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ABSTRACT

THE IMPACTS OF PROP PUTATIVE INTERACTORS ON THE LOCALIZATION
AND ACTIVITY OF THE TRANSPORTER PROP, AND ON ESCHERICHIA COLI
PHENOTYPE
Karen Gonzalez
University of Guelph, 2016

Advisor:
Dr. Janet M. Wood

Understanding the mechanism by which ProP (an osmosensing transporter in Escherichia
coli) localizes to the poles of cells might uncover a valuable model of how protein function
might relate to protein organization in bacteria. Evidence pointed to involvement of a ProPprotein interaction in its observed localization pattern. To further study if ProP protein interactors
contribute to this phenomenon, ProP was tagged with a fluorescent protein, thereby
supplementing the chemical labeling method previously used for visualization. Though an
attempt was made to improve fusion protein stability, herein we show that prevalent degradation
has altered the location of tagged ProP within cells.
YdhP and YjbJ were identified as putative ProP interactors and were chosen for further
study. Deletion of yjbJ did not alter culture growth or cell morphology. Elimination of YdhP or
YjbJ expression did not affect ProP activity or localization, thus impact of these ProP-protein
interactions was not evident.
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Chapter 1: Introduction
1.1: Adapting to osmotic stress
Escherichia coli are gram negative bacteria that inhabit the gastrointestinal tracts of
vertebrates, and survive on a variety of surfaces and aqueous environments. To enable this, E.
coli cells must be able to withstand different external conditions and adapt to a changes as they
occur. Like other environmental factors, the osmolality of the medium has a huge impact on the
physiology of the cell (Kempf and Bremer, 1998). Here, osmolality refers to the osmotic
pressure of a solution at a particular temperature (see Table 1.1 for other relevant definitions)
(Sweeney and Beuchat, 1993).
Table 1.1: Terminology relevant to osmolality and osmosensing.
Terminology
Osmotic pressure

Formula/Symbol
Description
[units]
Π= -(RT/𝑉̅ w)ln aw Hydrostatic pressure applied across the membrane that
[atm]

balances the transmembrane difference in chemical
potential, preventing net transfer of solvent water
across membrane.

Osmolality

Osmolarity

Osm= (Π/RT)

The osmotic pressure of a solution at a particular

[mol/kg]

temperature. Cannot be calculated, only measured.

=Σici≈ Osm

Approximation of the osmolality based on moles of

[molar]

osmotically active solutes per liter of solution. Here, c1
is the concentration of the ith solute in the solution.

Universal gas
constant

R= 0.0823

Temperature

T [Kelvin]

Partial molar
volume

𝑉̅ w

-

[L.atm/mol.K]

The partial molar volume of the solvent (0.01801 L
mol-1)
1

When the extracellular osmolality is higher than that of the cytoplasm (as is the case
when the NaCl concentration of the medium increases) water moves out of the cell, and increases
cytoplasmic ionic concentrations, impacts protein structure and organization, and causes
macromolecular crowding (Csonka, 1989; Labischinski and Maidhof, 1994; Cayley et al., 2000;
Prabhu and Sharp, 2006; Wood, 2007). As the concentrations of macromolecules and ions in the
cytosol increase, ionic interactions disrupt the activities of proteins and other macromolecules
(Kempf and Bremer, 1998). The cell can lose up to 50 % of its cytoplasmic water volume as a
consequence of hypertonic conditions (Cayley et al., 2000). This water loss is proposed to
impact the structures of the cell wall and membrane as turgor pressure drops below a threshold
level required to maintain normal stretch of the cell wall (Rojas et al., 2014). Given the impacts
at multiple levels of cell structure and function, it is essential for the cells to osmoregulate
(control the level of hydration and turgor pressure). Bacterial cells use various strategies to
control water flow across the membrane and mediate the movement of solutes (Wood, 2007).
Aquaporins (like protein AqpZ) allow for the movement of water, cytoplasmic enzymes make
solutes (for example, OtsA and OtsB synthesize trehalose) (Strom and Kaasen, 1993), some
transporters mediate active accumulation of ions while other transporters take in osmolytes
(Wood, 2007), and mechanosentive channels reduce turgor pressure by releasing solutes out of
the cell (Levina et al., 1999; Wood, 2007; Martinac, 2011). At the level of gene regulation,
transcription of gene expression can be osmoregulated, as is the case of proP and proU (Lucht
and Bremer, 1994; Landis et al., 1999).
When addition of a salt like NaCl causes a hypertonic environment, specific solutes can
be synthesized, or brought in from outside the cell by membrane transport systems, causing
water to flow into the cell (Burg and Ferraris, 2008). Osmolytes are organic molecules that are
2

compatible when accumulated in the cell (i.e. minimally disturb cell function), and protect
cellular components. Some examples of these are trehalose, glycine betaine, proline and ectoine
(Cayley et al., 1992; Burg and Ferraris, 2008; Wood, 2010). The evolutionary advantage to using
organic osmolytes to regulate water flow, in comparison to ions like K+, is that an osmolyte will
not hinder structure and function even when present at high and variable osmolyte concentrations,
so the cell experiences the benefits of accumulating the solutes without the drawbacks, as it tries
to maintain normal function over a range of osmolalities (Burg and Ferraris, 2008).
1.2: The osmosensing transporter ProP.
Some osmoregulatory transporters can osmosense (detect changes in osmolality).
Whereas many proteins are inactivated as osmolality increases (for example, LacY is a
transporter whose activity proportionally decreases as the osmolality of the medium is increased),
osmosensing transporters can increase in activity (Culham et al., 2008). It has been proposed that
osmosensing can be ‘direct sensing’, meaning the water activity itself triggers a response from
the transporter, while ‘indirect sensing’ happens when the protein senses the change based on
other effects on the cell caused by the osmotic shift (Wood, 2007). Changes in cell volume,
turgor pressure, membrane strain, solute concentration, ionic strength and macromolecular
crowding are some of the possible physiological changes that a protein could detect (Wood,
2007).
ProP is a H+-solute symporter that takes in osmoprotectants (compounds that stimulate
bacterial growth at a high osmolality) like proline, ectoine, glycine betaine, or other zwitterionic
molecules, in a way dependent on the proton motive force (consisting of the proton gradient and
membrane potential) (Macmillan et al., 1999; Racher et al., 1999, 2001). According to the

3

structural model based on the crystal structure of the protein GlpT (see Fig 1.1, B), the substrate
binding site is found in the inner surfaces of the two 6-transmembrane (TM) bundles, while the
H+ translocation pathway is in the N-terminal 6-TM bundle (Wood et al., 2005; Liu et al., 2007).
Since the energy required to function is obtained from the proton motive force, when
reconstituted into cytoplasmic membrane vesicles, ProP requires a membrane potential and a
∆pH (Racher et al., 1999). With osmotic upshifts, there is a higher rate of uptake of proline by
ProP, and it has shown to be activated by the osmotic pressure increases in whole cells,
cytoplasmic membrane vesicles and in proteoliposomes (Grothe et al., 1986; Milner et al., 1988;
Racher et al., 1999). ProP activity has been thoroughly characterized, in relation to osmolality,
and fitted to the following formula by non-linear regression (Formula 1):

(1)

where Π is the osmotic pressure of the transport assay medium and a0 is the initial uptake rate of
proline uptake measured with medium osmolality Π/RT. Amax is the uptake rate that would be
observed at infinite medium osmolality, R is the gas constant, T is the temperature, Π1⁄2/RT is the
medium osmolality yielding half-maximal activity, and B is a constant inversely proportional to
the slope of the response curve.
Only membrane impermeant solutes are relevant to the osmotic activation of ProP
(Milner et al., 1988). The osmosensing ability of ProP is not dependent on cellular constituents
other than membrane lipids, as was seen in proteoliposome-based experiments (Racher et al.,
1999). It appears that there may be no ‘switch’ in ProP to activate the transporter. Transporters
like LacY, GlpT and ProP function based on the “alternating access” model (see Fig. 1.2)
(Lemieux et al., 2005; Kaback et al., 2007; Culham et al., 2008). For this mechanism to work,
4

Figure 1.1: Proposed topology model and 3D homology model of ProP.
Panel A is the confirmed secondary structure and membrane topology of ProP,
predicted based on the sequence analysis (Culham et al., 1993; Wood et al., 2005; Liu et
al., 2007; Keates et al., 2010). Panel B is the ProP homology model (bottom left) based on
the crystal structure of GlpT (on the bottom right).
Reprinted with permission from Wood, J. M., Culham, D. E., Hillar, A., Vernikovska,
Y. I., Liu, F., Boggs, J. M., Keates, R. A. A Structural Model for the Osmosensor,
Transporter, and Osmoregulator ProP of Escherichia coli. Biochemistry 2005, 44 (15),
5634–5646.
Please see certificate of permission in Appendix A.
5

the core of the protein needs to be exposed to the solvent and must be flexible enough for the
conformational changes to occur that switch from one mode to the other. If a protein functions
by this mechanism, when there is no substrate to bind, switches from the inwards facing to
outward facing conformation in an alternating equilibrium. The observed high hydration of ProP
(relative to similar transporters) adheres to the alternating access model (this was concluded
based on H+ exchange characteristics) (Sayeed and Baenziger, 2009). Also, the loop C1 and the
N- and C-terminal helix bundles are structured in such a way as to allow tilting around an axis in
the plane of membrane to form the inward (cytoplasm-facing conformation (Wood et al., 2005;
Sayeed and Baenziger, 2009). The mechanism linking transport to osmosensing by ProP remains
unclear.
Based on its sequence, ProP is a member of a superfamily of transporters in the
cytoplasmic membrane called the Major Facilitator Superfamily (MFS), the largest family of
secondary active transporters (Culham et al., 1993; Hirai et al., 2003). It is a 500 residue protein,
with a single polypeptide folded into 12 α-helical transmembrane segments, as is typical for
other MFS transporters. The secondary structure and membrane topology (predicted from the
sequence as well) showed the transmembrane segments (TM) were linked by hydrophilic loops,
with loop C3 being specially long (Culham et al., 1993, 2000). The topology (see Figure 1.1, B)
has been tested by LacZ-PhoA analysis, supplemented by site-directed fluorescence labeling, and
confirming the presence of the 12 TM and cytoplasmic N- and C-termini (Wood et al., 2005).
An interesting feature of ProP, even in comparison to some of its orthologs, is its
extended C-terminus, with a coiled-coil structural motif (Zoetewey et al., 2003). A coiled-coil
forms when 2 or more α-helices wrap around each other. Coiled-coils are comprised of protein
with 7-residue amino acid sequence repeats (a-b-c-d-e-f-g), where ‘a’ and ‘d’ are
6

Substrate

Helix
bundle
Figure 1.2: Cartoon depiction of alternating access mechanism.
ProP transports substrates by changing conformation in the way of the “alternating access”
model, where there are two conformations of the protein: ‘open’ to the periplasmic side
of the membrane and ‘closed’ to the cyto, or open to the cytosol and closed to the
periplasm. When the substrate that is to be transported binds to the open side, it causes a
conformational change that facilitates release of the substrate to the other side of the
membrane, by shifting to be ‘open’ to that side of the membrane (Jardetzky, 1966).
Reprinted from Wood, J. M. Bacterial Osmoregulation: A Paradigm for the Study of
Cellular Homeostasis. Annu. Rev. Microbiol. 2011, 65, 215–238.
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hydrophobic residues like leucine that facilitate the formation of the coil (Oas and Endow, 1994).
Coiled-coils can be an interface for dimerization (Mason and Arndt, 2004). Whether a coiled-coil
will be a parallel or antiparallel, homodimeric or heterodimeric depends on the ionic interactions
between amino acids at amino acid positions e and g of the α-helices (Oas and Endow, 1994;
Apostolovic et al., 2010).The coiled-coil of the ProP C-terminus is important in regulating
osmosensing by determining at which osmolality ProP activates, but the coiled-coil motif is not
the osmosensing domain since orthologs of ProP (ProP of Corynebacterium glutamicum and
ProP of Xanthomonas campestris) are also osmosensing transporters and have C-terminal
extensions, but not the sequence for coiled-coil formation (see Fig. 1.2). However, nonosmosensing paralogs do not have any type of C-terminal extension (eg. KatF) (Poolman et al.,
2004).
ProP forms homodimeric, antiparallel coiled-coils, but it is yet to be demonstrated
whether it can also form heteromeric ones. TM XII and the antiparallel α-helical coiled coil
contribute to the dimer interface of ProPEc (Liu et al., 2007). Some orthologs (like ProPAt from
Agrobacterium tumefaciens) also form homodimers in with a coiled coil interface (Tsatskis et al.,
2008). The ProP C-terminus differs from other proteins’ coiled-coils, which are usually homostranded parallel. ProP was shown to be antiparallel by NMR structure determination and this
was verified when the amino acid changes gave unexpected stabilization and destabilization
changes to the motif (Zoetewey et al., 2003). For example, the R488I change found in an ‘a’
position, resulted in a stabilization of the coiled coil and reversed it to parallel (Culham et al.,
2000). Furthermore, even though ProP has more than 6 of the characteristic heptad repeats that
form coiled-coils, it forms a relatively weak coiled-coil that involves only 4 heptads (Culham et
al., 2000; Zoetewey et al., 2003). It is thought that the antiparallel arrangement of the helices,
8

Figure 1.3: Alignment of C-terminal sequences for ProP (E. coli), OusA (Erwinia
chrysanthemi), ProPCg (Corynebacterium glutaminum), and KgtP (E. coli ).
The arrows highlight the a and d positions in the coiled-coil heptads of ProP and OusA.
ProPEc emerges from the membrane to the cytoplasm at M438 (Liu et al., 2007). OusA
and ProPCg are ProP orthologues. OusA possesses the ProPEc heptad repeats. The KgtP
is a paralogue.
From Culham, D. E., Tripet, B., Racher, K. I., Voegele, R. T., Hodges, R. S. and
Wood, J. M. (2000), The role of the carboxyl terminal α-helical coiled-coil domain in
osmosensing by transporter ProP of Escherichia coli. J. Mol. Recognit., 13: 309–322.
doi: 10.1002/1099-1352(200009/10)13:5<309::AID-JMR505>3.0.CO;2-R. Reprinted by
permission of John Wiley & Sons, Inc.
Please see certificate of permission in Appendix A.
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which leaves extra heptads exposed, might perhaps enable an interaction with another protein
(Culham et al., 2000; Romantsov et al., 2008).
ProP is also regulated at the level of transcription. ProP expression is enhanced when the
cells are grown in consistently high osmolality media, under those conditions there is continual
expression (Xu and Johnson, 1997). ProP is transcribed from two promoters. P1 is induced upon
subculture and is upregulated by increases in medium osmolality; it is also normally repressed by
the cAMP-CRP complex (Landis et al., 1999). The second promoter, P2, is strongly induced in
the stationary phase and by high medium osmolarity in exponential phase (Xu and Johnson,
1995). Additionally, expression of ProP from P2 is Fis (a small DNA-binding protein) and sigma
factor σS dependent (Mellies et al., 1995; Xu and Johnson, 1997).
To uncouple proP gene expression from its usual osmoregulation, studies of the protein
routinely rely on a separate expression system (Romantsov et al., 2007b). More specifically,
pBAD-based vectors are usually used to control expression (Guzman et al., 1995).
1.3: Bacterial membrane subcellular organization
1.3.1: Protein subcellular arrangement
It was once thought that prokaryotic cells were disordered compartments with fairly
homogenous contents, but now we know the opposite to be true (Gerding et al., 2009; Greenfield
et al., 2009; Shapiro et al., 2009; Boeneman et al., 2010; Spitzer, 2011; Laloux and JacobsWagner, 2014; Treuner-Lange and Søgaard-Andersen, 2014). The shape of the bacterial cell is a
tightly controlled foundation for overall structure that results from a variety of physical forces
and functional constraints (Jones and Carballido-lo, 2001; Pilizota and Shaevitz, 2013; Margolin,
2014). At the subcellular level one finds that proteins, lipids, metabolites, mRNA,
10

polyphosphates and chromosomes will be specifically positioned in predictable ways (Huang et
al., 2006; Mileykovskaya, 2007; Foss et al., 2011; dos Santos et al., 2012; Govindarajan et al.,
2012; Laloux and Jacobs-Wagner, 2014). The cell membrane not only acts as a barrier between
outside and the inside the cell but it is also the home of many active processes and molecules
(Pilizota and Shaevitz, 2013). The membrane manages these in part by way its organized into
domains, with lipid and protein content being far from homogeneous, but instead having a
specific spatial distribution (Mileykovskaya, 2007).
E. coli membranes are made of three major phospholipids, including
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL). Changes in
environmental conditions, specifically osmotic shifts, can change the proportions of anionic (PG
and CL) and zwitterionic (PE) phospholipids (Romantsova et al., 2009). Membrane proteins
could be trapped in regions of the membrane with specific lipid composition, due to increased
solubility (Matsumoto et al., 2006; Scheu et al., 2008). Different mechanisms may contribute to
the organization of different areas of the membrane (Narita et al., 2004). Subcellular
organization and the location of macromolecules are important as it relates to function. There are
few examples of this relationship (see Table 1.2). The variety of arrangements, in some ways,
can be a reflection of the functions that proteins need to perform.
1.3.2: Proposed mechanisms of protein localization
From the moment membrane proteins are made, targeting operates to place the final
protein in the membrane. The sequence of the polypeptide can signal to the ribosome the need
for signal recognition particles (protein component Ffh and 4.5S RNA) (Maier et al., 2008).
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Table 1.2: Instances of protein subcellular arrangements, and how they relate to function.
Protein
FtsN
transmembrane
protein

Function
Part of the mature septal
ring that allows division by
E.coli cells

Location as it relates to function
Accumulates in septal region (Gerding et
al., 2009)

DnaA

Binds DNA to initiate
replication

Chemotaxis
network proteins

Allows E. coli to sense and
respond to environmental
cues

BcsQ

Cellulose biosynthesis
apparatus

Binds R boxes and I sites in the origin
region of chromosomes (Boeneman et al.,
2010)
Require clustering at the poles, in the form
of large complexes (amplifies signal)
(Greenfield et al., 2009; Shapiro et al.,
2009)
Functional/spatial restriction to polar
region of cell (Le Quéré and Ghigo, 2009)

Protease complexes

Proteolytic degradation

ProP

Osmosensing H+/osmolyte
symporter

Need to be compartmentalized to prevent
unwanted cell damage (McGrath et al.,
2006)
Localizes at the cellular poles of E. coli
(the cardiolipin-reach regions). The
proportion of anionic lipid modulates its
function (Tsatskis et al., 2008).

