratory
involving LacZ/PhoA fusions of YqjA fragments (Thompkins 2010).
8

introducing a wild-type copy of either yqjA or yghB on a plasmid. The creation of a targeted
double mutant in the wild-type E. coli K-12 parent strain W3110 soon followed. Single yqjA and
yghB deletion mutants derived from the Keio collection exhibits no apparent phenotypes and
when both of those deletions were introduced into W3110 using P1 transduction, the strain,
designated as BC202, exhibited phenotypes similar to Lud135, as shown in Fig. 1.5. Phase
contrast and scanning electron microscopy analysis of BC202 suggests that mutants can begin
septation but are blocked at a later step in constriction. The cell division defect and temperature
sensitivity of BC202 could be rescued by conditions which rescued the phenotypes of Lud135 –
namely multicopy expression of yqjA, yghB, yohD or yabI from a plasmid as shown in Fig 1.7; or
supplementing the growth media with millimolar concentrations of divalent cations such as Mg2+
and Ca2+ or 300-500 mM NaCl. It was henceforth proposed that the 4 DedA homologs – YqjA,
YghB, YohD and YabI which rescued the phenotypes of BC202 be grouped into
“Complementing Group” or “C-group” and the remaining 4 DedA homologs – DedA, YqaA,
YdjX and YdjZ, which fail to rescue the phenotypes of BC202, be grouped into the “Non
Complementing Group” or “NC-group” (Boughner and Doerrler 2012). Surprisingly, the
function of YqjA/YghB seems to be conserved across distant bacterial DedA homologs, as the
cell division defect and temperature sensitivity of BC202 can be rescued by expression of DedA
homologs of Borrelia burgdorferi (Liang, Xu et al. 2010), Caulobacter cresentus (unpublished),
and Helicobacter pylori from a multicopy plasmid (Thompkins 2010).
BC202 possesses a significantly altered membrane phospholipid composition as shown in
Fig. 1.6 (Thompkins, Chattopadhyay et al. 2008). While BC202 is capable of synthesizing all
classes of phospholipids at all growth temperatures, it is depleted of PE with elevated levels of
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Fig 1.5 The cell division defect and temperature sensitive phenotypes of BC202. Parent E.
coli strain W3110 demonstrates normal cell division at 30°C but BC202 demonstrates a cell
division defect under similar growth conditions, characteristic of the ΔyqjA ΔyghB double
mutants of E. coli. The temperature sensitivity of BC202 is demonstrated by its failure to grow at
temperatures above 42°C on LB-agar plates. BC202 grows normally at 30°C on LB-agar plates.
This figure was modified and reproduced with permission from American Society for
Microbiology: Journal of Bacteriology (Thompkins, Chattopadhyay et al. 2008).

the acidic phospholipids, PG and CL. In some respects BC202 resembles Phosphatidyl-Serine
Synthase (PssA) deletion mutants such as AD90 (∆pss93::KanR) which produces no membrane
PE (DeChavigny, Heacock et al. 1991). Mutants deficient in PE are viable, but they require
divalent cations for growth (DeChavigny, Heacock et al. 1991) and display cell division
abnormalities (Rietveld, Verkleij et al. 1997; Mileykovskaya, Sun et al. 1998). Likewise, normal
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Fig 1.6 Membrane phospholipid composition of Lud135 and BC202. Phospholipid
composition of exponentially growing cultures of the parent strain W3110A, single ΔyqjA and
ΔyghB mutants, BC202 and Lud135 was determined at either 30°C or 44°C after radiolabelling
with 32P i as described in detail in the materials and methods section of chapter 4 of this
dissertation. The Thin Layer Chromatography (TLC) autoradiograms are shown in the figure.
The number on the lower left hand side of each resolved spot gives the percent contribution of
each lipid species to the total phospholipid composition for each strain. The value obtained by
adding the signal strength for each lipid species from each strain and dividing by the value
obtained for W3110A at each temperature (normalized to 100) was defined as the total relative
signal. This is a representative experiment. W3110A demonstrates about 60-65%
phosphatidylethanolamine (PE) and the rest phosphatidylglycerol (PG) and cardiolipin (CL). The
single ΔyqjA and ΔyghB mutants possess similar phospholipid profiles as W3110. BC202 and
Lud135 exhibit a significantly different phospholipid composition at both 30°C and 44°C
compared to W3110A with reduced (~40-46%) PE levels and subsequently, elevated levels of
acidic phospholipids PG and CL. This figure was modified and reproduced with permission
from American Society for Microbiology: Journal of Bacteriology (Thompkins, Chattopadhyay
et al. 2008).
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growth and cell division is restored to BC202 when LB growth media is supplemented with
millimolar concentrations of divalent cations.

Unlike many mutants defective in cell wall

synthesis and other envelope defects, BC202 is not hypersensitive to detergents (SDS for e.g.) or
several classes of antibiotics, indicating the presence of an intact OM when grown at the
permissive temperature (Thompkins, Chattopadhyay et al. 2008).

Fig 1.7 The NC and C grouping of E. coli DedA homologs. The temperature sensitivity of
BC202/Lud135 could be rescued by expression of yqjA, yghB, yohD or yabI from a multicopy
plasmid allowing the strain to grow on LB-agar plates at 42°C, while multicopy expression of
dedA (shown), yqaA, ydjX and ydjZ (not shown) fails to do so. A similar pattern of rescue of the
cell division phenotype of BC202 was also observed (not shown). All these genes were cloned to
be expressed from the constitutive promoter of low-copy plasmid pACYC184. Based on their
ability to rescue the phenotypes of BC202, YqjA, YghB, YohD and YabI are classified as the
Complementing or C group of E. coli DedA homologs, while DedA, YqaA, YdjX and YdjZ are
classified as the Non-complementing or NC group of E. coli DedA homologs. (-) denotes
BC202/Lud135 with empty vector pACYC184. This figure was modified and reproduced with
permission from American Society for Microbiology: Journal of Bacteriology (Thompkins,
Chattopadhyay et al. 2008).
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This dissertation will investigate the cause and effect of the phenotypes exhibited by
BC202 and discover novel phenotypes and suppressors of BC202 using genetic, molecular and
biochemical approaches in addition to exhaustive deconvolution and confocal fluorescence
microscopic techniques. In light of such observations, possible models of physiological functions
of YqjA/YghB will be laid out with the aim of addressing the enigmatic functions of the DedA
protein family in general. The author is hopeful that the observations and findings laid out in this
dissertation will provide a deeper look into the physiological roles and functions and forward our
scientific understanding about the DedA protein family in general.
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CHAPTER 2
CYTOKINESIS IN ESCHERICHIA COLI
2.1 : Introduction
The cell division in E. coli is termed binary fission which involves single cells
replicating their chromosomes and then dividing into two identical daughter cells. The process of
cell splitting (cytokinesis) is an extremely complex mechanism and is often under the regulation
of a multitude of spatial, temporal and quantitative controls. These regulatory controls ensure the
proper separation and segregation of the newly replicated chromosomes such that the daughter
cells produced in this manner can be viable. The spatial controls determine the cellular region
(midpoint) where the putative divisome (the complete cell division machinery) would be
assembled and the division septum would be formed. The temporal and quantitative controls
make sure that the newly replicated and divided chromosomes are partitioned equally and
properly before the separation of the potential daughter cells begins to take place. Consistent
with the ubiquitous cell division mechanisms observed across all classes of Life, dynamic
cytoskeletal elements play an extremely important role in the cytokinesis of E. coli cells. The
central players of the cytokinetic process are the proteins FtsZ, a homolog of eukaryotic tubulin
both structurally and functionally, and FtsA, a structural homolog of eukaryotic actin. Both FtsZ
and FtsA are highly conserved among eubacteria. (Lutkenhaus and Addinall 1997; Goehring and
Beckwith 2005; Dajkovic and Lutkenhaus 2006).
The complete process of cytokinesis employs a complex interacting network of
cytoplasmic, membrane-bound and periplasmic cell-division proteins, which are localized to the
Z-ring assembly at the division site. The process can be summarized into the following major
steps and illustrated in the descriptive Fig. 2.1:
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1) Selection and formation of the division site at the center plane (perpendicular to the
longitudinal axis) of the cell on the cell membrane between the two segregated
nucleoids generated by chromosome replication.
2) Polymerization of FtsZ monomers to form the compact helical Z-ring at the division
site which serves as the cytoskeletal scaffold for the assembly of the divisome.
3) Assembly of the cytokinetic machinery (divisome complex) by recruitment of various
cell division proteins to the Z-ring with a (mostly linear) hierarchy of dependence.
4) Septum formation at the division site by cell-envelope invagination.
5) Separation of the two newly formed daughter cells by cleavage of the septum.

Fig 2.1 Summary of major events happening during one cycle of cytokinesis. This figure was
reproduced with permission from Elsevier: Current Biology (Goehring and Beckwith 2005).
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2.2 : FtsZ - the central player of cytokinesis
FtsZ is the first protein to localize at the incipient division site. It serves as the structural
subunit of the Z-ring, which in turn serves as the scaffold for divisome assembly, and thus is
required for the initiation of cell division. It is a structural and functional homolog of the
eukaryotic tubulin. FtsZ is a cytoplasmic protein composed to two globular domains with a
central core helix. There is a very low degree of sequence similarity between tubulin and FtsZ
but its crystal structure is very much similar to tubulin suggesting that they might have a
common ancestry. There are functional similarities too. Like tubulin, FtsZ polymerizes into
protofilaments by the head-to-tail association of the individual subunits and possesses the
characteristic self-activating GTPase activity. The GTPase activity of FtsZ depends on its
polymerization which, on the other hand, depends on its binding to GTP but not its hydrolysis.
(Dajkovic and Lutkenhaus 2006; Adams and Errington 2009). As FtsZ is strongly conserved
across eubacteria and the crystal structure of E. coli FtsZ is not yet available in the Protein Data
Bank, the typical characteristics of a representative FtsZ molecule from another rod-shaped
bacterium Bacillus subtilis is illustrated in Fig. 2.2.
2.3 : Nucleoid occlusion and the Min system - selection of the division site
In order to avoid aberrant cell division, the initiation of formation of a functional Z-ring
must be preceded by a precise determination of the site of its assembly. It is located at the
midpoint of the rod-shaped E. coli cell, equidistant from the two poles. There is a strict temporal
and spatial regulation of the initiation of Z-ring formation. The temporal regulation ensures that
the division starts at the correct time in the cell cycle as the chromosomes are replicated. It is
governed by cell cycle signals. The nature of these signals are yet unknown but in E. coli, they
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Fig 2.2 Molecular characteristics of FtsZ. (a) Crystal structure of FtsZ monomer from another
rod-shaped bacterium Bacillus subtilis, bound to GTP (Protein Data Bank ID: 2RHO),
demonstrating its various domains. The N- and C-terminal domains fold independently of the
central H7 helix, which forms the core domain. The nucleotide binding site is the signature
tubulin motif GGGTGTG in the N-terminal domain. The T7 loop is the catalytic synergy loop
and the C-terminal domain participates in the interaction with several other cell division proteins.
(b) Schematic of polymerization of FtsZ subunits in a head-to-tail assembly fashion (head shown
in blue and tail in green) to generate a characteristic protofilament. This figure was reproduced
with permission from Nature Publishing Group: Nature Reviews Microbiology (Adams and
Errington 2009).
have been shown to temporally correlate with the termination of chromosome replication. The
spatial regulation ensures that the incipient division site lies between the segregated
chromosomes in the middle of the cell and therefore involves two negative regulatory processes
– the inhibition of Z-ring assembly over the newly formed nucleoids to prevent lethal cutting
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(guillotine) of the chromosomes and at the poles in order to avoid the formation of mini-cells
without any genetic material. The former process is achieved via nucleoid occlusion (NO) and
the latter via the Min system.
During nucleoid occlusion, the DNA binding protein SlmA in E. coli acts as the effector
(Bernhardt and de Boer 2005). SlmA binds to the newly partitioned chromosomes and hence
localizes to the nucleoid. They inhibit the formation of Z-rings on the nucleoid regions. Thus,
they prevent cytokinesis across the nucleoid and serve as anti-guillotine checkpoints. They have
been shown to directly bind FtsZ in vitro. SlmA recruits FtsZ away from the cell membrane and
competes with other assembly factors such as ZapA which assists in the assembly of FtsZ
monomers at the membrane. Therefore, SlmA greatly reduces the ability of the FtsZ polymers to
form a functional Z-ring anywhere in close proximity to the segregated nucleoids as shown in
Fig. 2.3(C).
The Min system of proteins inhibits the formation of Z-rings at the poles as shown in Fig.
2.3. Absence of this system results in polar Z-ring formation and hence often produces mini-cells
without any chromosome. In E. coli, 3 proteins MinC, MinD and MinE (better known as the
MinCDE complex) constitute this system. MinC acts as the primary inhibitor of the Min
complex. It participates in a direct interaction with the FtsZ protofilaments and prevents Z-ring
assembly by a couple of different mechanisms. It inhibits lateral interactions and weakens
longitudinal bonds hence destroys the integrity of the assembled FtsZ polymers. It also prevents
assembly of the Z-ring by competing with the membrane-bound FtsA anchor for the C-terminus
of FtsZ thus further destabilizing the Z-ring. MinC needs to be associated with MinD to the
membrane to exert its inhibitory effect. The MinD-ATP complex binds to the cell membrane and
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Fig 2.3 Selection of the division site at mid-cell in E. coli. (A), (C) The spatial regulation of Zring assembly at the mid-cell by the cooperative actions of the Nucleoid Occlusion (NO)
mechanism mediated by SlmA and Min oscillations mediated by the MinCDE complex (Min).
(B) The molecular mechanism of oscillation of the Min system is illustrated. This oscillation has
been demonstrated in vivo using GFP fusions and in vitro using biochemical and molecular
techniques. These Min oscillations have an average periodicity of ~50 seconds and the details are
elucidated in the main text. The oscillations of the Min system have been modeled
mathematically to determine and establish the minimal necessary components required for the
oscillatory behavior of the complex. The figures in (A) and (C) were adapted and reproduced
with permission from Nature Publishing Group: Nature Reviews Microbiology (Adams and
Errington 2009). The figure in (B) was reproduced with permission from Karger Publishers:
Journal of Molecular Microbiology and Biotechnology (Dajkovic and Lutkenhaus 2006).

eventually polymerizes. MinC is subsequently recruited and the MinC-MinD (ATP) complex is
the active form which efficiently inhibits the assembly of the Z-ring. MinE molecules force the
MinCD complex to oscillate between the poles and results in the establishment of a topological
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gradient of MinCD proteins within the cell. Such action of MinE is achieved by its binding to the
membrane bound MinD-ATP and subsequently dislodging MinC from the MinCD complex.
MinE also activates the ATPase activity of MinD following its binding leading to formation of
MinD-ADP which is released from the IM thus disassembling the inhibitory MinCD complex.
The soluble MinC and MinD-ADP moves farther away from MinE (i.e. to the other pole) where
MinD-ADP converts into MinD-ATP, followed by its re-association with the phospholipids at
the membrane and subsequent formation of the active MinCD complex. The MinE molecules
now shuttles to other pole and the same process repeats leading to an extremely fast (periodicity
~50 seconds) oscillation of the Min proteins throughout the cell. Such oscillatory behavior
results in a symmetrical concentration gradient with most of the MinCD protein complex at the
poles forming a polar zone and MinE proteins at the edge of the zone near the nucleoid-free
center of the cell (Fig. 2.3B) . This dynamic oscillation of the Min system ensures the division
site to be at the center of the cell. (Dajkovic and Lutkenhaus 2006; Adams and Errington 2009;
Bramkamp and van Baarle 2009).
2.4 : Dynamics of the assembly and regulation of the Z-ring
Both NO and the Min systems cooperatively ensure that the division site is localized at
the midpoint of the cell where the concentrations of the inhibitory proteins are the lowest. The
FtsZ subunits display cooperative assembly; the structure of the individual subunits changes
within the polymer and the affinity for polymerization enhances with increased degree if
association. The intracellular concentration of FtsZ monomers (~15000 copies per cell) greatly
exceeds the critical concentration required for assembly (3 - 10uM). The short protofilaments of
FtsZ are multiple subunits long but just one subunit thick. A singular model proposes that the
FtsZ subunits are undergoing constant polymerization into protofilaments throughout the cell as
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has been demonstrated with FtsZ-GFP fusions, which form into dynamic helices at the
membrane throughout the cell. Before the polymerization process could be completed, various
inhibitory mechanisms (NO, Min) act upon the growing filaments and depolymerize it. The
dynamic nature of this process is thus elucidated by such constantly acting and counteracting
forces which aim to polymerize or depolymerize the growing FtsZ protofilaments. Therefore, it
is evident that the only place in the cell where the FtsZ polymeric helices can effectively build up
is at the incipient division site. Indeed, it has been demonstrated using cryo-electron microscopy
tomography experiments that the Z-ring in vivo is composed of a large number of laterally
interacting short FtsZ protofilaments rather than a continuous helical ring (Li, Trimble et al.
2007).
The Z-ring is a highly dynamic structure. It undergoes constant remodeling throughout its
existence with rapid turnover dynamics (~8 seconds) and depends on the intrinsic GTPase
activity of the FtsZ subunits (Stricker, Maddox et al. 2002; Anderson, Gueiros-Filho et al. 2004).
GTP binding promotes assembly of the subunits while GTP hydrolysis drives disassembly. The
transition from the straight GTP bound polymer to the curved GDP bound polymer by GTP
hydrolysis is proposed to be the molecular motor action which generates the necessary
mechanical force required by the Z-ring to constrict the tubular membrane at the division site
leading to septum formation.
In addition to the multitude of essential cell division proteins, several non-essential ones
can localize to the cell division site or onto the divisome often without the help of other
recruiting proteins. They can directly regulate the assembly of FtsZ subunits and hence play a
significant role in Z-ring dynamics. Depletion of one of these proteins is non-lethal on its own
but oftentimes, when combined with the depletion another regulator or any of the essential cell
21

division proteins, results in a synthetic lethal phenotype. The factors which positively regulate
FtsZ assembly do so by inhibiting its GTPase activity while those which negatively regulate FtsZ
assembly do so by stimulating the FtsZ GTPase activity. The positive regulators of of Z-ring
dynamics include the highly conserved ZapA and the less-conserved ZapB proteins. In E. coli,
ZapA interacts specifically with FtsZ and localizes early to the potential division site. It binds
near the active site of FtsZ GTPase and alters the conformation of that site which prevents the
bound GTP from hydrolyzing (Gueiros-Filho and Losick 2002). Therefore, it enhances the initial
polymerization of FtsZ as well as stabilizes the resulting polymers. ZapB is also recruited to the
divisome early. Like ZapA, it promotes Z-ring assembly. The negative regulators of Z-ring
dynamics include response regulators (UgtP and SulA) and general proteases (e.g. ClpX). UgtP
acts as a growth-rate dependent inhibitor of Z-ring assembly during growth in rich media (Weart,
Lee et al. 2007). It associates reversibly with the divisome in response to availability of UDPGlucose and is a potent inhibitor of FtsZ assembly where it disrupts the formation of stabilizing
lateral interactions between protofilaments. SulA is a SOS response regulator and produced in
response to DNA damage (Justice, Garcia-Lara et al. 2000). It halts cell division when the
damaged chromosome is unable to replicate thus preventing cell death. It prevents the assembly
of new Z-rings as well as facilitates the rapid disassembly of existing Z-rings, even if the Z-ring
is actively constricting. ClpX, the substrate recognition complex of the ClpXP protease also
inhibits Z-ring assembly by removing free FtsZ subunits from the cytoplasm. (Dajkovic and
Lutkenhaus 2006; Adams and Errington 2009)
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2.5 : The membrane anchors of the Z-ring assembly
In order to spatially stabilize the cytoplasmic polymerized Z-ring at the mid-cell, maintain
its structural integrity during septation, and transmit the constrictive force to the IM at the
division site, the Z-ring needs to be effectively anchored to the IM. In E. coli, two essential cell
division proteins ZipA and FtsA together anchor and tether the FtsZ subunits of the Z-ring to the
membrane. Depletion of either FtsA or ZipA results in the characteristic Fts (Filamentation
temperature sensitive) phenotype in E. coli with properly positioned and regularly spaced but
nonfunctional Z-rings throughout the filaments. Depletion of both ZipA and FtsA results in no
Z-ring formation (Pichoff and Lutkenhaus 2002; Geissler, Elraheb et al. 2003).
ZipA has multiple important domains: the membrane spanning region, which acts as the
membrane anchor, a proline and glutamine rich long loop and a large globular C-terminus, which
lies in the cytoplasm and anchors FtsZ by interacting with its C-terminus (Ohashi, Hale et al.
2002). ZipA is normally dispersed throughout the IM but gets recruited to the division site where
FtsZ units start assembling in the earliest stages of cytokinesis. The C-terminus is also expected
to have a chaperone activity which enables it to promote the assembly of FtsZ into thick bundles
and sheets of protofilaments with strong lateral interaction in vitro. The transmembrane Nterminus of ZipA is essential as it enables the Z-ring to recruit the membrane-bound component
FtsK later which in turn recruits many other downstream proteins to the divisome. Therefore,
upon depletion of ZipA, cell division is blocked (Pichoff and Lutkenhaus 2002).
FtsA is a widely conserved essential cell-division protein is structurally related to
eukaryotic actin. It has 2 major domains and the depression in between those domains forms a
nucleotide binding site. It has also been shown to self-interact and polymerize in vitro. FtsA in E.
coli possesses an amphipathic helix at its C-terminus which attaches to the membrane and serves
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as its essential part. The N-terminus is the core protein which is attached to the amphipathic Cterminus with a linker region. FtsA interacts with the C-terminus of FtsZ and supports the Z-ring
assembly by membrane tethering. In fact, it can support the initial Z-ring assembly on its own
and the gain-of-function ftsA* mutation has been shown to eliminate the need for ZipA as a
membrane anchor altogether (Geissler, Elraheb et al. 2003). FtsA also affects the integrity of the
divisome at various stages of cell division. It been observed that FtsA* - FtsZ interaction is much
stronger than its wild-type counterpart and results in enhanced stability of the Z-ring at the level
of initial assembly. FtsA possesses a unique subdomain (1C) which is responsible for its
interaction with the late cell-division components and their subsequent recruitment to the
divisome. (Pichoff and Lutkenhaus 2002; Dajkovic and Lutkenhaus 2006; Bramkamp and van
Baarle 2009).
2.6 : Assembly of the divisome complex
Once the Z-ring has been established, all the other essential cell divisions proteins are
recruited to it resulting in the formation of the divisome complex. There are at least 10 well
recognized cell division proteins in E. coli which are recruited to the Z-ring according to a
defined and well-observed hierarchy of dependence as shown in Fig. 2.4. These proteins are
FtsE, FtsX, FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI, FtsN, FtsP, EnvC and AmiC. Except for AmiC,
FtsP and EnvC, which are periplasmic, all the others are membrane proteins with single or
multiple transmembrane domains. Many of these are functionally dispensable (for e.g. FtsP)
and/or are not well characterized in terms of their physiological role at the divisome. (Dajkovic
and Lutkenhaus 2006).
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The order of recruitment of these proteins follows a mostly linear hierarchy which
dictates the presence of all upstream proteins at the divisome in order for a downstream
component to be recruited. This hierarchy can be explained by direct protein-protein interaction
at the divisome but it has been observed that this interaction network among these components is
quite complex (Goehring, Gonzalez et al. 2006). Oftentimes, a complex or sub-complex of these
proteins is formed at the divisome. This hierarchy of dependence does not really reflect any
temporal order but instead reflects dependence relationships among these proteins.

Fig 2.4 Hierarchical recruitment of essential cell division proteins in E. coli. An illustration
demonstrating the recruitment hierarchy of the later cell division proteins to the Z-ring assembly
leading to divisome formation in E. coli. This figure was reproduced with permission from
Karger Publishers: Journal of Molecular Microbiology and Biotechnology (Dajkovic and
Lutkenhaus 2006).

2.7 : Essential cell division proteins and complexes in E. coli

1. FtsE and FtsX: This FtsEX complex is a putative ABC transporter located at the IM
(Schmidt, Peterson et al. 2004). It is essential for growth and division in media of
extremely high or low osmotic strength. FtsEX deletion mutants require FtsP for viability
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and cell division. However their exact functions remain poorly characterized. Recruitment
of FtsEX to the divisome is dependent on FtsA, FtsZ and ZipA.

2. FtsK: It acts as a DNA translocase at the septal ring which segregates the daughter
chromosomes (Kennedy, Chevalier et al. 2008).

It is tasked with the role of DNA

transport through the constriction before the membrane fusion is complete (Grainge,
Lesterlin et al. 2011). It has a small amino terminus, 4 transmembrane segments and a
large cytoplasmic C-terminal domain (Dubarry, Possoz et al. 2010). The C-terminal
domain is not essential for cell division and acts as a powerful ATP-dependent
bidirectional DNA motor which translocates DNA in a sequence directed manner. The
bidirectional motor changes the transport direction in response to short, asymmetric
directing DNA sequences. The N-terminal region shares functional overlap with FtsQ,
FtsB, FtsA, ZipA and FtsN and is both necessary and sufficient for cell division. FtsK
conciliates alternated control between processing of the replichore polarity junction and
cytokinesis on the whole (Lesterlin, Pages et al. 2008).

3. FtsQ, FtsL and FtsB: These proteins form the broadly conserved FtsQLB complex at the
divisome. They connect the divisome to the septal peptidoglycan synthesis machinery but
their exact physiological functions are yet unknown. This complex is formed when FtsQ
interacts with the FtsLB sub-complex using the C-terminus of FtsL and FtsB. This
complex is essential for downstream recruitment of FtsW, FtsI and FtsN using the
cytoplasmic domain of FtsL and and N-terminus of FtsB. FtsQ is involved in septal wall
growth. (Buddelmeijer and Beckwith 2004; Goehring, Petrovska et al. 2007).
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4. FtsW: An essential and conserved integral IM protein belonging to the SEDS (ShapE,
Division and Sporulation) family of proteins (Lara and Ayala 2002). FtsW functions as a
lipid-II flippase tasked with the transport of lipid linked peptidoglycan precursors across
the IM (Mohammadi, van Dam et al. 2011). SEDS family proteins are often co-transcribed
with their functional partner – the class B transpeptidases. E. coli has 2 such gene pairs –
FtsW and FtsI (PBP3) required for cell division and PBP2 and RodA required for cell
elongation.

5. FtsI: The only division specific transpeptidase which is also known as PBP3 (Penicillin
Binding Protein 3). It is one of the important High Molecular Weight (HMW) PBPs found
in E. coli which catalyzes the final stages of septal peptidoglycan synthesis (Pogliano,
Pogliano et al. 1997). Requires its cognate SEDS partner FtsW to localize at the septum.
FtsI is a bitopic protein with a small N-terminal cytoplasmic domain, a transmembrane
(TM) helix and a C-terminal periplasmic domain (Guzman, Weiss et al. 1997). The
cytoplasmic domain and TM helix of FtsI are essential for its role in cell division – the
former harboring the catalytic transpeptidase activity involved in new peptidoglycan
synthesis at the division septum (Guzman, Weiss et al. 1997) while the latter is both
necessary and sufficient for localization of FtsI to the Z-ring (Wissel, Wendt et al. 2005).
The non-catalytic periplasmic domain is required for recruitment of FtsN (Wissel and
Weiss 2004). It has been observed that the Z-ring constriction during septation requires
the transpeptidase activity of FtsI (Pogliano, Pogliano et al. 1997).

6. FtsN: Only found in gammaproteobacteria, it is the last known essential cell division
protein to be recruited to the divisome in E. coli. It can act as a multi-copy suppressor to
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thermosensitive ftsA, ftsK, ftsQ and ftsI mutants (Dai, Xu et al. 1993; Geissler and
Margolin 2005). Its C-terminus has an amidase like RNP fold which binds peptidoglycan
(Yang, Van Den Ent et al. 2004). It has been implicated to recognize diverse signals at the
divisome but its exact function is yet unknown.

7. FtsP (SufI): This protein is one of the periplasmic components of the divisome and is
only essential under certain stress conditions (Samaluru, SaiSree et al. 2007). The exact
role of this protein is unknown although evidence points out that it might play a role in
stabilizing the divisome assembly at the septum. The other two non-essential periplasmic
components of the divisome – AmiC and EnvC are discussed in section 2.8. Similar to
AmiC, FtsP is translocated to the periplasm by the Tat pathway (Sargent, Stanley et al.
1999). FtsP can act as a multicopy suppressor of the thermosensitive growth defect of ftsI
(hence designated as SufI) (Kato, Nishimura et al. 1988) as well as ftsEX, ftsA, ftsQ and
ftsK mutants (Samaluru, SaiSree et al. 2007).

2.8 : Septum formation and separation of daughter cells
The recruitment of all the essential cell division proteins to the Z-ring completes the
divisome formation. The divisome assembly then triggers the initiation of septum formation at
the division site via the coordinated role of the constrictive force generated by the dynamic Zring, which initiates the invagination of the membrane at the septum, and peptidoglycan
synthesis, which provides the basis for the nascent cell wall generation between the daughter
cells. Therefore this membrane invagination process remains coupled to the cell-wall ingrowth
process throughout the entire procedure (Dajkovic and Lutkenhaus 2006). Once the constriction
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Fig 2.5 Sites of catalytic cleavage by murein hydrolases within E. coli peptidoglycan. The
murein layer of E. coli is comprised of a network of interlinked muropeptide chains containing
alternating subunits of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc).
Branching oligopeptide links connect adjacent muropeptide chains to form the network. The
oligopeptide chains are comprised of L- and D-amino acids, as well as m-diaminopimelic acid
(mA2PM) and are attached to the N-acetylmuramic acid residues. The branches from adjacent
muropeptide chains are cross-linked by amide bonds (mA2PM---D-ala). Different murein
hydrolases that cleave the various bonds within peptidoglycan are indicated as follows β-Nacetylglucosaminidase (red), lytic transglycosylase (blue), endopeptidases (cyan), Nacetylmuramyl-L-alanine-amidase (green), D,D-carboxypeptidase (yellow), and L,Dcarboxypeptidase (purple). This figure was constructed using figures and information from (Rice
and Bayles 2008) as a reference.

process is completed, new membrane formation leads to the disassembly of the divisome and
seals off the division pore and thus separates the contiguous cytoplasm once shared between the
2 newly formed daughter cells which remain connected via a shared peptidoglycan wall. Now
several murein hydolases come in play and cleaves off the shared peptidoglycan between the
cells, which are freed into two separate daughter cells.
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Murein hydrolases can be of several classes as shown in Fig. 2.5. A few important
classes include amidases, which cleave oligopeptide branches from the muropeptide chains
(cleavage site shown in green triangles), endopeptidases, which cleave cross linked branch
peptides (cyan triangles), transpeptidases, which cleave terminal branch peptides (yellow, purple
triangles) and lytic transglycosylases (blue triangles) and acetylglucosaminidases (red triangles);
both of which can hydrolyze the muropeptide backbone. All these hydrolases are required for
general maintenance and quality control of the peptidoglycan chain. Some of them, especially
the amidases, are essential for cell division, because they can help cleave the septal
peptidoglycan to liberate the daughter cells as the last essential step of cytokinesis or they can
participate in the cleavage process of the old peptidoglycan to make way for newly generated
peptidoglycan to be incorporated in the cell wall. None of these amidases seem to essential for
viability and deletion of one or many results in a characteristic chaining phenotype in E. coli as
shown in Fig. 2.6A (Priyadarshini, de Pedro et al. 2007).
AmiC is a periplasmic and non-essential cell division protein to be recruited to the septum
in the final stages of cell division. This localization is mediated by an N-terminal targeting
domain and is dependent on FtsN. It is an N-acetylmuramyl-L-alanine amidase and cleaves off
the septal peptidoglycan after the constriction proceeds to completion at the septum to separate
the newly formed daughter cells. It is the only periplasmic amidase to localize at the septum. On
the other hand, AmiA, another periplasmic N-acetylmuramyl-L-alanine amidase which is not
recruited to the Z-ring, demonstrate polar localization due to the periplasm being thicker in the
polar Regions. Both AmiA and AmiC are secreted into the periplasm by the Twin Arginine
Transport (Tat) protein-translocation pathway. In contrast, the periplasmic N-acetylmuramyl-Lalanine amidase AmiB is secreted into the periplasm using the classical Sec pathway. (Bernhardt
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and de Boer 2003; Ize, Stanley et al. 2003). EnvC, another periplasmic septal ring component,
was also found to exhibit murein hydrolase activity similar to the periplasmic amidases and
participates in cleavage of septal peptidoglycan (Bernhardt and de Boer 2004). The physiological
roles of AmiA, AmiB, AmiC and EnvC demonstrate a certain degree of redundancy and there is
possibly a hierarchy of participation by one or more of these murine hydrolases during
invagination and cleavage of septal peptidoglycan, as illustrated in Fig. 2.6B. Deletion of one or
more of these murein hydrolases results in a typical cell chaining defect (Fig. 2.6A) and loss of
cell envelope integrity (Uehara, Dinh et al. 2009).

Fig 2.6 Role of periplasmic amidases in peptidoglycan cleavage. (A) Typical cell division
defect observed in E. coli mutants of the periplasmic murein hydrolases. This representative
figure is a transmission electron micrograph of an E. coli ΔamiABC mutant demonstrating cell
chaining due to aborted cleavage of peptidoglycan between two daughter cells at the end of
cytokinesis. (B) A model of hierarchy of action of the periplasmic murein hydrolases EnvC,
AmiA, AmiB and AmiC during cleavage of septal peptidoglycan. This figure was adapted and
reproduced with permission from American Society for Microbiology: Journal of Bacteriology
(Priyadarshini, de Pedro et al. 2007).
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2.9 : The twin arginine transport (Tat) pathway
Most bacteria and archea transport proteins out of the cytoplasm via two well-known
secretion pathways – the general secretory pathway or the Sec pathway and the twin arginine
transport/translocation or the Tat pathway. The Sec pathway is tasked with active transport of
unfolded polypeptides from the cytoplasm and is the primary mode of protein translocation at the
IM of E. coli while being essential for its viability (Dalal and Duong 2011). The Tat pathway on
the other hand, actively transports folded proteins from the cytoplasm and is not essential under
normal growth conditions in E. coli (Lee, Tullman-Ercek et al. 2006). The polypeptide substrates
of both the Sec and Tat pathway are generated in the cytoplasm with uniquely specific Nterminal signal sequences. The signal sequence of the polypeptide, which is to be translocated
across the IM, is primarily responsible for targeting them to their respective translocons. The
signal sequences of Tat-specific polypeptides contain a characteristic highly conserved twinarginine motif [SRRxxFLK] from which the translocation pathway derives its nomenclature. The
Tat pathway plays important roles in many physiological processes in E. coli such as cell
division, respiratory energy metabolism, acquisition of metal (e.g. Fe, Cu) and inorganic ions
(e.g. sulphate, nitrate and phosphate), motility, quorum sensing, metabolism of organic substrates
(e.g. organophosphates, dimethyl sulfoxide, trimethylamine-N-oxide), resistance to lethally toxic
compounds such as heavy metals and antimicrobial peptides etc. (Palmer and Berks 2012).
Presently, there are 28 polypeptides encoded by the E. coli K-12 genome, which are either
known or predicted Tat substrates. An online database of E. coli K-12 Tat substrates is
maintained here: (http://www.lifesci.dundee.ac.uk/groups/tracy_palmer/docs/signals.htm).
The Tat translocons in E. coli are composed of 3 main integral IM proteins – TatA, TatB
and TatC. They form hetero-multimeric TatABC complexes at the IM which are necessary and
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sufficient for recognition, processing and transport of most Tat substrates. The mechanism is
illustrated in Fig. 2.7.

Fig 2.7 Mechanistic model of Tat mediated translocation of folded proteins. Details are
elaborated in the main text below. This figure was modified and reproduced with permission
from Nature Publishing Group: Nature Reviews Microbiology (Palmer and Berks 2012).

The Tat substrate polypeptides with the consensus twin-arginine recognition motif in
their signal peptides are recognized and folded by substrate specific chaperones in the cytoplasm.
Necessary cofactors (usually metal ions) are subsequently loaded into the folded protein and the
chaperone-mediated “proofreading” is done to ensure that the substrate proteins are correctly
assembled before they can be delivered to the Tat translocons for export. The signal peptide
recognition is energy-independent and is mediated by an initial TatBC multimeric complex at the
IM; TatC specifically recognizes the twin-arginine motif in the signal peptide. Following initial
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recognition of the signal peptide, the entire substrate is then bound strongly to the TatBC
complex by (possibly) utilizing the energy from the transmembrane proton-motive force (PMF).
This stronger interaction between the TatBC complex and the substrate reduces its access to the
cytoplasm but the N-terminus still faces the cytoplasmic leaflet of the IM. Following this step,
there is a PMF-dependent recruitment and polymerization of previously dispersed TatA
monomers at the TatBC-substrate complex. The resultant TatABC complex acts as the active
translocon and the TatA polymer acts as the actual translocation channel, through which the
passenger domain of the substrate is then transported to the periplasm; a step which may or may
not be PMF-dependent. This step is an important aspect of the Tat pathway because the size of
the TatA channel is determined by the degree of polymerization of the TatA monomers, which
greatly enhances the flexibility and versatility of this pathway to transport various folded
substrates which vary greatly in size (~20-70Ǻ diameter). After successful transport of the
passenger domain into the periplasm, the signal peptide of the substrate is cleaved by signal
peptidase at the outer leaflet of the IM, releasing the passenger domain into the periplasm. Due to
this cleavage, the processed species of the Tat substrates found in the periplasm, migrate faster
during SDS-PAGE (Sodium Dodecyl Sulphate Poly-Acrylamide Gel Electrophoresis) than their
unprocessed cytoplasmic counterparts. After the translocation is complete, TatA dissociates into
free monomeric form while the fate of the signal peptide remains unknown. (Lee, Tullman-Ercek
et al. 2006; Palmer and Berks 2012).
Unlike the Sec pathway, the Tat pathway is less conserved among bacteria and archea but
highly versatile in the nature of its transport. The Tat pathway is also found in the thylakoids of
plants and behaves quite similar to the bacterial counterpart. Some bacteria like Streptomyces
coelicolor export about 15% of their exported proteins (~100 Tat substrates) via the Tat pathway
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(Widdick, Dilks et al. 2006) while some halophilic archeal species like Haloferax volcanni
exports about 50% (Rose, Bruser et al. 2002). On the other hand, bacteria like E. coli or Bacillus
subtilis have fewer Tat substrates and Borrelia burgdorferi do not encode any Tat homologs at
all (Dilks, Rose et al. 2003). The versatility of the Tat pathway is demonstrated by its ability to
transport substrates of various sizes as well its capacity to transport certain lipoproteins and
participate in the assembly of some membrane bound protein complexes such as formate
dehydrogenases and iron-sulphur clusters. This versatility could be exploited for experimental
molecular biology such as to track and observe fluorescent protein fusions in the periplasm, since
they need to be in folded configuration for them to fluoresce under excitation.
As illustrated in Fig. 2.7, the Tat mediated transport of folded proteins is active in nature
and is energized by the transmembrane PMF (Mould and Robinson 1991; Alder and Theg 2003;
Bageshwar and Musser 2007). The active energetic requirement of a single molecule transport by
a Tat translocon is about 105 protons (removal from the proton gradient) which is equivalent to
~104 ATP molecules. It is interesting to note that during transport, the diameter of the open Tat
translocation pore can reach to ~70Ǻ which is like a big hole in an otherwise semipermeable IM.
A bulk of the proton movement might be contributed to such an action rather than the actual
transport procedure itself. The binding of the substrate to the TatBC complexes (contains 6-8
copies of each protein with tetrameric TatB and dimeric TatC substructures) at the IM is initially
loose. However, upon binding of the substrate, the interactions in these complexes strengthen - a
step which is strongly dependent on the PMF. The actual translocation and flipping of the protein
through the TatA channel (translocation pore formed by large TatA oligomers of variable size)
also seem to be energized by the PMF (Palmer and Berks 2012).
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CHAPTER 3
THE CELL DIVISION DEFECT OF BC202
3.1 : Introduction
The cell division defect in BC202 manifests itself with a typical cell chaining phenotype
at all growth temperatures as shown in Fig. 1.5. During the exponential phase of growth at 30°C,
BC202 cells form a heterogeneous mixture of chains of various lengths and sizes ranging from
normal dividing cells to chains which may contain up to 8 individual cells. The cellular shape
and morphology is also non-uniform unlike parent W3110 cells. Again, a typical population of
BC202 cells under the microscope consists of a heterogeneous mixture of cells bearing wild-type
shape and morphology as well as cells which demonstrate occasional membrane bulges, irregular
shapes deviating from the typical rod shape and sizes ranging from short to extremely long single
cells, which may or may not be part of a chain. This kind of cell division phenotype is mostly
unlike the typical filamentous phenotype exhibited by the E. coli fts or pss mutants, but bear
considerable similarity to typical Δtat /Δami mutants (Fig 3.1). Hence, there exists a possibility
that the cell division process correctly starts in BC202 but aborts sometime before the division
process can reach successful completion.
In order to determine at what step of the process cell division is aborted, the general
strategy involves demonstrating if the separation of cytoplasm between two putative daughter
cells could be achieved or not. That would indicate if cytokinesis is aborted in the early or the
late stages of division. The experimental technique of FRAP (Fluorescence Recovery After

This chapter is adapted and reprinted from Sikdar et al. Reprint permission granted.
Copyright © American Society for Microbiology, J. Bacteriol. February 2010 vol. 192 no. 3 807-818.
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Fig 3.1 Differential Interference Contrast (DIC) microscopic images of live cells. DIC
images of parent E. coli strain W3110 shows that it exhibits normal cell division while BC202
exhibits aborted cell division leading to the chaining phenotype. A similar chaining phenotype is
observed in a ΔtatC mutant strain where the Tat pathway is nonfunctional. The PE deficient
mutant AD93 (Δpss93::KanR) shows extremely long filamentous cells with rarely occurring cell
division septa. AD93 was grown in the presence of 50 mM Mg2+ at 37°C while the rest at 30°C
in standard LB media.

Photo-bleaching) is employed to this end. An alternative strategy is to determine the localization
of several cell division proteins ranging from FtsZ to AmiC, which have been fused to GFP and
expressed from a chromosomal fusion or from a multicopy plasmid under the regulation of an
inducible promoter. The cell division proteins, which form a part of the divisome machinery,
localizes to the mid-cell region of a dividing cell at the putative septa and GFP fusions can easily
be observed using traditional fluorescence microscopy. If a certain protein which forms a part of
the divisome fails to localize, the exact temporal point of abortion of cytokinesis would have
been located. However, there is still a possibility that YqjA or YghB themselves are cell-division
proteins which can be addressed by using GFP fusions and determining their intracellular
localization using fluorescence microscopy.
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This study characterizes the cell division phenotype of BC202 using green fluorescent
protein (GFP) fusions of cell division proteins and using fluorescence recovery after
photobleaching (FRAP) analysis. While most of the cell division proteins are correctly localized
to new septal rings, the periplasmic amidase AmiC is not localized to the septal ring as was
reported (Bernhardt and de Boer 2003) and this is responsible for the observed cell division
phenotype of BC202. AmiC is found mostly in the cytoplasmic compartment in BC202, as is
AmiA, both of which are exported to the periplasm by the Twin arginine transport (Tat)
pathway. The cell division defect of BC202 can be corrected by overexpression of periplasmic
amidases or the TatABC operon collectively suggesting that the Tat pathway functions
inefficiently in BC202.
3.2 : Materials and Methods
Materials: Tryptone and yeast extract was purchased from Difco.
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P i was purchased

from Perkin Elmer. Restriction enzymes, Phusion High-Fidelity DNA Polymerase, Taq DNA
polymerase, Antartic phosphatase and T4 DNA ligase were purchased from New England
Biolabs. All DNA oligonucleotides (primers) for PCR amplification and cloning procedures were
obtained from Sigma-Aldrich. Paraformaldehyde and 50% glutaraldehyde were from SigmaAldrich. Glass slides and cover slips were from Corning. All other chemicals were reagent-grade
and purchased from either Sigma-Aldrich or VWR.
Bacterial growth media: LB with 10g/L tryptone, 5g/L yeast extract, and 10g/L NaCl
was used throughout this study.

Antibiotics were used in the following concentrations:

tetracycline (Tet) at 12.5 µg/ml, kanamycin (Kan) at 30 µg/ml, chloramphenicol (Cam) at 30
µg/ml and ampicillin (Amp) at 25 µg/ml for chromosomal AmpR or 100 µg/ml for plasmids. For
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GFP localization studies, LB media was supplemented with either 10 µM (for RS 102 only) or
25 µM isopropyl-1-thio-β-D-galactopyranoside (IPTG) to induce expression of chromosomal
GFP fusions under the control of the modified trc promoters and at 0.1-1.0 mM to induce
expression from the plasmids pWSK29 (Wang and Kushner 1991) and its derivatives and
pTrcHis2-ELGFP6.1-TOPO (Table 3.1; a gift from Dr. Naohiro Kato, LSU Dept of Biological
Sciences).
Molecular Biology Procedures: Standard techniques were used for cloning and analysis
of DNA, standard polymerase chain reaction (PCR), colony PCR, transformation, agarose gel
electrophoresis and generalized transduction with P1vir phage (Miller 1972). Standard PCR
using Phusion DNA Polymerase was performed following the protocol from Finnzymes in the
Phusion HF buffer. Colony PCR was performed using Taq DNA polymerase. Competent cells
were prepared according to Inoue (Inoue, Nojima et al. 1990). The sequence of all cloned PCR
products were confirmed by DNA sequencing that was carried out at the LSU College of Basic
Science Genomics Facility.
Construction of the chromosomal GFP fusion strain: Generalized P1vir transduction
(Miller 1972) was employed to transduce the Δ(λattL-lom)::bla lacIq associated P 207 -gfp-ftsI,
P 207 -gfp-ftsL, P 207 -gfp-ftsQ, P 208 -ftsZ-gfp, P 208 -zipA-gfp loci from strains EC436, EC438, EC442,
EC448 and EC450 respectively into BC202 resulting in strains listed in Table 3.1. The W3110
transductants were selected for Amp resistance on LB-agar plates containing low Amp while the
BC202 transductants were selected for Amp resistance on LB-Agar plates containing Tet, Kan
and 25 µg/ml Amp. The selected transductants were further verified to contain GFP by colony
PCR using primers specific for GFP: 5'-ATGACCATGATTACGCCAAGCTTG-3' and 5'CTTGTACAGCTCGTCCATGCCGAG-3'.
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Construction and analysis of GFP-YqjA and GFP-YghB fusions: The following
strategy was applied for construction of YqjA-GFP and YghB-GFP: YqjA was amplified from
pET23-YqjA (Thompkins, Chattopadhyay et al. 2008) using the (forward) T7 promoter primer
5’-TAATACGACTCACTATAGGG-3’ and reverse primer 5’-CTTACCGGTGCGCTACCG
CCGCTACCGCCGCTACCGCCCCCCCGATTTCCATATTTCTTTTTC-3’

(AgeI

site

underlined). The PCR product was treated with AgeI and XbaI and was cloned into similarly
treated pGFP uv (Clontech Laboratories Inc., GenBank Accession #U62636). Isolated pGFP uv
was treated with XbaI/EcoRI, releasing the 1.5 Kb fusion genes and subsequently cloned into the
XbaI/EcoRI treated vector, pWSK29, to give vector pWTD50. In this construct, gfp uv was
replaced by gfp mut2

by amplification of gfp mut2

with the following primers: 5’-

CTTACCGGTAGAAAAAATGAGTAAAGGAGAAGAACTTTTCAC-3’
underlined)

and

(AgeI

5’-CTTGAATTCTTATTTGTAGAGCTCATCCATGC-3’

site

(EcoRI

site

underlined). gfp mut2 was digested with AgeI and EcoRI and ligated into gel-purified pWTD50
(which underwent the same digestions as fusion inserts) ultimately resulting in plasmid
pWTD52. GFP mut2 (Cormack, Valdivia et al. 1996) gave technically better results than GFP uv
and was a gift from Dr. Jesse Stricker. pWTD54 was produced in a manner analogous to
pWTD52, by amplifying yghB from plasmid pET23-yghB (Thompkins, Chattopadhyay et al.
2008)

using

the

(forward)

T7

primer

as

above

and

reverse

primer

5’-

CTTACCGGTGCAGAACCACCAGAACCACCAGAACCGCCGGCGTTACAGTATTTTTTT
TTAATCAC-3’ (AgeI site underlined). Expression of pWTD52 and pWTD54 resulted in the
fusion proteins between YqjA/YgB and GFP mut2 with a short linker peptide YqjA-(GGS) 3 APVEK-GFP mut2

and

YghB-(GGS) 3 -APVEK-GFP mut2 ,

respectively.

Both

plasmids

independently complemented the growth and cell division defects of BC202. BC202/pWTD52
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and BC202/pWTD54 were grown overnight, and diluted 1:200, in fresh LB media containing
100 µg/ml Amp and supplemented with 0, 0.1, 0.5 or 1.0 mM IPTG. Cultures were grown in a
shaking incubator (30 °C, 225 rpm) to an O.D. 600 of ~0.5 and analyzed as described above.
Additional cloning procedures: amiB was amplified from the genomic DNA of parent
strain W3110 by PCR using forward primer 5’-GCGCTCTAGAATGATGTATCGC-3’ (XbaI
site underlined) and reverse primer 5’-GCGCAAGCTTTTAGTTTGGCAGC-3’ (HindIII site
underlined). The ~1,338 bp PCR product was purified, treated with XbaI and HindIII and cloned
between the XbaI and HindIII cloning sites of similarly treated plasmid pWSK29. The resulting
construct pWSK-AmiB was transformed into competent BC202 cells selecting for AmpR.
The entire TatABC operon was amplified from W3110 genomic DNA using forward
primer 5’-GCGCCCATGGGTGGTATCAGTATTTGG

(NcoI site underlined) and reverse

primer 5’-GCGCGCGAATTCTTATTCTTCAGTTTTTTCG

(EcoR1).

The 1.6 kB PCR

product was purified, treated with NcoI and EcoRI and cloned into a similarly treated plasmid
pBAD/HisA (Invitrogen). The resulting construct was termed pBAD-TatABC.
Fluorescent protein localization experiments: Protein localization studies of the strains
containing chromosomal GFP fusions were grown overnight in LB with 25 µg/ml Amp and was
diluted 1:200 in 20 ml fresh LB/Amp and either 10 µM (for RS102 only) or 25 µM IPTG for
induction of GFP fusions. The cells were grown at 30 °C in an incubator shaking at 225 rpm to
an O.D. 600 of ~0.3. The cells were fixed directly in growth medium using a previously described
procedure (Weiss, Chen et al. 1999). 500 µl of the growing cells were transferred to a microfuge
tube containing the fixative mixture: 20 µl of 1 M NaPO 4 (pH 7.4), 100 µl of 16%
paraformaldehyde and 0.4 µl of 25% glutaraldehyde and mixed. Fixation was carried out for 15
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minutes at room temperature followed by 45 minutes on ice. The fixed cells were then washed 3
times with 1x PBS by centrifugation and resuspension. Finally, the washed cells were
resuspended in 1x PBS at an O.D. 600 of ~1.0 and 10 µl of the resuspended cells were applied to
glass slides previously coated with a thin layer of 1% agarose for cell immobilization. Cells were
visualized using Differential Interference Contrast (DIC) and fluorescence microscopy.
Localization studies of AmiA-GFP and AmiC-GFP were done using live cells. pTB28
expressing AmiC-GFP and pTB32 (AmiA-GFP) (Bernhardt and de Boer 2003) was generously
provided by Dr. Thomas Bernhardt (Harvard Medical School).

W3110 and BC202 cells

harboring plasmids pTB28 or pTB32 and BC202 cells harboring plasmids pTB28 or pTB32
along with plasmid p-yghB were used. The strains were grown overnight in LB with 100 µg/ml
Amp and were diluted 1:200 in 20 ml fresh LB media supplemented with the appropriate
antibiotics and IPTG concentrations as follows. For strains harboring plasmid pTB28, 100 µM
IPTG was used while for strains harboring pTB32, 300 µM IPTG was used for expression of
AmiC-GFP and AmiA-GFP respectively. W3110 or BC202 cells harboring pTB28 or pTB32
were grown in the presence of Amp and BC202 cells with covering plasmid p-yghB harboring
pTB28 or pTB32 were grown in the presence of Amp and Cam. The cells were grown at 30 °C
in an incubator shaking at 225 rpm to an O.D. 600 of ~0.4. Live cells were directly harvested from
the growth media by centrifugation and resuspended in fresh LB media at an O.D. 600 of ~ 1.0.
10 µL of the cells was applied to agarose coated glass slides and observed using DIC and
fluorescence microscopy.
Microscopy: All fluorescence and DIC micrographs were taken using a Leica DMRXA2 deconvolution microscope. Fluorescence microscopy was done using the Leica L5
filterset for GFP with an excitation range of 480/40 (460-500 nm), an emission range of 527/30
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(512-542 nm) and a dichroic of 505. All observations were recorded using a 100X 1.40NA oil
immersion objective lens. Images from the deconvolution microscope were captured by a cooled
Cooke SensiCamQE 12-bit 1.3 Mega-Pixel CCD based digital camera and recorded using a
workstation computer running Slidebook software (Intelligent Imaging Innovation, Denver,
USA). Typical exposure times ranged from 7-10 seconds for GFP expressed in the chromosomal
GFP fusion strains, 3-4 seconds for strains expressing AmiA-GFP and AmiC-GFP and 4-5
seconds for BC202 strains expressing YqjA-GFP and YghB-GFP. DIC images and fluorescent
images (for GFP only) were recorded concurrently, processed and overlaid using the Slidebook
software. All subsequent image editing was done using Adobe Photoshop CS2.
FRAP and Confocal Microscopy: FRAP was determined with live BC202 cells
expressing cytoplasmic green fluorescent protein (GFP) from plasmid pTrcHis2-ELGFP6.1TOPO that was constructed as follows. A gene encoding ELGFP6.1 in a vector pELGFP6.1-SK
was amplified by PCR with primers EL768 and EL769 (Kato, Pontier et al. 2002). The amplified
gene was then cloned into expression vector pTrcHis2-TOPO (Invitrogen, CA). The resulted
clone was sequenced and designated pTrcHis2-ELGFP6.1. An overnight culture of
BC202/pTrcHis2-ELGFP6.1-TOPO strain was diluted 1:200 in fresh LB media containing 100
µg/ml Amp and 1.0 mM IPTG. The cells were grown at 30 ºC in a shaker-incubator up to an
O.D. 600 of ~0.4. The cells were harvested by centrifugation and resuspended in fresh LB at an
O.D. 600 of ~1.0. 10 µl of the cells were applied to an agarose coated glass slide and was
observed under a confocal microscope for FRAP studies.
Confocal Microscopy was performed with a Leica Confocal Microscope (model TCSSP2, Leica Microsystems Inc, Illinois, USA) fitted with a HCX PL APO CS 63.0X 1.40NA OIL
objective and driven by Leica Confocal Software. FRAP images were recorded by selecting sets
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of cells in chains and then photographing them. In order to bleach out a single cell in a chain, the
size of the bleach area was set to the entire width of the selected cell, and this selected area
(referred to as the ROI or Region of Interest) was bleached by exposure to the 488-nm line of the
Ar/Kr green laser (with the laser power set to maximum), referred to as the bleach pulse, for 3 to
4 seconds. As the expression of GFP varies from cell to cell, the duration of the applied bleach
pulse was adjusted to achieve complete bleaching of the extremely bright variant of GFP
expressed in BC202. The scan speed was set to 400 Hz. Fluorescence photo-bleaching and
subsequent recovery was documented by photographing the cells per second for 6 seconds before
applying the bleach pulse (pre-bleach images), while the bleach pulse was in effect and for 20-25
seconds after the bleach pulse was terminated (post-bleach images).
Spheroplast formation and Western Blotting: Cells harboring plasmids expressing
EGFP (pTrcHis2-ELGFP6.1-TOPO), AmiC-GFP (pTB28) or AmiA (pTB32) were grown in LB
supplemented with appropriate antibiotic to an OD 600 of ~0.5. Cells harboring pTB28 or pTB32
were grown with 0.1 or 0.3 mM IPTG additionally, respectively. Spheroplasting was carried out
essentially as described (Bernhardt and de Boer 2003) with minor modification. 30 ml of cells
were centrifuged and resuspended with 1 ml of 25% sucrose, 30 mM Tris-Cl, pH 8.0 (SP buffer).
BC202 spheroplasts lysed very easily so vortexing was avoided and the cells were handled
gently. Half the cells were left untreated and half the cells were converted to spheroplasts with
the addition of lysozyme (200 µg/ml) and EDTA (10 mM) followed by a 10-minute incubation at
room temperature.

Spheroplasts were pelleted in a microcentrifuge and the supernatant

containing the periplasmic fraction was transferred to a new tube. The spheroplast pellet was
resuspended in 0.5 ml SP buffer. This was followed by the addition of an equal volume of 2x
SDS-PAGE loading buffer to each fraction; total, pellet and supernatant. The samples were
44

heated to 95 °C for five minutes and ten microliters of each was loaded onto a 12% SDS-PAGE
gel. Western blotting was carried out as described (Doerrler and Raetz 2005) with primary
antibody anti-GFP JL-8 (Clontech Laboratories) or Anti-MBP (New England Biolabs) used at a
dilution of 1:10,000. Secondary antibody was HRP conjugated goat anti-mouse IgG (Thermo
Scientific) and detection was performed with the Immun-Star kit (Bio-Rad Laboratories).
3.3 : Results
FRAP demonstrates compartmentalization of many BC202 cells. The nature of the
cell division defect that occurs at the permissive growth temperature of 30 °C in BC202 was
analyzed using FRAP. In this experiment, soluble GFP was expressed from a plasmid in BC202
and recovery of fluorescence in photobleached cells was measured as an indication of the ability
of cytoplasmic GFP to move from an adjacent cell into the photobleached cell. A similar
approach, measuring fluorescence loss in photobleaching, has been used to characterize the
chaining phenotype of an E. coli ΔamiABC mutant (Priyadarshini, de Pedro et al. 2007). If the
fusion of IM has been completed in these chains of cells, the cytoplasm would be separated and
hence soluble GFP should not diffuse into the photobleached cell from an adjacent cell.
However, if inner membrane fusion is not complete, then a bleached cell should be able to
recover fluorescence from adjacent cells following photobleaching. Out of 43 BC202 cells
subjected to photobleaching, 18 (42%) were able to recover fluorescence from one or more of the
adjacent cells in a chain, suggesting that they share a common cytoplasm, while 25 (58%) failed
to recover fluorescence suggesting that they are fully compartmentalized from their adjacent
neighbors. As illustrated in a representative experiment in Fig. 3.2A and 3.2B, two cells in a
chain were subjected to a bleach pulse lasting for 3 seconds and no subsequent fluorescence
recovery was observed in the photobleached cells, indicating that they were compartmentalized
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with the cytoplasmic GFP not able to move between the adjacent cells. Another representative
experiment illustrated in Fig. 3.2C and 3.2D shows an occasion where the BC202 cell subjected
to photobleaching exhibited subsequent fluorescence recovery from one (but not both) of its
adjacent cells indicating that the inner membrane fusion was not complete and that they share a
common cytoplasm. Since about 58% of the observed cells were compartmentalized, it is
assumed that the remaining 42% of the observed cells, which were able to recover fluorescence
from their adjacent cells in a chain after being subjected to photobleaching, were observed at an
earlier stage of cell division. These results suggest that constriction can be completed in BC202,
albeit at a much slower rate than observed in parent strain W3110.
FtsZ localizes normally to new septation sites in BC202. To better understand the cell
division defect of BC202, an experiment to localize green fluorescent protein (GFP) tagged FtsZ
in this mutant was carried out. FtsZ is a central player in bacterial cell division and is the first
protein to localize to the septal ring in E. coli (Weiss 2004).

Strain EC448 contains a

chromosomal copy of FtsZ-GFP behind a lac promoter which is tightly linked to an AmpR
marker (Weiss, Chen et al. 1999). A P1 lysate was prepared from EC448 and used to transduce
BC202 to AmpR (see materials and methods). This strain, named RS101, was grown in the
presence of 25 µg/ml Amp plus 25 µM IPTG and cells were visualized with a fluorescence
microscope. In the parent strain W3110, the majority of FtsZ localized at the midcell septal ring
(data not shown), as previously described (Begg and Donachie 1985; Bi and Lutkenhaus 1991;
Addinall, Bi et al. 1996). It is found that FtsZ localizes to alternate cell division sites in RS101
(Fig. 3.3A; arrows), presumably the sites of the next round of division; however FtsZ was absent
from the sites of the previous (and aborted) round of cell division. This result suggests that FtsZ
is capable of correct localization to the septal ring in BC202 but disassembles and relocalizes to
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Fig 3.2 FRAP analysis of BC202 cells. BC202 cells expressing cytoplasmic GFP from
plasmid pTrcHis2-ELGFP6.1-TOPO were grown and live cells were observed using
confocal microscopy as described in Materials and Methods. The region of interest (ROI),
which refers to an area set equal to the width of a single cell in a chain (indicated by
arrows), was monitored for changes in GFP fluorescence intensity during the entire FRAP
procedure. The ROI selected for bleaching were photobleached by exposure to a bleach
pulse (488-nm line of an Ar/Kr green laser set at maximum power) lasting for 3 s and
further m oni t o r ed for subsequent fluorescence recover y. The adjacent R O I were
simultaneously monitored for any loss of fluorescence intensity. The cells were
photographed and images were recorded each second throughout the entire FRAP
procedure in order to monitor the fluorescence intensity. Such a time-lapse series of
images of live BC202 cells in a chain subjected to a FRAP procedure is shown in panels A
and C. The first row of three images in panels A and C shows prebleach images recorded
at time points 0, 2, and 5 s. The bleach pulse was active from 6 to 9 s. The second and
third rows of images in panels A and C show postbleach images recorded at time points 9,
12, 15, 18, 23, and 28 s. The graphs shown in panels B and D represent the fluorescence
recovery kinetics for panels A and C, respectively. Panels A and B represent an instance
where the cells observed i n a chain are compartmentalized. ROI 1 and 2 are bleached
out, and they do not recover fluorescence, while adjacent ROI 3 and 4 exhibit no loss of
fluorescence over time. The fluorescence kinetics for adjacent ROI 1 and 4 are similar to
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that of ROI 2 and 3 but are not shown in panel B for the sake of clarity. Panels C
and D represent another instance where ROI 1 is photobleached and exhibits gradual
fluorescence recovery from ROI 2, which exhibits a simultaneous loss of its fluorescence,
but not from ROI 3, which retains its fluorescence, indicating that ROI 1 and 2 share a
common cytoplasm while ROI 3 is compartmentalized. As shown in panel D, a 20s
postbleach time was sufficient to allow for the proper intermixing of cytoplasmic contents
and fluorescence recovery from adjacent cells.
new sites following unsuccessful septation. FtsZ cannot reform the septal ring at the older sites
due to the inhibitory activity of MinCD (de Boer, Crossley et al. 1989). This is consistent with
the rapid dynamics of the FtsZ ring that has been reported using a thermosensitive ftsZ mutant
(Addinall, Bi et al. 1996).
Recruitment of other divisome proteins in BC202. In E. coli, the recruitment of cell
division proteins to the septal ring occurs in a hierarchical manner, with late proteins dependent
upon correct recruitment of early proteins (Weiss 2004; Dajkovic and Lutkenhaus 2006).
Therefore, the approach described above was used to localize several other proteins in BC202
known to be involved in cell division. Strains EC436, EC438, EC442 and EC450 express GFP
linked forms of FtsI, FtsL, FtsQ, and ZipA, respectively, linked to an AmpR gene (Table 3.1)
(Chen, Weiss et al. 1999; Ghigo, Weiss et al. 1999; Weiss, Chen et al. 1999). P1 lysates
prepared from these strains were used to transduce BC202 to AmpR providing strains RS102,
RS103, RS104 and RS105 (Table 3.1). The reported order of recruitment of these proteins to the
E. coli divisome and the localization of each protein in BC202 are shown in figure 3.3B-E. Each
protein appears to localize correctly to new septal rings but, as seen with GFP-FtsZ, the proteins
are not present at old constriction sites, probably due to the disassembly of divisome components
following aborted cell division and inhibition of ring formation by the MinCD complex (de Boer,
Crossley et al. 1989). This pattern was observed for each cell division protein analyzed in nearly
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Fig 3.3 Localization of cell division proteins in BC202 cells. (A) Strain RS101 expressing
FtsZ-GFP was grown at 30°C as described in Materials and Methods. Cells were harvested
and visualized using DIC (left) and fluorescence (middle) microscopy, and an overlay of both
images is shown (right). (B to E) Strains RS105, RS104, RS103, and RS102, expressing
chromosomally encoded ZipA-GFP, FtsQ-GFP, GFP-FtsL, and GFP-FtsI, respectively
(Table 1), were grown as described in Materials and Methods and visualized using DIC
and fluorescence microscopy. Shown are overlay images for each cell type. Arrowheads
indicate sites of Fts protein localization. The center diagram shows the order of recruitment
to the septal ring in E. coli for known cell division proteins. The red font indicates proteins
localized in BC202 in this study.
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all of the cell chains that were observed. Collectively, these data suggest that the block in cell
division in BC202 occurs at a very late step.

Fig 3.4 AmiC and AmiA localization in BC202. Localization of AmiC-GFP and AmiAGFP fluorescence. W3110 (A and E), BC202 (B, F, D, and H), and BC202 harboring
plasmid p-yghB (C and G) transformed with plasmid pTB28 (A to D) or pTB32 (E to H)
were grown in LB medium supplemented with Amp (A, B, E, and F), with Amp and Cam (C
and G), or with Amp and 10 mM MgCl2 (D and H) at 30°C and visualized using DIC and
fluores- cence microscopy. Shown are overlay images for each cell type trans- formed with
pTB28 or the fluorescent images for each cell type trans- formed with pTB32 (to better
illustrate the partial polar localization of AmiA-GFP).

Abnormal fluorescence of AmiC-GFP in live BC202 cells.

AmiC is an E. coli

periplasmic amidase required for cell division and is recruited to the septal ring (Bernhardt and
de Boer 2003). AmiC is exported via the twin arginine transport (Tat) pathway (Bernhardt and
de Boer 2003), allowing for GFP to be used to visualize its cellular localization (Santini,
Bernadac et al. 2001; Thomas, Daniel et al. 2001). A plasmid expressing the fusion protein E.
coli AmiC-GFP was transformed into W3110 and BC202 and its localization was visualized
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using fluorescence microscopy. AmiC localizes to the septal ring in W3110 cells in agreement
with what has been reported previously (Bernhardt and de Boer 2003) (Fig. 3.4A). When this
experiment was repeated in BC202, septal localization was not observed in spite of adequate
expression of protein as evidenced by fluorescence that was visible throughout the entire cell
(Fig. 3.4B). Correct localization of AmiC is restored in BC202 harboring a compatible plasmid
expressing a wild-type copy of yghB (Table1) (Fig. 3.4C). While it is not clear from this
experiment if AmiC-GFP is accumulating in the cytoplasm or periplasm in BC202, the protein is
clearly not found predominantly at the septal ring, as it is in the parent strain. Inclusion of 10
mM Mg++ in the growth media, which rescues the growth and cell division defects of BC202
(Thompkins, Chattopadhyay et al. 2008), fails to alter the localization of AmiC-GFP (Fig. 3.4D).
Abnormal fluorescence of AmiA-GFP in live BC202 cells.