These will target the finished protein to the hydrophobic tails of proteins that are already found
in the membrane (Maier et al., 2008). Translocases and insertases are required for bacterial
membrane protein insertion, but once inserted, their final location may change (Dalbey et al.,
2011). There are many proposed mechanisms that could control the final location of any given
protein (examples in Table 1.3).
The curvature of poles of cells is a large factor in localization. These poles are the
preferred location of lots of different macromolecules, including a few proteins that have been
shown to localize at the poles of bacterial cells (Howard, 2004; Huang et al., 2006; Romantsov et
al., 2007b, 2010; Scheu et al., 2008; dos Santos et al., 2012). The poles, the opposing ends of a
rod shaped cell, have the highest level of curvature of the membrane which makes them an
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Table 1.3: Proposed mechanisms and examples of protein localization in membranes.
Mechanism of
localization
Diffusion and
capture

Self-assembly

Cell division

Polar
oscillation

Lipid regions

Membrane
curvature

Description
Most commonly described. Proteins diffuse freely in the membrane until they
interact with an anchor (DivIVA is one of the most recognized landmark protein
and it binds to areas of high negative membrane curvature) (Shapiro et al., 2009;
Treuner-Lange and Søgaard-Andersen, 2014)
Protein diffuses randomly, followed by protein-protein interactions of the same
molecule, resulting in the formation of an ordered complex of proteins. Clustered
proteins can then themselves end in specific areas of the cell without any
anchoring by other structures (Shapiro et al., 2002; Gerding et al., 2009;
Greenfield et al., 2009).
Initial asymmetric distribution of proteins on membrane (clustering at the poles
or septa), results in a daughter cell that does not inherit a specific protein
complex, if asymmetric division happens, or clustering or proteins is present
(Huang et al., 2006; Shapiro et al., 2009; Huang and Ramamurthi, 2010; Renner
and Weibel, 2011; Govindarajan et al., 2012)
MinCD protein forms a polar cap and MinE forms a ring around the middle of
the cell that causes the release of MinCD, initiating oscillation along the length
of the cell that can guide the formation of other protein complexes like the FtsZ
band used in division (Shapiro et al., 2002)
Changes the solubility of an area in the membrane (presence of PE has been
shown to be required for the proper folding of Lac permease; provides the proper
environment for acidic amino acids to translocate through the membrane).
Specific lipids can directly interact and bind to proteins (Bogdanov and Dowhan,
1998; Romantsov et al., 2007a, 2010; Dalbey et al., 2011).
The curvature of the membrane can allow more stable conformations of the
protein to occur, favouring the accumulation of certain macromolecules
(Caulobacter crescentus, PopZ spontaneously interacts with itself and the
resulting oligomers further assemble in vivo ) (Renner and Weibel, 2011;
Govindarajan et al., 2012).

intrinsically distinct surface for the incorporation of proteins and lipids (Renner and Weibel,
2011). The curvature of poles of cells is a large factor in localization. The curvature of the
membrane may allow more stable conformations of the proteins and phospholipids to occur,
favouring the accumulation of certain macromolecules (Renner and Weibel, 2011; Govindarajan
et al., 2012). Moreover, there are other reasons why proteins may transition to the poles. For
instance, the membrane is made of a blend of old and new. Sidewalls of E. coli are growing
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constantly, with the peptidoglycan around the septum remaining the most flexible, while the
poles remain more rigid and static (Margolin, 2014). The cell wall at the poles does not grow
while the middle expands and this can lead to proteins associated with peptidoglycan ending in
the cell poles (Margolin, 2014). Protein-protein interactions (by an anchor protein attracted to
high curvature regions, for example) or interactions with phospholipids accumulating at the poles
can be a crucial step to determining the final location of a complex of proteins (Renner and
Weibel, 2011; Treuner-Lange and Søgaard-Andersen, 2014).
1.4: Studying protein localization
Understanding the localization of proteins can start from using a protein’s sequence and a
combination of prediction tools based on the bioinformatic, or in silico approach (Imai et al.,
2013). On the other hand, biochemical approaches can allow us to locate proteins in cells.
Chemical probes (small molecules that react in a targeted manner with a given macromolecule)
and cell fractionation can pinpoint what major structure of the cell houses a protein (Scheu et al.,
2008; Foss et al., 2011). Alternatively, the creation of minicells and studying their composition
can allow one to look at the composition of the polar regions of the cell (Mileykovskaya et al.,
2009).
To see bacterial structures and organization at a subcellular level, in vivo, the protein of
interest should correctly folded and expressed at a physiological level, and there is need of
techniques that facilitate the visualization of these small structures without the need to damage
the cell. Choosing the right imaging technique is fundamental to be able to observe the location
of specific proteins within cells. One increasingly common approach to do this is fluorescence
microscopy. In fluorescence microscopy a light source of a specific wavelength is used to excite
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the fluorogenic compounds that emit light in a particular wavelength range (by subjecting them
to light of a shorter wavelength range) and filters are used to pick up specific wavelengths of
fluorescence, increase sensitivity towards the object emitting this type of light, and allow for
high contrast of objects within the cell emitting the fluorescence (Beutner, 1961; QImaging,
2003). Certain biological molecules are known to emit their own innate fluorescence, which can
make it easier to image them with the proper equipment, but most often fluorescent stains are
used. In other instances, there are stains that have a specific affinity for the structure of interest.
An example of this is NAO (10-N-nonyl acridine orange), which can stains anionic lipids in the
cell membrane when cells are treated with the dye (Mileykovskaya and Dowhan, 2000;
Mileykovskaya et al., 2001; Mileykovskaya, 2007). Similarly, DAPI (4’,-6-diamidino-2phenylindole) can stain DNA with blue fluorescence as it form complexes with double-stranded
DNA (Kapuscinski; Ology, 2009). Most proteins must be ‘labelled’ or ‘tagged’ to be detected
with fluorescence microscopy (see below).
Techniques that do not depend on fluorophore tags, like cryo-electron microscopy, have
been used in the past to confirm or disprove previously seen phenomena (like the preciously
perceived helical MreB cytoskeleton) (Margolin, 2012; Swulius and Jensen, 2012).
Superresolution imaging and immunostaining in combination with imaging have also been use to
study subcellular organization in E. coli cells (Mika and Poolman, 2011; Margolin, 2012).
However, herein we focus on FlAsH staining and GFP-tagging, as they are the visualization
methods used in this study.
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1.4.1: FlAsH-labelling
The fluorogenic bioarsenical stain called FlAsH emits green fluorescence when it binds
to a tetracysteine tag (CysCysProGlyCysCys) (Adams et al., 2002; Adams and Tsien, 2010;
Hoffmann et al., 2010). The biarsenical FlAsH-EDT2 is not fluorescent so it does not interfere
with imaging, which means that washing can be less extensive than with other stains, and
reduces background (Cavagnero and Jungbauer, 2005; Adams and Tsien, 2010). The advantage
of using this tag is that it is small compared to some of the more common protein tags. This
reduces the probability that it will interfere with normal protein behaviours. Despite these
advantages, the polycysteine tag can affect the protein, a reducing environment is required to
stain with FlAsH (Cabantous et al., 2005).
1.4.2: Fluorescent protein tagging
Most protein tagging is done with green fluorescent protein (GFP), originally obtained
from the jellyfish Aequorea victoria, or one of the many fluorescent proteins derived from it. To
use fluorescent proteins for microscopic imaging, the DNA sequence encoding the fluorescent
protein is fused to the sequence encoding the protein of interest (5’ or 3’) so that when the final
protein is expressed a fluorescent fusion protein is made (Hoffmann et al., 2010). GFP has a
highly stable β-barrel structure, with the spontaneous modification of a tyrosine-containing
tripeptide near the center of the barrel forming the chromophore (Margolin, 2000). Emission and
absorption spectra are depicted in Figure1.4 for wild-type GFP.
It is typical for the fluorescent proteins to be about 30 kDa, and this can be large
relative to the protein being tagged. Although most localization studies have relied on fluorescent
protein fusions, aggregation and mislocalization have been reported to result from improper
folding and processing of fusion proteins (Cabantous et al., 2005; Cavagnero and Jungbauer,
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2005). It is good practice to verify what is observed with fluorescent protein tags with an
alternative method (like FlAsH labelling or immunofluorescence). This is especially important
for studies involving protein localization, since inclusion bodies are also known to segregate to
the cell poles (Margolin, 2000). Recent data suggested that, contrary to earlier reports, the MreB
cytoskeleton in E. coli is not helical. Rather this curious arrangement was a consequence of the
YFP (yellow fluorescence protein) tag (Romero-Noguera et al., 2008; Swulius and Jensen, 2012).
Other problems can arise from the chosen expression system; overexpression is a common
consequence of using plasmid expression vectors (Stadler et al., 2013).
1.4.2.1: GFP as an indicator of protein fusion integrity
As noted above, GFP undergoes autocatalytic post-transcriptional cyclization and
oxidation of the polypeptide chain around the residues Ser65, Tyr66 and Gly67 to form the
fluorophore (Jackson et al., 2006). Therefore, correct GFP folding is necessary for it to fluoresce
(Waldo et al., 1999). This feature has allowed the use of GFP as a stable reporter of protein
folding when fused to the N- or C- terminus of other proteins (Waldo et al., 1999; Geertsma et
al., 2008). The proportion of properly folded, intact GFP fusion protein in E. coli can be assessed
by SDS-PAGE and Western blotting (Geertsma et al., 2008). Fluorescence of properly folded
GFP fusions can be imaged after excitation in gels, and the same gel can be electroblotted and
immunodetection performed (Geertsma et al., 2008). It was observed by Geertsma et al., that
extra bands not seen in the fluorescence images were detected in immunoblots, pointing to the
absence of GFP fluorescence in degraded or misfolded target protein. Interestingly, often a nonfluorescent band with an apparent molecular weight ~10 kDa higher than the fluorescent band
was detected (2008).
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1.4.3: Immunofluorescence
Immunofluorescent staining (or IF) also works by using a ‘dye’ that is fluorescent to label
the protein for fluorescence microscopy, but unlike the FlAsH staining where the protein is
extended with a specific target tag, the fluorescent reagent is bound to the protein using an
antibody, labelled with a fluorogenic dye (either the primary antibody recognizing the antigen of
interest or a secondary antibody) (Beutner, 1961). Immunofluorescence staining has been used in
parallel with fluorescent protein tagging because it does not carry the same sources of error and
risks of creating artifacts in localization (Stadler et al., 2013). However, immunostaining does
require cell permeabilization. Already many protein localization studies use immunostaining to
complement findings with GFP (Sourjik and Berg, 2000; Le Quéré and Ghigo, 2009; Boeneman
et al., 2010; Xu et al., 2011; Swulius and Jensen, 2012; Stadler et al., 2013).
1.4.4: Expression of ProP under the control of the PBAD promoter for localization studies
The choice of expression system can greatly influence the process of optimization and the
quality of the product. The pBAD vectors, in which target gene expression is controlled by the
arabinose-inducible araBAD promoter (PBAD) and the regulator (AraC), are popular and are used
for ProP expression in the localization studies (Guzman et al., 1995). This system has the
advantage of being tightly controlled, with low expression in the absence of induction (by
addition of arabinose), since the AraC protein acts as a positive and a negative regulator
(Guzman et al., 1995). Glucose can even be added to growth media to lower uninduced
expression further (Guzman et al., 1995). However, this system is autocatalytic, meaning that
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Wavelength (nm)

Figure 1.4: GFP emission and absorption spectra.
Fluorescence excitation and emission spectra (solid and dashed lines, respectively) of
wild-type GFP. The chromophore structures believed to be responsible for the
spectra are overlaid. Spectra have been normalized to a maximum amplitude of 1
(Tsien, 1998).
Reprinted from Tsien, R. Y. The Green Fluorescent Protein. Annu. Rev. Biochem.
1998, 67, 509–544.
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expression of the genes encoding arabinose transporters AraFGH and AraE are induced by the
sugar they transport (Khlebnikov et al., 2000). In addition to this, the arabinose-bound AraC
protein, may undergo stochastic changes in form, only sometimes binding to the promoter,
making some cells have higher amounts of expression of the arabinose transporter compared to
others (Khlebnikov et al., 2001; Morgan-Kiss et al., 2002). Because of this, expression occurs in
an ‘all-or-none’ manner, which means that, when arabinose is present at a concentration lower
than the saturation point, the inducer will reach the threshold for induction of PBAD in only some
cells (Morgan-Kiss et al., 2002). The level of gene expression in the induced population is very
high, while the other cells will express the gene to low levels. To reduce this phenomenon, a
strategy is to constitutively express araE, in otherwise arabinose transporter-deficient strains,
thereby reducing variability of target gene expression among cells (Khlebnikov et al., 2001;
Morgan-Kiss et al., 2002). Ideally, expression should be around physiological level to allow
proper folding and function of the protein.
Overproduction of recombinant proteins can have big effects on a cell’s metabolism and
the quality of the protein (Choi et al., 2006). Expression of housekeeping proteins is sacrificed
for expression of the target protein, and a stress response (similar to that of heat-shock) can occur
when the recombinant protein is in the form of incorrectly folded intermediates (Lin, 2000).
Adjusting the level of expression can reduce aggregation of improperly folded proteins, but may
not eliminate all aggregation (Hannig and Makrides, 1998).
The work reported in this thesis aimed to assess the implications of these effects for
studies’ of ProP localization.