AmiA is another

periplasmic amidase, which is exported via the Tat pathway (Bernhardt and de Boer 2003).
Unlike AmiC, AmiA is not a component of the septal ring and hence it is difficult to observe
distinct localization sites for AmiA. Plasmid pTB32 expressing fusion protein AmiA-GFP was
transformed into W3110 and BC202 and its localization was visualized using fluorescence
microscopy. AmiA was found to be localized in W3110 in such a manner that most of the cells
appear to be surrounded by a fluorescent halo with about 10-15% of the cells exhibiting polar
localization (Fig. 3.4E), as was reported (Bernhardt and de Boer 2003). This apparent polar bias
of localization of AmiA in wild-type E. coli was explained by the fact that the periplasmic
volume surrounding the poles is relatively large (Bernhardt and de Boer 2003). However, in
BC202, AmiA-GFP fluorescence was visible throughout the entire cell, again suggestive of a
cytoplasmic localization (Fig. 3.4F). In BC202 cells expressing a copy of wild-type yghB, the
localization pattern of AmiA observed was found to be similar to parent W3110 cells (Fig.
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3.4G). As was seen with AmiC-GFP (Fig. 3.4D), inclusion of 10 mM Mg++ does not alter the
localization of AmiA-GFP (Fig. 3.4H), showing that the effects of divalent cations on the
phenotypes of BC202 are independent of the effects of the mutations on amidase export.
Cytoplasmic localization of AmiA-GFP and AmiC-GFP in BC202. The data from Fig.
3.4 suggests that AmiC-GFP and AmiA-GFP are mislocalized in BC202. In order to determine
the cellular compartment where the protein is found, spheroplasting was used to separate
cytoplasmic from periplasmic components followed by Western blotting with an Anti-GFP
antibody. When soluble GFP is expressed from a plasmid in parent strain W3110, the protein is
in the pellet or cytoplasmic fraction and none is found in the supernatant or periplasmic fraction
(Fig. 3.5A, lanes 1-3). When this analysis is repeated in BC202, most of the GFP is associated
with the pellet and a small amount (less than 10%) is found in the supernatant (Fig. 3.5A, lanes
4-6), which was attributed to spontaneous lysis occurring during the spheroplasting procedure.
Different spheroplasting conditions were tested and such lysis could not be avoided but could be
minimized with the high sucrose concentrations (25%) used.
When W3110 cells expressing AmiC-GFP were analyzed, it was observed that about
~70% of the AmiC-GFP was associated with the spheroplast pellet and ~30% was found in the
supernatant (Fig. 3.5B, lanes 1-3), similar to what was previously reported (Bernhardt and de
Boer 2003). In BC202, nearly all the AmiC-GFP was found to be associated with the pellet with
none detectable in the supernatant (Fig. 3.5B, lanes 4-6) in spite of efficient release of maltose
binding protein, a periplasmic substrate of the general secretory pathway, from the same sets of
cells (Fig. 3.5D, lanes 1-9). This result suggests that the mislocalization of AmiC-GFP in BC202
is caused by inefficient export from the cytoplasm. Export of AmiC-GFP could be restored in
BC202 by expressing yghB from a compatible plasmid (Fig. 3.5B, lanes 7-9).
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Fig 3.5 Cellular fractionation and localization of AmiC-GFP and AmiA-GFP. (A)
W3110 (lanes 1 to 3) and BC202 (lanes 4 to 6) transformed with plasmid pTrcHis2ELGFP6.1-TOPO were grown in LB medium with Amp without IPTG and converted to
spheroplasts as described in materials and methods. The total cell lysate (T), spheroplast
pellet (P), and spheroplast supernatant (S) were resolved by 12% SDS-PAGE and Western
b l o t t e d w i t h anti-GFP. (B and D) W3110 (lanes 1 to 3), BC202 (lanes 4 to 6), and
BC202 harboring plasmid p-yghB (lanes 7 to 9) transformed with plasmid pTB28 were
grown at 30°C in LB medium containing 0.1 mM IPTG and converted to sphero- plasts. The
total cell lysate, spheroplast pellet, and spheroplast supernatant w e r e resolved by 12%
SDS-PAGE a n d western b l ot t e d wit h anti-GFP (B) or anti-MBP (D). (C) W3110 (lane
1), BC202 (lane 2), BC202 grown with 10 mM MgCl2 (lane 3), BC202 harboring plasmid
p-yghB (lane 4), and AD93 harboring plasmid pTB32 (lane 5) were grown at 30°C (or
37°C in the case of AD93) in LB medium containing 0.3 mM IPTG, and whole-cell lysates
were analyzed by Western blot- ting using anti-GFP. Cleaved and uncleaved refer to signal
peptidase- processed and -unprocessed forms of the protein that are expected to be found in
the periplasm and cytoplasm, respectively. Longer exposures revealed no evidence of the
processed protein in lanes 2 and 5 (not shown).
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Unfortunately, attempts to release AmiA-GFP from BC202 spheroplasts resulted in
visible cell lysis due to the higher salt concentrations required (Bernhardt and de Boer 2003).
However, Western blotting of whole cell lysates with anti-GFP antibody revealed the all of the
AmiA-GFP expressed in BC202 is of the higher molecular weight form, uncleaved by
periplasmic signal peptidase (Fig. 3.5C, lane 2). This result strongly suggests that AmiA-GFP is
also not exported to the periplasm in BC202 unlike in parent strain W3110 (Fig. 3.5C, lane 1) or
BC202 harboring a wild-type copy of yghB (Fig. 3.5C, lane 3). Overexpression of AmiA or
AmiC with higher levels of IPTG (1 mM) could correct the cell division defect in BC202 (see
below) so the block in export is expected to be somewhat leaky. The data from figures 3 and 4
collectively suggest that export of AmiA and AmiC is defective in BC202. However, the
phenotypes of BC202 and Tat deletion mutants (Stanley, Findlay et al. 2001; Ize, Stanley et al.
2003; Caldelari, Palmer et al. 2008) are not identical, therefore it cannot be concluded that the
Tat pathway is completely nonfunctional in BC202. While Tat mutants do have cell division
defects and form chains like BC202, they are also reminiscent of envA (lpxC) mutants and have
severe outer membrane defects resulting in hypersensitivity to antibiotics and detergents
(Stanley, Findlay et al. 2001; Ize, Stanley et al. 2003). In contrast, BC202 is not hypersensitive
to drugs or detergents at the permissive growth temperature (Thompkins, Chattopadhyay et al.
2008) (see discussion).
AmiA export in PE-deficient cells. It is possible that the effect on the Tat pathway in
BC202 could be indirect. An example of an indirect role would be through effects of the
reported lower levels of membrane PE (Thompkins, Chattopadhyay et al. 2008) in BC202 on Tat
function. PE is not essential for viability of E. coli, and strain AD93 (pss93::KanR recA), which
is deficient in PE, has been isolated and characterized (DeChavigny, Heacock et al. 1991;
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Rietveld, Verkleij et al. 1997; Mileykovskaya and Dowhan 2005). AD93 displays severe cell
division defects, with extensive filamentation (Mileykovskaya, Sun et al. 1998). AmiA-GFP was
expressed in AD93 and was found to be largely cytoplasmic, based upon the absence of
signal peptidase-processed protein by Western blot analysis of whole-cell lysates (Fig. 3.5C,
lane 5). This result is consistent with the reported PE requirement for the proper Tat-dependent
export of TorA (Mikhaleva, Santini et al. 1999) and suggests that the phospholipid
membrane imbalance observed in BC202 may be responsible for the inefficient Tat export of
amidases observed here.
Overexpression of AmiA-GFP, AmiB and AmiC-GFP suppresses the cell division
defect of BC202. E. coli encodes three periplasmic amidases; AmiA, AmiB and AmiC. While
AmiA and AmiC are exported to the periplasm by the Tat pathway, AmiB is secreted via the
general secretory pathway and does not localize to the division septum (Bernhardt and de Boer
2003). Overexpression of AmiB, but not AmiA or AmiC, corrects the cell division defect of the
Tat deletion mutants (Bernhardt and de Boer 2003). Overexpression of AmiC-GFP from pTB28
with 1.0 mM (Fig. 3.6A) but not 0.1 mM IPTG (Fig. 3.6B) largely corrects the cell division
defect of BC202 suggesting that BC202 can export at least some AmiC under these conditions.
Much of the AmiC protein is still mislocalized under these conditions, emitting fluorescence
throughout the cell (Fig. 3.6C). Overexpression of AmiA-GFP from pTB32 with 1.0 mM IPTG
(Fig. 3.6D) was also found to completely correct the cell-division defect of BC202 indicating
that BC202 can also export at least some AmiA when it is overexpressed. Since overexpression
of AmiB from a plasmid is capable of correcting the cell division defect in an ∆amiA ∆amiC
mutant and a ∆tatC mutant (Bernhardt and de Boer 2003), amiB was overexpressed from a
plasmid in BC202. As shown in Fig. 3.6E, overexpression of AmiB does completely correct the
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cell division defect of BC202. This suggests that YghB/YqjA play a role, either direct or
indirect, in the proper localization of periplasmic amidases and that the block in export in BC202
may be partially leaky and overcome by high levels of protein expression.

Fig 3.6 Correction of cell division in BC202 overexpressing periplasmic amidases.
BC202 harboring plasmid pTB28 (A to C), pTB32 (D), or pWSK-AmiB (E) was grown in
LB medium con- taining Tet, Kan, Amp, and either 1.0 mM or 0.1 mM IPTG at 30°C. DIC
images are shown in panels A, B, D, and E, while panel C represents the fluorescence
image corresponding to panel A. BC202 cells overexpressing amidases failed to grow at
42°C (not shown).

Overexpression of AmiA, AmiB or AmiC, while able to correct the cell division defect
in BC202 do not correct the temperature sensitivity of the strain as these transformants still fail
to grow at elevated temperatures (data not shown). It was, however, not possible to directly
check amidase export at 42 °C since BC202 dies quickly due to cell lysis at this temperature
(Thompkins, Chattopadhyay et al. 2008). These results suggest that while YghB/YqjA may be
required for proper cell division in E. coli, these proteins play roles that are distinct from their
roles in cell division that are necessary for growth at elevated temperatures.
Correction of Cell division and growth phenotypes of BC202 by overexpression of
TatABC. The observation that periplasmic amidases are, at the very least, inefficiently exported
to the periplasm in BC202 suggests that the Tat pathway may be affected by the mutations in
yghB and yqjA. To test this the entire tatABC operon was expressed under the control of an
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arabinose-inducible promoter and tested for the affect of overexpression of these genes on
growth and cell division in BC202. When BC202 harboring plasmid pBAD-TatABC is grown in
the presence of 0.2 % arabinose but not 0.2 % glucose there is a complete restoration of both
growth at 42 °C (Fig. 3.7A and B) and normal cell division (Fig. 3.7C and D). This striking
result indicates that the Tat pathway functions poorly in BC202 and this may be responsible for
the observed phenotypes of the mutant. In spite of this, the phenotypes of BC202 still do not
exactly match those found in Tat mutants or amidase mutants (see discussion).

Fig 3.7 TatABC overexpression in BC202. The cell division and growth defects of BC202
are corrected upon overexpression of TatABC from a multicopy plasmid. (A and B) BC202
was trans- formed with pBAD/HisA (left side of plates) or pBAD-TatABC (right side of
plates) and streaked on LB-Amp plates containing 0.2% glu- cose (A) or 0.2% arabinose
(B). The plates were incubated at 42°C overnight. (C and D) DIC images of BC202 cells
harboring plasmid pBAD-TatABC grown at 30°C in the presence of 0.2% glucose (C) or
0.1% arabinose (D).
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Cellular localization of YqjA-GFP and YghB-GFP. Determination of the cellular
localization of YqjA and YghB is cruicial. If a restricted or septal localization were observed,
this would provide important insights into the function of these proteins. However, YqjA-GFP
and YghB-GFP (Fig. 3.8) were evenly distributed throughout the envelope of BC202 providing
little insight into protein function but not ruling out a direct involvement in cell division. The
fusion proteins expressed were functional as they eliminated the cell-chaining phenotype of
BC202 (Fig. 3.8) and were capable of restoring growth to BC202 at non-permissive temperatures
(data not shown). These results collectively suggest that YqjA and YghB are likely required for
the proper export of certain periplasmic amidases and, possibly, other Tat substrates.

Fig 3.8 Localization of YqjA-GFP and YghB-GFP in BC202 cells. BC202 cells harboring
plasmid pWTD52 (encoding YqjA-GFP mut2 ) or pWTD54 (encoding YghB-GFP mut2 )
were grown as described in Materials and Methods in the presence of 0.1 mM IPTG and
analyzed using fluorescence microscopy. The plasmids encode functional proteins
correcting the cell division phenotype of BC202. Western blot analysis using anti-GFP
antibody with whole-cell lysates of BC202 harboring pWTD52 or pWTD54 showed only a
single 53 kDa band (data not shown), indicating that these GFP fusions of YqjA and YghB
are stable and do not degrade within the cell.
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Table 3.1 E. coli strains and plasmids used in this study.

Strains

Relevant Genotype/Genetic Markers

W3110

Wild-type, F-,λ-

BC202

W3110, ΔyqjA::TetR ΔyghB781::KanR

EC436

MC4100, Δ(λattL-lom)::bla lacIq P 207 -gfp-ftsI

EC438

MC4100, Δ(λattL-lom)::bla lacIq P 207 -gfp-ftsL

EC442
EC448
EC450

MC4100, Δ(λattL-lom)::bla lacIq P 207 -gfp-ftsQ
MC4100, Δ(λattL-lom)::bla lacIq P 208 -ftsZ-gfp
MC4100, Δ(λattL-lom)::bla lacIq P 208 -zipA-gfp
BC202, Δ(λattL-lom)::bla lacIq P 208 -ftsZ-gfp
(AmpR p1 vir transductant of BC202; EC448 donor)
BC202, Δ(λattL-lom)::bla lacIq P 207 -gfp-ftsI
(AmpR p1 vir transductant of BC202; EC436 donor)
BC202, Δ(λattL-lom)::bla lacIq P 207 -gfp-ftsL
(AmpR p1 vir transductant of BC202; EC438 donor)
BC202, Δ(λattL-lom)::bla lacIq P 207 -gfp-ftsQ
(AmpR p1 vir transductant of BC202; EC442 donor)
BC202, Δ(λattL-lom)::bla lacIq P 208 -zipA-gfp
(AmpR p1 vir transductant of BC202; EC450 donor)

RS101
RS102
RS103
RS104
RS105

AD93/pDD72 pss93::KanR recA srl::Tn10 nadB+ pss+ CamR

Source or Reference
E. coli genetic stock center,
Yale University
(Thompkins, Chattopadhyay
et al. 2008)
(Weiss, Chen et al. 1999)
(Chen, Weiss et al. 1999;
Ghigo, Weiss et al. 1999)
(Chen and Beckwith 2001)
(Weiss, Chen et al. 1999)
(Weiss, Chen et al. 1999)
This work
This work
This work
This work
This work
(DeChavigny, Heacock et al.
1991)
This work

AD93/pTB32

pss93::KanR recA srl::Tn10 nadB+ pss+ pTB32

Plasmids
pWSK29
pWTD52
pWTD54

Expression Vector; lac promoter, AmpR
pWSK29 expressing yqjA-GFP mut2 fusion
pWSK29 expressing yghB-GFP mut2 fusion

p-yghB

pACYC184 expressing E. coli yghB; CamR

pTrcHis2ELGFP6.1TOPO

ELGFP expression vector; AmpR

pTB28

AmiC-GFP expression vector; AmpR

pTB32

AmiA-GFP expression vector; AmpR

pWSK-AmiB
pBADTatABC

pWSK29 expressing amiB; AmpR

(Wang and Kushner 1991)
This work
This work
(Thompkins, Chattopadhyay
et al. 2008)
Gift from Naohiro Kato,
LSU Dept of Biological
Sciences.
(Bernhardt and de Boer
2003)
(Bernhardt and de Boer
2003)
This work

pBAD expressing TatABC operon; AmpR

This work
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3.4 : Discussion
The observation that homologs of E. coli yghB and yqjA have been maintained (and in
some cases duplicated) in present day bacterial genomes, suggests that these genes carry out
critical functions in bacterial cellular physiology. To date, very little is known on the functions
of this somewhat mysterious protein family.

While individual DedA family genes are

nonessential in E. coli due to functional redundancy, some organisms (such as Borrelia
burgdorferi and Helicobacter pylori) only have one DedA homolog where they may represent
essential genes in their respective organisms. Comparative sequence analysis of this protein
family shows that they bear no sequence identity to known enzymes, transporters, channels or 2component signal transducers.
While homologs of YqjA/YghB are only found in bacteria (with the exception of several
species of green algae), the protein products of two distantly related E. coli genes, ydjX and ydjZ,
do have good sequence identity with predicted ORF’s of many eukaryotic genomes.
Intriguingly, a C. elegans mutant in one such gene, bus-19 (bacterially unswollen-19), has been
isolated based upon its resistance to infection by Microbacterium nematophilum (Yook and
Hodgkin 2007). Tvp38 of S. cereviseae, a YdjX homolog, was found associated with the tSNARE Tlg2-containing Golgi/endosomal membrane compartments (Inadome, Noda et al.
2007). The functions of these genes are not known but illustrate that the DedA family is both
very ancient and very widespread in nature.
This work reports on the why the E. coli mutant BC202 (ΔyqjA::TetR, ΔyghB::KanR),
displays inefficient cell division. It has been demonstrated using FRAP that BC202 cell chains
are often compartmentalized by at least a fused inner membrane, indicating that the cell division

60

block in this mutant occurs at a late stage (Fig. 3.2) or that cell division is extremely inefficient.
Several of the known cell division proteins were localized in BC202 using fluorescent fusions
and were properly recruited to the new sites of cell division but were absent from old sites (Fig.
3.3).
Importantly, a plasmid-expressed AmiC-GFP fusion protein was mislocalized in BC202.
Fluorescence was found distributed throughout the cell (Fig. 3.4) and not at the septal ring as
previously reported (Bernhardt and de Boer 2003). Western blotting of fractionated cells shows
that AmiC-GFP is largely confined to the cytoplasmic compartment of BC202 (Fig. 3.5B).
AmiA-GFP appears to be largely confined to the cytoplasm in BC202 (Fig. 3.5C) as well. AmiA
and AmiC are both exported via the twin arginine transport (Tat) pathway and the cell division
defect is consistent with inability to export these substrates to the periplasm. These data point to
the possibility that the Tat pathway operates inefficiently in BC202 but perhaps functions better
for some substrates than others. This would explain why the phenotypes of BC202 and Tat
deletion mutants are not identical although there are intriguing similarities between these classes
of mutants. For example, in addition to both having cell division defects, both ∆Tat and BC202
mutant phenotypes are suppressed by the inclusion of 5-10 mM Ca2+ or Mg2+ in the growth
media (Caldelari, Palmer et al. 2008; Thompkins, Chattopadhyay et al. 2008). Mg2+ partially
restores the export of AmiA-GFP in BC202 (Fig. 3.5C, lane 3). The effects of divalent cations on
these mutants are not understood.
However, mutants in the Tat pathway also display pleiotropic outer membrane defects
including hypersensitivity to antibiotics and detergents (Stanley, Findlay et al. 2001; Ize, Stanley
et al. 2003) and resistance to P1 phage (Stanley, Findlay et al. 2001). These phenotypes are also
shared with mutants lacking multiple amidases (Heidrich, Ursinus et al. 2002). BC202 does not
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display phenotypes that indicate a failure of the outer membrane permeability barrier, is sensitive
to P1 phage (Thompkins, Chattopadhyay et al. 2008) and synthesizes and exports normal
amounts of lipopolysaccharide (WTD; unpublished results). In addition, BC202 is temperature
sensitive for growth at 42 °C, a phenotype not shared with ∆tat mutants (unpublished
observations, data not shown).

In spite of these differences, overexpression of TatABC in

BC202 restores not only normal cell division but also growth at 42 °C (Fig. 3.7) indicating that
the Tat pathway is limiting in BC202, but that BC202 is not identical to Δtat mutants and
YqjA/YghB may have additional cellular functions.
BC202 has alterations in membrane phospholipid levels, with decreased levels of PE
and increased levels of PG and CL (Thompkins, Chattopadhyay et al. 2008). It has been
reported that the absence of membrane PE in the Δps s 93 mut ant causes a decreased
efficiency (Mikhaleva, Santini et al. 1999) of TorA translocation across the IM by the Tat
pathway and AmiA-GFP is also inefficiently exported in the PE-deficient mutant (Fig.
3.5C, lane 5). Therefore, there exists a possibility that the inefficiency of the Tat pathway in
BC202 is a secondary effect of the altered membrane composition of BC202. It has been
demonstrated (Shanmugham, Wong Fong Sang et al. 2006) that Tat signal peptides
interact strongly with acidic phospholipids. Since BC202 contains up to twice as much
membrane PG and CL as that found in the parent strain W3110, one can argue that the Tat
substrates

may simply be trapped at the

inner

surface

of the

IM due

to

these

electrostatic interactions. However, this hypothesis is negated by several new experimental
data elaborated in detail in the next two chapters which shows that the cell division defect of
BC202 is, in fact, independent of its altered phospholipid composition. The role that
YghB/YqjA plays in controlling membrane composition is unknown. A systematic analysis
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of export of other Tat substrates in BC202 as well as an analysis of YghB and YqjA
protein-protein and/or protein-lipid interactions will shed more light on this process and the
roles of these proteins with regard to the functions of the Tat pathway.
Intriguingly, efforts to reconstitute the Tat pathway in vitro using overexpressed TatABC
have produced extremely inefficient protein export, only up to about 20% of that observed in
vivo, leading to speculation that additional undiscovered components of the Tat pathway may
exist (Yahr and Wickner 2001; Alami, Trescher et al. 2002; Lee, Tullman-Ercek et al. 2006). A
systematic analysis of export of other Tat substrates in BC202 as well as analysis of YghB and
YqjA protein-protein interactions will shed more light on this process and the roles of these
proteins in regard to the functions of the twin-arginine pathway.
YghB and YqjA appear not to be bona fide cell division proteins, since they show diffuse
inner membrane localization and are not specifically located at the septal ring (Fig. 3.8) like all
other studied divisome proteins (Weiss 2004). It should be kept in mind when interpreting these
results that the E. coli genome encodes up to 6 additional proteins with significant similarity to
YqjA and YghB. YabI and YohD can rescue the phenotypes of BC202 when overexpressed
from plasmids (Thompkins, Chattopadhyay et al. 2008; Boughner and Doerrler 2012). An E.
coli strain harboring all possible deletions of dedA family genes displays more severe phenotypes
and is nonviable under permissive growth conditions unless complemented with a plasmid
expressing the wild-type copy of the dedA gene (Boughner and Doerrler 2012). A careful study
of the phenotype of BC202, along with biochemical and genetic studies aimed at elucidating
protein-protein interactions will shed more light on the function of YqjA and YghB in membrane
physiology and their role in the proper function of the Tat pathway and periplasmic amidases.
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Often gene functions can be inferred by examining their mode of regulation. Since it is
likely that yghB and yqjA are paralogous genes (Fitch 2000; Koonin, Wolf et al. 2002), it can be
hypothesized that these genes are evolving separate functions, but still maintain pre-duplication
structure and function, such that one protein is able to compensate for the loss of other. In
addition, the amino acid sequences of YghB and YqjA have three independent regions (25
residues) with greater than 80% identity (unpublished observations, not shown). There is now
accumulating evidence that demonstrates separate mechanisms of regulation for yghB and yqjA
in E. coli. In a DNA microarray study, YghB is strongly induced in E. coli by the quorum
sensing molecule autoinducer 2 (AI-2), suggesting that this protein may play a role in social
behavior and establishment and/or maintenance of bacterial biofilm communities (DeLisa, Wu et
al. 2001). Quorum sensing is known to regulate a large subset of E. coli genes, including those
involved in virulence and cell division (Bassler and Losick 2006). It is therefore possible that
YghB is evolving to play a specialized function during cell division.
It was recently reported that expression of YqjA is induced by the CpxAR pathway and
repressed by the σE pathway (Price and Raivio 2009). Both these pathways function to combat
extracytoplasmic stress and are responsible for regulating distinct, but overlapping sets of genes
(Raivio, Popkin et al. 1999). The Cpx regulated genes include those involved in envelope
protein biogenesis, biofilm formation and resistance to copper. Interestingly, this study also
reported that the E. coli yqjA deletion mutant is alkaline sensitive, unable to grow at pH 9.2
(Price and Raivio 2009). Therefore YqjA may be evolving to provide functions in envelope
maintenance and resistance to environmental stress. YqjA is in an operon with MzrA, which
was recently identified in a screen for suppressors of the stress phenotype of a ∆bam ∆degP of E.
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coli (Gerken, Charlson et al. 2009). The protein was found to modulate the activity of the
EnvZ/OmpR two-component system. These effects, however, were independent of YqjA.
In summary, YqjA and YghB are members of a highly conserved family of IM proteins.
This discovery that simultaneous deletions of yqjA and yghB results in a mutant with temperature
sensitivity, cell division defects and membrane alterations, provides crucial insight into the
function of these previously unstudied proteins. This study has characterized the cell division
phenotype and shows that there is a block in cell division at a late stage and most cell division
proteins appear capable of localizing to the divisome, with the noted exception of AmiC which
remains cytoplasmic. Overexpression of the components of the Tat export pathway TatABC
restores normal cell division suggesting this pathway operates inefficiently in BC202. Therefore,
it can be concluded that the cell division defect in BC202 is clearly the result of inefficient
export of periplasmic amidases by the Tat pathway.
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CHAPTER 4
THE PHOSPHOLIPID COMPOSITION OF BC202
4.1 : Introduction
4.1.1 : Biosynthesis of phospholipids in E. coli
The phospholipids of E. coli are glycerolipids composed of two fatty-acyl side chains
(14-20 carbon fatty acids), which determine the lipid composition and viscosity of the
membrane. E. coli possesses the unique ability to adjust and alter the composition of its
membrane lipids in order to adapt to a wide range to environmental challenges. Altering the
membrane lipid composition finely attunes the biophysical properties and permeability of the
membrane, which affects several vital physiological processes such as active/passive transport,
metabolic activities, energy production etc. Membrane lipid homeostasis not only reflects the
changes in the fatty acid composition of the lipids but also the amount of individual phospholipid
species present in the membrane. This contributes towards a more efficient cellular development
and growth under a wide variety of environmental conditions such as changes in temperature,
pH, salinity, organic solvents etc. (Cronan and Gelmann 1975).
The fatty acids are synthesized by the highly conserved Type II fatty acid biosynthetic
pathway as illustrated in Fig. 4.1. The central player is the acyl carrier protein (ACP) which
carries all the intermediates of this pathway. The fatty acid biosynthetic (Fab) enzymes are
responsible for generation of long chain acyl-ACP intermediates in the cytoplasm and delivering
them to the enzymes at the IM responsible for phospholipid synthesis (Pls). The Pls series of
enzymes synthesize phosphatidic acid (PA) from long chain acyl ACP intermediates. PA is the
essential precursor from which all membrane glycerolipids are produced.
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Fig 4.1 Type II fatty acid biosynthetic pathway and generation of phosphatidic acid (PA).
(a) Acetyl-CoA carboxylase (ACC) generates malonyl-CoA from acetyl-CoA and feeds it to the
Fab series of enzymes which elongates and modifies (b) it into a long-chain-acyl-ACP
intermediate through a series of enzymatic reactions in the cytoplasm. (c) Peripheral membrane
protein PlsX uses inorganic phosphate to convert the acyl-ACP intermediate into a reactive acylphosphate (acyl-P) intermediate, subsequently used by integral IM enzyme PlsY to acylate
glycerol-3-phosphate and form lysophosphatidic acid (LPA). LPA is subsequently converted to
PA with the use of a second long chain acyl-ACP intermediate by enzyme PlsC. Alternatively,
the IM acyltransferase PlsB can perform the functions of PlsXY to generate LPA and feed it to
PlsC. This figure was reproduced with permission from Nature Publishing Group: Nature
Reviews Microbiology (Zhang and Rock 2008).

The production of phosphatidic acid (PA) is crucial for biosynthesis of the three major
phospholipid species found in E. coli membranes – phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and cardiolipin (CL) with differences in their polar head groups. PE
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possess a basic (ethanolamine) head group and is zwitterionic in nature while PG and CL possess
negatively charged head groups and are acidic in nature. The biosynthetic pathway for PE, PG
and CL starting from PA is shown and elaborated in Fig. 4.2.
4.1.2 : Homeostasis and regulation of membrane phospholipid composition
One key mechanistic theme in the homeostasis of the phospholipids involves regulation
of the biochemical activity of the enzymes by their substrates, products, intermediates or even by
other enzymes in the same biosynthetic pathway (Cronan 2002; Cronan 2003; Zhang and Rock
2008). For e.g. acyl ACP levels can regulate the activities of FabH, FabI and ACC (Davis and
Cronan 2001). Similarly, PssA activity is negatively regulated by PS/PE and enhanced by PG/CL
(Salamon, Lindblom et al. 2000; Linde, Grobner et al. 2004). The transcriptional levels of some
of these biosynthetic enzymes may be modulated by stress response systems and metabolic
markers. For e.g. the CpxR response regulator of the Cpx envelope stress response pathway can
negatively regulate the transcriptional levels of Psd (Price and Raivio 2009). An increase in the
levels of the stringent response marker and global gene regulator ppGpp (guanosine-3’, 5’bispyrophosphate) inhibits the activity of PlsB leading to a reduction in total membrane lipid
content and a consequent accumulation of long chain acyl-ACP in the cell (Heath, Jackowski et
al. 1994).
The membrane phospholipid composition of log-phase cultures of E. coli growing under
normal laboratory conditions is about 70-75% PE, 20-25% PG and about 5% CL. Such precise
control over the ratio of zwitterionic to acidic phospholipids is essential for normal physiological
functions of the cell. The depletion of specific phospholipids is definitely achievable but at a
cost of cellular stability and function. Phospholipids are essential for proper folding and activity
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Fig 4.2 Biosynthesis of major phospholipids in E. coli. (a) Phosphatidic acid (PA) is
converted into CDP-diacylglycerol (CDP-DAG) by the enzyme CDP-DAG synthase (CdsA)
using a molecule of cytidine triphosphate (CTP). CDP-DAG forms the central pool where two
distinct set of biosynthetic pathways branch off. The first branch is regulated by the enzyme
phosphatidylserine synthase (PssA; red arrow). CDP-DAG and L-Serine (L-Ser) is converted
into phosphatidylserine (PS) by PssA. PS subsequently undergoes rapid decarboxylation by
enzyme PS decarboxylase (Psd) to form phosphatidylethanolamine (PE or PtdEtn). The second
69

branch is regulated by enzyme phosphatidylglycerophosphate synthase (PgsA) which converts
CDP-DAG and Glycerol-3-phosphate (Gro-3-P) into phosphatidylglycerol phosphate (PG-P).
PG-P is subsequently dephosphorylated by PG-P phosphatases (PgpA/B/C) to form
phosphatidylglycerol (PG or PtdGro). Two molecules of PG then condense in the presence of
enzyme cardiolipin synthase (Cls) to form cardiolipin (CL). *An alternative form of CL
biosynthesis has been recently discovered in E. coli which employs the enzyme ClsC to
condense one molecule of PE and PG each to generate CL. (Tan, Bogdanov et al. 2012) (b) E.
coli PssA is a soluble enzyme normally associated with ribosomes in the cytoplasm in the
inactive form. It gets activated upon recruitment to the IM by acidic phospholipids where it
converts CDP-DAG into PS. On the other hand, Psd, PgsA and PgpP are integral IM proteins.
This figure was modified and reproduced with permission from Nature Publishing Group: Nature
Reviews Microbiology (Zhang and Rock 2008).

of proteins (especially integral proteins) at the IM (Wang, Bogdanov et al. 2002). Mutants with
altered phospholipid composition demonstrate defects in membrane transport (Mikhaleva,
Santini et al. 1999; Tsatskis, Khambati et al. 2005; Xie, Bogdanov et al. 2006), respiration
(Zhang, Campbell et al. 2005), DNA replication (Xia and Dowhan 1995; Makise, Mima et al.
2002) and cell division

(DeChavigny, Heacock et al. 1991; Emoto and Umeda 2001;

Mileykovskaya and Dowhan 2005).
The homeostasis of membrane phospholipid composition and regulation of phospholipid
species PE, PG and CL is possible by altering the biochemical activity of the enzymes involved
in their production from CDP-DAG (Fig. 4.2). Overproduction of native PssA and Psd does not
improve the production of PE in E. coli (Raetz, Larson et al. 1977; Tyhach, Hawrot et al. 1979).
This is because the cellular activity of native PssA is tightly regulated by the amount of acidic
phospholipids at the IM in a concentration dependent manner (Salamon, Lindblom et al. 2000;
Linde, Grobner et al. 2004). Increasing levels of PE at the membrane dissociates PssA and
decreases its activity. Similarly, increasing levels of acidic phospholipids at the membrane
enhances the membrane association of PssA and consequently increases its activity and
subsequent production of PE. This unique mode of regulation of the biochemical activity of PssA
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helps to maintain an optimal membrane PE to (PG+CL) ratio in E. coli. Overproduction of the B.
subtilis PssA (BpssA) has been previously carried out in E. coli (Okada, Matsuzaki et al. 1994).
Unlike native PssA, BpssA is a small integral membrane protein and hence its activity at the E.
coli IM is not regulated in a manner similar to native PssA. This results in the production of
elevated amounts of PE and increases both the absolute and relative PE levels at the membrane
(accounting for ~90% of total phospholipids) leading to toxicity and inhibition of growth (Saha,
Furukawa et al. 1996). Hence, the tight regulation of PssA activity, coupled with continuous
production of PG by the Pgs and Pgp series of enzymes (Fig. 4.2), maintains an optimal and
balanced ratio of zwitterionic to acidic phospholipids in the membrane.
4.1.3 : Consequences of phospholipid depletion in E. coli
Depletion of PE. Deletion of pssA and psd genes in E. coli results in total depletion of
membrane PE. The PE depleted mutants of E. coli are characterized by cell division defects;
which manifests itself in the form of exhaustive filamentation (long smooth cells) with few
visible septa (Fig. 3.1) and failure to grow at any temperature unless the growth media is
supplemented with 50 mM MgCl 2 (Raetz, Kantor et al. 1979; DeChavigny, Heacock et al. 1991).
The ΔpssA mutants display defects in protein folding at the IM (Wang, Bogdanov et al. 2002);
exhibit defective secretion of proteins such as Tat substrates (Mikhaleva, Santini et al. 1999;
Sikdar and Doerrler 2010) and alkaline phosphatase (Mikhaleva, Golovastov et al. 2001);
upregulates OM porins like OmpF due to increased levels of small RNA micF (Inoue, Matsuzaki
et al. 1997); demonstrate inhibition of motility due to loss of flagellin (Kitamura, Nakayama et
al. 1994); exhibits increased sensitivity to antibiotics (Raetz and Foulds 1977); and elicits the
Cpx stress response pathway (Mileykovskaya and Dowhan 1997).
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Depletion of PG. ΔpgsA mutants of E. coli lack both PG and CL. Depletion of PG results
in death due to two distinct causes – (i) defective DNA replication attributed to the inactivation
of DnaA (Xia and Dowhan 1995) and (ii) cell lysis due overproduction of an unmodified form of
Braun’s lipoprotein Lpp. The Lpp precursor needs to be modified by diacylglycerol derived from
the PG pool so that it may undergo signal peptide processing and translocation to the OM. The
absence of PG leads to inefficient modification of Lpp and its subsequent retention at the IM.
This leads to the covalent linkage of the C-terminus of the Lpp to the murein layer, essentially
binding the IM and the OM in the process and leading to cell lysis (Kikuchi, Shibuya et al. 2000;
Shiba, Yokoyama et al. 2004). ΔpgsA mutants can be made viable at 37°C by simultaneously
incorporating a second-site suppressor mutation in the lpp or dnaA genes, the former being a
better suppressor than the latter. However, those strains demonstrate sensitivity to higher growth
temperatures due to a constitutive activation of the Rcs stress response pathway resulting in
overproduction of the osmotically inducible lipoprotein OsmB (Shiba, Yokoyama et al. 2004;
Nagahama, Oshima et al. 2007). Accumulation of PA is observed in ΔpgsA mutants and has been
proposed to complement for the total lack of acidic phospholipids (Kikuchi, Shibuya et al. 2000;
Matsumoto 2001). PG deficient E. coli also fails to efficiently translocate certain OM proteins
such as OmpA and PhoE (de Vrije, de Swart et al. 1988; Kusters, Dowhan et al. 1991).
Depletion of CL. E. coli can synthesize CL using three distinct enzymes ClsA, ClsB and
ClsC. ClsA and ClsB generate CL by condensing two molecules of PG, while the recently
disvovered ClsC can biosynthesize CL from PE and PG (Tan, Bogdanov et al. 2012). ΔclsABC
mutants of E. coli are completed depleted of CL. Strains deficient in CL, such as the ΔpgsA and
Δcls mutants, lose viability during prolonged stationary phase growth suggesting that CL is
essential under those conditions (Nishijima, Asami et al. 1988). Δcls mutants demonstrate
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increased sensitivity to antibiotics and altered membrane transport (Tropp, Ragolia et al. 1995;
Tropp 1997). Therefore, CL is not only essential for stationary phase survival and resistance to
certain antibiotics but also alterations in the CL levels represent a means for adaptation to
unfavorable environmental conditions such as exposure to disruptive organic solvents and
changes in pH and salinity (Shibuya, Miyazaki et al. 1985; Dowhan 1997).
4.1.4 : The phospholipid composition of BC202
In addition to the characteristic cell division defect and the temperature sensitive
phenotypes, BC202 displays an altered membrane phospholipid composition with elevated levels
of acidic phospholipids PG and CL and reduced amounts of zwitterionic phospholipid PE at all
growth temperatures as shown in Fig. 1.6 (Thompkins, Chattopadhyay et al. 2008). The
mechanisms behind, and the consequences of, the altered membrane phospholipid composition
are unknown. Alteration in membrane phospholipid composition of E. coli causes cell division
defects (DeChavigny, Heacock et al. 1991; Mileykovskaya, Sun et al. 1998; Emoto and Umeda
2001; Mileykovskaya and Dowhan 2005), temperature sensitivity (Kikuchi, Shibuya et al. 2000),
inefficient Tat mediated protein translocation (Mikhaleva, Santini et al. 1999; Palmer and Berks
2012), defects in motility and chemotaxis (Shi, Bogdanov et al. 1993) and activation of envelope
stress response pathways (covered in detail in chapters 4 and 5) (Mileykovskaya and Dowhan
1997) (Shiba, Yokoyama et al. 2004). Therefore, depletion of any major membrane
phospholipids, while being conditionally lethal in nature, result in many phenotypes which are
quite similar to that of BC202. This study will investigate the cause and effect of this phenotype
and explore its relationship to the other phenotypes exhibited by BC202.
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This study demonstrates that correcting the altered phospholipid composition of BC202
by overexpressing B. subtilis PssA as well as hexahistidine-tagged native PssA did not rescue the
cell division and temperature sensitive phenotypes of BC202. Certain conditions, such as
addition of millimolar concentration of MgCl 2 or 400 mM NaCl to the growth media or
overexpression of TatABC from a multicopy plasmid, which can correct the cell division defect
and temperature sensitivity of BC202, fail to rescue the phospholipid composition of BC202. In
addition, this study shows that the cellular lysis of BC202 under non-permissive conditions does
not occur due to gradual loss of membrane PE. Similarly, the inefficient secretion of periplasmic
amidases by the Tat pathway in BC202 is not a consequence of the altered phospholipid
composition. Taken together, it can be concluded that the altered phospholipid composition of
BC202 is a unique phenotype independent of its cell division defects and temperature sensitivity.
Additionally, this study shows that the altered phospholipid levels are not the result of
substrate limiting conditions in BC202. Overproduction of FabZ from a multicopy plasmid,
which enhances the cellular acyl-ACP pools, does not restore wild-type membrane lipid
composition in BC202 but leads to a significant increase of CL levels. Finally, it is demonstrated
that the endogenous PssA of BC202 remains membrane associated and active in response to
increased acidic phospholipids. These results suggest that the altered phospholipid composition
of BC202 is most likely resulting from an adaptive response to possible loss of membrane
integrity. This is further supported by recently acquired data from preliminary experiments that
overproduction of a novel suppressor MdfA (discussed in detail in chapter 6) and a membrane
repair protein PspA can restore the phospholipid composition of BC202 to wild-type levels.
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4.2 : Materials and methods
Materials. Tryptone and yeast extract were from BD (Sparks, MD). Radioisotopes were
purchased from Perkin Elmer. Phusion/Taq polymerase, T4 DNA ligase and all restriction
enzymes were purchased from New England Biolabs. 1,2-Dipalmitoyl-sn-Glycero-3-(cytidine
diphosphate) was purchased from Avanti Polar Lipids Inc. All other chemicals were reagent
grade and purchased from either Sigma-Aldrich or VWR. E. coli was grown in Miller’s LB broth
(1% tryptone, 0.5% yeast extract and 1% NaCl) unless otherwise mentioned. Antibiotics
ampicillin [Amp] (100 µg/ml), tetracycline [Tet] (12.5 µg/ml), kanamycin [Kan] (30 µg/ml) or
chloramphenicol [Cam] (30 µg/ml) was added to the growth medium as necessary.
Construction of plasmids. All primers are described in Table 4.1 and all strains and
plasmids are described in Table 4.2.
pRS110: The E. coli pssA gene was amplified from W3110 genomic DNA using primer
sets pRS110fp and pRS110rp (Table 4.1). The PCR products were purified using QIAquick PCR
purification kit (Qiagen, Valencia CA), digested with XhoI and HindIII, and cloned into a
similarly treated and dephosphorylated pBADHisA vector (Invitrogen). This resulted in the
expression of the E. coli pssA with an N-terminus hexahistidine tag from an arabinose inducible
promoter resulting in plasmid pRS110 (Table 4.2). Sequencing of all constructs was performed
with ABI 3130XL DNA Sequencer in the Genomics Laboratory in Louisiana State University.
pRS111: The B.subtilis pssA gene was amplified from Bacillus subtilis str. 168 genomic
DNA using primer sets pRS111fp and pRS111rp (Table 4.1). The PCR products were purified
using QIAquick PCR purification kit (Qiagen, Valencia CA), digested with XbaI and BamHI,
and cloned into a similarly treated and dephosphorylated pWSK29 vector. This resulted in the
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expression of the B.subtilis pssA (bpssA) from an IPTG inducible promoter resulting in plasmid
pRS111 (Table 4.2).
pRS112: The lacIq-T7-lacO-amiA-gfp region was amplified from the plasmid pTB32
(Bernhardt and de Boer 2003) using flanking primers pRS112fp and pRS112rp (Table 4.1). The
PCR product was purified as before, digested with HindIII and SphI, and cloned into a similarly
treated and dephosphorylated pACYC184 (NEB) vector, resulting in vector pRS112 (Table 4.2).
pRS113: The E. coli yqjA gene was amplified from W3110 genomic DNA using forward
primer pRS113fp and reverse primer pRS113rp (Table 4.1). The PCR product was purified as
before, digested with XbaI and HindIII and cloned into a similarly treated and dephosphorylated
pWSK29 vector, resulting in vector pRS113 (Table 4.2) with the yqjA gene under the express
regulation of an IPTG inducible promoter.
pRS114: The E. coli pspA gene was amplified from W3110 genomic DNA using primer
sets pRS114fp and pRS114rp (Table 4.1). The PCR products were purified using QIAquick PCR
purification kit (Qiagen, Valencia CA), digested with NcoI and XhoI, and cloned into a similarly
treated and dephosphorylated pBADHisA vector (Invitrogen). This resulted in the expression of
the E. coli pspA from an arabinose inducible promoter resulting in plasmid pRS114 (Table 4.2).
pRS115: The E. coli fabZ gene was amplified from W3110 genomic DNA using forward
primer pRS115fp and reverse primer pRS115rp (Table 4.1). The PCR product was purified as
before, digested with SalI and BamHI and cloned into a similarly treated and dephosphorylated
pHSG576 vector, resulting in vector pRS115 (Table 4.2) with the fabZ gene under the express
regulation of an IPTG inducible promoter.
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Construction of Strain AD93RS. Strain AD93 harboring plasmid pDD72 (DeChavigny,
Heacock et al. 1991) was transformed with plasmid pRS110 (Table 4.2). pDD72 is temperature
sensitive for replication and was subsequently cured by growing the strain at 43°C on LB-agar
plates supplemented with Amp and 0.1% arabinose. The absence of plasmid pDD72 from the
cured strain AD93/pRS110 was confirmed by its sensitivity to Cam. Plasmid pRS112 was further
transformed into AD93/pRS110 in the presence of 0.1% arabinose resulting in the strain
AD93RS (Table 4.2). Unless indicated otherwise, AD93RS is always grown at 37°C and
maintained in LB supplemented with Amp, Cam and 0.1% arabinose.
Phospholipid Analysis. Overnight cultures of designated strains of E. coli were diluted
1:100 in fresh LB media supplemented with appropriate antibiotics and additives and were
grown at 30°C to an O.D 600 ~ 1.0. Cells were diluted 1:3 (1:5 for the AD93RS strain) into
identical fresh LB medium pre-warmed to 44°C and grown in a shaking water bath for 30 min (1
hr for the AD93RS strain). 32P i was added to a final concentration of 10 µCi/ml, and growth was
continued for 20 min. Following growth and labeling, phospholipids were directly extracted from
E. coli cells in the culture media (Thompkins, Chattopadhyay et al. 2008). Chloroform and
methanol were added to cells to a final ratio of chloroform-methanol-water of 1:2:0.8. The
extraction mixture was allowed to incubate for 1 hr at room temperature with occasional mixing.
Insoluble material was removed by centrifugation in a micro-centrifuge for 15 min at 13,000 rpm
at room temperature. The supernatant was transferred to a new tube, and chloroform and water
were added to adjust the ratio of chloroform-methanol-water to 1:1:0.8, resulting in a two-phase
mixture. The aqueous upper phase was discarded and the lower phase was washed with fresh
pre-equilibrated upper phase. Lipid species were resolved by thin-layer chromatography (TLC)
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on Silica gel 60 plates (Merck) using the solvent chloroform-methanol-glacial acetic acid
(65:25:10) and analyzed using a Phosphorimager equipped with IQMac software.
Analysis of Lipid A. Cultures of E. coli strains were grown and harvested in a manner
similar to the procedure described for phospholipid analysis. After the extraction mixture was
centrifuged at 13,000 rpm for 15 min, the supernatant containing the soluble phospholipids were
discarded and the insoluble material containing the LPS was subjected to mild acid hydrolysis in
0.4 ml 12.5 mM Na acetate, pH 4.5 and 1 % SDS for 30 minutes at 95°C to release lipid A from
the LPS core sugars; then extracted by the addition of 1 ml chloroform: methanol (1:1) to yield a
biphasic solution. The aqueous upper phase was discarded and the lower phase was washed with
fresh pre-equilibrated upper phase. Lipid species were resolved by TLC on Silica gel 60 plates
(Merck) using the solvent chloroform-pyridine-formic_acid-water (50:50:16:5) and analyzed
using a Phosphorimager equipped with IQMac software.
Growth Curves. Overnight cultures of indicated strains were diluted 1:10 in fresh media
containing appropriate antibiotics and supplements and grown at 30 °C to an OD 600 of ~1.0.
Cultures were then diluted 1:10 into identical fresh media prewarmed to 44 °C and the OD 600
was taken every 15 or 30 minutes. In order to maintain the logarithmic growth, the cells were rediluted 1:10 into fresh media every time the cultures reached an OD 600 of ~0.6 and the final
recorded OD 600 adjusted accordingly.
Western Blotting. Western Blotting was performed on whole cell lysates. 1 ml of cells
was centrifuged and the pellet was resuspended in 2X SDS-PAGE buffer. The samples were
heated to 95°C for five minutes and loaded onto a 12% SDS-PAGE gel. Western blotting was
carried out as described (Doerrler and Raetz 2005) with primary antibody anti-His (Qiagen) or
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anti-GFP JL-8 (Clontech) used at a dilution of 1:5000. Secondary antibody was HRP conjugated
goat anti-mouse IgG (Thermo Scientific) used at a dilution of 1:10,000 and detection was
performed with the Immun-Star kit (Bio-Rad Laboratories).
Preparation of membrane and soluble fractions. Strains W3110 and BC202 harboring
plasmids pWSK29 or pRS113 were grown to an OD 600 of ~1.0 and cells were harvested.
Membrane and soluble fractions were prepared following lysis by sonication of EDTA-lysozyme
prepared spheroplasts (Doerrler and Raetz 2005). After an initial ultracentrifugation to separate
membrane and soluble fractions, these were further purified using a second ultracentrifugation
step following resuspension of membranes into fresh buffer (10 mM Tris-acetate, 25% sucrose,
pH 7.8). Protein concentrations were measured using the Pierce BCA protein assay kit (Thermo
Scientific) and protein concentrations of soluble fractions were corrected for addition of
lysozyme.
Assay of phosphatidylserine synthase (PssA) activity. The enzymatic activity of
endogenous phosphatidylserine synthase (PssA) in cell free preparations of membrane and
cytoplasmic extracts of E. coli strains was measured at 30°C as described (Dowhan 1992) with
minor modifications. The final composition of the assay mixture was 0.1 M potassium phosphate
buffer containing 0.1% Triton-X 100, 0.67 mM of 1,2-dipalmitoyl-sn-glycero-3-(cytidine
diphosphate), 0.5 mM L-serine, 2.0 µCi/ml L-[3-3H]-serine (26 µCi/nmol) and BSA at 1mg/ml.
The reaction was started by adding 10 µL of the cell-free extracts into 50 µl of a 1.2 fold
concentrated stock solution of the assay mixture. Incubation was performed in a 15 ml
polypropylene tube at 30°C for 30 min. The reaction was terminated by addition of 0.5 ml of 0.1
N methanolic HCl, 1.5 ml chloroform and 3.0 ml of 1M MgCl 2 in this order. The mixture was
vortexed vigorously and the two phases were separated by centrifugation at 1000g at room
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temperature. 1.0 ml of the lower phase containing the chloroform soluble 3H labeled product was
transferred to a 1.5 ml Eppendorf tube, dried in an Eppendorf vaccufuge at room temperature,
resuspended in Ecoscint-H scintillation fluid (National Diagnostics) and counted in a Liquid
Scintillation Analyzer (TRI-CARB 2900 TR, Packard).

The specific activity of PssA was

defined as the 3H count recorded per minute per µg of protein present in the cell-free membrane
and cytoplasmic extract preparations. Six replicates were carried out per reaction and
radioactivity was counted for 5 minutes per replicate. Background correction was performed on
the results by using a negative control comprising of 1X BSA loaded into the assay mix.
Microscopy. All microscopy was done with a Leica DM-RXA2 deconvolution
microscope. All observations were recorded using a 100X, 1.30-numerical-aperture oil
immersion objective lens. Images from the deconvolution microscope were captured through a
DIC (Differential Interference Contrast) filter by a cooled Cooke SensiCamQE 12-bit, 1.3megapixel, charge-coupled device digital camera and recorded using a workstation computer
running Slidebook software (Intelligent Imaging Innovation, Denver, CO). Overnight cultures of
indicated E. coli strains were diluted 1:100 in fresh LB media with appropriate antibiotics and
additives, and grown at 30°C in a shaking incubator. Live cells were harvested directly from the
media when the cultures reached mid-exponential phase of growth (OD 600 ~ 0.6) by
centrifugation, resuspended at a final OD 600 of 1.0 in LB and 10 µL of the resuspended cells
were spotted on a 1% agarose coated glass slide for imaging.

80

Table 4.1 PCR primers used in this study.

Name

Sequence (5’->3’) [Restriction Sites Underlined]

pRS110fp

GCGCCTCGAGTTGTCAAAATTTAAGC (XhoI)

pRS110rp

GGGGAAGCTTACAGGATGCGGCTAATTAATCG (HindIII)

pRS111fp

GCGCTCTAGAATCAAGTGGATCACAGG (XbaI)

pRS111rp

GCGCGGATCCATTTTTCCACTTTCATC (BamHI)

pRS112fp

GCGCAAGCTTGTGAAACCAGTAACGTTATACG (HindIII)

pRS112rp

GCGCGCATGCCTGCAGTTATTTGTATAGTTCATCC (SphI)

pRS113fp

GCGCGCTCTAGAATGGAACTTTTGACCCAATTGC (XbaI)

pRS113rp

GCACGCAAGCTTTTACCCCCGATTTCCATATTTC (HindIII)

pRS114fp

GCGCGCCCATGGGTATTTTTTCTCGCTTTGCC (NcoI)

pRS114rp

GCGCGCCTCGAGTTATTGATTGTCTTGCTTCATTTTGGC (XhoI)

pRS115fp

GCGCGCGTCGACTTGACTACTAACACTCATAC (SalI)

pRS115rp

GCGCGCGGATCCTCAGGCCTCCCGGCTACGAG (BamHI)
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Table 4.2 E. coli strains and plasmids used in this study.

Strains

Relevant Genotype/Genetic Markers

Source or Reference

W3110

Wild-type, F-,λ-

BC202

W3110, ΔyqjA::TetR, ΔyghB781::KanR

AD93/pDD72

Δpss93::KanR recA srl::Tn10 nadB+ pss+ CamR

AD93

Δpss93::KanR recA srl::Tn10 nadB+ CamR

AD93RS

AD93; pRS110; pRS112

E. coli genetic stock
center, Yale
University
(Thompkins,
Chattopadhyay et al.
2008)
(DeChavigny,
Heacock et al. 1991)
(DeChavigny,
Heacock et al. 1991)
This work.

Plasmids
pBADHisA
pWSK29

Expression Vector; araBAD promoter, AmpR
Expression Vector; lac promoter, AmpR

pTB32

amiA-gfp expression vector; lac promoter,
AmpR
Expression Vector; constitutive promoter, TetR,
KanR
Expression Vector; lac promoter, CamR

pACYC184
pHSG576
pRS110
pRS111
pRS112
pRS113
pRS114
pRS115
pBADYqjA
pBADTatABC

H 6 -pssA expression vector; araBAD promoter,
AmpR
B. subtilis pssA expression vector; lac promoter,
AmpR
amiA-gfp expression vector ; lac promoter,
CamR
yqjA expression vector; lac promoter; AmpR
pspA expression vector; araBAD promoter,
AmpR
fabZ expression vector ; lac promoter, CamR
H 6 -yqjA expression vector; araBAD promoter,
AmpR
tatABC operon expression vector; araBAD
promoter, AmpR
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Invitrogen.
(Wang and Kushner
1991)
(Bernhardt and de
Boer 2003)
New England Biolabs.
(Takeshita, Sato et al.
1987)
This work.
This work.
This work.
This work.
This work.
This work.
(Boughner and
Doerrler 2012)
(Sikdar and Doerrler
2010)

4.3 : Results
It was previously determined that inefficient export of periplasmic amidases AmiA and
AmiC by the Tat export apparatus causes the cell division phenotype of BC202 (Sikdar and
Doerrler 2010). There was also speculation about a possibility that the inefficient export of
periplasmic amidases in BC202 might be due to its altered phospholipid composition, because
complete absence of membrane PE in a ∆pssA mutant AD93 results in loss of function of the Tat
apparatus (Mikhaleva, Santini et al. 1999; Sikdar and Doerrler 2010). Therefore, it is imperative
to explore a possible connection between the altered phospholipid composition and the
attenuated Tat-mediated amidase export in BC202. It has been previously shown that AD93
harboring plasmid pDD72 (which bears a wild-type pssA gene on a plasmid which is temperature
sensitive for replication), upon a shift in growth temperature, starts to die when the cellular PE
levels fall below 30% of the total phospholipid composition (DeChavigny, Heacock et al. 1991),
in the absence of 50 mM Mg2+ in the growth media. Hence, there exists a possibility that the cell
division and temperature sensitive phenotypes of BC202 might result from its altered
phospholipid composition. This study experimentally characterizes the nature and the possible
cause and effects of this interesting phenotype.
Overexpression of B. subtilis PssA in BC202 enhances PE levels and partially
rescues the temperature sensitivity, but not cell division and amidase export. To
demonstrate whether the cell division and temperature sensitivity of BC202 is the result of its
altered phospholipid composition (Fig. 1.6), it is crucial to enhance the PE levels in BC202.
Previous observations suggest that overexpression of native PssA does not change the intrinsic
PE levels in E. coli (Raetz, Larson et al. 1977) because of strict regulation of its activity in vivo.
However, overproduction of the PssA from B. subtilis (BpssA) in E. coli overcomes this
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regulatory mechanism and results in high levels of PE (Okada, Matsuzaki et al. 1994). The pssA
gene from B. subtilis was cloned into pWSK29 under the regulation of its IPTG inducible
promoter resulting in plasmid pRS111. W3110 and BC202 were transformed either with pRS111
or the empty vector pWSK29 alone or alongwith a compatible vector pRS112 producing AmiAGFP fusion protein from an IPTG inducible promoter. Strains harboring empty vector pWSK29
served as control. The phenotypes exhibited by these strains at 42°C were recorded after
induction with 300 µM IPTG. The results are presented in Fig. 4.3 and Fig. 4.4.
As shown in Fig. 4.4A, overproduction of BpssA in both W3110 and BC202 results in
enhanced levels of PE (~82-83%) compared to 63% for W3110 and 47% for BC202 in the
absence of BpssA under similar growth conditions. It was previously reported that
overproduction of BpssA and the consequent high PE levels are detrimental for the cell in
general (Saha, Furukawa et al. 1996). This was reflected in the observation (Fig. 4.4B) that Tat
mediated AmiA export was severely reduced in W3110 and completely blocked in BC202 when
BpssA was overexpressed. The cell division of W3110 (Fig. 4.3B) remains markedly unaffected
under similar growth conditions while BC202 (Fig. 4.3C) exhibits exhaustive filamentation and
morphological defects. However, a partial rescue of the temperature sensitivity of BC202 (Fig.
4.3A) was observed when PE levels were elevated to ~82% (Fig. 4.4A) of total phospholipids.
The significance of this observation is yet unclear. Whether the temperature sensitivity of BC202
was partially corrected by the increased PE production, or by some non-specific effects of BpssA
overproduction, remains to be seen. However, it can be concluded that while BpssA
overexpression leads to the production of high PE in BC202, both amidase export and cell
division phenotypes are not rescued, suggesting that these phenotypes in BC202 are not
secondary effects stemming from the altered phospholipid composition in BC202.
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Fig 4.3 Effect of BpssA overexpression on growth and cell division. (A) BC202 was
transformed with pRS111, pRS113 or empty vector pWSK19 and growth curve of each strain
was determined as explained in materials and methods. Cultures were grown at 30°C in LB
supplemented with Amp and 300 µM IPTG till mid log phase, then diluted 1:10 into identical
fresh media pre-warmed to 44 °C and the OD 600 was taken every 30 minutes. In order to
maintain the logarithmic growth, the cells were re-diluted 1:10 into fresh media every time the
cultures reached an OD 600 of ~0.6 and the final recorded OD 600 adjusted accordingly. Log-phase
growth was monitored for 5 hrs after shift to 44°C. The O.D. 600 values in the Y-axis of the graph
have been normalized for fresh 1:10 dilutions. BC202 harboring empty vector pWSK29 exhibits
gradual cell death after about 2 hrs of growth at 44°C. BC202 harboring a wild-type copy of yqjA
on a plasmid is completely rescued of its temperature sensitivity and serves as our positive
control. BC202 harboring BpssA on a plasmid exhibits extremely slow but gradual growth at
44°C suggesting a partial rescue of its temperature sensitivity. (B-C) DIC micrographs of logphase cultures of W3110 (B) and BC202 (C) harboring plasmid pRS111 and grown at 44°C in
LB supplemented with Amp and 300 µM IPTG are shown. W3110 exhibits normal wild-type
cellular morphology and cell division while BC202 shows exhaustive filamentation suggesting
that the cell division defect of BC202 is not rescued by overexpression of BpssA.
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Fig 4.4 Effect of BpssA overexpression on phospholipid levels and amidase export. (A)
Indicated strains harboring indicated plasmids and an extra compatible plasmid pRS112 (except
for AD93) were grown in LB supplemented with Amp and Cam (or Kan in case of AD93) and
300 µM IPTG at 44°C (or 37°C in case of AD93). Cells were subjected to 32P i radiolabelling,
harvested and subjected to phospholipid extraction and TLC as described in materials and
methods. A TLC autoradiograph showing the resolved phospholipid species PE, PG and CL are
shown here. The small number on the bottom of each resolved spot gives the percent
contribution of each lipid species to the total phospholipid composition for each strain. This is a
representative experiment, with the numbers corresponding to the data shown. AD93 is deleted
for PssA so it is almost depleted of PE. The parent W3110 demonstrates about 63% PE at 44°C
which is elevated to 83% when BpssA is overexpressed. BC202 contains about 47% PE which is
elevated to 82% under BpssA overproduction conditions. (B) Western blot of whole cell lysates
is shown. The lanes of the blot are aligned to the resolved phospholipid lanes of the TLC
autoradiograph and contain lysates of the same indicated strains; 1 mL of culture harvested for
preparing whole cell lysates, before the rest were subjected to radiolabelling. The leftmost lane
corresponds to W3110 with the empty vector and pRS112 expressing AmiA-GFP. W3110
demonstrates normal Tat-mediated AmiA-GFP processing with both the faster migrating
(processed; periplasmic) and slower migrating (unprocessed; cytoplasmic) species visible.
BC202 exhibits impaired Tat export of AmiA-GFP. Overproduction of BpssA seems to have a
detrimental effect on Tat-mediated processing of AmiA-GFP in both W3110 and BC202
suggesting high PE levels and unregulated production of PE is detrimental for the cell.
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Overexpression of native E. coli PssA in BC202 enhances PE levels but fails to
rescue its cell division and temperature sensitive phenotypes. As the overproduction of PE by
a foreign BpssA was having toxicity issues with BC202, it was to be determined if the
endogenous PE production can be enhanced in BC202 by the overexpression of native PssA
from a multicopy plasmid. Previously published data (Raetz, Larson et al. 1977) suggested that
overexpression of native PssA in E. coli will not have any significant effect on the phospholipid
composition. However, the arabinose inducible promoter of pBADHisA can significantly
increase the yield of PssA expression compared to the ColE1 plasmids used in the indicated
publication. If the toxic effects related to overproduction of a foreign protein can be eliminated in
addition to significantly increasing the PE levels in BC202, the possibility that the cell division
defects and the temperature sensitivity are a direct outcome of the altered phospholipid
composition can be efficiently sorted out. For this purpose, the native pssA gene of E. coli was
cloned with an N-terminal hexahistidine tag, under the direct regulation of an arabinose inducible
promoter of pBADHisA. This construct pRS110 facilitated the regulation of the amount of PE
produced and consequently, efficient regulation of the phospholipid composition in vivo was
acheieved. Expression of the N-terminal his tagged pssA was verified by immunoblotting whole
cell lysates with anti-His antibody (data not shown). The functionality and activity of the Nterminal his tagged protein was verified by its ability to sustain the growth of AD93 on LB plates
containing 0.1% arabinose at 43°C (in the absence of added Mg2+) and by determining the
phospholipid composition of strain AD93RS in the presence of varying concentrations of
arabinose as shown later in Fig. 4.6. Overexpression of PssA from this plasmid results in
enhanced production of PE in both W3110 and BC202 at both 30°C and 44°C (Table 4.3), with
the PE levels reaching at least 70% of total phospholipids. More PE was produced at
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Fig 4.5 Effect of overexpression of native PssA on the phenotypes of BC202. W3110 (A) or
BC202 (B) were transformed with pRS110 and grown in LB/Amp media supplemented with 0.2
% arabinose for 3 hrs at 30°C followed by a temperature shift to 43°C for 30 min. BC202 but
not W3110 forms long filaments under these conditions in spite of maintaining a membrane
phospholipid composition comparable to the W3110 under uninduced conditions (Table 4.3).
(C) BC202 transformed with either empty vector pBADHisA, pRS110, or pBADYqjA were
grown in liquid media to monitor growth. Overnight cultures were inoculated into fresh LB/Amp
media supplemented with 0.1% or 0.05% arabinose and grown at 30 °C to an OD 600 of ~1.0.
Cultures were then diluted 1:10 into identical fresh media pre-warmed to 44 °C and the OD 600
was taken every 30 minutes. In order to maintain the logarithmic growth, the cells were rediluted 1:10 into fresh media every time the cultures reached an OD 600 of ~0.6 and the final
recorded OD 600 adjusted accordingly. Expression of yqjA does restore growth at elevated
temperatures as reported (Thompkins, Chattopadhyay et al. 2008) but pBADHisA or pRS110
cannot.
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higher growth temperatures under these conditions.

Therefore, wild-type phospholipid

composition was restored in BC202 by overexpression of native pssA. However, restoration of
wild-type phospholipid composition in BC202 (Table 4.3) did not correct its cell division and
temperature sensitivity (Fig. 4.5). This clearly shows that the altered phospholipid composition is
not the cause of the cell division defects and temperature sensitivity of BC202.
The altered phospholipid composition of BC202 is sufficient for Tat mediated
amidase export and is therefore not the cause of the inefficient Tat pathway. While the Tat
pathway is affected by membrane phospholipid composition (Mikhaleva, Santini et al. 1999;
Sikdar and Doerrler 2010), the question remains as to whether loss of Tat export requires the
total absence of PE from the membrane (i.e. AD93) or a modest change in optimal membrane
phospholipid composition (i.e. BC202). In order to test the hypothesis that reduced levels of
membrane PE found in BC202 could attenuate the functionality of the Tat export apparatus,
pRS110 was introduced into strain AD93 additionally harboring compatible plasmid pRS112.
Plasmid pRS112 expresses the periplasmic amidase AmiA, tagged with GFP at its C-terminus,
from an IPTG inducible promoter.

The activity of the Tat export apparatus could then

effectively measured in vivo while altering the phospholipid composition of the strain in
response to variable arabinose concentrations. Export of AmiA can be tracked by Western
blotting, where processed periplasmic AmiA migrates slightly faster than unprocessed
cytoplasmic protein.
A TLC autoradiograph shows how changing the concentration of arabinose in the growth
media alters the percentage of membrane PE (Fig. 4.6A). In the absence of an inducer, 50 mM
MgCl 2 was added to the growth media to prevent cellular lysis of AD93 at such low PE levels
(DeChavigny, Heacock et al. 1991). It is evident that even in the total absence of the arabinose,
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Fig 4.6 PE levels as low as 30% can support Tat mediated export of AmiA. Strain AD93RS
was grown in LB containing 0% arabinose + 300 µM IPTG + 50 mM Mg2+ (left most lane) or
increasing concentrations of arabinose, 300 µM IPTG, and 0 mM Mg2+ as indicated. Cells were
harvested and radiolabeled with 32P i for determination of phospholipid composition (A),
visualized microscopically (B) or analyzed for measurement of AmiA export by Western blotting
(C) as explained in materials and methods. In the TLC autoradiograph of (A), the small number
on the bottom of each resolved spot gives the percent contribution of each lipid species to the
total phospholipid composition for each lane. This is a representative experiment, with the
numbers corresponding to the data shown. Growth in 0.001% arabinose is sufficient to restore
PE content to 33% of total phospholipids, partially restore cell division and Tat dependent export
of AmiA. Increasing concentrations of arabinose completely restore normal cell division and
AmiA export of this strain. It is important to note that levels of PE in this strain that are
comparable to those present in BC202 (found with 0.005 % arabinose) are capable of supporting
normal cell division and normal export of AmiA. Therefore, the altered phospholipid
composition of BC02 is likely not the cause of its cell division defects and inefficient Tat export.
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plasmid pRS110 still has some leaky expression with PE accounting for 18% of total
phospholipids. Addition of glucose in the growth media was avoided due to its ability to repress
the production of AmiA-GFP from the lac promoter. Addition of increasing concentrations of
arabinose resulted in enhanced PE production and, under conditions of highest expression (0.1%
arabinose), the cellular PE levels accounted for 81% of total phospholipids. The long filamentous
cells gradually shortened with increasing arabinose concentrations to a normal size and shape at
optimal to high cellular PE levels (Fig. 4.6B). Elongation and filamentation of E. coli cells,
observed when the membrane PE levels are gradually depleted, happens mostly due to erratic
formation and functioning of the cytokinetic machinery (Mileykovskaya, Sun et al. 1998;
Mileykovskaya and Dowhan 2005). Tat mediated export of AmiA-GFP is also corrected by
increasing PE composition above a minimal value (Fig. 4.6C). Even when PE levels constitute
33% of the total membrane phospholipid composition, there is considerable Tat export activity.
This result argues against the hypothesis that lower PE levels in BC202 (~50% at 30°C) results
in its attenuated Tat mediated amidase export.
The PE level in BC202 remains steady at non-permissive growth conditions and
does not exhibit a gradual decline.

Experiments with ∆pssA strain AD93 harboring a

temperature sensitive plasmid pDD72 revealed that, in the absence of 50 mM Mg2+ in the growth
media, the cells die at higher growth temperatures when the cellular PE levels fall below 30% of
the total phospholipids (DeChavigny, Heacock et al. 1991). BC202 exhibits lowered PE levels
when grown briefly at higher temperatures (Thompkins, Chattopadhyay et al. 2008). In these
experiments, after the temperature shift, the cells were grown for 30 min before labeling them
with

32

P i for 20 min. Therefore, the phospholipid composition is representative of a single

window (30-50 min) of growth at higher temperatures. In order to determine whether the PE
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levels in BC202 continue to go down with time causing the observed cell lysis after about 2 hrs
of growth at 44°C (Thompkins, Chattopadhyay et al. 2008), a time-dependent analysis of the
phospholipid composition of BC202 was performed. The results are presented in Fig. 4.7. After a
shift in the growth temperature, the PE level hovers between 45-50% of the total phospholipids
but remains quite steady until growth arrest of the cells begins after about 2 hr of growth (refer to
Fig. 4.5C for a growth curve of BC202 harboring an empty vector control). Therefore, it can be
concluded that the cellular lysis of BC202 observed at higher growth temperatures does not
result from gradual depletion of PE.