20

1.5: ProP and cardiolipin localization
Because of the importance of how and where any one protein organizes itself, and the
observation that ProP activity is CL-dependent, there is a lot of interest in Dr. Janet M. Wood’s
laboratory on ProP localization (Tsatskis et al., 2005). It was first determined, using
fluorescence microscopy, that CL (structure in Figure 1.6) and ProP accumulate at the poles and
septal regions of E. coli cells (Romantsov et al., 2007b) (Figure 1.6). In these studies, FlAsHEDT2 was used to stain ProP and NAO was used to visualize CL (see structures in Figure 1.6).
FlAsH-EDT2 emits green fluorescence when it binds to a tetracysteine tag –
CysCysProGlyCysCys- bound to the protein of interest, and NAO is a cationic lipid fluorescence
stain.
1.5.1: Cardiolipin localization
CL synthase, encoded by cls, catalyses CL and glycerol from molecules of PG (Heber
and Tropp, 1991). CL synthesis has been shown to be osmotically regulated by studying the
impact of osmolality on expression of cls::lacZ operon fusions (Tropp, 1997); higher osmolality
resulted in almost triple the measured activity from the cls::lacZ fusion when the media
osmolality was increased to 0.1–0.8 mol kg-1(Romantsov et al., 2007b). NAO, the anionic lipid
fluorescence stain used image polar localization of CL, shifts to emitting red fluorescence when
bound to areas of high CL content, and less bright green fluorescence with low concentrations.
NAO is synthesized so that when one replaces the NH group of acridine orange in position 10
with a N-nonyl group it makes it more hydrophobic and reduces the ability for binding to DNA
and RNA, which allows it to bind to anionic phospholipids (via an interaction between the
quaternary amine and the phosphate residue of a phospholipid and intercalation of the acridine
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moiety into the membrane bilayer) (Mileykovskaya and Dowhan, 2000). The former situation
facilitates an arrangement of the monomers into a π-stacking interaction, and red excimer
fluorescence replaces green monomer fluorescence (Mileykovskaya and Dowhan, 2000; Adams
et al., 2002). In Figure 1.5, when CL synthesis is higher (ex. high osmolality, exponential phase)
lots of red fluorescence is seen at the poles, whereas, when synthesis is low (ex. low osmolality,
exponential phase), fluorescence is green.
1.5.2: Cardiolipin-dependent ProP localization
Again, CL content has been shown to influence ProP activation (ProP osmotic activation
threshold is increased in parallel with CL content) (Tsatskis et al., 2005). Curiously, it was also
shown that the presence of CL influenced the amount of ProP that accumulated at the poles of
the cell (Romantsov et al., 2007a). ProP was found in the cell periphery, as expected, but also
showed polar localization in cells in the presence of CL. In general, higher levels of CL meant
more polar localization. The polar localization of ProP was independent of its level of
expression; the same number of cells showing polar localization was seen when expression of
FlAsH-tagged ProP at levels below that of wild-type ProP (uninduced from a pBAD24 vector) or
at levels greatly above (overexpression was induced with arabinose) (Romantsov et al., 2007a).
Increases in osmolality increased the CL content of the bacteria ProP polar localization. The
findings were replicated again in two other studies, when the localization patterns of a selection
of different proteins were compared in addition to ProP (Romantsov et al., 2008, 2010). In those
studies, the frequencies with which the proteins of interest accumulated at the poles were also
recorded relative to the different growth osmolalities (mol/kg), and cardiolipin contents (mol %).
The mechanism by which the ProP protein is ends up at the poles in a CL-dependent way
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Figure 1.5: Examples of cardiolipin and ProP localization.
“Colocalization of cardiolipin and ProP at the bacterial poles and septa. E. coli strains
WG994 (cls+) and WG1008 (cls–), both expressing MVCCPGCC-ProP, were cultivated to
exponential phase [an optical density (600 nm) of 1] or stationary phase (overnight) in lowor high-osmolality MOPS medium (0.15 or 0.7 mol kg−1) without arabinose. Cells were
stained with DAPI (nucleoids, blue fluorescence) and NAO (CL, left panel, green or red
fluorescence) or FlAsH-EDT2 (MVCCPGCC-ProP, right panel, green fluorescence) and
fluorescence was recorded as described in Experimental procedures. Red NAO fluorescence,
indicating high levels of CL, is shown for those preparations in which it was observed
(cls+ bacteria cultivated under all conditions and cls– bacteria cultivated in high-osmolality
medium to stationary phase). Green NAO fluorescence is shown where no red NAO
fluorescence was observed (cls– bacteria cultivated at low osmolality or to exponential phase
in high-osmolality medium).” (Romantsov et al., 2007)
From Romantsov, T., Helbig, S., Culham, D. E., Gill, C., Stalker, L. and Wood, J.
M. (2007), Cardiolipin promotes polar localization of osmosensory transporter ProP in
Escherichia coli. Molecular Microbiology, 64: 1455–1465. doi:10.1111/j.13652958.2007.05727.x. Please see certificate of permission in Appendix A.
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FlAsH-EDT2

Figure 1.6: Structures relevant to ProP and CL fluorescence staining.
Structures are labelled accordingly. CL is the lipid cardiolipin. NAO is 10-N-nonyl
acridine orange, a cationic lipid fluorescence stain, and FlAsH-EDT2 is the fluorogenic
bioarsenical stain that binds tetracysteine tags (CysCysProGlyCysCys) bound to a
protein of interest.
Springer Analytical and Bioanalytical Chemistry, Fluorescent determination of
cardiolipin using 10-N-nonyl acridine orange, 387, 2007, 2776, Kaewsuya, P., Danielson, N.
D., Ekhterae, D., Copyright 5 2000 John Wiley & Sons, Ltd. With permission of Springer.
Please see certificate of permission in Appendix A.
FlAsH structure reprinted from Romantsov, T., Battle, A. R., Hendel, J. L., Martinac, B.,
Wood, J. M. Protein Localization in Escherichia coli Cells: Comparison of the Cytoplasmic
Membrane Proteins ProP, LacY, ProW, AqpZ, MscS, and MscL. J. Bacteriol. 2010, 192 (4),
912–924.
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has not yet been described, though CL may be recruiting a protein like ProP through an
interaction between its negatively charged headgroup and the basic amino acids of the protein
(Mileykovskaya, 2007). Since CL makes up only a small fraction of the membrane’s total lipid
content, CL may exert a more powerful effect on the transporter if ProP were to be located
closely to CL (it too is found in the poles) (Mileykovskaya and Dowhan, 2000; Mileykovskaya,
2007). One explanations is that the cardiolipin-dependent nature of ProP localization may be a
result of a direct heteromeric interaction via the coiled-coil with cardiolipin, or another protein
(Romantsov et al., 2007a, 2010). The observation that C-terminal coiled coil mutations reversing
(R488I), disrupting (I474P), or having no effect on the ProP coiled coil (E480C) all eliminate its
polar localization suggest a heteromeric interaction influences localization, perhaps pointing to
disruption of an interaction even when the replacement does not disrupt the conformation of the
protein (Zoetewey et al., 2003; Hillar et al., 2005; Romantsov et al., 2008). It should be pointed
out that possible heteromeric coiled-coils are not essential for ProP function: when ProP is
purified and reconstituted into proteoliposomes without other proteins ProP activity was still
measured (Culham et al., 2000; Liu et al., 2007). Still, heteromeric interactions with the coiledcoil could modulate the protein activity (since disrupting the coiled-coil increases the osmolality
at which ProP is active), or link it to other mechanisms in the cell (Culham et al., 2000;
Romantsov et al., 2008).
1.6: Identification of ProP interactor candidates
1.6.1: The BACTH system
To explore the possibility that ProP’s targeted polar localization may involve another
protein, a way to detect interactions between two macromolecules is needed. The Bacterial
Adenylate Cyclase Two-Hybrid (BACTH) system was selected to identify putative ProP

25

interactors. Adenylate cyclase is an enzyme that catalyzes the formation of cyclic AMP from
ATP, where cAMP is a regulatory molecule that allows the transcription of many genes, some of
which are part of the catabolism of carbohydrates (Roy et al., 1983; Dautin et al., 2000).
Adenylate cyclase from Bordetella pertussis (cya) is comprised of two domains: the N- terminal
domain has the catalytic activity, while the C-terminal domain allows regulation of activity, with
sensitivity to glucose inhibition (Karimova et al., 2000). The catalytic domain of the protein can
be further split into two inactive fragments. When the fragments are brought spatially close to
each other, functional complementation occurs and restores activity. Through functional
complementation, protein-protein interactions can be detected with fusions with these fragments
(see Fig. 1.8).
With the lacZ gene in the lac operon of E. coli as the reporter, positive results can be
identified by measuring β-galactosidase activity, looking at the phenotype of colonies on lactose
MacConkey agar (red colonies indicate β-galactosidase activity present) , or more directly
measuring quantifying the amounts of cAMP made (Battesti and Bouveret, 2012; Euromedex,
2014). The benefits of this system are that interactions can be tested in cells grown near native
conditions and in natural environments (Rohrer, 2003). Compared to the yeast two-hybrid system,
this allows to researchers look at proteins localizing in membranes, and there is spatial separation
of the interaction event and the signal, reducing non-specific interactions (Karimova et al., 1998).
1.6.2: Screen for putative ProP interactors using BACTH
Limei Chang of the Ray Turner laboratory at the University of Calgary, initiated
experiments with the BACTH system to confirm the expected dimerization of ProP monomers,
to try to recognize structural features affecting dimerization, and to search for additional ProP
interactors. Pairs of BACTH plasmid constructs encoding full length ProP were transformed
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Figure 1.7: Principle of BACTH system in ∆cya E. coli strain
In panel A: the catalytic domain of adenylate cyclase (made up of the T25 N-terminal
and T18 C-terminal fragments) catalyses the synthesis of cAMP from ATP. This allows
the formation of the cAMP-CAP complex, turning on the promoters like those of the lac
and mal operons. Panel B: When the enzyme is split into two fragments, cAMP is not
made, preventing the formation of the cAMP-CAP complex (CAP is the catabolite
activator protein) that turns on transcription from promoters like the lac and mal
operons (Karimova et al., 2000). Panel C: If T18 and T25 are brought spatially close to
each other, when the proteins to which they are fused interact, the activity of the
enzyme is restored. Interaction of X and Y results in formation of cAMP-CAP complex,
allowing expression of operons. The BACTH system uses cya- E. coli to enable
detection of restoration of adenylate cyclase activity (Karimova et al., 1998, 2001).
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into BTH101 (a cya- strain of E. coli). β-galactosidase assays were done to detect protein-protein
interactions between the different ProP BACTH fusion proteins. The BACTH system clearly
detected interactions between two full-length ProP monomers. These findings were later
confirmed by Craig Kerr of the Wood laboratory who used E. coli WG1324 as the cya- E. coli
host (Fig.1.8). To screen for putative ProP protein interactors, a library of plasmids in which E.
coli chromosomal DNA fragments were inserted into the BACTH plasmids was used to screen
for interactor proteins. Fusion proteins were tested against ProP fusions as expressed by the ProP
vectors made by the Turner lab (pProPfullT18 and pT25ProPfull). The identities of the fusion
proteins made were determined based on DNA sequencing. A list of fusion proteins that yielded
positive ProP interaction is in Table 1.4.
Two of the putative interacting proteins were selected for further study. YdhP was the
first putative ProP interactor identified. YdhP is a putative MFS transporter and inner membrane
transport protein. Another potential interactor identified was YjbJ. The function of YjbJ is not
known, but production of YjbJ may be part of the adaptive response that allows E.coli to survive
varying osmolalities. Proteomic analysis revealed that osmotic stress (0.95 osmo/kg), increased
expression of YjbJ in both aerobic and anaerobic conditions (with ratios of induction of 381 ±28
and 271 ± 26 respectively) (Weber et al., 2006). YjbJ is under the control of σS (Weber et al.,
2006; Kocharunchitt et al., 2014). More than 80 genes have been shown to be under the control
of the general stress sigma factor σS (RpoS) and, since many types of stress (starvation,
hyperosmolality, pH downshift, temperatures that are too high or too low) cause it to be strongly
induced, this makes this regulon the basis for E.coli stress response (Weber et al., 2005). Strains
deficient in yjbJ survive in rich media and minimal media (indicating it is not essential to the
cell) (Link and Phillips, 1997). However, the strain which has the yjbJ gene re-inserted has an
28

Figure 1.8: Demostration of ProP-ProP interaction.
Interactions were quantified via β-galactosidase activity in a suspension of permeabilized
E. coli WG1324 cells harboring plasmids encoding T18 and T25fusions, or vectors encoding
fragments only. The table indicates whether protein was fused (F) to the C terminus (C) or the N
terminus (N) of the indicated Cya domain. Each bar represents mean values from results for six
replicates, with error bars representing the standard deviation. These are representative data for
experiments that were performed in duplicate. The pair T18-Zip and T25-Zip are a positive
control (which form a leucine zipper motif). Data was generated by Craig Karr (unpublished).
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Table 1.4: Putative ProP interactors, as identified by using the BACTH system.

Protein

Plasmid Pair:

Protein
Fragmenta

Putative Function

Bait

Prey

ClsA

ProPfullT18

ClsA’T25

1-320/486

cardiolipin synthase A

FadE

ProPfullT18

FadE’T25

1-223/814

acyl coenzyme A dehydrogenase

FhuB

T25ProPfull

FhuB’T18

1-338/661

fused iron hydroxamate ABC transporter
subunits

FrdD a

T25ProPfull

T18‘FrdD’

89-118/119

fumarate reductase (anaerobic) subunit
(1 of 2)

FtsY

ProPfullT18

FtsY’T25

1-226/497

signal recognition particle (SRP) receptor

ModAa

T25ProPfull

‘ModA
’-T18

96-156/257

periplasmic binding protein of ModABC
molybdate transporter

MsbA

T25ProPfull

MsbA’T18

1-60/583

lipid transporter ATP-binding protein

PotC

ProPFT18

PotC’T25

1-164/264

spermidine/putrescine ABC Transporter

UbiX

ProPfullT18

UbiX’T25

1-181/289

3-octaprenyl-4-hydroxybenzoate
carboxylyase

YbbP

T25ProPfull

YbbP’T18

1-272/805

putative ABC transporter

YbiR

T25ProPfull

T18‘YbiR’

340-372/373

predicted citrate transporter

YdbA

T25ProPfull

T18‘YdbA’

846-1107/1939

predicted autotransported outer membrane
protein

YdhP

T25ProPfull

YdhP’T18

1-262/390

putative MFS transporter

YjbJ

ProPfullT18

YjbJ’T25

1-37/69

stress response protein, induced under
osmotic stress, part of σS regulon

YjdC

ProPfullT18

YjdC’T25

1-119/199

transcriptional regulator

YojI

ProPfullT18

YojI’T25

1-479/547

microcin J25 efflux pump, TolC-dependent,
fused ABC transporter

a

Amino acid sequence limits as determined by Doreen Culham, in the Wood lab.
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advantage in growing in rich media like lysogeny broth (Link and Phillips, 1997). YjbJ is small
in size, but its NMR structure shows a 4 helix-bundle (Figure 1.9) (Pineda-Lucena et al., 2002).
The lengths of the loops are short, but based on coiled-coil analysis, there is coiled-coil
prediction for residues 50-66, which could be a way to dimerize (Figure 1.9). The hydrophobic
(a-d) surface of this putative coiled-coil faces the core of the protein.
1.6.3: Alternate methods to detect protein-protein interactions
Other available methods to detect protein-protein interactions are summarized below.
Table 1.6: Methods to detect protein-protein interactions in bacteria.
Method

Description
Detects interactions based on the restoration of enzymatic activity by
Two-hybrid systems functional complementation, resulting in the expression of a reporter
gene (Roy et al., 1983; Dautin et al., 2000). Allows for in vivo
detection. Examples are BACTH and the bacterial mDHFR survival
assay (Dautin et al., 2000).
Fluorophores are fused to the proteins of interest. Interactions are
Fluorescence
detected by noting changes in the diffusion of the labelled protein,
correlation
which slow down when it is bound to an interactor. This technique is
spectroscopy (FCS)
also capable of determining protein concentrations (LippincottSchwartz et al., 2001; Cavagnero and Jungbauer, 2005).
Fluorophores are fused to the proteins of interest. FRET detects the
Fluorescence
proximity of the interactors based on fluorescence energy transfer
resonance energy
between two different fluorophores (Lippincott-Schwartz et al., 2001;
transfer (FRET)
Cavagnero and Jungbauer, 2005).
An in vitro approach. Captures one of the proteins of interest with an
Coimmunoprecipitation antibody that binds specifically to it. If that protein is bound to another,
the complex can be isolated and analysed (Karimova et al., 1998).
An in vitro approach. One of the two proteins of interest is bound to a
solid support membrane, and is then probed with the other protein to
Far-Western Blot
look for interactions (Edmondson and Dent, 2001).
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A)

B)