Fig 4.7: Phospholipid composition of BC202 remains mostly steady till growth arrest at
44°C. BC202 was grown at 44°C as described in the legend to Fig. 4.5. At the indicated times,
aliquots of cells were labeled with 32P i for 20 min while shaking at the same temperature.
Phospholipids were extracted, resolved and quantified as described in materials and methods.
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The cell division defects and temperature sensitivity of BC202 can be rescued
without correcting the altered phospholipid composition. There are several instances where
the cell division defect of BC202 can be corrected and growth at higher temperatures can be
restored without correcting the altered phospholipid composition. A collection of such instances
and observations are presented in Table 4.3. In chapter 6, Fig. 6.4 demonstrates that growth in
rich media supplemented with 10 mM Mg2+ or 400 mM Na+ can correct the abnormal cell
division and, as reported previously (Thompkins, Chattopadhyay et al. 2008), the temperature
sensitivity of BC202. It was shown previously (Sikdar and Doerrler 2010) [Fig. 3.7 of chapter 3
and Fig. 6.4 of chapter 6] that overexpression of tatABC also corrects the cell division defects
and, by an yet unknown mechanism, the temperature sensitivity of BC202. It is shown in Table
4.3 that none of the above conditions can restore wild-type phospholipid composition to BC202,
as can be done by expressing a functional copy of yqjA in trans. Similarly, it has been reported
that the Borrelia burgdorferi dedA homologue bb0250, when overexpressed, could rescue the
cell division defects and temperature sensitivity of BC202 without restoring wild-type
phospholipid composition (Liang, Xu et al. 2010). Therefore, it is possible to correct the cell
division defects and temperature sensitivity of BC202 without correcting the altered
phospholipid composition, suggesting that the latter phenotype is not related to or caused by the
former two phenotypes.
The endogenous PssA in BC202 is active and associated with the IM; the altered
phospholipid composition is likely to be an adaptive response to loss of envelope integrity.
The experimental data presented until now led to the conclusion that the altered phospholipid
composition exhibited by BC202 is unrelated to its inefficient cell division and temperature
sensitivity. One possibility for the cause of this phenotype might be a decrease in the intrinsic
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activity of endogenous PssA. In E. coli, PssA activity is mostly cytoplasmic and associated with
the ribosomes (Louie and Dowhan 1980). For optimal activity PssA needs to be associated with
the IM, where it converts its substrates CDP-diacylglycerol (CDP-DAG) and L-serine into PS
followed by a rapid decarboxylation by Psd to PE (Fig. 4.2) (Dowhan 1992). The activity of
endogenous PssA is regulated by a variety of factors; one being the increased presence of
negatively charged phospholipids at the IM (Louie, Chen et al. 1986; Zhang and Rock 2008).
The anionic phospholipids potentially target the cytoplasmic PssA to the membrane and activate
it. This mechanism leads to a potent and elegant regulation of membrane phospholipid
composition, which needs to be maintained at an optimal level for normal cellular physiological
processes under a variety of environmental conditions (Linde, Grobner et al. 2004; Zhang and
Rock 2008).
It was essential to determine if the altered phospholipid composition of BC202 results
from an attenuation of endogenous PssA activity. To this end, the activity of endogenous PssA
associated with membrane and cytoplasmic fractions of W3110 and BC202 harboring vectors
pWSK29 or pRS113 was measured. The product of the enzymatic reaction (PS and PE)
incorporates the radiolabel (3H)-L-serine during the reaction and is counted in a scintillation
counter. In parent strain W3110 harboring empty vector control or plasmid borne yqjA, 8-13% of
the PssA activity is found to be associated with the membrane fraction, while most of it remains
in the cytoplasm as shown in Fig. 4.8. In BC202 with the empty vector control, the membrane
associated PssA activity increases to 30%, which decreases to 10% in the presence of a plasmid
borne copy of yqjA. The PssA activity associated with the cytoplasmic fractions are 70% and
90% respectively. This increase in PssA activity at the membrane of BC202 is due to increased
association of PssA to the inner membrane in response to the increased levels of anionic
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phospholipids PG and CL. The presence of a functional copy of yqjA on a plasmid restores wildtype phospholipid composition to BC202 thus returning the membrane associated PssA activity
to wild-type levels. These results suggest that the endogenous PssA in BC202 is able to migrate
to the membrane in response to increased levels of acidic phospholipids and retains its enzymatic
ability, as demonstrated by its increased activity under in vitro conditions. Therefore, the altered
phospholipid composition in BC202 is not due to a deficiency in the levels or loss of potential
enzymatic activity of its endogenous PssA. However, a regulatory mechanism seems to be in
effect which is preventing the membrane associated PssA in BC202 to express its activity. This
can be possibly due to a substrate limiting condition whereby the CDP-DAG pool is available
more for PgsA to channel towards increased production of PG and CL; a regulatory phenomenon
often observed when E. coli is challenged with stress inducing conditions such as changes in pH,
salinity and temperature (Zhang and Rock 2008). Therefore it is quite likely that the low PE level
in BC202 is due to an in vivo regulatory mechanism possibly resulting from an adaptive response
to a potential envelope stress.
Saturating the cellular acyl-ACP pools by overexpression of FabZ leads to
accumulation of CL giving credence to the adaptive regulation of PssA activity in BC202.
The endogenous PssA in BC202 is associated to the membrane in response to the increased
acidic phospholipids and is active. However, the deficiency in PE levels is not corrected. This
conundrum can be explained in two ways – (i) the membrane associated PssA has reduced access
to its substrates namely CDP-DAG and L-serine. The latter is not a credible scenario as E. coli
has the biosynthetic machinery to synthesize as well as acquire L-serine and the cells are always
grown in rich media. Reduction in the CDP-DAG pool would simultaneously reduce the total
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Fig 4.8 Significantly elevated membrane associated PssA activity in BC202. W3110 and
BC202 harboring either control vector pWSK29 or pRS113 were grown at 30°C to mid-log
phase in LB/Amp media supplemented with 0.5 mM IPTG. Cells were harvested, lysed and
fractionated into membrane and soluble fractions. PssA activity was measured as described in
materials and methods (Dowhan 1992). The percentage of total cellular PssA activity associated
with each fraction of each experimental group is represented by numbers within the bars. In both
W3110 strains and in BC202 harboring pRS113, PssA activity was mostly localized to the
soluble fraction (~90% in each case). In BC202 harboring empty vector, more PssA activity was
found associated with the membrane fraction reaching 30 % of the total measured activity. Total
PssA activity was not significantly different among these four strains. Each bar represents the
average and standard deviation of 6 independent determinations. Statistical significance was
determined by Student’s unpaired t-test. The significance values are represented as follows: (*)
p<0.001 and (**) p<0.01 and unless pointed out, represent the significance of difference from the
control experiment.

content of all phospholipids while maintaining the relative content and hence the overall
compositional ratio.

(ii) PssA activity is subjected to adaptive regulation in BC202 by a yet
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uncharacterized/unidentified regulatory mechanism; the adaptation is likely in response to a loss
of general envelope integrity in BC202. It has been previously observed that E. coli can alter its
membrane phospholipid composition during environmental challenges such as changes in pH,
temperature, organic compounds suggesting the biophysical properties of the membrane need to
be altered to provide effective tolerance to such stresses (Cronan and Gelmann 1975).
In order to eliminate the first possibility that the depletion of CDP-DAG at the membrane
in BC202 is not limiting the activity of endogenous PssA, the content of the acyl ACP pool in
BC202 was enhanced by overproduction of the enzyme β-hydroxyacyl-ACP dehydratase FabZ
(Ogura, Inoue et al. 1999; Zhang and Rock 2008). An illustration of the biochemical mechanism
is shown in Fig. 4.9A. Saturation of the acyl-ACP pools will increase the production of CDPDAG, which in turn will remove the substrate-limiting effect on PssA, if that is indeed the case.
To this end, the E. coli fabZ gene was cloned under the regulation of the IPTG inducible
promoter of plasmid pHSG576, resulting in pRS115. W3110 and BC202 were transformed with
the empty vector or pRS115. The cultures were induced with 1 mM IPTG and subjected to
radiolabelling and phospholipid analysis. The results are shown in Fig. 4.9.
Upon overproduction of FabZ, a relative increase of CL levels (~5%) in both W3110 and
BC202 was actually observed as shown in Fig. 4.9B. This observation leads credence to the idea
that the attenuation of the activity of membrane associated PssA is not due to substrate limitation
but rather due to an adaptive regulation, likely related to loss of membrane integrity in BC202.
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Fig 4.9 FabZ overexpression leads to CL accumulation. (A) Biosynthetic pathway for
phospholipids, peptidoglycan and LPS and their regulation, showing the targets (red arrows) of
interest. FabZ overproduction can enhance the acyl-ACP pools, which can increase the flux
towards production CDP-DAG. G3P: glycerol-3-phosphate. The rest of the acronyms are
elaborated in Fig. 4.1 and Fig. 4.2. This figure was modified and reproduced with permission
from John Wiley and Sons: Molecular Microbiology (Ogura, Inoue et al. 1999). (B) Log phase
cultures of W3110 and BC202 harboring empty vector pHSG576 or pRS115 were grown in
LB/Cam with 1 mM IPTG at 44°C for 30 min. Cells were subsequently radiolabelled with 32P i
and subjected to phospholipid extraction as explained in Materials and Methods. The figure
shows the TLC autoradiograph of resolved phospholipid species PE, PG and CL. The small
number on the bottom of each resolved spot gives the percent contribution of each lipid species
to the total phospholipid composition for each lane. This is a representative experiment, with the
numbers corresponding to the data shown. FabZ overexpression results in accumulation of CL
(~5% more compared to strains harboring the empty vector) in both W3110 and BC202.

Recent data shows that the overexpression of MdfA (a novel suppressor of BC202)
and the negative regulator of the Psp operon, PspA in BC202 can correct the phospholipid
composition. (Both MdfA and PspA are discussed in detail in Chapters 5 and 6). MdfA is a
novel suppressor of BC202 and can correct the cell division defect and temperature sensitivity of
BC202 (Fig. 6.9). PspA has a role in binding to phospholipids and repairing leaky and damaged
membranes (Kobayashi, Suzuki et al. 2007). In fact, inhibiting the biosynthesis of lipids induces
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the Psp stress response, which can elevate the levels of PspA at the membrane (Bergler,
Abraham et al. 1994). Overexpression of PspA from a multicopy plasmid pRS114 did not correct
the cell division and temperature sensitivity of BC202 (data not shown). However, it was
interesting to study the effect of overexpression of both of these proteins in BC202. The results
are shown in Fig. 4.10.

Fig 4.10 Effect of PspA and MdfA overexpression on the phospholipid composition of
BC202. Log phase cultures of BC202 harboring plasmids pRS114 and pBADMdfA were grown
with or without 0.2% arabinose at 44°C for 30 min. Cells were subsequently radiolabelled
with 32P i and subjected to phospholipid extraction as explained in Materials and Methods. The
figure shows the TLC autoradiograph of resolved phospholipid species PE, PG and CL. The
small number on the bottom of each resolved spot gives the percent contribution of each lipid
species to the total phospholipid composition for each lane. This is a representative experiment,
with the numbers corresponding to the data shown. In the presence of 0.2% arabinose, both
pRS114 and pBADMdfA can increase the levels of PE and restore wild-type phospholipid
composition in BC202.
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As shown in Fig. 4.10, wild-type phospholipid composition can be restored to BC202 by
overexpression of both PspA as well as MdfA. While the context of PspA and MdfA will be
explained in the following two chapters, it is evident that the phospholipid composition of
BC202 is altered because of an adaptive response to loss of membrane integrity. However, how
exactly PspA and MdfA can correct the phospholipid composition in BC202 is unclear at this
moment.
4.4 : Discussion
It has been reported previously that BC202 grows with an altered membrane
phospholipid composition, with an elevated level of acidic phospholipids (PG/CL) and somewhat
reduced levels of PE (Fig. 1.6) (Thompkins, Chattopadhyay et al. 2008). The intention was to
determine both the cause and the effect of this phenotype on the growth and cell division defects
seen with BC202. The results presented in this study demonstrate that the altered phospholipid
composition is not caused by the cell division or growth phenotypes, because these can be
corrected by growing BC202 in media supplemented with millimolar concentrations of Mg2+ or
400 mM NaCl, or by overexpressing TatABC or the B. burgdorferi DedA homolog BB0250
(Liang, Xu et al. 2010) from a multicopy plasmid. These “suppressors” can rescue the cell
division defect and temperature sensitivity of BC202 without correcting the membrane
phospholipid composition. This is further supported by the observation that overexpression of
PspA in BC202 can rescue the phospholipid composition of BC202 without correcting its cell
division defect and temperature sensitivity. Additionally, these results suggest that the membrane
phospholipid composition does not directly cause the altered cell division and growth of BC202,
since correction of phospholipid composition by expression of pssA in trans does not correct
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Table 4.3 Phospholipid composition of various E. coli strains at 44°C

Strains

PE

PG

CL

W3110 + pBADHisA

65

26

9

BC202 + pBADHisA

48

32

20

BC202 + pBADHisA
10 mM MgCl 2

44

44

12

BC202 + pBADHisA
400 mM NaCl

49

33

18

BC202 + pBADTatABC
0.2% Arabinose

51

30

19

BC202 + pRS110
0.2% Arabinose

68

25

7

W3110 + pRS110
0.2% Arabinose

81

16

3

BC202 + pBADYqjA
0.05% Arabinose

64

25

11
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either of these phenotypes.

Therefore, it can be concluded that the altered membrane

phospholipid composition of BC202 is independent of its other major phenotypes and likely the
result of adaptation to membrane stress. Altered phospholipid composition in E. coli often
represents an adaptive response to a variety of stress inducing conditions such as changes in pH,
salinity, temperature and presence of organic solvents (Zhang and Rock 2008). In addition, a
new observation that overexpression of a novel suppressor MdfA in BC202 can also correct its
phospholipid composition (Fig. 4.10) in addition to correcting its cell division and temperature
sensitive phenotypes (Fig. 6.9) is demonstrated here.
This study also shows that a higher percentage of PssA is membrane associated in
BC202 than in parent strain W3110. This interesting result signifies that the endogenous PssA is
present and active in BC202, and its activity is mostly associated with the membranes as a
response to increased levels of anionic phospholipids (Linde, Grobner et al. 2004). However, its
activity is lowered which can be due to a reduction in the availability of its specific substrates at
the membrane and/or the enzymatic activity of membrane associated PssA being attenuated by
regulatory mechanisms in vivo. The first possibility is negated by the observation that elevating
the content of the acyl-ACP pools by overexpression of FabZ only leads to accumulation of CL
at the end of the phospholipid biosynthetic pathway (Fig . 4.9). This observation suggests that the
attenuation of biochemical activity of membrane associated endogenous PssA in BC202 is not
due to substrate limiting conditions. The fact that wild-type PE levels could be restored in BC202
by overexpression of N-terminal his-tagged native PssA or that the PE levels can be enhanced to
extremely high proportions by overexpression of B. subtilis PssA from a plasmid suggests that
this phenotype perhaps results due to an yet unidentified form of adaptive regulation of PssA.
This adaptive regulation leads to an enhanced production of PG and CL by diverting the
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availability of the substrate CDP-diacylglycerol (CDP-DAG) away from endogenous membrane
associated PssA towards PgsA (Zhang and Rock 2008). It is also possible that other regulatory
factors such as the phospholipids themselves might fine-tune the activity of membrane associated
PssA to achieve a desired phospholipid composition under such conditions. This phenotype will
be investigated in more detail in future studies.
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CHAPTER 5
THE STRESS RESPONSE PATHWAYS AND PROTON-MOTIVE FORCE IN E. COLI
5.1 : Introduction
E. coli have developed a highly evolved and intricate network of stress response systems
which enable the cells to cope and survive when challenged with a plethora of adverse
environmental conditions. These adaptive measures specifically contribute to bacterial survival
during specific types of stresses which can range from general stresses like exposure to extreme
or suboptimal temperatures, pH, media osmomolarity etc. to complex challenging environments
like exposure to alcohols or other organic compounds which can disrupt cellular integrity.
Oftentimes, multiple stress response mechanisms work together when cells are presented with
novel or a broad combination of challenging growth conditions (for e.g. ethanol + increased
salinity in growth media). The bacterial envelope stress response pathways sense a variety of
stresses which impair envelope integrity. Their target regulons often show little or significant
overlap and they are designed to respond to a multitude of stresses by regulating complementary
physiological functions necessary for mounting a complete adaptive response. The present study
focusses on the 6 major stress response systems which are well-characterized in E. coli – namely
the Sigma-32 (σ32 or RpoH) cytoplasmic stress response pathway, sigma-E (σE or RpoE)
periplasmic stress response pathway and the Cpx, Psp, Rcs and Bae extracytoplasmic stress
response pathways.
5.2 : The σ32 stress response pathway
The σ32 stress response pathway, better known for eliciting the classical cytoplasmic heat
shock response, specifically caters to protect the cell from the dangers of protein misfolding and
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aggregation in the cytoplasm due to various stresses (such as heat shock). This stress response is
mediated by the primary sigma factor σ32 (RpoH), encoded by the gene rpoH. The regulation of
this stress response is under tight transcriptional, translational as well as posttranslational

Fig 5.1 Mechanisms of regulation of the σ32 stress response pathway in E. coli. The rpoH
gene product is normally untranslated due to hairpins in the mRNA structure. The protein RpoH
(σ32) is also normally unstable due to degradation by proteases. Heat shock enhances the levels
of RpoH by activating translation of its mRNA as well as stabilizing the protein itself. The
stability of RpoH is conferred by sequestration of the chaperones/proteases (DnaJK, GroELS,
GrpE, FtsH for e.g.) normally responsible for degrading RpoH, by increasing amounts of
unfolded proteins resulting from the heat shock. The stable σ32 subsequently binds RNA
polymerase core (RNAP) and activates the expression of its target regulon comprising of several
classes of Heat Shock Proteins (HSPs) including chaperones and ATP dependent proteases. Once
the cellular levels of these HSPs go above the critical threshold, they exert a negative feedback
control over the RpoH levels by inhibiting its translation, downgrading its activity and increasing
its instability. This figure was adapted and reproduced with permission from Elsevier: Current
Opinion in Microbiology (Yura and Nakahigashi 1999).
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controls which serve to qualitatively determine the abundance of misfolded proteins in the
cytoplasm and appropriately respond by triggering the expression of several classes of
chaperones and proteases in order to prevent subsequent aggregation and accumulation (Yura
and Nakahigashi 1999). The stress response mechanism is illustrated in Fig. 5.1.
Due to an exhaustive multivalent regulation as elucidated in Fig. 5.1, σ32 levels increase,
stabilize and then fall following a heat shock, resulting in the induction of HSPs (Zhao, Liu et al.
2005; Nonaka, Blankschien et al. 2006). Recent studies attribute the effectiveness of σ32 stress
response in heat only during exponential growth under aerobic conditions (Diaz-Acosta,
Sandoval et al. 2006). Other than heat shock (Zhao, Liu et al. 2005), the σ32 stress response
pathway can be induced by exposure to ethanol (VanBogelen, Kelley et al. 1987), alkaline pH
(Taglicht, Padan et al. 1987), hyperosmotic shock (Bianchi and Baneyx 1999) and carbon
starvation (Jenkins, Auger et al. 1991) - all these stresses potentially result in the buildup of
unfolded proteins in the cytoplasm. E. coli rpoH mutants exhibit cell division defects at higher
growth temperatures (Tsuchido, VanBogelen et al. 1986), demonstrate increased sensitivity to
oxidative stresses (Kogoma and Yura 1992), readily exhibit accumulation and aggregation of
newly synthesized proteins in the cytoplasm even under normal growth conditions (Gragerov,
Martin et al. 1991) and causes failure of replication of F-plasmids (Wada, Akiyama et al. 1986)
as well as mini-F plasmids (Wada, Imai et al. 1987).
5.3 : The σE stress response pathway
The σE stress response pathway is mediated by the essential sigma factor σE (RpoE) in E.
coli K-12 strains (De Las Penas, Connolly et al. 1997). This stress response system senses and
prevents the accumulation of misfolded proteins in the periplasm due to a multitude of stresses
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(such as heat shock) which compromise envelope integrity. It regulates the expression of a
variety of periplasmic chaperones, proteases and folding factors such as serine proteases (for e.g.
DegP), peptidyl-prolyl cis/trans isomerases or PPIases (for e.g. Skp, SurA, FkpA), thioldisulphide oxidoreductases (for e.g. DsbC) etc. In addition, σE also regulates the expression of
other sigma factors (for e.g. RpoD, RpoH), anti-sigma factors (for e.g. RseA), enzymes involved
in phospholipid/LPS biogenesis and modification (for e.g. PlsB, LpxA, Psd), primary
metabolism and sensory-regulatory factors (for e.g. FtsZ, ClpX, DnaE), IM transporters (for e.g.
BacA, PtsN) and several other uncharacterized genes (Rowley, Spector et al. 2006).
The activation and regulation of the σE stress response is mediated by a signaling
mechanism known as regulated intra-membrane proteolysis (RIP) as illustrated in Fig. 5.2. This
mechanism is activated in response to any type of stress which leads to the accumulation of
misfolded proteins in the periplasm such as heat shock (Ades, Grigorova et al. 2003),
hyperosmotic shock (Bianchi and Baneyx 1999), exposure to metal ions (Zn2+, Cu2+ for e.g.) or
membrane damaging organic compounds such as ethanol (Egler, Grosse et al. 2005; Bury-Mone,
Nomane et al. 2009), overexpression of OMPs (Mecsas, Rouviere et al. 1993) , changes in
phospholipid composition or LPS structure (Tam and Missiakas 2005) and stationary phase
starvation signals such as ppGpp (Costanzo and Ades 2006).
5.4 : The Cpx stress response pathway
The Cpx (Conjugative Pilus eXpression) extra-cytoplasmic stress response pathway is
mediated by a classical two-component system (TCS) comprised of an IM associated histidine
kinase (HK) sensor CpxA and a cytoplasmic response regulator (RR) CpxR (Vogt and Raivio
2012). Similar to the σE stress response pathway, Cpx is activated in response to disruptions in
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Fig 5.2 RIP mediated activation of σE stress response pathway. Presence of misfolded
proteins (a) in the periplasm stimulates IM serine protease DegS (by binding to its PDZ domain)
to cleave (b) anti-sigma factor RseA (Walsh, Alba et al. 2003) at site 1 at the periplasmic face of
the IM, which is subsequently cleaved (c) by protease RseP (Kanehara, Ito et al. 2002) at site 2 at
the cytoplasmic face of the IM. This successive dual-site proteolysis of RseA releases σE bound
to RseA fragments into the cytoplasm (d) where subsequent SspB/ClpXP mediated proteolysis of
the remaining RseA fragments (e) results in complete liberation of σE (f, g), which then binds to
RNAP core and initiates transcription of the σE regulon (Ades, Grigorova et al. 2003). This
figure was adapted and reproduced with permission from Nature Publishing Group: Nature
Reviews Microbiology (Rowley, Spector et al. 2006).

the folding of envelope proteins and loss of envelope integrity such as exposure to membrane
damaging organic compounds like indole and ethanol, alkaline pH, metal ions (Zn2+, Cu2+) and
hyperosmotic shock, and have partially overlapping regulon with σE (Connolly, De Las Penas et
al. 1997; Raivio and Silhavy 1999; Bury-Mone, Nomane et al. 2009; Price and Raivio 2009;
Vogt and Raivio 2012). The broad and varied content of the Cpx regulon (Price and Raivio
2009) and recent discoveries which revealed that the Cpx pathway is also activated in response
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to variety of diverse signals such as adhesion (Otto and Silhavy 2002), onset of stationary phase
(De Wulf, Kwon et al. 1999), and growth in the presence of excess carbon source such as
glucose and pyruvate (Wolfe, Parikh et al. 2008) have broadened the known range and scope of
this stress response pathway. The Cpx stress response system is thus not limited to its role as a
simple combatant of misfolded proteins in the periplasm. It is a multifunctional player
responsible for integrating diverse signals and correspondingly carrying out functions which
includes not only the maintenance of envelope integrity but also functions such as modulation of
various regulatory pathways in the cell and pathogenesis. The size and scope of the Cpx regulon
is huge – the target genes participate in a plethora of cellular processes such as prevention of
accumulation of misfolded proteins in the periplasm (i.e. periplasmic chaperones and proteases
like DegP, PPIases), regulation of various TCS (e.g. MzrA, CpxP, H-NS), protein secretion,
motility, chemotaxis, multidrug efflux, DNA repair and maintenance, bacterial adherence and
virulence, cellular metabolism, cell division, IM transport, biogenesis and modification of
phospholipids and LPS, and yet uncharacterized physiological processes (Rowley, Spector et al.
2006; Vogt and Raivio 2012). The Cpx stress response pathway is illustrated in Fig. 5.3.
5.5 : The Psp stress response pathway
The Psp (Phage Shock Protein) response is activated by perturbations in the integrity of
the IM by stress conditions (for e.g. extreme heat shock, exposure to ethanol, ionophores and
pIV secretin stress) which results in dissipation of the proton motive force (PMF) and changes
the physiological redox state of the cell (Joly, Engl et al. ; Jovanovic, Lloyd et al. 2006; Engl,
Beek et al. 2011). The primary function of the Psp stress response pathway is combating changes
in envelope integrity and the maintenance of optimal PMF when the bacterial cells are
challenged with conditions which can potentially dissipate the PMF by compromising envelope
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Fig 5.3 The Cpx stress response system in E. coli and Salmonella. The HK sensor CpxA of
the CpxAR TCS normally maintains the dephosphorylated and inactivated state of the CpxR RR
(Raivio, Popkin et al. 1999). The periplasmic protein CpxP acts as the negative regulator of
CpxA by inhibiting its autokinase activity (Fleischer, Heermann et al. 2007). The Cpx activation
signals are shown by blue arrows – for e.g the OM lipoprotein NlpE senses bacterial surface
adhesion, CpxA can sense misfolded proteins in the periplasm, changes in pH etc.,
metabolic/growth signals activate CpxR. In the presence of Cpx activating signals, DegP
degrades CpxP and the autokinase and CpxP kinase activity of CpxA is activated. This causes
CpxA to autophosphorylate and transfer the phosphate group to CpxR (Raivio and Silhavy
1997). The phosphorylated form of CpxR acts as the RR and can activate transcription of certain
members of the Cpx regulon (shown in green) or suppress the activation of others (shown in
red). This figure was adapted and reproduced with permission from John Wiley and Sons:
FEMS Microbiology Letters (Vogt and Raivio 2012).
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Fig 5.4 The Psp stress response system in E. coli. Diverse stresses which compromise the
envelope integrity and cause loss of transmembrane PMF activate the Psp stress response by
sequestration of negative regulator PspA by IM sensor and regulator proteins PspB and PspC
(with the sensory Leucine Zipper Motif – LZM). PspA normally binds to the transcriptional
regulator PspF and prevents transcription of the pspABCDE operon. The sequestration of PspA at
the IM frees PspF, which activates and stimulates the σ54 mediated transcription of the psp
operon by RNAP. PspA also has membrane maintenance functions as elaborated in the main
text. This figure was adapted and reproduced with permission from Nature Publishing Group:
Nature Reviews Microbiology (Rowley, Spector et al. 2006).

integrity. As shown in Fig. 5.4, the Psp stress response system comprises of the PspABCDE (the
psp operon), PspF and the PspG proteins and is subjected to regulation by a network comprised
of PspF-A-C-B-ArcB proteins which regulate Psp expression (Jovanovic, Engl et al. 2010). PspF
is a AAA+ ATPase which enhances σ54 dependent transcription of the psp operon and acts as
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the response regulator (Joly, Engl et al. 2010). PspA acts as the negative regulator by binding to
PspF in the absence of stress signals. PspB and PspC are the IM bound sensor proteins and PspE
is a periplasmic sensor protein (Rowley, Spector et al. 2006) which are proposed to be
responsible for sensing the stress signals and transduce them to the PspF-PspA inhibitory
complex resulting in release of PspF (Jovanovic, Engl et al. 2010).

PspA binds to the

phospholipids of the inner leaflet of the IM and prevents proton leakage (Kobayashi, Suzuki et
al. 2007; Bury-Mone, Nomane et al. 2009). The Psp proteins modulate several physiological
processes of the cell (e.g. motility, aerobic respiration, protein secretion etc.) to counteract the
loss of PMF and changes in the cellular redox state and therefore contributes effectively to PMF
conservation (Jovanovic, Lloyd et al. 2006). The Psp stress response is important for several
physiological processes such as biofilm formation (Beloin, Valle et al. 2004), protein secretion
(Jones, Lloyd et al. 2003) and protein translocation (Darwin 2005; Joly, Engl et al. 2010;
Jovanovic, Engl et al. 2010). The Psp stress response pathway is detailed in Fig. 5.4 and 5.5.

5.6 : The Rcs stress response pathway
The Rcs (Regulator of colanic acid synthesis) pathway is comprised of a complex
phosphorelay which participates in extra-cytoplasmic stress response. It was shown to be
activated by stresses which affect envelope composition (Parker, Kloser et al. 1992; Ebel,
Vaughn et al. 1997; Shiba, Yokoyama et al. 2004; Majdalani and Gottesman 2005). For e.g.
mdoH (Ebel, Vaughn et al. 1997) and certain rfa (Parker, Kloser et al. 1992) mutants exhibit Rcs
activation. The pgsA mutants lacking acidic phospholipids PG and CL exhibit constitutive
activation of the Rcs stress response (Shiba, Yokoyama et al. 2004). MdoH is a
glycosyltransferase involved in the synthesis of osmoregulated periplasmic glucans. RfaG and
RfaP determine the structure of the LPS core. PgsA is the phosphatidylglycerol synthase
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Fig 5.5 Activation and action of the psp regulon. In the absence of stress or Psp activating
signals, PspA negatively regulates the psp operon by binding with PspF. The psp operon
however continues to be expressed at a basal level (red) and the members participate in
physiological processes such as respiration, motility and low pH response at a low level. Stress
conditions (green) which compromise IM integrity and cause loss of PMF alters the redox state
of the ubiquinone pool in the cell [oxidized form ubiquinone UQ; reduced form ubiquinol
UQH 2 ] (Jovanovic, Lloyd et al. 2006; Jovanovic, Engl et al. 2010). This alteration of the cellular
redox state activates the quinone-dependent ArcAB TCS, further lowers the PMF and
subsequently removes PspA from PspF and causes its sequestration at the IM by PspBC as
shown in Fig. 5.4. Henceforth, PspF is free to stimulate the transcription of the psp operon
including PspG. The Psp proteins then affects a multitude of cellular processes [up arrow:
activation and down arrow: repression] to prevent further loss and result in subsequent
maintenance of PMF. This figure was adapted and reproduced with permission from The
American Society for Biochemistry and Molecular Biology: Journal of Biological Chemistry
(Jovanovic, Lloyd et al. 2006).
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responsible for production of PG and CL. All these proteins therefore participate in envelope
composition and loss of their function acts as a signal for Rcs activation. Stresses which affect
the integrity of the peptidoglycan layer also trigger the activation of this pathway (Laubacher and
Ades 2008). Triggering signals also include acid stress and hyperosmotic shock (Majdalani,
Hernandez et al. 2002), interaction with solid surfaces (Majdalani and Gottesman 2005), and
changes in the phosphorylation of undecaprenyl carrier lipid (Huang, Ferrieres et al. 2006). The
main components of this stress response system are the OM lipoprotein RcsF (involved in stress
sensing and signaling), RcsC (hybrid sensor kinase with both a HK transmitter and aspartate
receiver domains), RcsD (relays signal from RcsC to RcsB), RcsB and RcsA (transcriptional
response regulators) (Majdalani and Gottesman 2005; Bury-Mone, Nomane et al. 2009).
The Rcs pathway not only affects envelope composition but also plays a role in proper
biofilm formation and later stages of development on solid surfaces (Majdalani and Gottesman
2005), participates in cell division by regulating expression of FtsZ (Gervais, Phoenix et al.
1992; Carballes, Bertrand et al. 1999), confers intrinsic antibiotic resistance by maintaining the
integrity of the peptidoglycan layer (Laubacher and Ades 2008) and necessitates stationary phase
survival under extreme acid stress. The latter is acheived by production of alternative sigma
factor RpoS (σ38) by the small regulatory RNA rprA, whose production is under the
transcriptional regulation of RcsB (Small, Blankenhorn et al. 1994; Majdalani, Hernandez et al.
2002; Majdalani and Gottesman 2005). The colanic acid biosynthesis genes (cps) are regulated
by RcsA in an RcsB dependent manner which results in overproduction of capsular
polysaccharide resulting in the familiar mucoid phenotype of E. coli colonies in response to Rcs
activation (Majdalani and Gottesman 2005). The Rcs stress response pathway is illustrated in
Fig. 5.6.
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Fig 5.6 Characteristics of the Rcs stress response pathway in E. coli. Activating signals can
be dependent or independent of OM lipoprotein RcsF and is yet to be properly identified. The
phosphorelay involves phosphate group [~P] transfer from the HK [H] domain of RcsC to its
own aspartate receiver [D] domain. The phosphate group is then transferred from RcsC to the
HK domain [H2] of RcsD and further relayed to the aspartate receiver domain [D] of RcsB. The
phosphorylated form of RcsB acts as a RR and activates or represses transcription from its target
promoters. RcsB mediated transcriptional regulation is independent of RcsA. However, RcsA
also acts as a RR and transcriptional regulation of its target promoters is dependent on RcsB
activation. RcsA levels are really low in the cell and kept in check at by H-NS at the
transcriptional level and posttranslationally by protease Lon. This figure was adapted and
reproduced with permission from Annual Reviews: Annual Review of Microbiology (Majdalani
and Gottesman 2005).
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5.7 : The Bae stress response pathway
The Bae stress response is mediated by the BaeSR TCS in E. coli. It is composed of the
HK sensor BaeS and the transcriptional RR BaeR (Nagasawa, Ishige et al. 1993). The genes
baeS and baeR are in an operon with the multidrug resistance cluster mdtABCD and BaeR
autoregulates transcription of the mdt promoter in conjunction with CpxR (Baranova and
Nikaido 2002; Nishino, Honda et al. 2005). The Bae stress response can be induced by envelope
stresses such as spheroblast formation and misfolded pilus subunits as well as by toxic
compounds such as indole, ethanol, novobiocin, deoxycholate etc. and regulates the expression
of various multidrug transporters such as the MdtABCD, MdtEF, AcrDE, EmrY and EmrK, OM
porin TolC , periplasmic chaperone Spy along with a few other conserved proteins (Hirakawa,
Inazumi et al. 2005; Nishino, Honda et al. 2005; Bury-Mone, Nomane et al. 2009). Most BaeR
responsive promoters are also regulated by CpxR suggesting Bae acts as a stimulator of certain
Cpx responsive targets and simultaneous Cpx activation is necessary to achieve complete
transcriptional activation (Hirakawa, Inazumi et al. 2005; Nishino, Honda et al. 2005).

5.8 : The proton-motive force (PMF)
Biological

membranes

are

almost

always

associated

with

a

transmembrane

electrochemical gradient of ions like Na+, K+ and H+ due to a difference in chemical composition
in and out of the cell. These ions can freely move across the membrane and therefore can directly
change the gradient potential. This gradient is usually composed of two distinct parts – an
electrical potential and a difference in chemical concentration across the membrane. The
difference in electrical potential inside and outside of the membrane results in a difference of
potential which results in the availability of a type of potential energy ready to be utilized for
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work. The ionic concentration gradient across the membrane results in available chemical
potential energy. These electrical and chemical potentials are usually utilized by the living cell to
drive its own vital physiological processes. Hence, they act as kind of “energy currency” to be
spent for “life”.
In case of Gram-negative neutralophilic bacteria like E. coli, such electrochemical gradient
of protons exists across the IM and is termed as Proton-Motive Force (PMF). PMF is composed
of two distinct components – the transmembrane electrical potential difference is denoted as Δψ
which is the difference of electrical potential inside (ψ in ) and outside (ψ out ) of the IM. Therefore
the transmembrane potential difference or as more popularly known membrane potential Δψ =
(ψ in - ψ out ) where at neutral pH, ψ in is more negative than ψ out , causing Δψ to have an overall
negative value. Similarly the transmembrane proton chemical gradient or the pH gradient is
denoted as ΔpH which is the difference between the cytoplasmic pH (pH in ) and the periplasmic
pH (pH out ). Therefore, the pH gradient ΔpH = (pH in - pH out ). At neutral external pH, the
cytoplasm is maintained at a slightly alkaline pH compared to the outside.
The total PMF is therefore, denoted as PMF = Δψ + ΔpH or in absolute terms:
PMF = (ψ in - ψ out ) + [RT/F] ln ([H+] in / [H+] out )
or, PMF (in mV) = (ψ in - ψ out ) – [2.3*RT/F] (pH in - pH out )
where, R= molar gas constant; T= absolute temperature; F=Faraday’s constant. (Felle, Porter et
al. 1980). PMF acts as the main power source for ATP generation in E. coli. PMF is generated by
the action of primary proton pumps (Rottenberg 1979) in both bacteria and in eukaryotic
mitochondria (redox-potential driven pumps, respiratory chain pumps, bond energy driven
pumps such as ATPases etc.) and photosynthetic machinery (light driven pumps). The energy
from the PMF is also utilized for active transport, synthetic and mechanical processes such as the
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Sec and Tat protein translocation pathways, F 0 F 1 -ATP Synthase, ion transporters, multidrug
transporters etc. and nanomolecular machines (flagellar assembly in bacteria) (Rottenberg 1979;
Slonczewski, Fujisawa et al. 2009; Krulwich, Sachs et al. 2011). The PMF in different types of
bacteria are illustrated in Fig. 5.7.