Figure 1.9: NMR Structure of YjbJ and COILS output.
A) Highlighted in pink, and pointed to with an arrow, is the site for potential coiled-coil
formation, at the C-terminus, based on COILS analysis. Diagram generated with PyMOL.
B) Coils output, through windows 14 (highest), 21 and 28.
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1.8: Overview of completed research
The interaction discovered between truncated YjbJ (residues 1 to 37) and the transporter
ProP using the BACTH bacterial two-hybrid system, led us to hypothesize that full length YjbJ
would also interact, and may in fact affect ProP activity and localization pattern in E. coli cells.
There was a similar interest in YdhP, another putative interactor, studied previously by Naheda
Sahtout (Sahtout, 2013).
To determine if YdhP or YjbJ influence ProP localization, a visualization approach was
needed. GFPmut2A206K –ProP fusions were explored as a complement to FlAsH-EDT2 staining.
To try to reduce degradation, a strain was created with mutations that might reduce the all-ornone expression of proteins encoded by the pBAD24 system (∆araFGH and constitutive
araE535). The effects of these changes were analysed by Western blotting and SDS-PAGE, and
are covered in Chapter 3. Degradation was found to differ between expression backgrounds. The
protein with a calculated molecular weight of approximately 65 kDa in the anti-ProP blots was
determined to be the fluorescent one. The modifications of the host strain (∆araFGH+ and
constitutive araE535) appeared to increase the proportion of the fluorescent GFPmut2A206K –
ProP. However, in spite of these findings, when both strains were viewed under the microscope,
it was found that ProP polar localization was not frequently observed with this fusion.
Fluorescence imaging of the GFPmut2A206K –ProP in vivo fusions did, however, show the
GFPmut2A206K –ProP fusions were integrated into the membrane, and that the modified strains
were brighter overall.
In addition to the localization studies, a goal of this thesis was to confirm a YjbJ-ProP
interaction, using a BACTH construct encoding full-length YjbJ (covered in Chapter 4). After
successfully reproducing the YjbJ(1-37) and ProP interaction, a construct encoding a fusion of a
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BACTH fragment with the full YjbJ sequence was made and herein tested against plasmids
encoding ProP BACTH fusions. β-galactosidase assays indicated activity was statistically
significantly different from the negative control, but was not high enough to be biologically
significant. On the other hand, an interaction between the other putative protein, YdhP, and ProP
(YdhP-T18 and T25-ProP) was confirmed previous to this study (Sahtout, 2013).
Though the interaction between ProP and YjbJ was not confirmed, cell morphology and
growth of a yjbJ deletion mutant were studied, as described in Chapter 4, because previous
evidence suggested YjbJ may contribute to the osmotic stress response. Cell shape and growth
were measured and compared to control strains, but there was no notable difference in yjbJ
mutants. Additionally, the impact of ydhP or yjbJ deletion on ProP function was determined by
measuring proline uptake activity, but no effects were found.
Since our GFPmut2A206K –ProP was not shown to be a reliable approach, and CLdependent polar localization of ProP was first observed using FlAsH staining, this method was
used again to study ProP localization. FlAsH-stained ProP localization in clsA- (cardiolipin
deficient) and clsA+ (normal levels of cardiolipin) cells was observed, and cardiolipin
dependence was reflected by lower frequency of ProP polar localization in the clsA- strains. The
localization pattern of ProP in yjbJ- and ydhP- mutants was also studied with this technique, in
clsA- and clsA+ strains. Deletion of yjbJ and ydhP did not impact the frequency of polar
localization observed in conditions of low growth osmolality, or cardiolipin-dependence of ProP
localization.
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1.9: Significance of research
The ability to adapt to osmotic changes is vitally important for bacterial cells, and ProP
and orthologues play a key role in osmoregulation, and therefore survival. Understanding the
cause of specific localization patterns of proteins is important to understanding the role and
function of the protein. Determining the mechanism by which ProP localizes would give insight
on these matters for this and potentially other similar transporters. With countless proteins yet to
be characterized, it is also important to start to decipher their influence on cell function.
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Chapter 2: Materials and Methods
2.1: Materials
Materials used in this study are listed along with the corresponding protocols. Other
materials were purchased from Thermo-Fisher Scientific (Ottawa, Ontario, Canada), Froggabio
(Toronto, Ontario, Canada) or Sigma Aldrich (Oakville, Ontario, Canada), unless otherwise
stated.
2.2: Culture media preparation
2.2.1: Liquid growth media
LB broth consisted of NaCl (1 % (w/v)), Bacto-tryptone (1 % (w/v)) and Bacto-yeast
extract (0.5 % (w/v)) dissolved in deionized water (Miller, 1972b). Media were sterilized by
autoclaving and stored at room temperature.
The NaCl-free MOPS minimal medium was prepared as described by Neidhardt et al.
(1974) with the omission of NaCl. Stock solutions used to make MOPS medium were autoclaved
and stored at room temperature, except for 10x MOPS stock solution, which was stored at 4 °C
(see Appendix B for preparation). Ingredients were dissolved in deionized water, and filtersterilized using 0.45 μm filters. Liquid MOPS medium was made fresh for each experiment.The
medium was supplemented with glycerol (0.4 % (v/v)), NH4Cl (9.5 mM), L-tryptophan (0.005 %
(w/v)), to meet auxotrophic requirements, and thiamine hydrochloride (0.0001 % (w/v)) (for
nutrient supplementation). When necessary, the osmolality of the medium was increased by
adding NaCl; osmolalities were measured with a VAPRO Vapor Pressure Osmometer 5520
(Wescor (Claremont, Ontario, Canada)).
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2.2.2: Solid growth media
Solid medium plates were made by adding agar (15 g/L) to liquid media, before
autoclaving for sterilization and pouring into plates. LB agar plates for strain testing and
selection of transformants were prepared with the following antibiotics: ampicillin (100 μg/mL),
chloramphenicol (30 μg/mL), kanamycin (50 μg/mL), streptomycin (100 μg/mL) and
tetracycline (25 μg/mL). Ampicillin plates and tetracycline plates were stored at 4°C.
Tetracycline plates were stored in the dark.
2,3,5-triphenyl tetrazolium chloride (TTC) agar medium plates, supplemented with
proline (0.2 % (w/v)), were used for strain testing. TTC acts as a redox indicator, resulting in
red-colored colonies for strains that are able to metabolize proline in the medium, and white
colonies when they cannot (Bochner and Savageau, 1977; Wood, 1981). For this medium, three
solutions are prepared separately. Solution A is composed of KH2PO4 (0.022 M), K2HPO4 (0.402
M) and proteose peptone (0.2 % (w/v)). Solution B is composed of (1.5 % (w/v)) agar and
MgSO4 (1.25 mM). Solution C is composed of proline (0.2 % (w/v)), thiamine hydrochloride
(0.0001 % (w/v)), tryptophan (0.005 % (w/v)) and TTC (0.0025 % (w/v)). Solutions A and B
were sterilized by autoclaving. Solution C was made and filter-sterilized through 0.45 μm filters.
Once sterile, the three solutions were mixed together and poured into plates. Plates were stored at
room temperature.
MacConkey plates used for strain testing and identifying cya-deletion strains were made
by mixing of Bacto-MacConkey agar (5 % (w/v)) and Agar (1.5 % (w/v)) in deionized water. It
is then sterilized by autoclaving, and poured into plates. Plates were stored at room temperature.
MOPS minimal medium plates for strain-testing were made by adding agar to filtersterilized MOPS liquid medium (15 g/L) (MOPS medium was prepared as described in Section
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2.2.1). Tryptophan was omitted from some sets of MOPS plates, while added to supplement
others, to identify tryptophan auxotrophs.

2.3: Bacterial strains, plasmids and culture conditions
All Escherichia coli strains used or created for this study are listed and described in Table
2.1. A list of the plasmids in this study can be found in Table 2.2, along with brief descriptions
of their function or role. All primers involved in strain testing or designed for cloning are listed
in Table 2.3. Primers were purchased from Eurofins MWG Operon (Hunstville, Alabama, USA).
To make frozen glycerol stocks for all E.coli strains, bacteria were grown overnight (1618 hrs) in LB broth (Miller, 1972b), with antibiotics added when necessary for maintenance of
plasmids. One mL of the overnight culture was aseptically mixed with 0.5 mL of sterile glycerol
(80 % (v/v)). These stocks were stored at -40 °C, with backups stored at -80 °C. Cultures were
started by inoculating 2mL to 4mL of LB medium with a loop of frozen stock. Antibiotics were
added to liquid medium to maintain plasmids when needed. The LB ‘starter culture’ was
incubated for 7 hours, and was subcultured into a desired volume of medium to prepare
overnight culture (medium was chosen depending on the experiment). In the experiments
covered by this thesis, LB broth or MOPS minimal media were routinely selected for overnight
and subsequent ‘day’ cultures. For further details on liquid media preparation see Section 2.3.
Unless otherwise stated, all cultures were grown in a shaking incubator set to 37 °C, 200 rpm.
Day cultures were started the morning of the experiment by inoculating a volume of desired
medium (plus antibiotics if necessary) with the overnight culture, to a dilution of 250:1.
The purity and identity of cultures was routinely tested (see Appendix C for the list of
solid media plates used and their applications). For strains carrying plasmids, restriction enzyme
digests of the isolated plasmids were performed to verify the identity of the plasmid, and
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chromosomal deletions and mutations were confirmed with PCR amplification. The primers for
polymerase chain reaction (PCR) amplifications can be found on Table 2.3.

2.3.1: BACTH control plasmids
Plasmid pYjbJ(1-37)T25, created by the Turner lab, encodes a truncated version of YjbJ
(residues 1 to 37). Plasmids pProPfullT18 and pProPfullT25, also created by the Turner lab, to
encode fusion proteins with the adenylate cyclase sequence (T18 or T25) on the C-terminus of
ProP, and extra amino acids encoded before and after ProP. There are also silent mutations in the
proP sequence, at positions 393 and 463 of the ProPT-T25 fusions protein, and at position 463 of
the ProPT-T18 fusion protein (where ProPT denotes a ProP fusion made by the Turner lab).
Doreen Culham created alternate plasmids encoding ProP with the T18 and T25 fragments on the
N- terminus, and without amino acid replacements or extra amino acids on the C-terminus of
ProP. The sequences of the BACTH ProP fusion plasmids and the encoded proteins are in
Appendix D.

2.4: Molecular biology techniques
Basic molecular biology techniques were performed following the protocols found in the
manual by Sambrook and MacCallum (2013). Any modifications made to them are outlined
below. Plasmids from cells grown overnight in LB medium (supplemented with antibiotics) were
extracted with the Geneaid High Speed Plasmid Mini Kit from FroggaBio (Toronto, Ontario,
Canada). Cells were collected from an aliquot of culture (3 mL) and centrifuged for 1 minute at
approximately 13,000 x g. The remainder of the kit protocol was followed to isolate ~ 20
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Table 2.1: Escherichia coli strains used in the experiments covered in this report.
Strain code
BTH101
DH5α
DHT1
RM2
MG1655 pMGS053
WG350
WG708
WG709
WG994
WG1008
WG1324
WG1332
WG1340
WG1351
WG1359
WG1383
WG1385
WG1402
WG1403
WG1418
WG1420
WG1421
WG1422
WG1423
WG1424
WG1469
WG1470
WG1471
WG1472
WG1475
WG1481
WG1489
WG1523
WG1524
WG1525
WG1526
WG1527
WG1528
WG1529
WG1530

Genotype
F−cya-99 araD139 galE15 galK16 rpsL1 (StrR)
hsdR2 mcrA mcrB
F− ϕ 80 dlacZΔM15 Δ(lacZYA-argF)U169 recA1
endA1 hsdR17(rk- mk-) supE44 λ- thi-1 gyrA relA1
F− gln V44(AS) recA1 endA1 gyrA96 (NalR) thil hsdR17
spoT1 rfbD1 cya-854 ilv-691::Tn10
F− trp lacZ rpsL thi ∆(putPA)100
MG1655 pMGS053 pREP4
RM2 Δ(proU)600 Δ(proP-melAB)212
WG350 pBAD24
WG350 pDC79
WG350 pDC232
WG350 cls::Tn10dTet3 pDC232
WG350 lacZ+ ∆cya851::FRT
WG350 ΔydhP735::Kan
WG1332 pDC79
WG1324 pKT25-Zip pUT18-Zip
WG1324 pKNT25 pUT18
WG350 ∆yjbJ739::Kan
WG980 ∆yjbJ739::Kan
WG350 ydhP835::FRT
WG980 ydhP835::FRT
WG350 pDM3
WG1324 pProPFT25 pYdhPT18
WG1324 pT25ProP pYdhPT18
WG1324 pYdhPT25 pProPFT18
WG1324 pYdhPT25 pT18ProP
WG1324 pT18ProP pT25ProP
WG1383 pDC79
DH5α pYjbJT25
WG1324 pYjbJT25 pT18ProP
WG1324 pYjbJT25 pUT18
WG350 Δ(araFGH)572(::kan903)
WG1475 ΔaraEp531::Kan5 φPcp8araE535
WG1481 pDM3
WG1402 pDC232
WG1403 pDC232
WG1383 pDC232
WG1385 pDC232
WG1383 pDM3
WG1324 pYjbJ(1-37)T25 pProPfullT18
WG1324 pYjbJT25 pProPfullT18
WG1324 pYjbJT25 pT18ProPfull
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Source or Reference
Euromedex, EUB001
(Hanahan, 1983)
(Karimova et al., 1998)

(Wood, 1981)
(Elowitz et al., 1999)
(Culham et al., 1993)
(Racher et al., 1999)
(Culham et al., 2000)
(Romantsov et al., 2007a)
(Romantsov et al., 2007)
Wood Lab
Wood Lab
(Sahtout, 2013)
This work
This work
Wood Lab
Wood Lab
Wood Lab
Wood Lab
Wood Lab
(Sahtout, 2013)
(Sahtout, 2013)
(Sahtout, 2013)
(Sahtout, 2013)
This work
This work
This work
This work
This work
Wood Lab
Wood Lab
Wood Lab
This work
This work
This work
This work
This work
This work
This work
This work

Table 2.2: List of plasmids in this study.
Plasmid name Description
pBAD24 a
Expression vector.
pDC79 a
Encodes ProP.
a
pDC232
Encodes MVCCPGCC-ProP (FlAsH-EDT2 staining tag)
pDM3 a
Encodes GFPmut2A206K-ProP fusion protein.
pKNT25
Used for construction of in frame fusions at the N-terminal
end of the T25 fragment of adenylate cyclase.
pKT25
Used for construction of in frame fusions at the C-terminal
end of the T25 fragment of adenylate cyclase.
pKT25-Zip
Encodes the leucine zipper of GCN4 fused in frame to the
C-terminus of the T25 fragment of adenylate cyclase.
pProPfullT18 b Encodes full length ProP fused in frame to the N-terminus
of the T18 fragment of adenylate cyclase. Construct
encodes 16 amino acids preceding ProP, and 7 between
ProP and T18.
b
pProPfullT25
Encodes full length ProP fused in frame to the N-terminus
of the T25 fragment of adenylate cyclase. Construct
encodes 16 amino acids preceding ProP, and 7 between
ProP and T18.
d
pT18ProP
Encodes full length ProP fused in frame to the N-terminus
of the T18 fragment of adenylate cyclase.
d
pT25ProP
Encodes full length ProP fused in frame to the N-terminus
of the T25 fragment of adenylate cyclase.
pUT18
Used for construction of in frame fusions at the N-terminal
end of the T18 fragment of adenylate cyclase.
pUT18C
Used for construction of in frame fusions at the C-terminal
end of the T18 fragment of adenylate cyclase.
pUT18C-Zip
Encodes the leucine zipper of GCN4 fused in frame to the
C-terminus of the T18 fragment of adenylate cyclase.
pYjbJ(1-37)T25 Encodes truncated YjbJ fused in frame to the N-terminus
of the T25 fragment of adenylate cyclase.
pYjbJT25 e
Encodes full length YjbJ fused in frame to the N-terminus
of the T25 fragment of adenylate cyclase.

Reference
(Guzman et al., 1995)
(Culham et al., 2000)
(Romantsov et al., 2007)
(Marom, 2015)
(Karimova et al., 1998)
(Karimova et al., 1998)
(Karimova et al., 1998)
Turner Lab

Turner Lab

Culham, D.E., Wood Lab
Culham, D.E., Wood Lab
(Karimova et al., 1998)
(Karimova et al., 1998)
(Karimova et al., 1998)
Turner Lab
This Work

a

Plasmids made at the Wood lab are derived from pBAD24, except for the BACTH constructs.

b

For context and events behind these plasmids, see Section 2.3.1.

d

These plasmids were constructed as alternatives to the ones initially provided by the Turner lab, to

eliminate the extra nucleotides any mutations described in Section 2.3.1.
e

This plasmid was created by amplifying the yjbJ gene from chromosomal DNA and adding

restriction enzyme sites PstI and BamhI, so it could be used for cloning the gene into a pKNT25
plasmid, using the same restriction enzymes.
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Table 2.3: List of primers in this study.
Primer
Name
YjbJPstFwd a

Primer Sequence (5’→3’)

Purpose

ydhP-F

GGGCTGCAGGATGAATAAAGAT For construction of pYjbJT25. Used to
GAAG
amplify YjbJ sequence, while adding
CCGGATCCTCCCAGCGATATTC flanking PstI and BamHI restriction
enzyme sites.
GCT GCA CTG ATT TCC TCT CG

ydhP-R

GCT ACG CTT ATC AGG CCT AC

ydhP-I

CCA CGA CTG AAC CCA AAC C

KmF

GAT CTC CTG TCA TCT CAC

cyaFor

CGG TCA ATC AGC AAG GTG

cyaRev

GGC GAT GAG TGG ATT TGT G

cyaInt
cls-01

GCT CAC TAA CTG GCT CAA
CAC
CCC ACT TCC GTT CTA CTC CGC

cls-02

GAT CGA GAT TGT CGG CAG CC

YjbJBamRev a

a

For confirmation of strains that
contain the kanamycin cassette in
place of the ydhP gene, by PCR.

For confirmation of strains with a
deletion of the cyaA gene.

For confirmation of strains that
contain a transposon insertion in place
of the cls gene.

Restriction enzyme cut site is bolded and underlined.

μg of purified plasmid DNA. To estimate the concentration of plasmid DNA, 0.3 μL to 1 μL was
loaded onto an agarose gel for electrophoretic analysis. Ethidium bromide (10 mg/ml) was
selected to stain the DNA. The gel was visualized with the Bio-Rad ChemiDoc XRS+, operating
ImageLab Software.
New England Biolabs enzymes (Whitby, Ontario, Canada) were used for restriction
analysis according to the manufacturer’s instructions. The lengths of DNA fragments of size 100
kb to 12 kb were estimated using the 1 kb Plus DNA ladder standard from Invitrogen (Burlington,
Ontario, Canada).
Transformations of E.coli strains were performed as described by Hanahan (1983).
42

Chromosomal DNA was isolated from cells grown overnight in LB medium. Cells (from
1mL of culture) were collected by centrifugation for 1 min (at approximately 13,000 x g). Cells
were then resuspended in saline (0.85 % NaCl (w/v)). Again, centrifugation of the contents was
performed for 1 min, the pellet was resuspended in 500 μL of sterile water and placed in a
boiling water bath for 10 min The cell suspension was then placed immediately in ice to cool,
and pelleted again by centrifugation for 1 min. The DNA in the supernatant was finally
transferred to a fresh microfuge tube, and stored at 4°C.
Chromosomal DNA (isolated as described above) was used as the template for PCR
amplification of genes. The reaction mixture included deoxyribonucleotide triphosphates (dNTP,
200 µM), MgCl2 (1.5 mM), Tween 20 (0.05 % (v/v)), gelatin (0.001 % (w/v)), 40 pmol of each
primer, 50 ng/μL DNA template, 10 mM Tris-HCl (pH 8.4), KCl (50 mM), and 5 units Taq
polymerase. Taq polymerase was purchased from Invitrogen (Burlington, Ontario, Canada).
Autoclaved purified water was added to bring the total volume of the reaction mixture to 50 μL.
Thermal cycling was performed in the Perkin Elmer GeneAmp PCR System 2400 Thermal
Cycler (Woodbridge, Ontario, Canada), as described by Brown and Wood (1992). When
necessary, the PCR products were purified using the QIAquick PCR Purification Kit (Qiagen).