Fig 5.7 Typical PMF values in acidophiles, neutralophiles and alkaliphiles. Acidithiobacillus
ferrooxidans is a Gram-negative rod shaped acidophile thriving in extremely acidic conditions
(pH 1.5 – 2.5). The cytoplasmic pH is close to neutral and the membrane potential is reversed
(positive inside) to counter the extremely high ΔpH and maintain an optimal PMF. The
neutralophile E. coli thrives in neutral conditions. The cytoplasmic pH is maintained at slightly
alkaline values and the membrane potential is negative inside for optimal PMF. A bulk of the
PMF is therefore contributed by the membrane potential. The alkaliphile Bacillus pseudofirmus
OF4 thrives at pH 10.5. The ΔpH is reversed and the enhanced membrane potential (more
negative inside) can only partially counteract the large reversed ΔpH therefore reducing the
optimal PMF. This figure was adapted and reproduced with permission from Nature Publishing
Group: Nature Reviews Microbiology (Krulwich, Sachs et al. 2011).

5.9 : Homeostasis of pH and PMF in E. coli
It is crucial for bacterial cells to indulge in a strict homeostasis of the cytoplasmic pH
when they are exposed to a wide variety of environmental conditions, where the concentration of
the hydroxide and hydronium ions might not be conducive for survival. This is because the
proteins in a living cell need a optimal pH range to fold and function properly. An optimal pH
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range also determines the stability of biomolecules such as nucleic acids. The concentration of
protons is also necessary for cellular energy requirements. Therefore, the homeostasis of PMF in
bacteria under diverse conditions is congruous with the pH homeostasis i.e. the ΔpH contributes
effectively to PMF, which in turn meets the bioenergetic requirements of the cell. Neutralophilic
bacteria like E. coli prefers neutral external pH but can grow in a narrow range of external pH
(~5.0 – 9.0). It can also survive short exposures to extremely acidic or alkaline pH. Under these
conditions, several physiological mechanisms play distinct roles to maintain the cytoplasmic pH
in a narrow optimal range (~7.4 – 7.8) irrespective of the external pH, demonstrating the
extremely versatile nature of pH homeostasis mechanisms (Slonczewski, Fujisawa et al. 2009;
Krulwich, Sachs et al. 2011). Several cellular processes combat drastic changes of cytoplasmic
pH and contribute effectively to pH/PMF homeostasis which includes buffering of the
cytoplasm, metabolic consumption or production of acids and bases, active transport of ions to
and from the cytoplasm, adaptive changes to envelope structure etc. Such processes and the
connection between the PMF and pH homeostasis is illustrated in Fig. 5.8.
While the cytoplasm is usually buffered by several small organic species such as amino
acids, inorganic polymers and proteins, the overall buffering capacity is not great (Slonczewski,
Fujisawa et al. 2009) and the cytoplasmic pH is easily altered in the presence of ionophores and
permeant acids and bases, which promote rapid influx or efflux of protons. This is where the
active pH homeostasis mechanisms (Fig. 5.8B and C) come into play. These active processes are
energized by the PMF and hence for them to actually work (i.e. to prevent dissipation of PMF)
the membrane must be impermeable to protons. Ionophores like Nigericin or CCCP (Carbonyl
cyanide m-chloro-phenylhydrazone) take advantage of this aspect and dissipate PMF by making
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Fig 5.8 PMF and pH homeostasis in E. coli. (A) Variation of Δψ, ΔpH and cytoplasmic pH
with changes in external pH in various bacterial species. Values for E. coli are denoted by
diamond shaped markers and red arrows within the external pH range ~5.0-9.0. Increase in
external pH causes a gradual decrease and subsequent reversal of ΔpH, which is counteracted by
increased membrane potential (more negative) to maintain the PMF close to the optimal ~170
mV. The cytoplasmic pH is maintained between ~7.5-7.7 in that range. (B) Mechanisms of pH
homeostasis when E .coli is exposed to acidic conditions or (C) alkaline conditions. Details are
elaborated in the main text. This figure was adapted and reproduced with permission from
Nature Publishing Group: Nature Reviews Microbiology (Krulwich, Sachs et al. 2011).

the membrane totally permeable to protons. The active pH homeostasis mechanisms in E. coli
are illustrated in Fig. 5.8B and 5.8C and discussed below –
(A) The primary mechanism in pH homeostasis involves the role of active proton
transporters which can pump protons into or out of the cell. They include primary proton
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pumps, respiratory chain complexes, proton pumping ATPases and cation/anion-proton
antiporters. The latter couples energetically favorable exchange of cations (Na+/K+) or
anions (Cl-) with proton (H+) influx/ efflux across the IM, driven by the energy from the
PMF. During acid challenge, E. coli upregulates respiratory chain complexes which
pump protons out of the cell whereas the levels of F 0 F 1 -ATP synthase (causes proton
influx) is reduced. Similarly, during alkali challenge, the main cellular adaptation is
prevention of proton efflux and increase of proton influx. As such, non-proton pumping
respiratory complexes (Cyd) are upregulated and proton-extruding respiratory complexes
(Nuo) are downregulated. Alkali challenge also increases the expression of F 0 F 1 -ATP
synthase to increase proton influx. The increased Δψ during alkali challenge drives the
PMF dependent cation-proton antiporters as discussed above for e.g. the role of Na+/K+ H+ antiporters NhaA and MdfA during alkali challenge. (Lewinson, Padan et al. 2004;
Padan, Bibi et al. 2005; Slonczewski, Fujisawa et al. 2009; Krulwich, Sachs et al. 2011;
Mager, Rimon et al. 2011).
(B) Metabolic production of acidic or neutral end products in the cytoplasm. (Stancik,
Stancik et al. 2002).
(C) Use of enzymes - Amino acid decarboylases (Glutamic acid decarboxylase GadB for
e.g.) and hydrogenases (Hydrogenase-3 for e.g.), which consume cytoplasmic protons,
are upregulated during acid challenge. Amino acid deaminases (tryptophan deaminase
TnaA for e.g.), which release protons and organic acids into the cytoplasm, are
upregulated under alkaline conditions. (Blankenhorn, Phillips et al. 1999; Richard and
Foster 2004; Krulwich, Sachs et al. 2011).
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(D) Alterations in the membrane structure itself such as production of cyclopropane fatty
acids (CFA) during acid challenge or enhanced production of acidic phospholipids
during alkali challenge. (Clejan, Krulwich et al. 1986; Cronan 2002; Cronan 2003).
(E) Increased transcription of chaperones and proteases via induction of stress response
pathways for temporary protection against changes in external pH. (Stancik, Stancik et
al. 2002; Bury-Mone, Nomane et al. 2009; Price and Raivio 2009).
(F) Large–scale regulation of the bacterial genome via transcriptional effectors for a truly
coordinated global participation of several factors in pH homeostasis for e.g. RpoSmediated activation of acid-resistance mechanisms (Gad regulon). (Small, Blankenhorn
et al. 1994; Ma, Masuda et al. 2004; Maurer, Yohannes et al. 2005).
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CHAPTER 6
STATE OF STRESS RESPONSES AND PMF IN BC202
6.1 : Introduction
In light of several clues pointing out towards a possible loss of envelope integrity in
BC202, it is imperative to determine the state of its general and envelope stress response
systems. While the single ΔyqjA mutant does not exhibit any visible phenotypes like BC202, it
has been shown to demonstrate induction of the Cpx stress response under normal growth
conditions and being sensitive to copper stress and alkaline pH (Price and Raivio 2009). It is
important to note that, as have been previously mentioned, the E. coli yqjA gene is under the
transcriptional regulation of the both the Cpx (Price and Raivio 2009) and σE (Dartigalongue,
Missiakas et al. 2001) stress response systems. Similarly the E. coli yghB gene has been reported
to be induced by AI-2 homoserine lactone during quorum sensing (DeLisa, Wu et al. 2001). The
phenotypes of BC202 i.e. the cell division defect, temperature sensitivity and altered
phospholipid composition are concomitant to E. coli strains which are deficient in or which
exhibit constitutive activation of certain stress response systems. One characteristic example
would be the constitutively activating cpxA* mutants (Pogliano, Dong et al. 1998) which exhibit
cell division defects as well as temperature sensitivity. Numerous other examples of such kind
exist and it is also essential to demonstrate that YqjA and YghB directly cater to the envelope
integrity of E. coli. It is safe to presume that if such is the case, the envelope stress responses
would be specifically elicited in BC202 even under normal growth conditions. In addition, a role
for the DedA protein family in membrane homeostasis and quality control was previously

This chapter is adapted and reprinted from Sikdar et al. Copyright © American Society for Microbiology, J. Bacteriol.
published ahead of print 5 October 2012 , doi:10.1128/JB.00762-12

123

proposed (Thompkins, Chattopadhyay et al. 2008; Sikdar and Doerrler 2010). A detailed
investigation of the stress response systems in BC202 therefore, becomes a necessity.
The bacterial envelope stress response pathways sense a plethora of stresses which impair
envelope integrity. Their target regulons often show little or significant overlap and they are
designed to respond to a multitude of stresses by regulating complementary physiological
functions necessary for mounting a complete adaptive response. All of the five major envelope
stress response pathways σE, Cpx, Psp, Rcs and Bae in E. coli work together and contribute to
maintaining envelope and cell-surface integrity. They also modulate necessary physiological
functions such as bacterial adhesion, biofilm formation, motility, conjugation, stationary phase
adaptation, virulence etc. (Bury-Mone, Nomane et al. 2009). This study demonstrates that a
multitude of envelope stress response pathways namely the Cpx, Psp, Rcs and Bae are strongly
induced in BC202 under normal growth conditions while σE seems to be repressed. This type of
nonspecific induction of multiple envelope stress responses is reminiscent of a general loss of
envelope integrity when challenged with certain growth conditions such as growth in 5% ethanol
(Bury-Mone, Nomane et al. 2009). It was previously demonstrated that 10 mM Mg2+, 400 mM
NaCl and overexpression of tatABC are capable of restoring normal growth to BC202 at elevated
growth temperatures (Sikdar and Doerrler 2010). This study shows that deletion of the cpxR
gene from BC202 results in the loss of the ability of these supplements to restore growth at
elevated temperatures.
In addition, it is demonstrated in this study that the membrane potential is significantly
lowered in BC202 under normal growth conditions. The current proposal is that the phenotypes
of BC202 result from an inefficient PMF homeostasis mechanism. The PMF homeostasis in
bacteria under various growth conditions also reflects the accommodation of pH homeostasis
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(Krulwich, Sachs et al. 2011) and YqjA has also been previously shown to be necessary for
adaptation to alkaline pH (Price and Raivio 2009). Consistent with this hypothesis, this study
also shows that exposure of BC202 to growth media of pH 6.0 rescued its temperature sensitivity
and cell division defects possibly by counteracting the membrane potential deficiency with an
enhanced proton gradient, thereby restoring optimal PMF at all growth conditions. Employing an
E. coli genomic DNA library, a potent suppressor for BC202 was isolated – MdfA, a multidrug
transporter of the Major Facilitator Superfamily (MFS) exhibiting transport promiscuity to a
broad range of substrates (Paulsen, Brown et al. 1996; Edgar and Bibi 1997; Lewinson, Padan et
al. 2004). MdfA is an integral IM protein with 12 transmembrane domains (Adler and Bibi 2002)
and participates in electrogenic transport of neutral substrates and electroneutral transport of
cationic substrates (Lewinson, Adler et al. 2003). Additionally, MdfA also plays an important
role in pH homeostasis in E. coli as a mediator of alkalitolerance by exhibiting Na+/K+ - H+
antiport activity (Lewinson, Padan et al. 2004). Consistent with such physiological roles,
expression of MdfA from a multicopy plasmid has been shown to result in multiple phenotypes
in E. coli. Firstly, MdfA overexpression in E. coli confers resistance to a broad spectrum of
antibiotics like chloramphenicol, tetracycline, erythromycin, aminoglycosides, fluoroquinolones
and organic cations like ethidium bromide (Edgar and Bibi 1997) and secondly, it leads to
extreme alkaline resistance in E. coli leading to its growth and survival at an extremely high pH
of 10, normally used by alkaliphiles (Lewinson, Padan et al. 2004). Similarly, deletion of MdfA
in E. coli leads to enhanced alkaline sensitivity and the cells become sensitive to even mild
alkaline pH of 7.5 (Lewinson, Padan et al. 2004). This study demonstrates that overexpression of
MdfA from a multicopy plasmid rescued the temperature sensitivity and cell division defect of
BC202.
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In light of these results, YqjA and YghB is proposed to play critical roles in envelope
quality control and maintenance possibly through homeostasis of PMF under a variety of growth
conditions.
6.2 : Materials and methods
Materials: Tryptone and yeast extract were from BD (Sparks, MD). Radioisotopes were
purchased from Perkin Elmer. Phusion/Taq polymerase, T4 DNA ligase and all restriction
enzymes were purchased from New England Biolabs. All other chemicals were reagent grade
and purchased from either Sigma-Aldrich or VWR. E. coli was grown in Miller’s LB broth (1%
tryptone, 0.5% yeast extract and 1% NaCl) unless otherwise mentioned. LB media of pH 6.0 was
buffered with 100 mM 2-(N-morpholino)-ethanesulfonic acid (MES) and of pH 8.5 was buffered
with 100 mM phosphate buffer. Antibiotics ampicillin [Amp] (100 µg/ml), tetracycline [Tet]
(12.5 µg/ml), kanamycin [Kan] (30 µg/ml) or chloramphenicol [Cam] (30 µg/ml) was added to
the growth medium as necessary.
Construction of Plasmids: pRS101: The E. coli lacZ gene was amplified from W3110
genomic DNA and placed behind the σ32 regulated grpE promoter (81 bp upstream of grpE)
(Lipinska, King et al. 1988) using forward primer pRS101fp and reverse primer pRS101rp (Table
6.2). The PCR product were purified using QIAquick PCR purification kit (Qiagen, Valencia
CA), digested with SalI and BamHI, and cloned into a similarly treated and dephosphorylated
pACYC184 vector (NEB) yielding pRS101 (Table 6.1). Sequencing of all constructs was
performed with ABI 3130XL DNA Sequencer in the Genomics Laboratory in Louisiana State
University.
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pRS102: E. coli lacZYA was amplified from W3110 genomic DNA so as to be under the
control of the σE-regulated degP promoter (72 bp upstream of degP) (Dartigalongue, Missiakas
et al. 2001) using forward primer pRS102fp and reverse primer pRS102rp (Table 6.2). DNA was
treated with SalI and BamHI and ligated into a similarly treated and dephosphorylated vector
pACYC184 yielding pRS102 (Table 6.1).
pRS103: E. coli lacZ was amplified from W3110 genomic DNA so as to be under the
control of the rprA promoter (56 bp upstream of rprA) (Majdalani, Hernandez et al. 2002) using
forward primer pRS103fp and reverse primer pRS101rp (Table 6.2). DNA was treated with SalI
and BamHI and ligated into a similarly treated and dephosphorylated vector pACYC184 yielding
pRS103 (Table 6.1).
pRS104: A unique SpeI restriction site 40 bp upstream of mdtA gene was utilized to
create this vector. E. coli lacZ was amplified from W3110 genomic DNA using forward primer
pRS104fp1 and reverse primer pRS101rp (Table 6.2) so that part of the mdtA promoter region (46
bp upstream of mdtA includes the SpeI site from -46 to -41) is present ahead of lacZ. DNA was
treated with SalI and BamHI and ligated into a similarly treated and dephosphorylated vector
pACYC184 to yield an intermediate cloning vector pRS104inc. The -321 to -47 region of the
mdtA promoter was amplified from W3110 genomic DNA using forward primer pRS104fp2 and
reverse primer pRS104rp (Table 6.2), treated with SalI and SpeI and ligated into a similarly
treated and dephosphorylated vector pRS104inc to yield pRS104 which contains the 321 bp
promoter region of mdtA (Hirakawa, Inazumi et al. 2005) fused to lacZ.
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pBADMdfA: The mdfA gene was amplified from W3110 genomic DNA using primers
pBADMdfAfp and pBADMdfArp (Table 6.2). The PCR product was purified and digested with
XhoI and HindIII and then ligated to a similarly digested and dephosphorylated pBADhisA
(Invitrogen) vector. This resulted in the expression of MdfA from an arabinose inducible
promoter with an N-terminal hexahistidine tag. The expression of H 6 -MdfA was verified on a
Western blot using anti-his antibodies (Qiagen) (data not shown).
pBADCamHisA: The cat (CamR) gene was amplified from pPCR-Script-Cam
(Stratagene) template using primers CATfp and CATrp (Table 6.2). The PCR product was
purified as before, digested with SphI and AccI and cloned into a similarly treated and
dephosphorylated pBADHisA vector, resulting in pBADCam-HisA (Table 6.1) which confers
resistance to both Cam and Amp. It retains all the cloning and expression properties of
pBADHisA vector.
pRSpssAC: The E. coli pssA gene was amplified from W3110 genomic DNA using
primer sets pRSpssAfp and pRSpssArp (Table 6.2). The PCR products were purified as before,
digested with XhoI and HindIII, and cloned into a similarly treated and dephosphorylated
pBADCam-HisA vector (Table 6.1). This resulted in the expression of the E. coli pssA gene with
an N-terminus hexahistidine tag from an arabinose inducible promoter leading to the formation
of plasmid pRSpssAC (Table 6.1).
Construction of Strains: All strains and constructions were verified using colony PCR
with primers flanking the relevant genes. In order to cure the KanR cassette, the temperature
sensitive plasmid pCP20 expressing FLP recombinase was used as described (Cherepanov and
Wackernagel 1995; Datsenko and Wanner 2000). All strains are listed in Table 6.1.
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RS28A, RS28B, RS28C, RS28F, RS28R, RS28bae, RS28AB (Table 6.1): Strain TB28
(Bernhardt and de Boer 2003) was used to provide a ∆lacZYA background for certain strains.
RS28A resulted from P1 transduction of ΔyqjA::TetR into strain TB28. RS28B was prepared by
P1 transduction of ΔyghB781::KanR into TB28. Similarly, RS28C, RS28F, RS28R, and RS28bae
were created by P1 transduction of ΔcpxR772::KanR, ΔpspF739::KanR, ΔrcsB770::KanR and
ΔbaeR778::KanR into TB28, respectively. RS28AB was generated by P1 transduction of
ΔyqjA::TetR into strain RS28B.
RS28ABC, RS28ABF, RS28ABR, RS28ABrcsF, RS28ABbae (Table 6.1): RS28ABC
was generated starting from RS28B. The removal of the KanR cassette from RS28B with FLP
recombinase expressed from pCP20 resulted in the strain RS28B*. P1 transduction of
ΔcpxR772::KanR into RS28B* resulted in generation of strain RS28BC. Subsequent P1
transduction of ΔyqjA::TetR into RS28BC resulted in strain RS28ABC. Similarly, RS28ABF,
RS28ABR, RS28ABrcsF and RS28ABbae were generated starting from P1 transduction of
ΔpspF739::KanR, ΔrcsB770::KanR, ΔrcsF721::KanR and ΔbaeR778::KanR into RS28B*,
respectively, followed by subsequent P1 transduction of ΔyqjA::TetR into each of the resulting
strains.
BC202C, BC202F, BC202R and BC202bae: BC203 (Thompkins, Chattopadhyay et al.
2008) was transduced to KanR using a P1 lysate from strain JW3883 (Table 6.1), and an isolate
was subsequently cured of KanR using FLP recombinase resulting in strain BC203C. Subsequent
P1 transduction of ΔyghB781::KanR into strain BC203C resulted in strain BC202C. Following a
similar order, ΔpspF739::KanR, ΔrcsB770::KanR and ΔbaeR778::KanR were transduced into
BC203 followed by curing of KanR from each of the resultant strains using FLP recombinase and
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subsequent P1 transduction of ΔyghB781::KanR into each of those cured strains resulted in
strains BC202F, BC202R and BC202bae respectively.
RSP28, RSP28A, RSP28B, RSP28F, RSP28AB and RSP28ABF (Table 6.1): These
strains were constructed by transducing strains TB28, RS28A, RS28B, RS28F, RS28AB and
RS28ABF respectively to AmpR using a P1 lysate from strain MVA4 (Engl, Jovanovic et al.
2009).
TB28sc and RS28ABsc: Plasmid pSH10 (Table 6.1) was transformed into strains TB28
and RS28AB followed by a subsequent transformation with plasmid pRSpssAC resulting in
strains TB28sc and RS28ABsc (Table 6.1). Plasmid compatibility was ascertained by the ability
of TB28sc to produce elevated levels of PE when grown in the presence of 0.2% arabinose as
well as the capability of β-galactosidase production when challenged with alkaline growth
conditions (data not shown).
β-Galactosidase Assay: The β-galactosidase (β-gal) assays were carried out using the
method of Miller (Miller 1972). Overnight cultures of indicated strains containing plasmids
pRS101, pRS102, pRS103, pRS104 or pSH10, or the RSP strains (Table 6.1), were diluted 1:100
in fresh LB supplemented with appropriate antibiotics and grown at 30°C/225 rpm till they reach
an OD 600 of ~1.0. The cultures were then diluted 1:3 in fresh LB, supplemented with appropriate
antibiotics and with or without the indicated additives, pre-warmed to either 30°C or 44°C and
grown for indicated times. Cells were harvested from the exponential phase of growth (OD 600 ~
0.4-0.8). 50, 100 or 500 µL of cells were added to Z buffer (Miller 1972) to a total volume of 1
ml and the cells were lysed by the addition of 50 µL chloroform and 25 µL 0.1% SDS and
vortexing. The reaction was started by addition of 0.1 ml of 8 mg/ml (w/v) 2-Nitrophenyl β-D-
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galactopyranoside (ONPG) and the tubes were incubated at 30°C till sufficient yellow color has
developed (reaction time varied from 15 minutes to 4 hrs). The reaction was stopped by adding
0.4 ml of 1.25 M Na 2 CO 3 to the reaction mix and vortexing. The mixture was centrifuged at
13,000 rpm for 10 min to remove cell debris and absorbance was read at 420 nm. Cells
harboring the empty vector gave a reading at 420 nm that was not above background. Units of βgalactosidase were corrected for culture density and correspond to 1 nmole ONPG hydrolyzed
per minute at 30°C.
Determination of Membrane Potential (Δψ) using Deconvolution Fluorescence
Microscopy: The membrane potential Δψ was determined using a modified version of a
previously described protocol (Jovanovic, Lloyd et al. 2006; Engl, Jovanovic et al. 2009)
employing the JC-1 red/green dye based assay. JC-1 (Life Technologies) was prepared at a stock
of 5 mg/ml in DMSO and stored at -20°C until use. As JC-1 proved quite difficult to dissolve in
an aqueous solution, the working solution of the dye was prepared by first diluting 4 µL of the
stock into 16 µL of DMSO and followed by a stepwise addition of 1 ml of a permeabilization
buffer (Jovanovic, Lloyd et al. 2006) containing 10 mM Tris pH 7.5, 1 mM EDTA and 10 mM
glucose. Overnight cultures were diluted 1:100 in fresh LB with appropriate antibiotics and
indicated additives. 2 ml of the culture was harvested from an exponential phase of growth
(O.D 600 ~ 0.8), pelleted and resuspended in 1 ml working solution of JC-1 and subsequently
incubated at 30°C in the dark. After incubation, 10 µL of cells were spotted on a 1% agarose
coated slide and immediately observed under a Leica DM-RXA2 deconvolution microscope.
GFP and TRITC filter sets were used for recording the green (530 nm) and the red (590 nm)
emissions respectively. Slidebook software was used to calculate the green/red fluorescence ratio
from 100 cell units (individual cells or chains of cells) from 3 different experiments.
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Microscopy: All microscopy was done with a Leica DM-RXA2 deconvolution
microscope. All observations were recorded using a 100X, 1.30-numerical-aperture oil
immersion objective lens. Images from the deconvolution microscope were captured through a
DIC (Differential Interference Contrast) filter by a cooled Cooke SensiCamQE 12-bit, 1.3megapixel, charge-coupled device digital camera and recorded using a workstation computer
running Slidebook software (Intelligent Imaging Innovation, Denver, CO). Overnight cultures of
indicated E. coli strains were diluted 1:100 in fresh LB media with appropriate antibiotics and
additives, and grown at 30°C in a shaking incubator. Live cells were harvested directly from the
media when the cultures reached mid-exponential phase of growth (OD 600 ~ 0.6) by
centrifugation, resuspended at a final OD 600 of 1.0 in LB and 10 µL was spotted on a 1% agarose
coated glass slide for imaging.
Membrane Preparation and Western Blotting: Membrane fractions were prepared
from exponentially growing cultures of BC202 harboring pBADMdfA, which were either
uninduced or induced with 0.02% arabinose or 0.2% arabinose, using a previously published
protocol (Doerrler and Raetz 2002). Equal amount of membranes were loaded in 2X SDS-PAGE
buffer and subjected to SDS-PAGE. Western blotting was done by using penta-his primary
antibody (Qiagen) [1:5000] and goat-anti-mouse-HRP secondary antibody (Pierce) [1:10,000].
Detection was done with ImmunStar HRP kit (Bio-Rad).
Phospholipid Analysis: Phospholipid analysis was performed using the same protocol
as employed in previous publications (Thompkins, Chattopadhyay et al. 2008) and elaborated in
the materials and methods section in chapter 4 of this dissertation.
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Table 6.1 E. coli strains and plasmids used in this study.

Strains

Relevant Genotype/Genetic Markers

Source or Reference

W3110

Wild-type, F-,λ-

E. coli genetic stock center,
Yale University

W3110F

W3110, ΔpspF739::KanR

This work.

BC203

W3110, ΔyqjA::TetR

BC204

W3110, ΔyghB781::KanR

(Thompkins, Chattopadhyay
et al. 2008)
(Thompkins, Chattopadhyay
et al. 2008)

BC202C

W3110, ΔyqjA::TetR, ΔcpxR772, ΔyghB781::KanR

This work.

BC202F

R

W3110, ΔyqjA::Tet , ΔpspF739, ΔyghB781::Kan

This work.

BC202R

W3110, ΔyqjA::TetR, ΔrcsB770, ΔyghB781::KanR

This work.

BC202bae

W3110, ΔyqjA::TetR, ΔbaeR778, ΔyghB781::KanR

This work.

JW2976
JW3883
JW1296
JW2205
JW0192
JW2064

R

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔyghB781::
KanR, rph-1, Δ(rhaD-rhaB)568, hsdR514
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaDrhaB)568, ΔcpxR772:: KanR, hsdR514
F-, Δ(araD-araB)567, ΔpspF739:: KanR, ΔlacZ4787(::rrnB-3),
λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔrcsB770:: KanR
, rph-1, Δ(rhaD-rhaB)568, hsdR514
F-, Δ(araD-araB)567, ΔrcsF721:: KanR , ΔlacZ4787(::rrnB-3),
λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔbaeR778::
KanR , rph-1, Δ(rhaD-rhaB)568, hsdR514

(Baba, Ara et al. 2006)
(Baba, Ara et al. 2006)
(Baba, Ara et al. 2006)
(Baba, Ara et al. 2006)
(Baba, Ara et al. 2006)
(Baba, Ara et al. 2006)

TB28

MG1655, lacIZYA<>frt

(Bernhardt and de Boer 2003)

RS28A

TB28, ΔyqjA::Tet

This work.

RS28B

TB28, ΔyghB781::KanR

This work.

RS28B*

TB28, ΔyghB781

This work.

RS28C

TB28, ΔcpxR772:: Kan

This work.

RS28F

R

TB28, ΔpspF739:: Kan

This work.

RS28R

TB28, ΔrcsB770:: KanR

This work.

RS28bae

TB28, ΔbaeR778:: KanR

RS28AB

TB28, ΔyqjA::Tet , ΔyghB781::Kan

R

R

R

This work.
R

This work.

RS28ABC

R

TB28, ΔyqjA::Tet , ΔyghB781, ΔcpxR772::Kan

This work.

RS28ABF

TB28, ΔyqjA::TetR , ΔyghB781, ΔpspF739::KanR

This work.

RS28ABR

TB28, ΔyqjA::TetR , ΔyghB781, ΔrcsB770::KanR

This work.

R
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Table 6.1 continued

Strains

Relevant Genotype/Genetic Markers

Source or Reference

RS28ABrcsF

TB28, ΔyqjA::TetR , ΔyghB781, ΔrcsF721::KanR

This work.

RS28ABbae

TB28, ΔyqjA::TetR , ΔyghB781, ΔbaeR778::KanR

This work.

MVA4

MC1061 φ(pspA-lacZ) (AmpR)

(Engl, Jovanovic et al. 2009)

RSP28

TB28 φ(pspA-lacZ) (AmpR)

This work.

RSP28A

RS28A φ(pspA-lacZ) (Amp )

This work.

RSP28B

RS28B φ(pspA-lacZ) (AmpR)

This work.

RSP28F

RS28F φ(pspA-lacZ) (AmpR)

This work.

RSP28AB

RS28AB φ(pspA-lacZ) (AmpR)

This work.

RSP28ABF

RS28ABF φ(pspA-lacZ) (Amp )

This work.

TB28sc

TB28; pSH10; pRSpssAC

This work.

RS28ABsc

RS28AB; pSH10; pRSpssAC

This work.

pBADHisA

Expression Vector; araBAD promoter, AmpR

Invitrogen.

pBADCamHisA

Expression Vector; araBAD promoter, AmpR CamR

This work.

pACYC184

Low Copy Expression Vector; TetR, KanR

New England Biolabs.

pRSpssAC

H 6 -pssA expression vector; araBAD promoter, AmpR

This work.

pRS101

σ32 responsive vector; CamR,
pACYC184 (grpE promoter – lacZ)

This work.

pRS102

σE responsive vector; CamR,
pACYC184 (degP promoter – lacZ)

This work.

pRS103

RcsB responsive vector; CamR,
pACYC184 (rprA promoter – lacZ)

This work.

pRS104

BaeR responsive vector; CamR,
pACYC184 (mdtA promoter – lacZ)

This work.

pBADYqjA

H 6 -yqjA expression vector; araBAD promoter, AmpR

(Boughner and Doerrler 2012)

pBADMdfA

H 6 -mdfA expression vector; araBAD promoter, AmpR

This work.

pSH10

CpxR responsive vector; AmpR, pFZY1 (cpxP promoter – lacZ)

(Shimohata, Chiba et al.
2002)

pCP20

FLP+, λ cI857+, λ ρ R Repts, AmpR, CamR

(Cherepanov and
Wackernagel 1995)

R

R

Plasmids

134

Table 6.2 PCR primers used in this study.

Name

Sequence (5’->3’) [Restriction Sites Underlined]

pRS101fp

GCGCGTCGACTGCTTCCCTTGAAACCCTGAAACTGATCCCCATAA
TAAGCGAAGTTAGCGAGATGAATGCGAAAAAAACGCGGAGAAATT
CATGACCATGATTACGGATTCAC (SalI)

pRS101rp

GCGCGGATCCTTATTTTTGACACCAGACCAACTG (BamHI)

pRS102fp

GCGCGTCGACGAACTTCAGGCTATAAAACGAATCTGAAGAACACAG
CAATTTTGCGTTATCTGTTAATCGAGACTGAAATACATGACCATGATT
ACGGATTCACTG (SalI)

pRS102rp

GCGCGGATCCCTGATAAGCGCAGCGTATCAG (BamHI)

pRS103fp

GCGCGTCGACAAACTAATGAGACGAATCTGATCGACGCAAAAAGTC
CGTATGCCTACTATTAGCTCATGACCATGATTACGGATTCACTG (SalI)

pRS104fp1

GCGCGTCGACACTAGTATCATTCCGCGAAACGTTTCAGGAAGAGAA
ACTCTTAACGATGACCATGATTACGGATTCACTG (SalI)

pRS104fp2

GAGCGCGTCGACAGCTTATGACTAAGAGCACCACG (SalI)

pRS104rp

GCGCGCACTAGTGTAGCCAGCCAATAAGG (SpeI)

pBADMdfAfp

GCGCGCCTCGAGCAAAATAAATTAGCTTCCGGTGC (XhoI)

pBADMdfArp

GCGCGCAAGCTTTTACCCTTCGTGAGAATTTCCCATCTG (HindIII)

pRSpssAfp

GCGCCTCGAGTTGTCAAAATTTAAGC (XhoI)

pRSpssArp

GGGGAAGCTTACAGGATGCGGCTAATTAATCG (HindIII)

CATfp

GCGCGCGCATGCTGTGACGGAAGATCACTTCG (SphI)

CATrp

GCGCGCGTATACACCAGCAATAGACATAAGCG (AccI)
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6.3 : Results

Fig 6.1 Activation of stress response pathways. Indicated strains were transformed with
plasmids pRS101 (A), pRS102 (B), pSH10 (C), pRS103 (E) or pRS104 (F) to measure induction
of and σ32, σE, Cpx, Rcs and Bae pathways, respectively. The induction of Psp stress response
was determined by using RSP strains (Table 6.1) containing the φ(pspA-lacZ)(AmpR)
chromosomal fusion (D). Cells were grown to exponential phase at 30 °C unless otherwise
136

indicated and assayed for β-galactosidase activity. Growth of TB28 at a higher temperature (44
°C) for 30 min served as a positive control for induction of σ32 (A) and σE (B) stress responses.
Growth of TB28 in alkaline media (LB buffered with 100 mM phosphate buffer at pH 8.5) or in
LB supplemented with 5% ethanol (EtOH) for 40 min served as positive controls for Cpx
induction (C). Growth of RSP28 in LB supplemented with 5% ethanol (EtOH) for 30 min served
as a positive control for activation of the Psp stress response (D). Growth of TB28 in LB
supplemented with either 0.6M NaCl or 5% ethanol (EtOH) for 45 min served as positive
controls for Rcs activation (E). Growth of TB28 in LB supplemented with either 5 mM Indole or
5% ethanol (EtOH) for 1 hr served as positive controls for Bae activation (F). β-gal activity is
expressed as percentage of that displayed by control parent strain TB28. Each bar represents the
average and standard deviation of three replicates of a representative experiment. Statistical
significance was determined by Student’s unpaired t-test. The significance values are represented
as follows: (*) p<0.001 and (**) p<0.01 and unless pointed out, represent the significance of
difference from the control experiment normalized to 100%.