2.4.1: Construction of plasmids
To make plasmid pYjbJT25, pKNT25 (a plasmid from the BACTH system) was selected
as the expression vector of full-length YjbJ. The pKNT25 plasmid is designed to allow insertion
of genes into the multiple cloning site, resulting in a plasmid that encodes fusion proteins with
the T25 fragment on the C-terminus. Plasmid pKNT25 was isolated from the storage strain
(DH5α pKNT25), as per the protocol described in the section above (Section 2.4). Full length
yjbJ was amplified from MG1655 chromosomal DNA, using primers YjbJPstFwd and
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YjbJBamRev. The amplification protocol was described in Section 2.4, with the exception that
Taq Polymerase was replaced by Pwo DNA polymerase (0.1 units/mL) and the buffer was
replaced with 10 x Pwo Polymerase Buffer (+ MgSO4) (purchased from Roche Applied Science
(Laval, Quebec, Canada)). The PCR product was precipitated overnight (16-18 hr, at 40 ºC) in
ethanol containing potassium acetate (2.0 % (w/v)), and then pelleted by centrifugation for 15
min at ~13 000 x g, at 4ºC. This pellet was washed in cold ethanol (95 % (v/v)), pelleted again,
dried, and resuspended in water. Agarose gel electrophoresis was performed to assess the
concentration of the DNA product. The PCR products were purified using the QIAquick PCR
Purification Kit (Qiagen).
To prepare for ligation, vector pKNT25 and PCR-amplified yjbJ product were digested
with BamHI and PstI enzymes. The restriction enzymes were removed using QIAquick PCR
Purification Kit. To prevent recircularization of the vector during ligation, the phosphorylated
ends of vector DNA were removed with 10,000 units/mL alkaline phosphatase (AP, purchased
from New England Biolabs). Dephosphorylation was performed as described by the
manufacturer. Both the vector and PCR product were gel purified, and DNA was recovered with
the QIAquick Gel Extraction Kit from Qiagen.
Ligation was performed using 1 unit/μL T4 DNA Ligase from Invitrogen. The ligation
reaction mixtures contained 5 X Ligase Reaction buffer (Invitrogen) diluted in autoclaved
purified water, 0.5 units of T4 DNA Ligase, and a series of ratios of vector to insert (vector:
insert 1:0, 0:1, 1:1, 1:5, 1:20, 5:1, 20:1, 1:1). These mixtures were incubated at room temperature
overnight. The ligation products were transformed into DH5α, and transformants were selected
on LB medium with kanamycin (50 μg/ml). After incubation, single colonies were picked for
testing.
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Plasmid was purified from selected transformants and verified by restriction analysis
(using enzymes BamHI and PstI, XhoI, BstNI, MvaI, XhoII, and DraI). Sequencing of the
YjbJT25 encoding region was performed by the Advanced Analysis Centre (AAC) at the
University of Guelph (Guelph, Ontario, Canada).

2.5: Nephelometer growth curves
Escherichia coli overnight cultures were prepared as described in Section 2.3. The
resulting overnight culture (grown in MOPS minimal medium with 200 mM NaCl (see Section
2.3.1 for preparation)) was subcultured into 3 mL of fresh MOPS medium, containing 200 mM
NaCl, making 1:50 dilutions. The diluted cultures were allowed to grow for 7 hours. These
cultures were diluted to a ratio of 1:100 in fresh MOPS medium containing NaCl at various
concentrations (0 mM to 600 mM), with possible glycine betaine supplementation (0.8 mM to 1
mM), preparing enough volume to be able to fill at least 4 replicate wells (each well must be
filled to a volume of 200 µL). The cultures were mixed thoroughly before aseptically transferring
aliquots to a sterile 96-well microtiter plate (Corning Costar Clear Polystyrene 96-Well Plates
#3370 Assay Plates, Fisher Scientific). In a Nuaire Biological Safety Cabinet, Class II Type A2,
at least 4 replicate wells were filled with 200 µL of culture per treatment per strain. The filled
plate was covered with a breathable membrane (Breathe-Easy sealing membrane, Sigma Aldrich).
The nephelometer (NEPHELOstar, BMG LABTECH GmbH, Germany) was set to 36 °C
(the machine does not function when set higher than this temperature), and allowed to warm up
30 min ahead of the assay. The plate was placed inside the machine with the following
conditions programmed for a 24 hour growth assay: cycles = 200, cycle time = 420 sec, shaking
at 300 rpm for 200 s before each measurement, plate layout = “Growth Assay”, required value =
10 %, and the gain was adjusted using the “Set gain based on well” function, picking any
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representative filled well. After 24 hours, the plate was retrieved and the readings from the
computer were saved for analysis in a spreadsheet.
To plot growth curves, the readings (in nephelometer units) from the replicates were
averaged for each time-point. The means were then plotted versus time, with standard error for
each treatment and strain.
2.6: Microscopy
2.6.1: Preparation of E. coli cells for imaging
Overnight cultures were prepared as described in Section 2.3. Optical density (OD600) of
the overnight culture (grown in MOPS minimal medium, with necessary NaCl and ampicillin)
was measured with the Novaspec II UV/V spectrophotometer. Cells from a volume of the
overnight culture were pelleted by centrifugation (10 min, 57 000 rpm, at room temperature) to
inoculate 24 mL of medium to a starting OD600 of 0.17. The volume of culture needed from the
overnight culture to make the day culture was calculated based on its final OD600. The pelleted
cells were resuspended in 24 mL of fresh medium of the same composition, in a 125mL side-arm
flask. L-arabinose supplementation was used in the day culture to induce GFPmut2A206K-ProP
expression. For GFPmut2A206K-ProP visualization, the cells were ready to be applied onto
agarose slides (see section 2.6.3 for preparation) or they could be further processed for staining
(see Section 2.6.2).

2.6.1.1: Preparation of E. coli cells for FlAsH-EDT2 staining
Cells to be visualized with FlAsH-staining were prepared as described above, except 1
mL of the overnight culture was concentrated then resuspended in 5 mL of fresh MOPS medium,
in a 10 mL flask. Aliquots (300 µL) of this cell suspension were transferred to a 1.5 mL
microcentrifuge tube and stained with FlAsH-EDT2 (Fluorescein Arsenical Helix binder, bis46

EDT adduct) at a final concentration of 100 µM. Powdered FlAsH-EDT2 reagent was
synthesized for this purpose (Adams et al., 2002). The FlAsH working stock used to stain cells
was a 1:9 dilution (in sterile water) of a FlAsH-EDT2 reagent made by dissolving powdered
FlAsH-EDT2 in dimethyl sulfoxide (DMSO) to a concentration of 2 mM FlAsH-EDT2. The
FlAsH stocks used in this study were made fresh for every experiment. The stained cells were
incubated for 2.5 to 3hr (approximately one generation) to mid-log phase. The cells were then
isolated by centrifugation at ~13, 000 x g, washed with fresh MOPS medium, then resuspended
into 100 µL of MOPS medium. At this point, cells were ready to be applied onto agarose slides
(see Section 2.7.3 for their preparation).
2.6.2: Staining the bacterial DNA with DAPI and bacterial membranes with FM4-64
To visualize the bacterial nucleoid 4',6-diamidino-2-phenylindole (DAPI) was purchased
from Invitrogen (catalogue number D1306, 10 mg/ml). DAPI stocks were prepared by mixing 1
ml of N,N-dimethylformamide (DMF) with 10 mg of DAPI. Aliquots of DAPI stocks were
stored in foil-wrapped microfuge tubes at -40 ºC. When staining with DAPI, 0.5 μL of 10 mg/mL
DAPI stock was added to 100 µL of cell suspension (see Section 2.6.1 for cell preparation) and
mixed. The cultures were then incubated for 5 min at 37 ºC, in the dark.
When staining the bacterial membranes, (N-(3-triethylammoniumpropyl)-4-(6-(4(diethylamino) phenyl) -hexatrienyl) pyridinium dibromide (FM4-64) was also added. FM4-64
was purchased from Invitrogen (catalogue number 21487, 1 mg/mL). FM4-64 stocks were
prepared by mixing 1 mL of DMSO and 1 mg of FM4-64. Aliquots of these FM4-64 stocks were
stored in foil-wrapped microfuge tubes at -40 ºC. Staining with FM4-64 was initiated by adding
1 µL of 1 mg/mL both DAPI and FM4-64 stock (final concentration 10 μg/mL) to 100 µL of cell
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suspension (see Section 2.6.1 above for preparation) and mixing. The cells were then incubated
for 15-30 min, at 37 ºC, in the dark. When staining with FM4-64, DAPI was always added during
the last 5 min of this incubation (to facilitate visualization). The cells were then immediately
applied on agarose slides (see Section 2.6.3 for preparation).
2.6.3: Agarose slides for imaging
Cells were applied on agarose slides to attempt to arrange cells into one plane on the slide.
The medium used to prepare the agar slides was the same one used to grow the cells, to reduce
shock and damage to the cells. Agarose (0.15 g) was mixed in 10 mL of MOPS minimal medium,
of the right osmolality. The mixture was boiled until large bubbles were produced. Once
removed from heat, 30 μL of the agar was pipetted onto the center of the microscope slide
(Fisherbrand 25 X 75 X 1 mm Frosted End - Slide, catalogue number 12-552-3, Fisher
Scientific). The agar pad was immediately flattened with a long non-disposable cover glass
(Cover Slip, Microscopy, size 24 X 50 mm, catalogue number 12-545-88, Fisher Scientific)
treated with Sigmacote (Sigma Aldrich). These long cover glasses were treated by incubating in
Sigmacote for 5 min, and then rinsed quickly with water; covers were re-used until they lost their
non-stick coating. After 5 min to allow agar pads solidify, the Sigmacoat-treated cover glasses
were gently removed. The cell suspension (2.0 µL to 5.0 µL) was quickly added onto the center
of the agar pad, and covered with a square cover glass (size 24 X 50 mm, catalogue number 12548-B, Fisher Scientific). The slides were then viewed with the microscope (see section below).

2.6.4: Bright field, differential interference contrast (DIC) and fluorescence micrographs
Images of the cells stained with DAPI and FM4-64 were taken with an upright Leica DM
5000B microscope connected to a Hamamatsu Orca-Flash 4.0 digital camera, programmed with
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Volocity™ (PerkinElmer) imaging software, using the 63 x oil objective. The fluorescence was
excited with an X-Cite light source (Lumen dynamics). For blue DAPI fluorescence, the
excitation filter chosen was BP365/12 nm, dichroic mirror FT395 and emission filter LB397. For
red FM4-64 fluorescence the filter was Texas Red, N21, excitation ‘515-560 nm’. Exposure time
was adjusted for each session, to limit overexposure, with “autocontrast” selected. The amount of
seconds of exposure was set to be just long enough to allow a visible fluorescence signal. This
was done in combination with setting lamp brightness to the second highest or highest intensity,
to reduce the need for longer exposures. Pictures were taken and processed with the Volocity™
software. To reduce photobleaching of FM4-64, the microscope was programmed to take two
consecutive images using the two aforementioned filters, after first focusing on DAPI
fluorescence. DIC images (without filters or UV excitation) were taken with the same
microscope in addition to fluorescence images.
Images of the cells expressing GFP or FlAsH-stained ProP were taken with an Imaging
RetigaEX CCD camera mounted on an Axiovert 200M inverted fluorescence microscope (Carl
Zeiss Microimaging Inc) equipped with a Zeiss Plan Neofluor, 100 x oil NA1.3 objective, and
Volocity™ imaging software. The fluorescence was excited with an X-Cite light source (Lumen
dynamics) and, the excitation filter was FITC 3540B. Exposure time was adjusted for each
session, with “autocontrast” selected. Volocity™ software was used to take and process the
images. To reduce photobleaching, the cells were first focused on with DIC imaging, then
switched to the fluorescent excitation and filter.
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2.7: Techniques for protein analysis
2.7.1: Whole cell extract preparation for SDS-PAGE gels and Western blots
To grow the cells for cell extracts, overnight cultures were started as described in Section
2. A volume of the overnight culture was harvested to inoculate the day culture to a starting
OD600 of 0.17; the volume of culture needed was calculated based on the final OD600 of the
overnight culture (measured with the Novaspec II UV/V spectrophotomoter). Cells were isolated
by centrifugation at room temperature for 10 min at 5700 rpm, in the Beckman Coulter Allegra
X-22 centrifuge. The pellet was resuspended in 24 mL of fresh medium, in a 125 mL side-arm
flask. This culture was grown to an OD600 of 0.4, before the cells of the entire culture were
harvested by centrifugation at 5700 rpm, for 10 min, at room temperature. Samples were stored
at -40 °C until needed.
2.7.2: Bicinchoninic acid protein assay (BCA)
Protein concentrations in cell suspensions were determined by performing a BCA assay
(Smith et al., 1985; Redinbaugh and Turley, 1986). Bovine serum albumin (BSA) was used as
the standard; it was diluted to a series of five concentrations, 0.0 - 200 μg/mL. Depending on the
estimated protein concentration of the sample, the sample was diluted in water in ratios ranging
from 1:5 to 1:60. Three different dilutions were prepared per sample. Aliquots (20 µL) of the
dilutions of the samples and BSA standards were loaded individual wells of a 96-well microtiter
plates. Then 200 µL of protein assay reagent (purchased from Fischer Scientific) was added to
each well. The plate was incubated in a water bath at 60ºC, for 30 min Absorbance was read at
562 nm with the Titertek Multiskan PLUS MK II Microplate Reader. To calculate the protein
concentrations, a standard curve was prepared by linear regression.
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2.7.3: Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was performed as described by Laemmli (1970). Casting and running gels
were prepared using the Bio-Rad MiniProtean III cells (Bio-Rad (Mississauga, Ontario, Canada)).
The resolving gel was composed of 30% acrylamide/bis (37.5:1 ratio, 40 % (v/v)), Tris (pH 6.8
with HCl, 0.25 M), SDS (0.2 % (w/v)), ammonium persulfate (APS, 0.05 % (v/v)) and
tetramethylethylenediamine (TEMED, 0.05 % (v/v)). After the resolving gel was poured into the
casting dock, ~2 mL of 10 % ethanol were poured on top, to allow it to polymerize for 30 min.
The stacking gel was composed of 30 % acrylamide/bis (37.5:1 ratio, 40 % (v/v)), Tris (0.1875
M, pH 8.8 with HCl,), SDS (0.05 % (w/v)), APS (0.0625 % (v/v)) and TEMED, (0.125 % (v/v)).
After the ethanol was poured off of the resolving gel, the stacking gel was poured on top, a well
comb was placed, and this gel was allowed to polymerize for 1 hour.
Gels were placed in the Bio-Rad system, with running buffer (Tris (0.25 mM), glycine
(1.92 M), SDS (1 %,w/v)) poured in to fill the chamber. For sample loading, sample buffer
concentrate was made, consisting of Tris (0.3 M, pH 6.8 with HCl,), SDS (10 % (w/v)), glycerol
(50 % (v/v)), bromophenol blue (0.125 % (w/v)) and β-mercaptoethanol (25 % (v/v)). Cell
extract was added to microcentrifuge tubes (60 μg of protein per tube), sample buffer was added
(to a fifth of the total volume), and water was added to bring total volume to 40 µL. The tubes
were vortexed and incubated for 30 min, at 37°C. To solubilize sample contents while
maintaining the integrity of ProP (a membrane protein), the mixture was passed through a 1cc
syringe with a 26 gauge, 3/8-inch needle, 15 times. In samples where ProP was not the protein of
focus (for example, when GFP expression was assessed), the sample was not incubated or passed
through a syringe. Instead, it was boiled for 5 min, then vortexed. All samples were quickly
vortexed immediately before loading.
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Aliquots of the sample, containing 15 μg of protein each, were loaded into the wells of
the SDS PAGE gels. Electrophoresis was performed at 150 V and stopped when the dye front
had reached the end of the gel. The Precision Plus Dual Colour SDS-PAGE Standard (Bio-Rad,
Mississauga, Ontario, Canada) was used as a molecular weight marker. Gels were either stained
with Gelcode Blue, used for Western Immunoblotting, or visualized with the Bio-Rad ChemiDoc
XRS+ with ImageLab Software. For fluorescence images, after UV-lamp excitation (using filter
#1), images were taken after extended exposure times. Exposure time was from 20 sec to 60 sec.
2.7.4: Western immunoblot transfer
Western immunoblotting was performed as described by Towbin, Staehelin, and Gordon
(1979). Transfer buffer (made of 16 mM Tris, 115 mM glycine, 0.02 % SDS (w/v) and 20 %
methanol (v/v)) was used to wet nitrocellulose membranes (Bio-Rad), nylon pads, and pieces of
3 MM Whatman paper. A sandwich of the SDS-PAGE gel and the membrane, surrounded by
Whatman papers and nylon pads, was placed in the apparatus, and the transfer was completed in
a cooled system (surrounded by ice). Proteins separated on SDS-PAGE gels (as per Section 2.7.3
above) were transferred to nitrocellulose membranes with the Bio-Rad Transblot Apparatus for 1
hour at a constant voltage of 80 V. The blots were washed briefly with TBS/Triton solution (Tris
(pH 7.4 with HCl, 25 mM), NaCl (137 mM), KCl (2.7 mM) and Triton X-100 (0.001 % (v/v))).
After the wash, the blotted membranes were incubated overnight on a shaker, at 4ºC, with
blocking buffer (TBS/Triton buffer and 5 % skim milk). The membranes were then ready for
detection of proteins.
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2.7.4.1: Detection of ProP on nitrocellulose membranes
Rabbit anti-ProP polyclonal antibody that was raised against whole ProP and purified (as
described in Racher et al., 1999, but with the additional purification using a CNBr-activated
sepharose column), was used for the detection of ProP. The blocking buffer was briefly washed
from the nitrocellulose blot (see Section 2.7.4) with 20 mL of 1 x TBS/Triton buffer. The
membrane was incubated in 25 mL of a mixture of TBS/Triton buffer containing 5 % skim milk
and 1:500 dilution of anti-ProP antibody. The membrane was incubated overnight on a shaker, at
room temperature. The membrane was washed three times (10 min each) with TBS/Triton buffer
on shaker at room temperature, to remove unbound anti-ProP antibody. The nitrocellulose
membranes were incubated on a shaker at room temperature, for 1 hour, with TBS/Triton buffer
containing horseradish peroxidase coupled goat anti-rabbit secondary antibody, in a 1:1000
dilution. The membrane was washed again four times (10 min each) with TBS/Triton buffer, at
room temperature, to remove the remnants of the secondary antibody. The blots were drained of
excess buffer, incubated with 4 mL of Amersham enhanced chemiluminescence (ECL) reagents
(from GE Healthcare (Mississauga, Ontario, Canada)) for 5 min, re-drained and wrapped with
plastic wrap. Exposures (at least 3 min) of the blot were done on films purchased from GE
Healthcare. The films were developed using the medical film processor Konica Minolta XRS101A. A series of exposure images of the blot were also taken using the Bio-Rad ChemiDoc
XRS+, with ImageLab Software. The latter images facilitated densitometry measurements.