The σ32 cytoplasmic stress response pathway remains uninduced in BC202 while the
σE periplasmic stress response pathway is repressed. It was previously hypothesized that
YqjA and YghB might play critical roles in envelope quality control (Sikdar and Doerrler 2010).
It was also demonstrated that the DedA protein family is essential for both E. coli (Boughner and
Doerrler 2012) and Borrelia Burgdoferi (Liang, Xu et al. 2010). The phenotypes of BC202 are
similar to E. coli strains which are deficient in or which exhibit constitutive activation of certain
stress response pathways (Tsuchido, VanBogelen et al. 1986; Hiratsu, Amemura et al. 1995;
Pogliano, Dong et al. 1998; Shiba, Yokoyama et al. 2004). It has been previously reported that
the single ∆yqjA E. coli mutant elicits Cpx stress response under normal growth conditions, is
sensitive to alkaline pH and yqjA itself is subject to transcriptional regulation by both Cpx (Price
and Raivio 2009) and σE (Dartigalongue, Missiakas et al. 2001). Therefore, activation of various
well-known stress response pathways in an E. coli ΔyqjA ΔyghB double mutant was measured to
better understand the physiological roles of these proteins.
Starting with a ∆lacZYA parent strain TB28 (Bernhardt and de Boer 2003), the single
yqjA and yghB deletions (RS28A and RS28B respectively) as well as the ΔyqjA ΔyghB double
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mutant RS28AB (Table 6.1) were created. As expected, the phenotypes of RS28AB are identical
to BC202 (Thompkins, Chattopadhyay et al. 2008; Sikdar and Doerrler 2010) as it exhibits
similarly inefficient cell division and altered phospholipid composition at all temperatures and
fails to grow at temperatures above 42°C (data not shown). Therefore, RS28AB and BC202 were
used interchangeably depending upon the requirements of individual experiments.
In order to measure the activation of σ32 cytoplasmic stress response in all TB28 strains,
plasmid pRS101 (Table 6.1) was constructed where the expression of lacZ is under the control of
a σ32 regulated grpE promoter (Lipinska, King et al. 1988). The cytoplasmic stress response
pathway is activated by elevated growth temperatures (Guisbert, Yura et al. 2008). TB28 cultures
shifted to 44°C for 30 min exhibit approximately 2-fold induction of β-galactosidase activity
indicating activation of the cytoplasmic stress response pathway. Neither of the single mutant
strains nor the RS28AB double mutant exhibit significant increase of β-galactosidase activity
compared to the parent strain at 30°C indicating that the σ32 pathway is not activated under these
conditions (Fig. 6.1A).
Experiments were also carried out to measure the induction of the σE periplasmic stress
response using plasmid pRS102 (Table 6.1), where expression of lacZ is under the control of the
degP promoter (Dartigalongue, Missiakas et al. 2001). TB28 cultures shifted to 44°C exhibit an
approximately 2.4-fold induction of the σE stress response pathway (Fig. 6.1B) consistent with
previous reports that this pathway is induced by heat stress (Rouviere, De Las Penas et al. 1995;
Duguay and Silhavy 2004). RS28AB exhibits approximately 1.2 fold induction of the σE stress
response at 30°C when compared to the parent TB28. It has been previously reported that the E.
coli degP gene is under the regulation of both Cpx and σE stress response pathways (Danese and
Silhavy 1997; Raivio and Silhavy 1999; Price and Raivio 2009). However, it was verified that
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this degP promoter-lacZ construct responds only to σE induction as strains RS28AB and
RS28ABC (ΔyghB, ΔyqjA, ΔcpxR) display a similar degree of σE induction (Fig. 6.1B). None of
the remaining TB28-derived strains exhibited any significant activation of the σE response at
30°C. The activation of σE stress response system is essential for bacterial survival at elevated
growth temperatures (Hiratsu, Amemura et al. 1995). It was also verified if RS28AB is capable
of activating its periplasmic stress response at higher growth temperatures. Fig. 6.2 shows that
RS28AB is indeed capable of activating the σE stress response at elevated growth temperatures,
but is repressed by its activated Cpx stress response (Fig. 6.1C). RS28ABC lacks the ability to
induce the Cpx stress response (Fig. 6.1C) and exhibits σE activation comparable to the wild-type
at elevated growth temperatures (Fig. 6.2). This is in accordance with previously published
observations that σE and Cpx have partially overlapping regulons (Raivio and Silhavy 1999) and
regulate the expression of the same periplasmic chaperones/proteases (e.g. DegP) (Danese and
Silhavy 1997) necessary for survival at elevated growth temperatures (Lipinska, Fayet et al.
1989; Strauch, Johnson et al. 1989). Taken together, these observations demonstrate that the σE
stress response in BC202 is repressed by its Cpx activation and the σ32 cytoplasmic stress
response remains uninduced under normal growth conditions.
The Cpx stress response pathway is activated in BC202 under permissive
growth conditions. The induction of the Cpx envelope stress response in TB28 and its mutants
was measured using plasmid pSH10 (Shimohata, Chiba et al. 2002), where the CpxR regulated
promoter of cpxP is fused to lacZ, resulting in Cpx dependent β-gal expression. The ∆yqjA strain
RS28A exhibited approximately 2-fold increase in the induction of the Cpx stress response
compared to the parent TB28 (Fig. 6.1C), in agreement with previously published observations
(Price and Raivio 2009). The ∆yghB mutant RS28B exhibits no significant Cpx induction.
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Fig 6.2 Repression of σE stress response in RS28AB. Strains TB28, RS28A, RS28B, RS28C,
RS28AB, and RS28ABC were transformed with plasmid pRS102 to measure induction of the σE
stress response. Cells were grown to exponential phase (OD 600 ~ 0.4 - 0.8) in rich media
supplemented with appropriate antibiotics and assayed for β-galactosidase activity. All strains
were grown at 30 °C as well as exposed to 44 °C for a period of 60 min. β-gal activity is
expressed as percentage of that displayed by control parent strain TB28 grown at 30 °C. Each
bar represents the average and standard deviation of three replicates of a representative
experiment. Statistical significance was determined by Student’s unpaired t-test. The significance
values are represented as follows: (*) p<0.001 and (**) p<0.01 and unless pointed out, represent
the significance of difference from the control experiment. RS28AB fails to induce the σE stress
response at higher growth temperatures but regains this ability to do so upon removal of the cpxR
gene in strain RS28ABC.

RS28AB (∆yqjA, ∆yghB), on the other hand, exhibits about 4.2 fold induction of Cpx stress
response; the degree of induction being similar to previously published observations in a strain
harboring the cpxA24* mutation (Shimohata, Chiba et al. 2002), which results in constitutive
activation of the Cpx stress response. Deletion of cpxR (strains RS28C and RS28ABC) results in
loss of Cpx induction (Fig. 6.1C). Challenging the parent strain TB28 with alkaline media (pH
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8.5) or with 5% ethanol (v/v) in the growth media results in a 3-fold and a 2-fold induction of the
Cpx stress response, respectively. Both of these conditions can induce the Cpx stress response
pathway in E. coli (Danese and Silhavy 1998; Bury-Mone, Nomane et al. 2009; Vogt and Raivio
2012) and they serve as positive controls for Cpx induction in our experiment.
Previous observations from other laboratories have shown that cell division defects arise
due to constitutive activation of the Cpx pathway in E. coli (Pogliano, Dong et al. 1998).
Therefore, we wished to determine the cause and effect of Cpx activation in BC202 and
determine if it results from and/or causes any or all of the phenotypes exhibited by BC202.
Deletion of cpxR in BC202 (strain BC202C) or RS28AB (strain RS28ABC) did not alleviate
their phenotypes. Strain BC202C retains the temperature sensitivity (Fig. 6.4A), altered cell
division (Fig. 6.4H) of BC202. Therefore, it was concluded that the activation of the Cpx
pathway in BC202 is not the cause of any of these phenotypes.
To determine if the Cpx activation in BC202 is the result of any of its phenotypes, Cpx
activation in RS28AB was measured in the presence of 10 mM MgCl 2 or 400 mM NaCl, both of
which correct the cell division (Fig. 6.4F and Fig. 6.4G) and temperature sensitivity (Fig. 6.4B
and Fig. 6.4C) of BC202. It was observed that the level of Cpx activation in RS28AB is
attenuated by approximately 2.0 - 2.3 fold when grown in the presence of 10 mM Mg2+ or 400
mM NaCl, but still remains activated 2-fold over the parent strain grown under similar
conditions (Fig. 6.3A). This observation suggests that the factors which lead to both the cell
division defects and temperature sensitivity in BC202 contribute towards its increased Cpx
activation but is definitely not the root cause of its induction, as both these defects can be
corrected without fully alleviating the Cpx stress response in BC202. This is also supported by
the observation that the single E. coli ΔyqjA mutant does not share the growth and cell division
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phenotypes exhibited by BC202 (Thompkins, Chattopadhyay et al. 2008) yet the Cpx stress
response pathway remains activated. Therefore, it can be concluded that the Cpx pathway is not
indirectly activated in BC202 as a result of its inefficient cell division and temperature
sensitivity. In addition, it is demonstrated (Fig. 6.3B-C) that the altered phospholipid
composition of the yqjA yghB double mutant is not the cause of its Cpx activation as a possibility
indicated by previous observations (Mileykovskaya and Dowhan 1997).
BC202C not only retains all the phenotypes of BC202 but also exhibits additional
prominent phenotypes. Unlike BC202, inclusion of either 10 mM MgCl 2 (Fig. 6.4B) or 400 mM
NaCl (Fig. 6.4C) in the growth media or overexpression of TatABC (Fig. 6.4D) fails to rescue
the growth of BC202C at 43°C. However, similar to BC202 (Fig. 6.4E-G), both 10 mM MgCl 2
(Fig. 6.4I) or 400 mM NaCl (Fig. 6.4J) do correct the cell division defect (Fig. 6.4H) of BC202C.
Therefore, the ability of these additives to rescue growth of BC202 is dependent upon an intact
Cpx pathway. Additionally, BC202C exhibits mucoid colony morphology on LB-agar plates at
30°C (data not shown). The possible reason behind this phenotype is discussed later.
The Psp stress response pathway is activated in BC202 under permissive growth
conditions. Induction of the Psp stress response was measured using strains containing the
chromosomal φ(pspA-lacZ)(AmpR) fusion and were designated as RSP strains (Table 6.1). In
these strains, the expression of lacZ is under the control of PspF regulated pspA promoter as
described (Jovanovic, Lloyd et al. 2006; Engl, Jovanovic et al. 2009). The Psp stress response
pathway is strongly and transiently activated when challenged with conditions which impair
inner membrane integrity, such as exposure to extreme heat shock (48-50°C), 5-10% ethanol or
growth in the presence of CCCP, a strong ionophore which dissipates the proton-motive force
(PMF) at the membrane (Jovanovic, Lloyd et al. 2006; Bury-Mone, Nomane et al. 2009). As
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Fig 6.3 Effect of Mg2+, Na+, low pH and altered phospholipids on RS28AB Cpx activation.
(A) Strains TB28 and RS28AB transformed with plasmid pSH10 (Table 6.1) were grown in rich
media at 30 °C supplemented with appropriate antibiotics with or without 10 mM MgCl 2 and
400 mM NaCl as additives. The pH of the growth media was lowered in indicated cases by
buffering with 100 mM MES at pH 6.0. Cells were harvested from the exponential phase of
growth and assayed for β-galactosidase activity as before. Addition of 10 mM MgCl 2 and 400
mM NaCl or growing the cells at pH 6.0 attenuates the Cpx activation in RS28AB by about 2fold but the Cpx stress response pathway still remains significantly activated when compared to
the parent strain TB28. Activity is expressed as percentage of that displayed by control strain
TB28. Each bar is the average and standard deviation of three replicates of a representative
experiment. Statistical significance was determined by Student’s unpaired t-test. The significance
values are represented as follows: (*) p<0.001 and (**) p<0.01 and unless pointed out, represent
the significance of difference from the control experiment normalized to 100%. (B, C) Strains
TB28 and RS28AB, transformed with plasmids pRSpssAC and pSH10, are designated as
TB28sc and RS28ABsc respectively (Table 6.1). TB28sc and RS28ABsc were grown in rich
media at 30 °C supplemented with appropriate antibiotics and with or without the addition of
0.2% arabinose for overexpression of PssA. Cells were harvested from exponential phase of
growth and assayed for β-galactosidase activity (B) or for determining the phospholipid
composition (C) as explained in materials and methods. Overexpression of PssA at 30 °C in
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RS28ABsc increases production of PE and restores its phospholipid levels closer to that found in
TB28sc under uninduced conditions (C), but the activation of the Cpx stress response remains
unaltered (B). Resolved phospholipids are designated on the TLC autoradiograph (C):
Phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL).

expected, strains RSP28F and RSP28ABF do not exhibit wild-type β-gal activity due to the
absence of PspF (Fig. 6.1D). The control parent strain RSP28 when challenged with 5% ethanol
for 30 min exhibited about 2-fold induction of the Psp stress response respectively and served as
a positive control for this experiment. Interestingly, the ∆yqjA strain RSP28A exhibited a
reproducible 2-fold reduction of Psp stress response compared to the control strain for reasons
that are not clear (see discussion). The ∆yghB strain showed no significant change in Psp
response while the ∆yqjA ∆yghB strain RSP28AB exhibits approximately 2-fold increased
induction of the Psp stress response compared to the control strain (Fig. 6.1D).
The activation of the Psp stress response has been previously associated with impaired
protein translocation via both the Sec and Tat secretion systems and increased expression of
PspA was shown to stimulate both Sec and Tat mediated secretion (Kleerebezem and
Tommassen 1993; Kleerebezem, Crielaard et al. 1996; DeLisa, Lee et al. 2004). These results
have been attributed to the capability of PspA to bind to the inner membrane and prevent proton
leakage (Kobayashi, Suzuki et al. 2007). It has also been shown that efficient Tat mediated
protein secretion relies on the PMF (Alder and Theg 2003; Bageshwar and Musser 2007). These
observations prompted the possibility of a correlation between the cell division defects and
temperature sensitivity of BC202 with its elevated Psp stress response.
Strains BC202F and RS28ABF were constructed by deletion of pspF from strains BC202
and RS28AB, respectively (Table 6.1). Both RS28ABF (not shown) and BC202F (Fig. 6.10D)
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Fig 6.4 Phenotypes of strains BC202 and BC202C under different growth conditions.
Strains BC202 and BC202C (Table 6.1) were streaked onto LB agar plates (A) or LB
supplemented with 10 mM MgCl 2 (B) or 400 mM NaCl (C). Alternatively, BC202 and BC202C
were first transformed with plasmid pBADTatABC (Sikdar and Doerrler 2010) and streaked on
LB-Amp plates supplemented with 0.1% arabinose (D). All plates were incubated at 43 °C
overnight. Strains BC202 (E-G) and BC202C (H-J) were grown at 30 °C to mid-log phase in LB
media (E, H) or LB supplemented with 10 mM MgCl 2 (F, I) or 400 mM NaCl (G, J). Cells
were visualized using a with a Leica DM-RXA2 deconvolution microscope. Similarly,
expression of TatABC partially restores cell division to BC202C (not shown) as was reported for
BC202 (Sikdar and Doerrler 2010).
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retain the temperature sensitivity, and cell division defects (data not shown) of their
corresponding double mutants suggesting that the Psp activation in BC202 is not of the cause of
these phenotypes. Additionally, strain RSP28AB, when grown in media supplemented with 10
mM MgCl 2 , 400 mM NaCl or in rich media of pH 6.0 to correct temperature sensitivity and cell
division, sees a significant reduction in its Psp induction (Fig. 6.5). Therefore, the activation of
Psp stress response in BC202 is independent of its cell division defects and temperature
sensitivity but possibly results from a common causative factor – compromised envelope
integrity coupled with a loss of PMF.
The Rcs stress response pathway is strongly activated in BC202 in an RcsF
dependent manner. In order to measure the induction of Rcs stress response, lacZ was cloned
under the control of the rprA promoter in a low copy vector pACYC184 yielding plasmid
pRS103 (Table 6.1). RprA is a small regulatory RNA, and is under the transcriptional control of
RcsB (Majdalani, Hernandez et al. 2002). The Rcs pathway is strongly induced when E. coli
cultures are exposed to 5% ethanol or 0.6M NaCl (Bury-Mone, Nomane et al. 2009) and both of
these conditions serve as positive controls for Rcs activation in our experiment. Growth of the
parent strain TB28 harboring plasmid pRS103 in 5% ethanol or 0.6M NaCl for 45 minutes led to
about 5 and 7-fold activation of the Rcs stress response, respectively (Fig. 6.1E). The single
∆yqjA mutant exhibited a small but significant (p<0.01) 1.3 fold activation of Rcs response over
the control parent strain. Surprisingly, RS28AB exhibited an extremely strong (about 12-fold)
induction of the Rcs stress response under normal growth conditions with activation levels
similar to that found in constitutively active ∆rcsC mutants (Shiba, Yokoyama et al. 2004). This
strong activation seem to be at least partially dependent on the OM lipoprotein RcsF, because
deletion of rcsF in RS28AB (strain RS28ABrcsF) led to about 4-fold reduction of the Rcs stress
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Fig 6.5 Effect of Mg2+, Na+, and low pH on RSP28AB Psp activation. Strains RSP28 and
RSP28AB (Table 6.1) were grown in rich media at 30°C supplemented with appropriate
antibiotics with or without 10 mM MgCl 2 and 400 mM NaCl as additives. The pH of the growth
media was lowered in indicated cases by buffering with 100 mM MES at pH 6.0. Cells were
harvested from the exponential phase of growth and assayed for β-galactosidase activity as
before. Addition of 10 mM MgCl 2 and 400 mM NaCl to the growth media or lowering its pH to
6.0 partially but significantly attenuates the Psp activation in RSP28AB. Standard deviation and
statistical significance were determined as in Figure S1. The significance values are represented
as follows: (*) p<0.001, (**) p<0.01 and (***) p<0.05 and, unless pointed out, represent the
significance of difference from the control experiment.

response, but it still remains about 3-fold activated compared to the control parent strain (Fig.
6.1D). Deletion of response regulator rcsB led to a decrease in the β-gal activity in both the
parent (strain RS28R) and yqjA yghB double mutant (strain RS28ABR) both of which fell below
the normal wild-type induction levels.
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The strong Rcs activation in BC202 automatically begs the question if the temperature
sensitivity of BC202, which also results from cell lysis after about a 2 hr growth at nonpermissive temperatures (Thompkins, Chattopadhyay et al. 2008), is due to its strong Rcs
activation. Therefore, it was verified if the activation of Rcs phosphorelay in BC202 is related in
any way to its phenotypes. Both RS28ABR and BC202R retain the characteristic cell division
defects (data not shown) and temperature sensitivity (Fig. 6.10Ei), even when the Rcs activation
has been attenuated by the removal of the transcriptional response regulator RcsB (Fig. 6.1D).
This suggests that Rcs activation in BC202 is not the cause of its cell division defects and
temperature sensitivity. Growth of the strain RS28AB harboring pRS103 in LB supplemented
with 10 mM MgCl 2 completely alleviated the Rcs stress response while addition of 400 mM
NaCl in growth media or growth in acidic media (pH 6.0) partially but significantly attenuated
the Rcs response in RS28AB (Fig. 6.6). All of these growth conditions can restore the cell
division and temperature sensitivity of BC202/RS28AB (this study and (Thompkins,
Chattopadhyay et al. 2008)). These results led to the conclusion that the cell division and
temperature sensitivity of BC202 are unrelated to its Rcs activation and probably share a
common cause as or an effect stemming from a perturbed envelope.
The Bae stress response is significantly activated in BC202. In order to measure the
activation of Bae stress response system, lacZ was cloned under regulation of the BaeR
responsive mdtA promoter in the low-copy vector pACYC184 resulting in the plasmid pRS104
(Table 6.1). The promoter of mdtA is dependent on both CpxR and BaeR for optimal activation
(Hirakawa, Inazumi et al. 2005). Since the Cpx pathway is already induced in BC202, it was
verified if pRS104 responds to only Cpx activation. As shown in (Fig 1E), deletion of cpxR did
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Fig 6.6 Effect of Mg2+, Na+, and pH 6.0 on RS28AB Rcs activation. Strains TB28 and
RS28AB harboring plasmid pRS103 (Table 6.1) were grown in rich media at 30 °C
supplemented with appropriate antibiotics with or without 10 mM MgCl 2 and 400 mM NaCl as
additives as well as in LB media of pH 6.0 buffered with 100 mM MES. Cells were harvested
from the exponential phase of growth and assayed for β-galactosidase activity. Addition of 10
mM MgCl 2 in the growth media completely attenuates the Rcs activation in RS28AB. On the
other hand, 400 mM NaCl in the growth media or growth in LB media of pH 6.0 causes a partial
yet significant attenuation of Rcs activation in RS28AB. Standard deviation and statistical
significance were determined as in Fig. 6.5.

lower the mdtA promoter activity in both TB28 and RS28AB (strains RS28C and RS28ABC
respectively) but RS28ABC still exhibits about 2-fold induction of the Bae stress response
compared to TB28. This corresponds to previous reports that the mdtABCD operon remains
either largely unaffected by several Cpx activating conditions, such as CpxR overexpression or
by the constitutively activating cpxA24* allele, or even negatively regulated by conditions such
as NlpE overexpression (Price and Raivio 2009). The well-known activators of the Bae stress
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response in E. coli are indole and ethanol (Hirakawa, Inazumi et al. 2005; Bury-Mone, Nomane
et al. 2009). Both of these conditions were used as positive controls in our experiment. Exposure
of the parent strain TB28 to 5% ethanol and 5 mM indole for an hour resulted in a 3.6-fold and a
5-fold induction of the Bae stress response, respectively (Fig. 6.1E). Deletion of baeR resulted
in reduction of wild-type promoter activity to below wild-type levels in both parent (strain
RS28bae) and yqjA yghB double mutant (strain RS28ABbae). RS28AB exhibited about a 2.8
fold activation of the Bae stress response pathway (Fig. 6.1E). Deletion of baeR in either
RS28AB or in BC202 resulted in strains RS28ABbae and BC202bae respectively. Both these
triple mutants retain the temperature sensitivity (BC202F; Fig. 6.10Ek) and cell division defects
(data not shown) of their corresponding double mutants. Growth of the strain RS28AB harboring
pRS104 in LB supplemented with 10 mM MgCl 2 or 400 mM NaCl or in acidic media (pH 6.0)
partially but significantly alleviated its Bae activation (Fig. 6.7). All of these growth conditions
can restore the cell division and temperature sensitivity of BC202/RS28AB (this study and
(Thompkins, Chattopadhyay et al. 2008). Taken together, these results suggest that, similar to the
Cpx, Psp and the Rcs stress responses observed in BC202, Bae activation is also independent of
its growth and cell division phenotypes and thus share a common cause – a perturbation in the
envelope.
BC202 exhibits a significant loss of membrane potential. The proton-motive force
(PMF) in E. coli comprises of two components – the transmembrane electrical membrane
potential difference Δψ (= ψ in – ψ out ) with ψ in (electrical potential inside) being more negative
than ψ out (electrical potential outside) and the transmembrane pH difference ΔpH (= pH in –
pH out ) with pH in (intracellular pH) being more alkaline than pH out (extracellular pH) under
normal growth conditions. This pattern varies due to physiological processes involved in PMF
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Fig 6.7 Effect of Mg2+, Na+, and pH 6.0 on RS28AB Bae activation. Strains TB28 and
RS28AB harboring plasmid pRS104 (Table 6.1) were grown in rich media at 30 °C
supplemented with appropriate antibiotics with or without 10 mM MgCl 2 and 400 mM NaCl as
additives as well as in LB media of pH 6.0 buffered with 100 mM MES. Cells were harvested
from the exponential phase of growth and assayed for β-galactosidase activity. Addition of 10
mM MgCl 2 and 400 mM NaCl or growing the cells at pH 6.0 attenuates the Bae activation in
RS28AB by about 2.0 - 2.5 fold but the Bae stress response pathway still remains significantly
activated when compared to TB28. Standard deviation and statistical significance were
determined as in Figure 6.5.

homeostasis when E. coli cells are subjected to adverse growth conditions like alkaline pH
(Krulwich, Sachs et al. 2011). Any alteration in one component of the PMF results in a
simultaneous compensative change in the other which maintains an optimal PMF and nearly
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constant cytoplasmic pH over a diverse range of growth conditions (Krulwich, Sachs et al.
2011).
It has been previously demonstrated (Jovanovic, Engl et al. 2010; Engl, Beek et al.
2011) that loss of envelope integrity leading to dissipation of PMF results in induction of the Psp
stress response. Efficient Tat mediated secretion of substrates also relies on optimal PMF (Alder
and Theg 2003; Bageshwar and Musser 2007; Palmer and Berks 2012). RS28AB exhibited about
a 2-fold induction of the Psp stress response under normal growth conditions compared to TB28
(Fig. 6.1D) alongside a defect in cell division resulting from inefficient Tat mediated secretion of
periplasmic amidases AmiA and AmiC (Sikdar and Doerrler 2010). Therefore, the relative
membrane potential of BC202 was measured using a previously described protocol (Jovanovic,
Lloyd et al. 2006; Engl, Beek et al. 2011) relying on the JC-1 red/green dye based assay. JC-1 is
a membrane permeant dye which in its monomeric form emits a green fluorescence (~530 nm)
when excited. It exhibits a potential dependent accumulation at the bacterial membranes, which
causes formation of J-aggregates whose fluorescence emission shifts from green to red (~590
nm).

Consequently, we can express the membrane potential as a ratio of its red/green

fluorescence intensities.
BC202 (Fig. 6.8B, D) exhibits a significant loss of membrane potential compared to
W3110 (Fig. 6.8A, D). W3110 treated with 100 µM CCCP for 20 minutes (Fig. 6.8C) results in a
loss of membrane potential as indicated by its high green/red ratio (Fig. 6.8D). Since BC202
cells are mostly in chains of varied shapes and sizes, a chain of cells was considered as a single
unit from wherein its total red and green fluorescence intensities were calculated. BC202 chains
containing lower numbers of cells per chain (<4) often exhibited a membrane potential which is
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Fig 6.8 Assessment of the membrane potential (Δψ) using JC-1 red/green dye based assay.
Strains W3110, W3110F, BC203, BC204, BC202 and BC202F transformed with empty vector
pBADhisA and BC202 harboring plasmid pBADMdfA were grown in LB-Amp media. BC202
harboring pBADMdfA was grown in the presence of 0.2% arabinose. W3110 treated with 100
µM CCCP for 20 min served as a control for loss of Δψ. As indicated, strains were either grown
at 30 °C or 44 °C. Membrane potential at higher growth temperatures was determined by
growing strains W3110, BC202 and BC202 harboring pBADMdfA at 44°C for 1 hr. All strains
were treated with JC-1 dye in a permeabilization buffer as described in materials and methods
and subjected to fluorescence deconvolution microscopy. The red and green intensities were
captured using the TRITC (590 nm; exposure time 300 ms) and the GFP (530 nm; exposure time
1500 ms) filter sets respectively and quantified using Slidebook software. (A-C) Fluorescent redgreen overlay images of (A) W3110, (B) BC202 and (C) W3110 treated with CCCP. (D)
Changes in Δψ are presented as the green (530 nm)/red (590 nm) ratio. Each bar represents the
mean and standard deviation of the ratio of total red and green intensities determined from 100
cell units (cells or chains) from three independent experiments. Statistical significance was
determined by Student’s unpaired t-test. The significance values are represented as follows: (*)
p<0.001 and (**) p<0.01. Increase in the green/red ratio indicates a decrease in membrane
potential Δψ.
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comparable to the wild-type parent but longer chains were often characterized by more green and
minimal red regions. Deletion of PspF in the yqjA/yghB double mutant results in loss of Psp
induction (Fig. 6.1D) and subsequently, there is a significantly increased loss of membrane
potential in BC202F compared to BC202 (Fig. 6.8D). The single deletion mutants BC203 and
BC204 demonstrate a small degree of membrane potential deficiency compared to the parent but
not as significant as BC202. BC202 subjected to higher growth temperature of 44°C for 1 hr
exhibited a similar degree of membrane potential deficiency as when it is grown at 30°C. These
results demonstrate that the induction of Psp stress response in BC202 is an effect of its loss of
membrane potential under normal growth conditions. This deficiency in membrane potential
exacerbates when BC202 is stripped of its ability to activate the Psp stress response.
The cell division defect and temperature sensitivity of BC202 can be rescued by
either overexpression of MdfA or growth at pH 6.0. Isolation of multicopy suppressors of
BC202 was done following a previously described protocol (Doerrler and Raetz 2005). Using an
E. coli genomic library based upon plasmid pACYC184, plasmids that restored the growth of
BC202 at 42 °C were isolated and inserts were sequenced. One of the sequenced inserts was
found to contain 4 genes - mdfA, ybjH, ybjI and ybjJ. We cloned mdfA, which codes for a
multidrug transporter with Na+/K+-H+ antiporter functions (Lewinson, Padan et al. 2004), with an
N-terminal His-tag under the regulation of an arabinose inducible promoter (vector pBADMdfA;
Table 6.1). Fig. 6.9E demonstrates overexpression of H 6 -MdfA from pBADMdfA in an
arabinose-dependent manner on a western blot. BC202 competent cells transformed with empty
vector pBADhisA and vector pBADMdfA were streaked in the absence (Fig. 6.9C) or presence
(Fig. 6.9D) of 0.1% arabinose on LB-Amp plates and grown overnight at 43°C.
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BC202

harboring empty vector pBADhisA fails to grow under either condition while BC202 harboring
vector pBADMdfA grows at 43°C only in the presence of 0.1% arabinose. In addition, normal
cell division is also restored to BC202 when MdfA is overexpressed at 30 °C (Fig. 6.9B). It is
interesting to note that the rescue of the cell-division defect of BC202 by MdfA is only evident at
normal growth temperatures and lost at higher growth temperatures (not shown). At higher
growth temperatures (Fig. 6.8D), overexpression of MdfA seems to have a minimal effect on the
Δψ deficiency of BC202. MdfA overexpression also restores growth of strains BC202C (Fig.
6.10Cf), BC202F (Fig. 6.10Fh), BC202R (Fig. 6.10Fj) and BC202bae (Fig. 6.10Fl) at 43°C.
Inability to maintain optimal PMF at neutral pH can be overcome by growth under acidic
conditions. This passively eliminates the need for the cell to generate a large Δψ by providing an
enhanced proton gradient (Krulwich, Sachs et al. 2011) (pH out < pH in ). 100 mM MES was used
to buffer LB at pH 6.0. The Na+ concentration in the buffered LB media was made equivalent to
the normal LB growth media routinely used in the lab (~170 mM). BC202 grown in buffered LB
media of pH 6.0 displays normal cell division (Fig. 6.11F) and growth at 43°C (Fig. 6.11B),
unlike when it is grown in LB media of pH 7.0 (Fig. 6.11A). A similar correction of phenotypes
is observed when BC202C, BC202F, BC202R and BC202bae are grown in buffered LB media of
pH 6.0 (Fig. 6.11B and data not shown).
Taken together, these results demonstrate that MdfA is a potent suppressor of the cell
division and temperature sensitive phenotypes exhibited by BC202. Similar results are observed
by mild acidification of the growth media. The commonality between these suppressors is that
they enhance the proton influx across the inner membrane. These results strongly support the
hypothesis that YqjA/YghB plays an important role in PMF/pH homeostasis.
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Fig 6.9 MdfA overexpression rescues the phenotypes of BC202. (A-B) Normal cell division is
restored to BC202 at 30 °C in the presence of 0.2% arabinose (B) which induces MdfA
expression from the plasmid. (C-D) BC202 harboring empty vector pBADhisA or vector
pBADMdfA was streaked on LB-Amp-agar plates in the absence (C) or presence (D) of 0.1%
arabinose and incubated overnight at 43°C. BC202 harboring pBADhisA (right side of plates)
fail to grow on either plate. BC202 harboring pBADMdfA (left side of plates) grows only in the
presence of 0.1% arabinose. (E) Western blot showing MdfA overexpression in BC202 from
pBADMdfA in an arabinose dependent manner.
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Fig 6.10 Effect of MdfA overexpression on various BC202 derivatives at 43°C. Strains
W3110 (a, b), BC202 (c, d), BC202C (e, f), BC202F (g, h), BC202R (i, j), and BC202bae (k, l),
transformed with either empty vector pBADhisA (a, c, e, g, i, k) or with plasmid pBADMdfA (b,
d, f, h, j, l), were streaked on LB-Amp-agar plates with (C, F) or without (A, B, D, E) 0.2%
arabinose and incubated overnight at 30 °C (A, E) or 43 °C (B, C, E, F). Overexpression of
MdfA from plasmid pBADMdfA restored growth to BC202 (Bd versus Cd), BC202C (Bf versus
Cf), BC202F (Eh versus Fh), BC202R (Ej versus Fj) and BC202bae (El versus Fl).
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Fig 6.11 Effect of pH 6.0 on W3110, BC202 and BC202C. Strains W3110, BC202 and
BC202C, harboring empty vector pBADhisA, were grown in LB-Amp media of pH 7.0 and LBAmp media (buffered with 100 mM MES) of pH 6.0 at 30 °C. The cell chaining of BC202 (E)
observed in LB media of pH 7.0 are corrected in LB media of pH 6.0 (F). The cell division of
W3110 (C and D) is unaltered in growth media of either pH. The temperature sensitivity of
BC202 and BC202C (A) observed on LB-agar plates of pH 7.0 at 43 °C is rescued (B) when they
are grown in LB-agar plates of pH 6.0 at 43 °C.
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6.4 : Discussion
The DedA family of membrane proteins is highly conserved and likely essential in many
bacterial species. E. coli encodes as many as eight dedA family genes and a distinct phenotype is
not observed unless yqjA and yghB are simultaneously deleted (Thompkins, Chattopadhyay et al.
2008). This chapter analyzes the induction of several stress responses and discovered that the
Cpx, Psp, Rcs and Bae envelope responses are significantly activated in the ∆yqjA ∆yghB strains
(BC202 and RS28AB) under normal growth conditions (Fig. 6.1). The σE periplasmic stress
response pathway, however, seemed to be repressed by the Cpx stress response while the σ32
cytoplasmic stress response pathway remained uninduced. These results strongly support the
argument that BC202 experiences significant envelope stress when grown under permissive
conditions and that YghB/YqjA play a critical role in envelope homeostasis.
The effect of the induction of multiple envelope stress response pathways on the other
observable phenotypes of BC202, namely temperature sensitivity and altered cell division, was
also determined in this study. Induction of Cpx stress response is a distinct phenotype and is
independent of the other major phenotypes exhibited by BC202. While deletion of cpxR from
BC202 (strain BC202C; Table 6.1) eliminates the activation of Cpx response, BC202C retains all
of the phenotypes exhibited by BC202. In addition, growth of BC202C at 42 °C is not rescued by
the presence of millimolar concentrations of Mg2+ or 400 mM of NaCl in growth media (Fig.
6.4).

Similarly, deletion of pspF, rcsB and baeR from BC202 (strains BC202F, BC202R and

BC202bae respectively) eliminated the activation of the Psp, Rcs and Bae stress response
pathways, respectively, in BC202. All of these strains retained the cell division and temperature
sensitivity of BC202 and, unlike BC202C, were rescued by suppressors which are capable of
rescuing the phenotypes of BC202 namely growth in 10 mM Mg2+ or 400 mM Na+.
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In addition to the phenotypes mentioned above, BC202C also exhibits a slower growth
rate than BC202 and exhibits enhanced mucoid colony morphology on LB-agar plates at 30°C
(data not shown). While BC202 exhibits a strong activation of the Rcs stress response pathway,
it does not exhibit visible mucoid colony morphology on LB-agar plates. The colanic acid
biosynthetic genes (cps) need to be upregulated for this phenotype and such upregulation relies
on both RcsB and RcsA (Majdalani and Gottesman 2005). The rprA promoter based reporter
assay that is described in this study relies only on RcsB to take effect. This observation can be
explained in light of previously published data which indicates that activation of Cpx upregulates
the transcriptional regulator H-NS (Bury-Mone, Nomane et al. 2009), which in turn represses the
transcriptional levels of RcsA (Sledjeski and Gottesman 1995). Hence, BC202, which exhibits a
strong induction of the Cpx stress response as well as the Rcs stress response, do not exhibit
mucoid colony morphology. In the absence of cpxR gene in BC202C, it is possible that the H-NS
levels are downregulated and consequently RcsA levels are elevated enough to allow enhanced
colanic acid production and subsequent mucoid colony formation.

Surprisingly, BC202F,

BC202R and BC202bae do not show any apparent additional phenotypes.
The induction of the Psp stress response in BC202 is reflective of the fact that the
membrane potential is significantly lower in BC202 compared to W3110. The single yqjA
mutant, surprisingly, demonstrated a greater-than-50% decrease in wild-type transcriptional
levels of the pspA promoter (Fig. 6.1D). Previous observations demonstrate that in absence of
cpxR, the PspF levels were increased 3-fold (Bury-Mone, Nomane et al. 2009). This might
indicate that the activation of Cpx stress response in the single yqjA mutant represses the PspFdependent pspA promoter activity.
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The Rcs pathway is strongly induced in BC202 with activation similar to that found in
constitutively active ∆rcsC mutants (Shiba, Yokoyama et al. 2004). The activation is at least
partially dependent on RcsF. The Rcs pathway is necessary for RpoS-mediated acid and base
resistance and the small regulatory RNA RprA plays an important role in the translational
regulation of RpoS (Small, Blankenhorn et al. 1994; Majdalani, Hernandez et al. 2002). It is
difficult to say at this point if the Rcs stress response observed in BC202 is a result of its loss of
PMF homeostasis, as have been proposed. It is possible that BC202 might be trying to prevent
proton leakage and the induction of Psp stress response is not sufficient enough to downregulate
non-vital processes like motility to conserve protons. Similar to the Psp stress response
(Jovanovic, Lloyd et al. 2006; Jovanovic, Engl et al. 2010) the activation of Rcs stress response
has been reported to downregulate motility in the early stages of biofilm formation (Majdalani
and Gottesman 2005). It is also possible that the Rcs induction in BC202 is a completely
independent effect resulting from a general perturbation of the envelope which affects its
composition such as mutations in membrane-derived oligosaccharide glycosyltransferases
(mdoH) (Ebel, Vaughn et al. 1997), alterations in lipoprotein transport and localization (Chen,
Takeda et al. 2001; Nagahama, Oshima et al. 2007), perturbations of the peptidoglycan layer
(Laubacher and Ades 2008) and changes in the phosphorylation levels of undecaprenyl carrier
lipid (Huang, Ferrieres et al. 2006). The Bae stress response aims to secrete toxic compounds
out of the cytoplasm by increasing the expression of multidrug transporters, which are often
associated with proton antiport (Nishino, Honda et al. 2005).
A new multicopy suppressor for BC202 (Fig. 6.9) is also reported in this study – the
multidrug transporter MdfA which plays a very important role in PMF homeostasis and mediates
alkalitolerance via a potent Na+/K+-H+ antiport activity (Lewinson, Padan et al. 2004).
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Earlier data indicate that the single yqjA deletion mutant of E. coli is sensitive to alkaline pH as
is the single cpxR deletion mutant (Price and Raivio 2009). The fact that exposure of E. coli to
alkaline media activates the Cpx stress response (Danese and Silhavy 1998; Vogt and Raivio
2012) and that yqjA is under the transcriptional regulation of CpxR (Price and Raivio 2009)
coupled with the aforementioned observations led to the hypothesis that while the Cpx twocomponent stress response system acts the upstream sensor and signal mediator for external
alkalinity, YqjA is a downstream player which participates in alkalitolerance either directly or
indirectly. Under normal growth conditions, the single yqjA deletion mutant does not display any
apparent phenotypes like BC202 except the Cpx stress response is significantly turned on. It is
only when yghB is additionally deleted, the Cpx activation not only gets stronger compared to
the single yqjA deletion mutant but also it starts displaying apparent phenotypes like cell division
and temperature sensitivity. On the other hand, the yghB gene is neither under Cpx regulation nor
the single yghB deletion mutant elicits the Cpx stress response similar to the single yqjA deletion
mutant. Therefore, it is evident that the importance of YghB only arises in the absence of YqjA.
Our lab is presently undertaking qPCR based quantification of the transcriptional levels of the
entire DedA protein family in E. coli in multiple DedA mutants, which will reveal if the yghB
mRNA levels are increased in the absence of YqjA. At this point we can say that YghB shares
the physiological role(s) of YqjA to some extent and offers significant protection to the cell in
the absence of YqjA. In their absence, E. coli seems to suffer from a stress (under normal growth
conditions) which is quite similar to when it is challenged with alkaline growth conditions. The
usually effective way to counter such a stress is to prevent alkalification of the cytoplasm and
generate increased Δψ (more negative) to offset the corresponding reversed ΔpH and maintain an
optimal pmf. Contrary to this, BC202 exhibits a lower membrane potential even under normal
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growth conditions. The ΔpH of BC202 is not presented in this study. However, speculations can
arise in light of previously published data which shows that neither the loss of membrane
potential nor the loss of proton gradient alone is sufficient enough to elicit the Psp stress
response (Engl, Beek et al. 2011). This suggests that BC202 will possibly display an altered
transmembrane H+ gradient compared to W3110 in addition to the loss of Δψ. These
observations and speculations possibly explain the inefficient Tat pathway in BC202 (Alder and
Theg 2003; Bageshwar and Musser 2007) and can also explain cell lysis when BC202 is exposed
to higher growth temperatures.

It is possible that the physiological PMF/pH homeostasis

mechanism breaks down at higher temperatures in BC202 possibly through its inability to
maintain the necessary proton gradient. This can be compensated by exposure of BC202 to low
pH media which provided the necessary proton gradient to compensate for the loss of membrane
potential and hence rescued its cell division and temperature sensitive phenotypes.
Based on the characteristics of the suppressor MdfA, the phenotypes of BC202 are likely
the result of an impaired PMF homeostasis mechanism, which is inefficient at all growth
temperatures. The activation of the Psp stress response and the loss of Δψ in BC202 under
normal growth conditions support this idea. Further evidence to support this hypothesis comes
from the observation that lowering the pH of growth media, which strengthens the pmf by
providing an enhanced ΔpH and promotes proton influx across the membrane, corrects the cell
division and temperature sensitivity of BC202 (Fig. 6.11). The phenotype-rescuing capability of
Mg2+ and Na+ (Thompkins, Chattopadhyay et al. 2008) can be explained on similar lines.
Increased Mg2+ levels can have multiple effects on the bacterial cells – it can support/enhance
membrane integrity in general and have specific effects like inhibiting the proton extruding
ATPase activity of the F 0 F 1 -ATP synthase machinery (Ye, Du et al. 1989; Bulygin and
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Vinogradov 1991). It is important to note that when bacterial cells are exposed to conditions
which require proton influx into the cytoplasm, such as alkaline growth conditions, the
expression of proton pumping F 0 F 1 -ATP synthase is elevated in E. coli along with a repression
of proton-extruding respiratory chain complexes (Krulwich, Sachs et al. 2011). Monovalent
cations like Na+ can stimulate the activity of several classes of Na+/K+ - proton antiporters, many
of which have a central role in pH homeostasis under a variety of growth conditions for example
NhaA (Padan, Bibi et al. 2005; Mager, Rimon et al. 2011) and MdfA (Lewinson, Padan et al.
2004). Further studies are in progress to verify these hypotheses. However, since both Mg2+ and
Na+ rely on the Cpx activation to rescue the temperature sensitivity of BC202, it is possible some
Cpx induced gene or genes is required for these conditions to rescue the growth defect of BC202.
While the identity of this gene is not known, the list of Cpx induced genes in E. coli is not
exhaustively long (Bury-Mone, Nomane et al. 2009; Price and Raivio 2009) and experiments are
in progress to answer this question.
Based on the observations presented in this study, YqjA/YghB seems to play a role in
PMF homeostasis. This is also in accordance with previously published observations (Price and
Raivio 2009) that YqjA is indispensable for E. coli for adaptation to alkaline pH. YqjA/YghB
can execute this role either directly as proton transporters or indirectly as regulators/modulators
of an existing pH homeostasis mechanism. The idea that they may be a novel class of
transporters with possible proton antiport functions similar to MdfA is indeed intriguing. NCBI
BLAST showed no significant amino acid similarity of YqjA/YghB to any existing class of
transporters. However evidence does exist which provide credence to this idea. The DedA
protein family bear limited similarity to the LeuT family of transporters as they potentially share
a common ancestor as revealed by a novel type of evolutionary analysis known as AlignMe
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(Khafizov, Staritzbichler et al. 2010). The DedA homolog of Ralstonia metallidurans have been
implicated to function in selenite uptake by the bacterium (Ledgham, Quest et al. 2005). The
Mycobacterium DedA homolog BCG2664 has been found to confer resistance to a macrocyclic
alkaloid halicyclamine-A (Arai, Liu et al.) and as is often the case with macrocyclic drugs,
resistance is conferred by the action of several classes of multidrug transporters which help to
secrete the drug outside the cell (Zechini and Versace 2009). All these evidence suggest a
potential role as a novel class of transporters for YqjA/YghB.
Since MdfA overexpression rescues the temperature sensitivity of BC202, it is highly
likely that the proton antiport (influx) function of MdfA is responsible for that observation. It is
possible that the pH in of BC202 is more alkaline under normal growth conditions due to
inefficient pH homeostasis. This hypothesis can explain how overexpression of MdfA can rescue
the phenotypes of BC202 by promoting proton influx and lowering the cytoplasmic pH. The
phenotype rescuing capability of low pH media can be explained on similar lines. Growth in
acidic pH can reinforce the pmf in BC202 by enhancing the ΔpH component thus rescuing the
cell division defect. Additionally, the enhanced proton gradient provided by acidic media leads
to increased proton influx across the inner membrane which rescues the temperature sensitivity
of BC202 by lowering the cytoplasmic pH. Acidification of the cytoplasm below the threshold is
prevented by several mechanisms which participate in acid resistance (Krulwich, Sachs et al.
2011). Both MdfA and lower external pH alleviate alkaline stress by enhancing proton influx
across the inner membrane and consequently acidifying the cytoplasm. Further studies will test
these ideas and try to pinpoint functions of the DedA membrane proteins.

165

CHAPTER 7
CONCLUSIONS: THE ROLE(S) OF YqjA AND YghB
In the final chapter of this dissertation, the major conclusions derived from this research
will be laid out in a point-by-point manner. At the end, a hypothetical working model of the
YqjA/YghB proteins will be proposed based on present knowledge and experimental data. In
addition, some new insights and experimental data, which could not be included in the major
chapters, will be elaborated upon. Finally, possible future experimental undertakings to fill out
the missing holes in the hypothesis and based on present knowledge will be proposed.
7.1 : Major conclusions
E. coli YqjA and YghB belong to the bacterial DedA protein family, which is conserved
across diverse phylogenies. The precise functions of this family in general is yet uncharacterized.
In an attempt to establish the physiological roles of YqjA and YghB in the cell, the phenotypes
resulting from a simultaneous deletion of yqjA and yghB were investigated in E. coli. One such
double mutant is the strain BC202, which has been created by deleting both yqjA and yghB in a
genetic background of a wild-type E. coli K-12 strain designated as W3110 (Thompkins,
Chattopadhyay et al. 2008). Similar deletions have been done or isolated in other E. coli K-12
derived genetic backgrounds such as BW25113, designated as BC201 (Thompkins,
Chattopadhyay et al. 2008), W3110A, designated as Lud135 (Thompkins, Chattopadhyay et al.
2008) and MG1655, designated as RS28AB (Chapter 6; Sikdar and Doerrler, submitted). All of
these ΔyqjA ΔyghB strains demonstrate multiple intriguing phenotypes such as a characteristic
cell division defect, inability to grow at temperatures above 42°C and an altered membrane
phospholipid composition profile. The research work presented here focuses on BC202, the
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representative double deletion strain of E. coli. The phenotypes of BC202 have been
characterized and the details are presented below:
(A) The cell division defect of BC202 is the result of an inefficient export of periplasmic
amidases, AmiA and AmiC, by the Twin-Arginine Transport (Tat) protein translocation
pathway. AmiC is a periplasmic component of the cell division machinery. Both AmiA
and AmiC catalyze the last step in the cell division process i.e. separation of the daughter
cells. The consequent abortion of the separation of daughter cells of BC202 results in cell
chaining. This phenotype can be easily corrected by overproducing either of the
periplasmic amidases or the components of the Tat pathway.
(B) The altered phospholipid composition of BC202 results in reduced levels of the neutral
phospholipid PE and increased levels of acidic phospholipids PG and CL at all growth
temperatures. This alteration is likely resulting from an adaptive response to loss
envelope integrity. The biochemical activity of the enzyme PssA, responsible for
catalyzing a major step in the production of PE, is subjected to adaptive regulation in
BC202. This phenotype is unique and independent of the cell division defects and
temperature sensitivity of BC202.
(C) BC202 demonstrates a significant loss of general envelope integrity. The major envelope
stress response pathways – Cpx, Psp, Rcs and Bae are strongly induced in BC202 under
permissive growth conditions. At least part of this loss of envelope integrity is reflected
by a loss of membrane potential. The cell division defect and the temperature sensitivity
of BC202 is likely the effect of a general loss of proton-motive force (PMF) and an
inefficient PMF homeostasis mechanism. All phenotypes of BC202 can be corrected by
overexpression of the novel suppressor MdfA, a powerful Na+/K+-H+ antiporter with
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prominent roles in PMF homeostasis or just by subjecting the cells to mild acidic pH.
Other phenotypes are possibly attributed to this effect, as the general loss of envelope
integrity can be related to the loss of PMF.
7.2 : The physiological roles of YqjA and YghB in E. coli
Based on the observations and descriptive dissection of the phenotypes exhibited by
BC202, it is proposed that YqjA/YghB plays important and general roles in envelope
maintenance and quality control, and mediates the homeostasis of PMF at the IM. Although, the
exact molecular mechanism that YqjA/YghB employs to achieve this suggested role is yet not
established, possible mechanistic models, supported by present knowledge and understanding,
are proposed to exemplify the same. The models are shown in Fig. 7.1 and Fig. 7.2.
Fig. 7.1A illustrates the role for YqjA/YghB as a novel class of transporters with proton
antiport functions similar to MdfA. MdfA plays important roles in PMF homeostasis especially
when the cells are exposed to alkaline pH (Lewinson, Padan et al. 2004). Deletion of MdfA
makes E. coli sensitive to even mild alkaline conditions– the cells grow poorly even at pH 7.5.
Overexpression of MdfA results in extreme alkalitolerance which results in E. coli growing at
pH 10, a niche well beyond the capability of neutralophiles and occupied by obligatory
alkaliphiles (Lewinson, Padan et al. 2004). The Cpx stress response pathway as well as YqjA is
indispensable for growth in alkaline conditions, as is YqjA – deletion of either cpxR or yqjA
results in sensitivity to alkaline pH (Price and Raivio 2009). Now, since YqjA is under the
transcriptional regulation of CpxR, it can be concluded that YqjA is the necessary element for
adaptation to alkaline pH. Indeed, BC202 is sensitive to alkaline pH – it does not survive in LB
buffered with phosphate buffer at pH 8.8 at 30°C. The induction of the Cpx and Psp stress
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responses, the loss of PMF under permissive growth conditions suggests that BC202 is
experiencing an “alkaline stress” even at neutral pH.
Several mechanisms of pH homeostasis employed by E. coli have been discussed in
chapter 5. The common mechanistic motif during adaptation to alkaline pH is to increase proton
influx into the cytoplasm and decrease or prevent proton loss. This is achieved by increasing the
expression and activity of proton transporters, which uses the enhanced membrane potential
(electroneutral transport) to pump protons into the cytoplasm often in lieu of divalent or
monovalent cation export (such as MdfA, ChaA, NhaA, NhaB etc.) (Krulwich, Sachs et al.
2011). Indeed, factors that promote proton influx such as overexpression of MdfA as well as
TatABC [The Tat translocons transport ~105 protons into the cell for translocation of 1 molecule
of the substrate (Alder and Theg 2003; Palmer and Berks 2012)], or growth in mildly acidic
media corrects the cell division and temperature sensitive phenotypes of BC202.
Fig. 7.1A demonstrates proton transport action of YqjA/YghB as functional hetero or
homo dimers at the IM. YqjA and YghB do not bear similarity to any known transporters.
However, a dissection of protein evolutionary relationships using a novel algorithm implemented
in a software known as AlignMe, revealed that the bacterial DedA homologs bear limited
structural similarity with the LeuT family of transporters (Khafizov, Staritzbichler et al. 2010).
The LeuT protein family in bacteria bears homology to the eukaryotic neurotransmitter sodium
symporter (Yamashita, Singh et al. 2005) and vSGLT of the sodium symporter family. These
protein families share structural similarities such as existence as a dimer of two 5-TM helices
with a pseudo 2-fold axis of symmetry along the plane of the cell membrane (Faham, Watanabe
et al. 2008). The evolutionary relationship of the LeuT family and the DedA family does not rely
on their amino acid content and similarities (hence do not show in a BLASTp analysis) but on
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their structural hydrophobicity profiles. The results acquired from the evolutionary relationship
studies indicate that the DedA homologs may adopt dual topologies at the membrane i.e.
existence as a hetero or a homo dimer of 4-5 TM helices (as shown in Fig. 7.1A) which functions
as a transporter with purported proton transport functions. Indeed, it is to be noted that in order to
observe the phenotypes exhibited by BC202, both yqjA and yghB needs to be deleted, suggesting
a possibility of their interaction at the IM. Therefore, it is possible for E. coli YqjA/YghB to
form homo or heterodimers at the IM and participate in PMF homeostasis as a proton transporter
similar to MdfA (Fig. 7.1A). However, unlike MdfA, which carries out proton antiport (i.e. pulls
in protons, but expels the cationic substrates out of the cell), both symport (pulls both substrate
and proton into the cytoplasm) and antiport (pulls protons in, expels substrates out) of cognate
substrates is a possibility. This model is consistent with previously observed roles of the DedA
homolog of Ralstonia metallidurans in selenite uptake (Ledgham, Quest et al. 2005); the
possible participation of a DedA homolog from Clostridium in iron uptake and metabolism
(Zhang, Ma et al. 2011); the observation that E. coli YqjA plays a role in resistance to copper
(Price and Raivio 2009) and the occurrence of the DedA domains in secondary transporters of
the Tripartite ATP-independent Periplasmic Transporter (TRAP-T) superfamily (Barabote,
Tamang et al. 2006).
As the role of MdfA in PMF homeostasis is secondary to its primary role as a
promiscuous multidrug transporter with a broad range of substrate specificity, it is essential to
determine if YqjA or YghB possess any such roles. However, it seems not to be the case –
BC202 does not exhibit hypersensitivity to detergent and antibiotics (Thompkins, Chattopadhyay
et al. 2008). Overexpression of YqjA and YghB in E. coli does not result in increased resistance
to a variety of antibiotics (results not shown) as is the case with MdfA (Edgar and Bibi 1997).
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Fig 7.1 Putative mechanistic models demonstrating the role(s) of YqjA and YghB. (A) A
model depicting a direct role of YqjA/YghB in PMF homoestasis as a proton transporter.
YqjA/YghB forming homo or hetero dimers at the IM as proposed for the LeuT family of
transporters (Khafizov, Staritzbichler et al. 2010) and participating in proton transport into the
cytoplasm, in lieu of symport or antiport of cognate (and yet unidentified) substrates . The
proposed function of YqjA/YghB is similar to the Na+/K+-H+ antiport function of MdfA during
PMF/pH homeostasis (Lewinson, Padan et al. 2004; Krulwich, Sachs et al. 2011). (B) A model
demonstrating an indirect role of YqjA/YghB in PMF homoestasis. They can participate in a
mechanism which involves the regulation of activity and/or a functional modulation of proton
pumping respiratory complexes (RC) such as F 0 F 1 -ATP Synthase, NADH:UQ oxidoreductases
(Nuo), cytochrome complexes etc; metabolic enzymes (ME) such as TnaA which can generate
protons into the cytoplasm during alkali challenge; or certain classes of transporters (T) (such as
MdfA, NhaA, NhaB etc.) which participate in proton influx and PMF/pH homeostasis. The 4TM topology of YqjA with its N- and C-terminus in the cytoplasm, has been derived from
SOSUI predictions (Fig. 1.4), unpublished observations (Thompkins 2010) as well as published
observations (Daley, Rapp et al. 2005). This figure was reproduced with permission from
American Society for Microbiology: Journal of Bacteriology (Doerrler, Sikdar et al. 2012).
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Fig 7.1B elucidates an alternate indirect role for YqjA and YghB in PMF/pH
homeostasis in E. coli. According to this model, YqjA and YghB are not proton transporters;
however they participate in PMF homeostasis by increasing the protonation of the cytoplasm.
This can be achieved by three different ways according to the common mechanistic theme of
bacterial alkaline resistance (Krulwich, Sachs et al. 2011). YqjA/YghB can modulate the
functions or regulate the activity of proton pumping respiratory complexes (RC), proton
generating metabolic enzymes (ME) or proton transporters (T). The RCs include the proton
pumping F 0 F 1 -ATP Synthase, Nuo (NADH:Ubiquinone oxidoreductase) and Cyo (Cytochrome
oxidase) enzyme complexes. Indeed, during alkaline challenge, the levels and activity of the
F 0 F 1 -ATP Synthase is modulated in such a manner that it caters specifically to pumping in
protons and generate ATP, while its proton efflux activity is reduced (Stancik, Stancik et al.
2002; Maurer, Yohannes et al. 2005; Slonczewski, Fujisawa et al. 2009). The levels and activity
of both Nuo and Cyo are downregulated during alkaline challenge because they are associated
with expelling protons out of the cell and are replaced by the Cyd (cytochrome bd oxidase)
complexes which do not expel protons (Krulwich, Sachs et al. 2011). In addition enzymes like
TnaA (tryptophan deaminase) respond to alkaline pH by metabolism of amino acids to generate
protons into the cytoplasm. Their activity and content is also upregulated under such conditions.
An interesting observation to take into account in this case is the production of indole in the
cytoplasm (Tryptophan is converted to pyruvate by TnaA and the byproducts are indole,
ammonia and protons). Indole is a known inducer of both the Cpx and Bae stress responses
(Hirakawa, Inazumi et al. 2005), which are strongly induced in BC202. While the probability of
the Cpx and Bae being activated in BC202 specifically due to enhanced TnaA activity is
definitely low, it may be worth pursuing in the future to support/ refute this model of action.
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Another mode of indirect participation of YqjA/YghB is the regulation/modulation of
other proton transporters which participate in pH homeostasis especially during alkaline stress.
Several classes of such transporters exist most notable among them are MdfA (Lewinson, Padan
et al. 2004), NhaA (Mager, Rimon et al. 2011), NhaB (Shimamoto, Inaba et al. 1994), ChaA
(Radchenko, Tanaka et al. 2006) etc. It is unclear how YqjA/YghB can regulate the activity of
these transporters, when some of them such as NhaA actually acts as a combined sensor and
effector for pH homeostasis under alkaline conditions (Mager, Rimon et al. 2011). However the
existence of DedA domains within multidomain secondary transporters such as TRAP-T
(Tripartite ATP-independent Periplasmic Transporters) (Barabote, Tamang et al. 2006) leads
some credence to this idea that YqjA/YghB may functionally interact and modulate the proton
influx activity of secondary proton transporters as a part of their role in pH/PMF homeostasis,
especially during alkaline challenge. An extended illustration for the indirect role of YqjA and
YghB in pH/PMF homeostasis is shown in Fig. 7.2.
7.3 : Functions of the DedA protein family in other bacterial species.
The role of YqjA and YghB in general envelope maintenance and quality control might be
unrelated to its proposed role(s) in homeostasis of PMF; and might signify that the DedA
homologs might have evolved to cater to specific roles. E. coli has 8 DedA homologs where only
4 members belonging to the “C-group” i.e. YqjA, YghB, YabI and YohD can act as multicopy
suppressors of BC202 (Thompkins, Chattopadhyay et al. 2008), however the DedA family on the
whole appears to be indispensable for survival in E. coli (Boughner and Doerrler 2012). The
“essential” phenotype thus seems to be independent of the cell division and temperature sensitive
phenotypes exhibited by BC202. The single Borrelia burgdorferi DedA homolog BB0250 is
essential in its native host and can act as a multicopy suppressor of BC202
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Fig 7.2 Indirect role of YqjA/YghB in pH/PMF homeostasis. Loss of PMF is associated with
a change in both membrane potential Δψ and transmembrane pH difference ΔpH. Change in
PMF is sensed by various TCS for e.g. the Cpx (Price and Raivio 2009) and Psp (Jovanovic,
Lloyd et al. 2006) stress response systems, which relay the activation signal to
modulator/regulator proteins (the members of the Psp operon for e.g.) or effector proteins
(multidrug transporters for e.g.). Since YqjA is upregulated by the Cpx stress response pathway
under alkaline conditions and is necessary for alkaline adaptation (Price and Raivio 2009), it can
serve as a direct effector (not shown here) (Model 1: proton transporter, Fig. 7.1A) or as a
modulator (Model 2: indirect regulator, Fig. 7.1B) of other effectors such as RCs, MEs and Ts
which participate in PMF/pH homeostasis. There are evidence of effectors like the Na+-H+
antiporter NhaA which can directly sense the change in pH during alkaline challenge and
subsequently contribute effectively to proton transport and pH homeostasis (Padan 2008; Mager,
Rimon et al. 2011) without any dependence on other sensor/regulator proteins. (* and the blue
dotted line) There is a significant overlap and cross-talk between several stress response and two
component systems which cater to a broad variety of stresses such as those arising due to
reactive oxygen species (ROS), osmotic challenges etc. and they can also sense and participate in
PMF homeostasis (or the other way around) as a result of this cross-talk. One example is YqjB
(MzrA) which is in same operon as YqjA in E. coli and therefore regulated by the Cpx stress
response pathway. MzrA has been shown to functionally modulate the osmo-regulatory EnvZOmpR TCS (Gerken, Charlson et al. 2009) and hence participates in osmotolerance. The red
color is to signify the sensory/response activities due to change in Δψ and the blue color signifies
sensing/response activities due to change in ΔpH; however they often work in a coordinated
manner (blue and red dotted lines) (Engl, Beek et al. 2011).
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(Liang, Xu et al. 2010) (Table 7.1), suggesting essential as well as conserved functions across
different species. Similarly, DedA homologs of other evidences in different organisms point to
roles of the DedA protein family in virulence and resistance to several classes of disruptive
molecules. The Mycobacterium bovis DedA homolog (BCG2664) confers resistance to the
Halicyclamine-A, a macrocyclic antibiotic derived from a marine sponge, when it is
overexpressed in Mycobacterium smegmatis (Arai, Liu et al.). While the actual mechanism of
action of Halicyclamine-A is unknown, there is a possibility that efflux of this drug is promoted
by BCG2664 in support of the hypothesis that certain DedA homologs (such as E. coli YqjA and
YghB) can act as transporters. Resistance mechanisms against several macrocyclic antibiotics are
well characterized in bacteria where the drug is simply expelled from the cell by multidrug
transporters (Zechini and Versace 2009).
It is also interesting to note that the DedA family proteins in Salmonella enterica and
Neisseria meningitides are required for resistance against cationic antimicrobial peptides
(CAMPs). The Salmonella enterica YqjA protein is regulated by both PhoP and CpxR and is
required for resistance to protamine and magainin-2 (Shi, Cromie et al. 2004). Similarly, the
Neisseria meningitides DedA homolog NMB1052 was necessary for resistance to polymyxin
(Tzeng, Ambrose et al. 2005). Resistance to CAMPs requires covalent lipid A modifications in
Salmonella (Raetz, Reynolds et al. 2007) but the ΔyqjA mutant has a normal lipid A profile (Shi,
Cromie et al. 2004). Neisseria employs a combination of LPS modification, efflux pumps and
Type IV secretion to resist CAMPs (Tzeng, Ambrose et al. 2005). Thus, the exact roles of these
DedA homologs in CAMP resistance remain unclear. In Yersinia pestis, the DedA homolog
CtgA was found to have impaired Type III secretion of Yops and attenuated virulence in mouse
(Houppert, Kwiatkowski et al. 2012). This phenotype possibly results from altered envelope
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properties that are required for efficient assembly/operation of the Type III secretion system
(T3SS). The T3SS in another species Yersinia enterocolitica depends on the PMF (Wilharm,
Lehmann et al. 2004). Therefore the inefficient T3SS function in Yersinia pestis can be directly
related to the loss of PMF. Previous observations in our lab have demonstrated that BC202 has
impaired motility and shows increased production of outer

membrane vesicles containing

massive amounts of the flagellin subunit FliC (Thompkins 2010). This also suggests that the
assembly and operation of the flagellar T3SS is impaired in E. coli in the absence of YqjA and
YghB. This can as well be the result of loss of membrane integrity and PMF. Recent results from
our laboratory also show that BC202 cannot form biofilms (unpublished data), a phenotype
which might be the result of its loss of its motility (Pratt and Kolter 1998). In this context, it is
interesting to note that YghB is regulated by the quorum sensing molecule AI-2 homoserine
lactone (DeLisa, Wu et al. 2001) and might play a role in biofilm formation.
7.4 : Future directions and limitations
The presence of the “C-group” DedA homologs - YabI and YohD in BC202 genome has
always complicated the analysis of the functions of YqjA/YghB, because they are multicopy
suppressors of BC202 capable of rescuing all its phenotypes (Thompkins, Chattopadhyay et al.
2008; Boughner and Doerrler 2012). We have recently started working on an E. coli mutant
deleted for all the 4 “C-group” genes: designated BAL420 (W3110 ΔyqjA ΔyghB ΔyohD ΔyabI)
which exhibits similar but stronger phenotypes than BC202 such as severely increased cell
division defects and a much stronger Psp induction in addition to the temperature sensitivity and
altered phospholipid composition. The usual non-DedA suppressors for BC202 like TatABC,
acidic media, 10 mM Mg2+ and 400 mm Na+ etc. fails to rescue its phenotypes possibly due to
increased membrane permeability and severe loss of membrane integrity. A preliminary search
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Table 7.1 A list of known suppressors of BC202

Growth Conditions

Cell-division
defect rescued?

Growth above
42°C?

High or normal PE
levels at 44°C?

YqjA/YghB/YohD/YabI
overexpression

Yes

Yes

Yes

10 mM Mg2+ or 400 mM Na+ in
growth media

Yes

Yes

No

TatABC
overexpression

Yes

Yes

No

B.subtilis PssA
overexpression

No

Partial

Yes

Native PssA
overexpression

No

No

Yes

AmiA/AmiB/AmiC
overexpression

Yes

No

No

B.burgdorferi
DedA homolog
overexpressed

Yes

Yes

No

Low external pH
(pH 6.0)

Yes

Yes

Not available

PspA overexpression

No

Partial

Yes

MdfA overexpression

Yes

Yes

Yes
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for multicopy suppressors of BAL420 using a genomic DNA library prepared from BAL420
itself has revealed a region of E. coli genome which contains two genes - focB encoding for a
putative formate transporter of the FNT (Formate Nitrate Transporter) protein family catering to
the respiration-linked proton translocating formate hydrogenylase (Hyf) complex (Andrews,
Berks et al. 1997) and yfgO, encoding a predicted IM permease belonging to the UPF0118
protein family (Saier, Tran et al. 2006) (preliminary observations; unpublished). The same
“multicopy suppressor” construct is also able to suppress the temperature sensitivity of BC202.
Further characterization of BAL420 is expected reveal more intriguing details about the “Cgroup” of DedA family proteins in E. coli.
The models proposed here to explain the physiological roles of YqjA/YghB in E. coli
need a lot of further work and refinement. The primary concern is establishing the molecular
mechanism of PMF homeostasis in BC202 and how it differs from the wild-type parent strains
under similar conditions. The membrane potential of BC202 has been determined under various
growth conditions but the intracellular pH still needs to be established. As proton influx seems to
be crucial for the correction of the phenotypes exhibited by BC202, we are harboring the idea
that the intracellular pH is likely to be more alkaline than normal (i.e. the cells experiencing
alkaline stress). The cytoplasmic pH of E. coli can be accurately determined by several well
established spectrofluorimetric techniques using ratiometric GFP (Wilks and Slonczewski 2007)
as well as other fluorescent molecules (Slonczewski, Fujisawa et al. 2009). In addition, the
cellular energetics (for e.g. the ATP levels, electron transport etc.) need to be analyzed if indeed
YqjA/YghB is playing a role in the regulation of respiratory complexes. The exact cause of the
temperature sensitivity is still not determined and neither is the nature of attenuation that is
imparted on the activity of membrane associated PssA in BC202 for the regulation of membrane
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phospholipid composition. Finally, demonstration of actual proton translocation in inverted
membrane vesicles prepared from W3110 and BC202 will refine the proposed models
considerably and will establish YqjA/YghB as bona fide proton transporters. In addition, proteinprotein interactions (immunoprecipitation and co-immunoprecipitation techniques) will unravel
the exact molecular nature of the interactions YqjA/YghB might have with each other or with
other cognate partners to further understand their precise functional nature in the cell.
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