2.7.4.2: Detection of GFP on nitrocellulose membranes

The detection of GFP was done with rabbit polyclonal antibodies to GFP. Anti-GFP
antibody with a concentration of 5 mg/mL (catalogue number ab290) was purchased from
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Abcam (Cambridge, MA, U.S.A). Aliquots of 4 μL GFP antibody were stored at -40 ºC. The
working stock of GFP antibody was further diluted in TBS/Triton buffer at a ratio of 1:1250.
Blotted membranes were incubated as described above, with the exception that (after blocking)
the membrane was incubated with 1 µL of anti-GFP antibody diluted in TBS/Triton buffer.

2.7.4.3: Calculating apparent molecular weight of proteins detected on blots

The apparent molecular weights of unknown proteins were calculated for many anti-ProP
and anti-GFP blots based on linear regressions. Sigma Plot was used to generate a linear equation
based on a linear regression of the observed Rf (relative mobility) and known log(MW) of the
molecular weight markers in the pre-stained ladder. The regression parameters were then used to
calculate the apparent MW of unknown proteins, based on their Rf values, based on the equation
log(MWapparent) = y0Rf + log(MWstandard ) * Rf.
Where y0Rf is Rf when MW is equal to 0.
(2)

2.8: Transport assays

For transport assays, whole cell suspensions were prepared according to the protocol for
preparation of whole cell extracts (Section 2.7.1), except the cells were not frozen. Instead, cell
were additionally isolated by centrifugation and washed 2 times in 24 mL of unsupplemented
MOPS minimal medium (see definition below), and were then isolated by centrifugation (10 min
at 5700 rpm, in the Beckman Coulter Allegra X-22 centrifuge). Lastly, the pellet was
resuspended by pipetting in 1 mL of fresh unsupplemented MOPS medium, and transferred to a
microfuge tube.
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The rate of proline uptake via transporter ProP was measured with a filtration assay as
described by Culham et al.(2003), using unsupplemented MOPS medium as the assay buffer.
Unsupplemented MOPS medium, unlike NaCl-free MOPS medium (see Section 2.3.1) lacked
any of the organic supplements. Instead it contained NaCl (35 mM) to raise osmolality to the
same level as the NaCl-free MOPS medium. Further addition of NaCl to the unsupplemented
MOPS medium was required to adjust the osmolality to higher levels. Whole cell suspensions
were made fresh, and not kept for longer than 4 hours. The MOPS-based assay buffers were
prepared with a similar composition to NaCl-free MOPS medium (described in Section 2.3.1),
except that they included glucose (10 mM), chloramphenicol (0.09 mg/mL), and NaCl (at least
35 mM), and not glycerol, vitamin B1, or tryptophan. Wash buffers were of the same
composition as the assay buffers, but without glucose and chloramphenicol. For each specific
assay buffer, a matching wash buffer (of the same osmolality and NaCl concentration) was made.
The radiolabelled substrate used to measure ProP transport activity was L-[14C]-proline
(catalogue number NEC285E250UC ) from Perkin Elmer (Waltham, Massachusetts, USA). To
start the assay, 25 μL of cell suspension was introduced into a tube containing 455 μL of the
assay buffer (of the desired osmolality). The tube was incubated for 3 min, in a waterbath shaker
set to 25 °C, then 20 μL of L-[14C] proline (200 µM, final concentration) was added, to initiate
the assay. The reaction mixtures (150 µL aliquots) were dispensed onto 0.45 μM millipore filters
(Fisher Scientific, (Ottawa, Ontario, Canada)) placed on a filtration apparatus, at the specific
time intervals of 0.333, 0.661, 1 min. The filters with the cells were washed with 5 mL of wash
buffer of the corresponding osmolality. The assay was done three times at each time point.
Filters were then removed from the vacuum apparatus, placed in 5 mL scintillation vials
(Perkin Elmer BN 20 mL Polyethylene vials) and left to dry completely under a heat lamp.
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Scintanalyzed Xylenes containing 2,5-diphenyloxazole (PPO) (0.005% (w/v)) was added to
each vial (5 mL each). Radioactivity was measured using the Perkin Elmer Tri-Carb 2910 TR
Liquid Scintillation Analyzer, Program 4 (Nucleotide: 14C, Quench Indicator: SIS, Pre-count
delay: 0.0 min, Count time: 5 min, Count mode: High Sensitivity) .
Protein concentrations of each sample were measured via BCA assay to correct for
variability in cell suspensions. Quantity of proline / mg protein could be calculated for any given
time point using the following equation:

nmole proline
mg protein

=(

total volume of the assay mixture(µL)
(volume filtered (µL) X

CPM of 14 C proline stock
nmol

X mg protein per assay mixture )

X CPM of sample ) (3)

The rate of proline uptake was determined by performing linear regression analysis on the values
from the 3 time-points (0.333, 0.661, 1 min) for each assay. The mean of the 3 slopes (a value
representing nmole proline / mg protein / min) was determined and standard error was also
calculated.
To plot the curves which depict the initial rates of proline uptake versus osmolality, the
slope values were plotted against osmolality, and the data were fit to the following equation by
Culham et al. (2003):
a0=Amax (1+exp [−(Π−Π1/2)/(RTB)])−1
Where:
a0 = initial rate of proline uptake measured
A(max) = activity attained at infinite osmolality
Π/RT= medium osmolality
B = is inversely proportional to the slope of the response curve
R = is the gas constant
T = is the temperature
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(4)

Regression analysis was done using SigmaPlot software, version 12.5 (Systat Software, San Jose,
CA). This analysis allowed us to compute the values for Π½/RT, B, and Amax.
2.9: β-galactosidase assays for BACTH system strains

To assess the presence of protein-protein interactions using the BACTH system,
reconstitution of the adenylate cyclase activity is measured with a β-galactosidase assay (Battesti
and Bouveret, 2012). The assay was based on the protocol outlined by Miller (1972). Cells
containing BACTH plasmid pairs were streaked onto a MacConkey agar plate, to ensure cells
that reverted to a cya+ phenotype were not picked. From the plate, non-revertant colonies
(identified based on their colour on MacConkey) were picked to inoculate LB medium (3 mL)
with ampicillin (100 µg/mL), kanamycin (50 µg/mL), and 1 mM IPTG. These cultures were
incubated overnight on a shaker at 30°C. Z-buffer was made of two solutions. The first was
composed of Na2HPO4 (100 mM), and the second was NaH2PO4 (100 mM), MgSO4 (1 mM) and
KCl (10 mM). Z-buffer was completed by titrating the first solution with the second until a pH of
7.0 was reached. A solution of 4mg/mL ortho-Nitrophenyl-β-galactoside (ONPG) was made by
dissolving the powder in Z-Buffer.
To start the assay, 1.5 mL of culture was pelleted by centrifugation (1 min, ~13,000 rpm),
and resuspended in 1 mL of cold (4°C) Z-Buffer. The cells were washed by collected and
resuspending again in 1 mL of cold Z-Buffer. Dilutions of the cells in Z-Buffer were made to
maintain the activity within a measurable range (dilutions of 10-1 and 10-2 dilutions worked well).
Assay tubes (13 x 100 mm) were set up by adding β-mercaptoethanol (2.79 mM) in Z-buffer (1.4
mL). The negative control tube contained 1.6 mL of this buffer. The cell suspensions were
distributed into the assay tubes, except for the negative control tube. To permeabilize the cells,

57

20 µL of 0.1 % SDS (w/v) and 60 µL of chloroform were added to each tube. Tubes were then
immediately vortexed for 10 seconds. Chloroform was allowed to settle to the bottom, and 200
µL aliquots of each suspension were transferred into individuals wells of a 96-well microtiter
plate (Corning Costar Clear Polystyrene 96-Well Plates #3591 Assay Plates, Fisher Scientific).
Four replicate samples of each reaction mixture were analyzed (200 µL each). Immediately
before starting the plate reading, 40 µL of ONPG was added to wells. The FLUOstar Optima
BMG Labtech Microplate Reader, set to 30°C, measured the absorbance of the contents of the
wells, at a wavelength of 420 nm, at 130 sec intervals, over the course of 60 minutes.
To calculate the β-galactosidase activity in each sample, the protein concentrations of the
cell suspensions were measured by performing a BCA assay (described in Section 2.7.2) with 1
mL of preserved (frozen) overnight cell culture. Once the overall protein concentration was
determined, the β–galactosidase activity could be calculated using equation 5:

Activity (μmoles/min/mg of protein) =

A
t

1
ε

( )×( )×(

Total Assay Volume
)
mL of Cells Added

[Protein]

× Dilution Factor (5)

Where:
A = absorbance at 420 nm
t = time in minutes
ε = extinction coefficient of ortho-Nitrophenol calculated from standard curve (1.58
μmole/Ml)
The extinction coefficient was experimentally determined by Craig Kerr by measuring the
absorbance at 420 nm of 200 µL aliquots solution of ortho-nitrophenol (ONP) in Z-buffer, with
concentration ranging from 0 mM to 1 mM. Absorbance values were measured using the Cary
100 Bio UV-visible spectrophotometer, and the slope of the curve of absorbance (at 420 nm)
versus ONP concentration was calculated.
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The readings from the plate reader were used to create plots of absorbance versus time.
A

The slope of the linear portion of the curve ( t ), usually occurring within the first 10 min, was
calculated and that slope was then entered into equation 3, along with the protein concentration
determined with the BCA assay. The average β-Galactosidase activity (nmole / min / mg protein)
was obtained by calculating the average of all replicates at each dilution, then averaging the
mean of the two dilutions (10-1 and 10-2).
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Chapter 3: The use of GFP-tagging for ProP visualization
To be able to visualize ProP localization within E. coli cells, an alternative method to
FlAsH-EDT2 staining was pursued. GFP-tagging was selected to facilitate fluorescence imaging
as it is a robust system, with a stable fluorophore, requiring less treatment of cells of interest than
FlAsH staining. For our intended goal of visualizing ProP in vivo, David Marom made the
plasmid pDM3, which encoded GFPmut2A206K fused to the N-terminus of ProP, and was derived
from the pBAD24 expression vector. The gene encoding GFPmut2A206K -ProP in this vector is
under the control of the AraC regulator and the PBAD promoter.
3.1: Comparing GFPmut2A206K–ProP expression in two pBAD24 expression backgrounds
For GFPmut2A206K –ProP to be used accurately, the fusion protein must remain intact, it
must integrate into the membrane in the same manner as ProP, and GFPmut2A206K –ProP should
be expressed at levels close to those attained in wild-type bacteria. However, previous studies
revealed of GFPmut2A206K –ProP when expressed in the selected host (WG1418) (Marom, 2015).
Degradation, if unchecked, has the potential to reduce the yield of full-length GFPmut2A206K –
ProP, leading to visualization of free GFP and detection of free ProP, and can cause aggregates
of degraded or misfolded products in the cell. Degradation may arise in part because
transcription from the araBAD promoter is induced by arabinose in an ‘all-or-none’ manner. This
may create wide variation in expression levels of arabinose inducible transporter genes araFHG
and araE among individual cells. If this issue does affect the host strain, even if one were to try
to attain physiological expression levels of GFPmut2A206K –ProP based on Western blot analysis,
overexpression in a percentage of the cells could increase degradation and formation of inclusion
bodies within those overexpressing. The Wood lab attempted to address this characteristic of the
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pBAD24 expression system by deleting the araFGH transporter operon, and replacing the
promoter of araE to maintain constitutive expression of the low affinity transporter, AraE. Tavia
Caplan made a new host strain with these modification and it was transformed with pDM3
(making E. coli strain WG1419), to allow expression of GFPmut2A206K –ProP. Expression levels
and stability of GFPmut2A206K –ProP in the new and the unmodified genetic backgrounds were to
be analyzed with duplicate Western blots developed with anti-GFP or anti-ProP polyclonal
antibodies.
The migration of ProP in SDS-PAGE gels is anomalous. ProP is an integral membrane
protein, and this prevents solubilisation of samples by boiling. Instead samples are solubilized by
incubation at 37 ºC with mechanical cell disruption. This makes predicting the apparent
molecular weight (MW) of a ProP-fusion protein inaccurate, thereby making identification of
reactive proteins on a blot difficult. On Table 3.1 is a summary of the expected (based on the
amino acid sequence) and apparent size of GFP and ProP on 12% acrylamide SDS-PAGE gels.
Table 3.1: Apparent MW of proteins of interest in 12% acrylamide SDS-PAGE gels.
Molecular Weight
Protein
GFP
ProP
GFPmut2A206K -ProP

Actual
(kDa)
27
54
82

a

Apparent b
(kDa)
27
48
75c

a

Molecular weight based on the protein sequence.

b

Apparent molecular weight on SDS-PAGE gels (Culham et al., 1993; Geertsma et al., 2008).

c

Prediction based on the apparent molecular weight of GFP and ProP.
With this in mind, extracts of bacteria expressing the GFPmut2A206K -ProP fusion protein

in the unaltered background WG1418 (araF+G+H+ araE+) and in the strain with constitutive
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arabinose uptake (WG1489, ∆araFGH constitutive araE) were prepared to be studied via
Western blot analysis. The E. coli strains used to test the quality of the GFPmut2A206K -ProP
fusion expressed are proP deletion mutants, so all ProP detected would be from the pDM3 vector.
Anti-ProP and anti-GFP antibodies were used to detect GFPmut2A206K -ProP on separate blots to
allow detection of as much of the fusion protein product as possible; some cleaved product was
therefore detected as well. The first blots were prepared with the intention of depicting the
pattern of degradation in the two backgrounds, and to adjust the induction level to approximate
physiological levels of ProP expression. E. coli WG709 (carrying pBAD24-based plasmid
pDC79) is used as the ProP expression standard, as it has been previously reported to express
ProP near the physiological level when uninduced (Culham et al., 2000). A strain expressing
cytoplasmic GFP was prepared as a standard as well, to visualize the apparent MW of GFP in the
anti-GFP blot. Figure 3.1 shows GFPmut2A206K -ProP on blots, when expressed in WG1418 and
WG1489, with a titration of arabinose for induction.
Figure 3.1 provides evidence of GFPmut2A206K –ProP degradation; this judgement will be
validated as follows. The anti-ProP blots show multiple reactive proteins for lanes containing
GFPmut2A206K –ProP. The anti-GFP blots show only one reactive protein in lanes with strains
expressing GFPmut2A206K –ProP, and it did not match the MW of free GFP. This could indicate
degradation of free GFP once cleaved off. The protein in the anti-GFP blots, in lanes containing
GFPmut2A206K –ProP, appeared to match in apparent MW to one of the bands in the anti-ProP
blot. The anti-ProP blot was used to compare expression between WG709 (the ProP expression
level control) and the WG1418 and WG1489 samples. From visual inspection, the expression of
GFPmut2A206K –ProP when induced with 15 µm arabinose in E. coli WG1489, and when

62

MW (kDa)

A)
Anti-ProP

B)

Anti-GFP

C)

63

MW (kDa)

D)

E)

Anti-ProP

Anti-GFP

v

F)

64

Figure 3.1: GFPmut2A206-ProP expression induced with arabinose titrations
WG709 (expressing ProP, uninduced), WG1418 (expressing GFPmut2A206K –
ProP), WG1489 (expressing GFPmut2A206K –ProP), WG708 and MG1655 pMGS053
(expressing GFP, uninduced) were grown (as per Section 2.3), and cell extracts were
analyzed by SDS-PAGE gels stained with coomassie G-250 dye (panel C and F) or
Western blotting (panel A and D, anti-ProP; panel B and E, anti-GFP) as described in
Section 2.7.4. Expression of GFPmut2A206K -ProP was induced with arabinose at the
indicated concentrations. The gene araE encodes the low affinity arabinose
transporter (“C” indicates constitutive expression in E. coli WG1489, and “I” indicates
inducible expression E. coli WG1418). WG709 and purified His6-tagged purified ProP
were used as a positive ProP control, while WG708 was the negative control. MG1655
pMGS053 was a GFP control. “MW” is molecular weight.

65

induced with 200 µm arabinose in WG1418, approximately matched physiological levels of
ProP expression (as illustrated in E. coli WG709). The sum of the signal from all anti-ProP
reactive proteins in a WG1418 or WG1489 sample lane was compared to the signal from the one
band in the lane containing WG709 extract. The anti-ProP blot in panel A, of Figure 3.1, shows
the narrowed range of arabinose concentrations necessary for induction of WG1489. Panel D
shows the titration of arabinose concentrations needed to induce WG1418 to match expression in
WG709. The arabinose concentrations used to induce cells in samples of E. coli WG1418
analyzed in panel A, of Figure 3.1, were not sufficient to yield detectable GFPmut2A206K –ProP.
To determine if the level of GFPmut2A206K –ProP expression in E. coli in WG1489 and
WG1418 was near the expression level of ProP in WG709, the measured signal from all bands in
the lanes containing extracts of strains WG1489 or WG1418 on the anti-ProP blot were
determined by densitometry, then added together and compared to the signal from the single
reactive band (matching the ProP molecular weight) of the WG709 lane on the same blot. The
measurements in Table 3.2 are from extracts of bacteria induced with arabinose at the
concentrations that produced the closest match to WG709 ProP expression. The sums of the
signals measured at these levels were 241474 for WG1489 (while WG709 was 22803 in this
blot) and 18048 for WG1418 (WG709 was 19453 in this blot). Hence, these concentrations of
arabinose (200 µm for WG1418 and 15 µm for WG1489) were selected to induce protein
expression for future Western blots.
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Table 3.2: Densitometric measurements of GFPmut2A206K –ProP expressed near
physiological level in WG1489 and WG1418.

E. coli
strain c
WG709
WG1489

a

WG1489 comparison
Band Avg. Density a Total
Density
1
22803
22803
1
24715
2
16168
3
4
8546

E. coli
strain c
WG709
WG1418

WG1418 comparison
Band Avg. Density a
Total
Density
1
19454
19454
1
9730
18048
2
8318
3
5876
4
3871

Bands evident on the anti-ProP Western blot (Figure 3.1) are numbered in decreasing order of

apparent molecular weight.
b

For each band the density was measured three times, the average was calculated. Then, the

‘Average Density’ was obtained by adding these mean values of individual bands.
c

Expression was uninduced in WG709, while WG1489 was induced using 0.015 mM

arabinose, and WG1418 was induced using 0.2 mM arabinose.
As noted above, multiple anti-ProP-reactive proteins were present in all the extracts from
WG1489 and WG1418, regardless of induction level. The number of these proteins differed
between the two strains. WG1489 lanes show two main bands in anti-ProP blots, while WG1418
consistently shows four bands, two of which match in electrophoretic mobility to the bands for
WG1489 lanes. The multiple bands present in the anti-ProP blot were interpreted as evidence
that GFPmut2A206K -ProP was degraded in both strains. One of the bands present in lanes from
both strains extracts was similar in mobility to ProP, which could indicate a cleavage site in the
linker region. At this point, the identities of the bands were still uncertain. Since it was not
obvious which band was the full-length GFPmut2A206K –ProP, the yields of full length fusion
protein in each strain could not be compared. Based on the molecular weight markers, the single
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band in the anti-GFP blot appeared to match most closely in molecular weight to the band below
the molecular marker of 75kDa on the anti-ProP blot (ie. the one with second highest MW).
Another Western blot performed to get insight on degradation, produced new information
regarding the apparent molecular weights. To determine whether degradation apparent in the
blots occurred after the cells were processed, a protease inhibitor cocktail was added to cell
extracts during cell solubilisation. In addition, two samples containing GFP (MG1655 pMGS053
and one containing GFPmut2A206K -ProP of WG1418) were boiled to see if boiling changed the
apparent MW of GFP (Fig. 3.2). When a sample extract from cells expressing GFPmut2A206K ProP was boiled in SDS-PAGE sample buffer, no bands were developed in the anti-ProP blot but
an anti-GFP-reactive protein was apparent. This reactive protein had an apparent molecular
weight of 27 kDa (characteristic of GFP). The anti-GFP reactive protein from the boiled sample
extract from cells expressing free GFP also had the same apparent MW. Additionally, for this
blot, protease inhibitor was added to two of the samples to test whether proteolysis of the fusion
protein occurred inside the intact cells. The addition of protease inhibitor did not change the
band patterns of WG1489 and WG1418 when analyzed with anti-ProP blot. However, in the
anti-GFP blot, a band not previously seen appeared, and it had a slightly lower electrophoretic
mobility than that of GFP in the boiled sample. This indicates that most of the degradation of
GFPmut2A206K -ProP occurred before cells were disrupted, and the extra band on the anti-GFP
blot was probably a cleaved-off GFP fragment that would have otherwise been degraded in
samples not treated with protease inhibitors. However, this extra band had an apparently higher
MW than that expected for GFP, which illustrates that not boiling samples does affect apparent
molecular weight.
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Figure 3.2: Degradation pattern of GFPmut2A206K-ProP with the addition of
protease inhibitor, or sample boiling, and GFP apparent molecular weight.
WG709 (expressing ProP, uninduced), WG1418 (expressing GFPmut2A206K –ProP,
induced with 200 µM arabinose), WG1489 (expressing GFPmut2A206K –ProP, induced
with 15 µM arabinose) and MG1655 pMGS053 (expressing GFP, induced with 300
µM arabinose) were grown (as per Section 2.3), and cell extracts were analyzed by
SDS-PAGE stained with coomassie G-250 dye (panel C) or Western blotting (panel A,
anti-ProP, and panel B, anti-GFP) as described in Section 2.7.4. The gene araE
encodes the low affinity arabinose transporter (“C” indicates constitutive expression in
E. coli WG1489, and “I” indicates inducible expression E. coli WG1418). WG709 and
purified (His)6-ProP was used as a positive ProP control, and MG1655 pMGS053 was
a GFP control. “MW” is an abbreviation for molecular weight. When protease
inhibitor was added to cell extracts it is labelled (♦). Boiled samples were not
incubated at 37 ºC and solubilized with a syringe; instead, they were boiled for 5 min.
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3.1.1: Identifying the Intact GFPmut2A206K –ProP protein
It was necessary to determine which E. coli strain would most efficiently express
correctly folded GFPmut2A206K –ProP for microscopy experiments. By using Western blots, one
can judge the proportion of a fusion protein that is cleaved in cells of the strain based on the
number of antibody-reactive protein species and their relative intensities. If the band
corresponding to the intact GFPmut2A206K –ProP was identified, based on its calculated
molecular weight (MW), then one could properly assess which strain expresses more of the
functional fusion protein. An issue with this strategy is that ProP is a membrane protein, and
does not migrate to the estimated molecular weight in SDS-PAGE gels (see Table 3.2 for actual
and apparent sizes of proteins of interest).
Table 3.3: Apparent molecular weights (MWapp) of anti-GFP-reactive proteins.
Regression
a
Parameters
Date
Protein
Strain
MG1655 pMGS053 WG1489 WG1418
102 x -m
b
1
62
64
06/08/15
0.95
2.20
2
1
65
66
03/09/15
1.31
2.22
2
29
35
34
1
64
64
24/09/15
1.47
2.16
2
28
29
1
65
65
09/08/15
2.18
2.09
2
29
1
66
65
26/11/15
1.36
2.28
2
28
a

The regression equation is Rf = m log Mapp + b, where Rf is the ratio of the distance traveled by
the protein of interest to that traveled by the dye front, and Mapp is the apparent molecular weight
of the protein.
b

‘-‘ means the protein was not detected.
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Many Western blots were prepared after the expression levels in both backgrounds were
adjusted, and the apparent molecular weights of the proteins corresponding to the bands were
calculated as described in Section 2.7.4.3. A protein with apparent molecular weight 62-66 kDa
was also observed with anti-GFP (Table 3.3). Anti-ProP reactive proteins with apparent
molecular weights of 71-76 kDa and 63-66 kDa were routinely detected (Table 3.4). However, it
was not clear why a protein with the higher predicted apparent molecular weight of 75 kDa was
also present in the anti-ProP blots (Table 3.4).
Table 3.4: Apparent molecular weights (MWapp) of anti-ProP-reactive proteins
Regression
Parameters a
Date
Protein
Strain
2
WG709
WG1489
WG1418
10 x -m
b
1
71
06/08/15
2
63
63
0.850
2.12
3
58
4
47
46
1
73
03/09/15
2
65
63
1.12
2.17
3
59
4
47
47
48
1
76
24/09/15
2
68
66
2.32
2.24
3
61
4
51
49
1
75
74
09/08/15
2
64
65
2.43
2.12
3
60
4
48
46
47
1
74
26/11/15
2
65
65
2.10
2.35
3
59
4
45
a
The regression equation is Rf = m log Mapp + b, where Rf is the ratio of the distance traveled by
the protein of interest to that traveled by the dye front and Mapp is the apparent molecular weight
of the protein.
b

‘-‘ means the protein was not detected.
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To resolve the uncertainty of which band on the blots corresponded to the fluorescent
fusion protein, fluorometric images were taken of SDS-PAGE gels loaded with WG1489 and
WG1418 cell extracts. It was anticipated that intact and properly folded GFP protein would show
fluorescence (Geertsma et al., 2008). A fluorescent band with an apparent molecular weight of
62-64 kDa was observed in this gel (Figure 3.3) for cell extracts from both WG1418 and
WG1489. A second fluorescent molecule was present in extracts of strains WG709 (does not
express GFPmut2A206K –ProP), WG1489 and WG1418, so it was reasoned not to be
GFPmut2A206K –ProP. The apparent MW of the fluorescent molecule present in the extract of
MG1655 MGS053 was 28 kDa.
Table 3.5: Calculated apparent molecular weight (MWapp) of fluorescent bands in Figure 3.3
Regression
Parametersa
102 x -m
b
2.02

2.30

Protein

1
2

Strain
MG1655 pMGS053 WG1489 WG1418
62
64
28
-

WG709
-

a

The regression equation is Rf = m log Mapp + b where Rf is the ratio of the distance traveled by
the protein of interest to that traveled by the dye front and Mapp is the apparent molecular weight
of the protein.
b

‘-‘ means the protein was not detected.
In the fluorescence image of the gel (Fig. 3.3), there was a protein in the MG1655

MGS053 lane which matched very closely to the estimated MW for GFP. The fluorescent band
present only in cell extracts from WG1418 and WG1489 matched closely in MWapp to the
protein with highest MW often seen in lanes of WG1489 and WG1418 on the anti-GFP blots
(see Table 3.3 and 3.4 for examples MWs of reactive proteins in Western blots), and the second
highest apparent molecular weight seen an anti-ProP blots. Based on these findings, it appears
there is more fluorescent fusion present in E. coli WG1489 samples.
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LEGEND
1. Purified ProP(His)6
4. Ladder
7. (empty)
1

3. GFP-ProP (WG1489) ♦
6. GFP (MG1655 pMGS053) --boiled.

2. ProP (WG709)
5. GFP-ProP (WG1418) ♦
8. (empty)
2

3

4

5

6

7

8

75
63
48
35

25
20
kDa

♦Protease inhibitor added.

Figure 3.3: SDS-PAGE gel image of WG1489 and WG1418 samples after UVexcitation.
SDS-PAGE gel was prepared as described in Figure 3.1, except the wells were
loaded with twice as much of each protein extract as usual (120 µg protein) for
WG709, WG1489 and WG1418. The lane containing protein extracted for the
cytoplasmic GFP-expressing strain was loaded with three times as much as described
(60 µg protein). The sample with cytoplasmic GFP was boiled to achieve a more
accurate apparent molecular weight. Protease inhibitor was added to samples labelled
with “♦”.Above, a picture of the gel after UV-illumination and an exposure time of 60
sec (as indicated in Section 2.7.3). Bands which were suspected to be GFP or GFPfusions are labelled with a white triangle.
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Figure 3.4: Comparing blots containing GFPmut2A206K –ProP to the corresponding SDSPAGE gel fluorescence images.
WG709 (expressing ProP, uninduced), WG1418 (expressing GFPmut2A206K –ProP,
induced with 200 µM arabinose), WG1489 (expressing GFPmut2A206K –ProP, induced with
15 µm arabinose), WG708 and MG1655 pMGS053 (expressing GFP, induced with 300 µm
arabinose) were grown (as per Section 2.3), and cell extracts were analyzed by SDS-PAGE
stained with coomassie G-250 dye (panel C) or Western blotting (panel A, anti-ProP and
anti-GFP) as described in Section 2.7.4. The gene araE encodes the low affinity arabinose
transporter (“C” indicates constitutive expression in E. coli WG1489, and “I” indicates
inducible expression E. coli WG1418). WG709 was used as a positive ProP control, while
WG708 was the negative control. MG1655 pMGS053 (GFP control) was not induced, and
was underloaded to 1/3 the usual protein concentration. Before each transfer, UVilluminated fluorescence images were taken of the SDS-PAGE gels (panel B); the white
triangles highlight fluorescent bands. “MW” is an abbreviation for molecular weight.

76

A more direct comparison between the blot and fluorescence in-gel could be made by
taking fluorescence images of the SDS-PAGE gel used in the transfer for blotting. An example
of such an experiment is above. The molecular weights of reactive proteins in the blots were
calculated and are tabulated below. The weakness in this approach is that we could not load more
on the gels to make fluorescence easier to image.
Table 3.6: Apparent molecular weights (Mapp) of fluorescent bands in gels used for blots.
Regression
a
Parameters
Date
Protein
Strain
MG1655 WG1489 WG1418
pMGS053
102 x -m
b
13/11/15
1
65
64
0.950
2.20
Gel used for
GFP blot
26/11/15
1
28
66
64
2.67
2.46
Gel used for
ProP blot

13/11/15
26/11/15

2.22

2.10

2.28

2.14

1

-

65

65

1

29

65

65

a

The regression equation is Rf = m log Mapp + b, where Rf is the ratio of the distance traveled by
the protein of interest to that traveled by the dye front and Mapp is the apparent molecular weight
of the protein.
b

‘-‘ means the protein was not detected.
Also based on the MWs of Table 3.6, the full-length correctly folded GFPmut2A206K -

ProP fusion is band “2”, at ~65kDa, indicating that a higher proportion of fluorescent
GFPmut2A206K –ProP is present in WG1489 that in WG1418. Also, based on predominance of
fluorescence from the protein with a MWapp of 65 kDa, it is likely that most of the fluorescence
that can be observed in these strains would correspond to intact GFPmut2A206K–ProP. Free GFP
and degraded fusion protein might not be contributing much fluorescence. This would be
desirable, if we are to perform localization studies with these strains.
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3.2: Subcellular localization of GFPmut2A206K –ProP
E. coli strains expressing GFPmut2A206K -ProP were created in order to observe the
subcellular localization of ProP. Fluorescence microscopy was used to image cells of E. coli
strains WG1418 and WG1489 (Figure 3.5). Strains containing GFPmut2A206K –ProP show the
highest fluorescence in the periphery of the cell (as expected for a membrane protein fusion),
whereas the strain expressing free GFP shows the expected diffuse distribution throughout the
cell. The fluorescence appeared brighter overall in the modified background of strainWG1489. In
addition to this, it looked as though the brightness of individual cells varied more markedly in
WG1418 (in which all-or-none expression was not addressed) and the DIC images taken in
parallel showed more cells not visible in the fluorescence images in WG1418. To confirm these
observations, measurements of brightness of individual cells were taken. Both the signal metrics
(Table 3.8) and the plotted distributions of brightness showed differences between the two
genetic backgrounds (Figure 3.6).
When the absolute fluorescence intensity was considered (panels A and C, on Figure 3.6),
the distribution of signal for cells from strains WG1489 and WG1418 differed. Most of the
WG1418 cells were less bright than the WG1489 cells. Indeed, the observation was supported by
the overall sum of the signal for each strain, the average signal per cell, the number of nonfluorescent cells (less than 600 ROI value for WG1418 and 800 ROI for WG1489 were not
visible in the images) (see Table 3.7). Based on these numbers, WG1489 cells were overall
brighter than the WG1418 cells. The proportion of non-fluorescent cells was higher for strain
WG1418, than strain WG1489. However, panels B and D (on Figure 3.6) show that when
plotting the proportion of cells by their proportion of total signal measured, the distribution of the
graphs show a lot more similarity; both strains have a more normal distribution and are shifted to
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WG1489

Figure 3.5: Sample fluorescence images of GFP-ProP (and cytoplasmic GFP) in different
expression background
Strains WG1418, WG1489 (both containing GFPmut2A206K -ProP ) and
MG1655 pMGS053 (containing cytoplasmic GFP) were grown in MOPS medium.
Expression of GFPmut2A206K –ProP was induced with arabinose (15 µm for WG1489,
and 200 µm for WG1418). Fluorescence images and DIC images were captured as
described in Section 2.6.1, with matching DIC images of the same field of view; the
same BIN value, exposure time, and UV-lamp intensity was maintained through the
experiment. Images were taken quickly to reduce photobleaching. The inserts show the
distributions of GFP fluorescence in representative cells.
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Figure 3.6: Distribution of single cell fluorescence intensities
Strains WG1489 and WG1418 were cultivated and imaged as described in the
legend of Figure 3.5. Two replicate experiments were performed (replicate ‘1’ data is
on panel A and B, and replicate ‘2’ data is on panel C and D). The brightness of
individual cells (the Regions of Interest (ROI)) was determined for at least 300 cells,
using VolocityTM Software. The ‘Proportion of cells’ versus specific ranges of ROI
values were plotted for the expression backgrounds in panels A and C. Using the same
data, on panel B and D are the ‘Proportion of cells’ plotted against the percentage, or
proportion, of the total signal measured from all ROI for that strain.
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the left. This could indicate that the apparent difference in fluorescence between cells for
WG1418 might be amplified by the difficulty in imaging less bright cells. These differences
might not be surprising when considering the observations made with Western blot analysis,
where WG1418 displayed a lower proportion of fluorescent fusion, in spite of the effort to match
expression levels between strains.
The proportion of cells in which ProP was concentrated at the cells poles was small in
both genetic backgrounds. WG1489 had a lower ProP polar localization percentage. Both were
much lower than the previously determined number. The highest value was 9.5%, whereas the
rates previously seen were 46 % of clsA+ cells from exponential phase cultures and 48 % from
stationary phase (Romantsov et al., 2008). GFPmut2A206K –ProP concentrated at the poles of E.
coli cells at a much lower frequency than FlAsH-labelled MVCCPGCC-ProP (Romantsov et al.,
2008).

Table 3.7: Metrics of brightness in cells of two expression backgrounds.
Strain
WG1418
WG1489

Replicate
1
2
1
2

Total
Signal a
2.5x105
2.4x105
4.5x105
5.9x105

Average
Signal b
820
800
1491
1821

% of NonFluorescent cells c
18
12
3.3
3.3

Polar Localization %
(of total cells) d
9.5
12
3.9
6.4

a

The signal measured from at least 300 cells of each strain was added.

b

The mean signal value calculated from measurements from at least 300 cells.

c

The number of cells with low enough signal that it was not visible (ROI value <400).

d

The percentage of all measured cells that showed ProP polar localization.
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3.3: Discussion
An aim of this work was to express intact, correctly folded and functional ProP, at
physiological levels, which would localize like the wild-type protein counterpart. To determine
whether the ∆araFGH and constitutive araE modifications of the host strain positively affected
expression of GFPmut2A206K –ProP, the modified strain (WG1489) and the original host strain
(WG14180) were compared. From the start, it was apparent that the modifications had an impact
on the expression. When optimizing the concentration of arabinose required for induction of
GFPmut2A206K –ProP to match the physiological expression level of ProP, WG1418
(unmodified) required 200 µm of arabinose to induce to the same level as 15 µm of arabinose
induced WG1489 (∆araFGH and constitutive araE) (Fig. 3.1). The very different amounts of
arabinose needed to induce fusion protein expression with the same vector reflected the
increased efficiency achieved when arabinose transporter expression was not in itself induced by
arabinose. These changes in the expression host may have also reduced the all-or-none effect,
which in turn reduced overexpression in some cells, and reducing overexpression reduced the
probability of misfolded or aggregating protein product.
The Western blots also exposed different numbers of reactive protein bands in the two
backgrounds, which would indicate different proteolytic cleavages (Figure 3.1). The unmodified
expression host (WG1418) showed more bands on blots, meaning more cleavage sites. This
could also be related to overexpression in some of the cells of this background. Both strains had
also differed in the proportion of fusion protein which made up the second reactive band. This
band was confidently identified as matching the fluorescent GFPmut2A206K –ProP seen in the
gels based on the calculated MWs (see Tables 3.3, 3.4, and 3.5), and the strain with ∆araFGH
deletion and constitutive araE had the highest proportion of ProP fusion at this MW. This is
important to note, since GFPmut2A206K –ProP in the gels fluoresces (example in Figure 3.3) only
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when GFP can be properly folded, which may indicate this band is the closest protein product
expressed to an intact GFPmut2A206K –ProP. However, it cannot said for certain that this
fluorescent fusion has not been cleaved or misfolded in some way that still allowed proper
folding of the GFP element of the fusion.
When GFPmut2A206K –ProP was viewed under the microscope in vivo, GFPmut2A206K –
ProP fluorescence was found on the periphery of cell in modified (WG1489) and unmodified
(WG1418) strains, meaning the fusion was successfully integrated into membrane. Here again,
WG1489 appeared different from WG1418 (Figure 3.5 and 3.6). WG1489 looks to be a better
host for GFPmut2A206K –ProP expression and imaging, since there appears to be more even
expression between cells (seen as ‘brightness’ under the microscope), and the cells were overall
more bright and easier to see (Table 3.7). Nevertheless, both backgrounds had low percentages
of polar localization. The highest proportion of polar localization observed was 12 % (Table 3.7),
when almost 50 % clsA+ bacteria showed polar localization in the previously published study
(Romantsov et al., 2007b). The GFP tag might be having an impact on localization, whether it is
preventing proper folding of ProP, or an interaction with the membrane or another protein
involved in the localization process. It is also possible the high levels of degradation (though
reduced in the newly modified background) result in ProP, cleaved off of GFP, localizing at the
poles, preventing potentially less effective localization of the GFPmut2A206K –ProP to the same
region. Since this method is still not ready to be reliably used, localization studies of ProP were
to be pursued again with FlAsH labeling, when analyzing the impact of putative interactors.
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Chapter 4: The impact of putative protein interactors (YjbJ and YdhP) on ProP
localization and function.
4.1: The interaction between ProP and the putative interactors YjbJ and YdhP
ProP was observed to localize at the poles of E. coli cells in a cardiolipin-dependent
manner (Romantsov, 2007). In clsA+ bacteria, ProP localized at the poles of 46 % of cells from
exponential phase cultures and in 48 % of cells from stationary phase cultured (Romantsov et al.,
2008). The clsA- bacteria showed ProP polar localization in 4 % of cells from exponential phase
cultures and in 21 % in stationary phase. The mechanism which causes this localization not yet
understood. We hypothesized that localization of ProP to the polar region of the membrane may
be facilitated by another protein. In an attempt to identify proteins that may be involved in this
process, a screen was performed using BACTH fusions to identify putative ProP interactors (see
Table 1.4 for all proteins identified). Two of the putative interactors were studied further.
4.1.1: Choosing a cya- host strain for experiments with the BACTH system

The BACTH system was employed to replicate the YjbJ-ProP interaction detected in the
Turner lab screen. Before the BACTH system could be used accurately, a suitable E. coli host for
BACTH system plasmids was chosen. The selected strain must lack adenylate cyclase. However,
strains in which cya (the gene encoding E. coli adenylate cyclase) is deleted revert to a lac+
phenotype with some frequency. According to the literature, reversion to a lac+ phenotype
occurred with a frequency of 10-8 to 10-9 (Dautin et al., 2000). Cells with a revertant phenotype
can give false positive reactions when performing the β-galactosidase assays that indicate protein
interactions with the BACTH system. To minimize this, rates of reversion to a lac+ phenotype
were evaluated for three different strains. Additionally, the reliability with which protein-protein
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interactions could be detected when these strains were transformed with BACTH plasmid pairs
was assessed. Reversion is unavoidable, but the rate of reversion has to be negligible for a
BACTH plasmid host. A cya gene deletion was confirmed by PCR amplification in the
candidates (see Appendix E for results for WG1324), which were chosen due to their availability,
prescribed purpose (BTH101 and DHT1 had been use with this system before) (Battesti and
Bouveret, 2012; Euromedex, 2014), or our experience with the strain (WG1324 is a Wood lab
strain derivative).
To determine rates of reversion for candidate host strains, dilutions of the cultures of the
three strains were spread on MacConkey and LB agar plates. Colonies with a lac+ phenotype (ie.
red in colour) were tallied. Table 4.1 summarizes the observed rates of reversion for the three
∆cya candidates. Table 4.1 shows all three strains had low reversion rates (WG1324 was 10-9,
BTH101 was 10-8, and DHT1 was 0, after 24 hours). These rates were low enough to consider
the strains appropriate for use with the BACTH system.
Table 4.1: Reversion rate of candidate host strains for BACTH plasmids to a lac+ phenotype.

E. coli strain

Reversion Rate
after 24 hours

Revertant Colony Count
on 10-1 plate (after 24 hr)

Revertant Colony Count
on 10-1 plate (after 48 hr)

WG1324

10-9

1

12

BTH101

10-8

1

7

0

0

1

DHT1

Also important to determining the best host strain for our BACTH experiments is
ensuring the host permits predictable β-galactosidase activity when expressing the fusion protein
pairs. Plasmid pairs were available that could function as controls when determining if a strain
behaved predictably. The control plasmid pairs are labelled in Table 4.2.
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Table 4.2: List of BACTH fusion proteins and corresponding plasmids used in this study.

a

Plasmid name
pKNT25
pUT18
pKT25
pKT25-Zip
pUT18C-Zip
pT18ProPfull
pProPfullT18

Protein Producta b
T25
T18
T25
T25-Zip
T18-Zip
T18-ProPT
ProPT- T18

pProPfullT25
pT18ProP
pT25ProP
pUT18C
pYjbJ(1-37)T25
pYjbJT25

ProPT- T25 (S389T and V725E mutations)
T18-ProP
T25-ProP
T18
YjbJ(1-37)-T25
YjbJ-T25

Control Pairs
BACTH
Negative Control
BACTH Positive
Control

ProP-ProP
Control

Fusion protein names denote the structures of the fusion proteins. When the T18 or T25

fragment is written before the protein name, it indicates the fragment is on the N-terminus, and
when it follows the protein name, it indicates fragment is on the C-terminus.
b

ProPT denotes ProP plasmids encoding extra amino acids before and after ProP, made by the

Turner lab (see Section 4.1.2 for more explanation).

As expected, the BACTH positive control, when expressed in all three candidates,
resulted in high levels of β-galactosidase activity (Fig. 4.1). The ProP positive control (allowing
measurement of ProP-ProP interaction) resulted in lower activity than the BACTH positive
control but was notably higher than the negative control (except for strain DHT1). The BACTH
negative control resulted in very low activity for all three strains. All transformants behaved as
expected (except for DHT1 transformed with the ProP positive control plasmids). Due to our
experience working with derivatives of E. coli WG350 (the parent of WG1324), and the
predictable activity the strain was able to demonstrate, WG1324 was chosen to be the host for all
future BACTH system experiments. With the host strain chosen, experiments could be
performed to look for YjbJ-ProP interaction.
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ProP
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DHT1 DHT1 ProP DHT1
BACTH
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control
Strain
control

WG1324
BACTH
positive
control

WG1324
ProP
control

WG1324
negative
control

Figure 4.1: Comparison of three candidate hosts for BACTH experiments.
The β-galactosidase activities of host strains BTH101, DHT1 and WG1324
expressing BACTH plasmids were performed as described in Section 2.9. Each bar
represents the mean value from 4 replicate wells. Error bars represent the standard
errors.The assays were done three separate times (shown in three shades of the
same color) with each control plasmid pair. The three strains tested are labelled
below the bars. Plasmid pairs are labelled below the strains (see Table 4.2).
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4.1.2: Confirming interaction between ProP and YjbJ(1-37)
WG1324 was co-transformed with pYjbJ(1-37)T25 and pProPfullT18 (the plasmids used
to identify the YjbJ-ProP in the Turner screen). It is important to note that the plasmid the Turner
lab used to express the BACTH YjbJ fusion encoded a truncated version of YjbJ (residues 1 to
37). Also, the BACTH plasmids the Turner lab made and tested for ProP fusions expression
(indicated with ‘T’) were different than those constructed in the Wood lab (see Section 2.3.1 for
further explanation). Alternate plasmids encoding ProP-fusion proteins, created by the Wood lab,
were the ones used as the ProP positive control (see Table 4.2) and, in most experiments (unless
otherwise labelled), when testing ProP against other proteins.
Bacteria expressing YjbJ(1-37)-T25 and ProPT-T18 showed significant β-galactsosidase
activity (Fig. 4.2). The activities were not as high as that of the ProP and BACTH positive
controls, but they were markably higher than the negative control. This indicated an intereaction
between YjbJ(1-37)-T25 and ProPT-T18, replicating the interaction observed by the Turner lab.
Based on this result, the next step was to test a full-length YjbJ fusion against the Wood lab ProP
fusion.
4.1.3: Looking for interaction between ProP and YjbJ (full length)
A plasmid encoding full-length YjbJ with the T25 fragment fused to the C-terminus was
made for this study. The T25 fragment was left on the C-terminus to mimic the structure of the
truncated YjbJ fusion tested by the Turner lab (for details on how the plasmid was made, see
Section 2.4.). This plasmid was transformed into WG1324 along with the plasmid encoding T18ProP (made by the Wood lab), to detect interactions between YjbJ and ProP.
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Average β-Galactosidase Activity
(nmole / min / mg protein)

BACTH positive
control

ProP-ProP
positive control

BACTH negative
control

YjbJ (1-37)- T25 ~
T
ProP -T18

Figure 4.2: Results for testing YjbJ(1-37) againts ProP.
The β-Galactosidase activities of permeabilized E. coli WG1324 (cya- lac+)
harboring plasmids encoding –T18 or –T25 fusions proteins, were measured as
described in Section 2.9. Each bar represents the mean value from 4 replicate wells.
Error bars representing the standard error. Three separate experiments are shown in
shades of the same color. Fusion protein pair are labelled below the bars. The bolded
labels under the columns correspond to control fusions pairs as listed in Table 4.2.
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In Figure 4.3, the β-galactosidase activity in bacteria expressing YjbJ-T25 and T18-ProP
was significantly different from that of the negative control (T18-T25) [P<0.05, by Student’s ttest], but that activity was very low when compared to the activity caused by co-expression of
YjbJ(1-37)- T25 and ProPT-T18 (Fig. 4.2). The other controls behaved as expected (BACTH
positive control had high activity, ProP-ProP control had lower activity, and the negative
controls had in very low activity). The additional negative control pair (pYjbJT25 and pUT18),
also resulted in very low activity. Additional plasmids were therefore tested against pYjbJT25
(see Figure 4.4). The additional combinations of plasmids were chosen to help determine the
reason for the low activity observed when testing YjbJ-T25 against T18-ProP.
The β-Galactosidase activities for all the protein pairs expressed in the experiments depicted in
Figure 4.4 are low, and hard to distinguish visually. Since the pProPfullT18 plasmid was the first
ProP fusion vector used to show the interaction in the Turner lab screen, it was expected it may
replicate the activity previously seen (when it was tested against pYjbJ(1-37)-T25) when used in
combination with the pYjbJT25, given the features of this ProP fusion are different for T18-ProP.
However, the activity was low when using this plasmid as well. Results from the Student t-tests
performed to compare the β-Galactosidase values of these plasmid with negative control pairs
are in Table 4.3.
The statistical comparisons are not very conclusive. At most, these comparisons point to
an interaction between the full-length YjbJ and ProP proteins, only that occurs when T18 is on
the N-terminus of ProP. This was surprising, since the original YjbJ-ProP interaction detected in
the screen was obtained using T18-ProP. The significance of these data is discussed further
below.
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*

positive

BACTH
control

ProP-ProP
positive
control

BACTH
negative
control

YjbJ-T25~
T18-ProP

YjbJ-T25 ~
T18

Figure 4.3: Testing full-length YjbJ against ProP.
The β-Galactosidase activities of WG1324 E. coli (cya- lac+) harboring
plasmids encoding –T18 and –T25 fusion proteins were measured as described in
Section 2.9. Each bar represents the mean value from 4 replicate wells, with error
bars representing the standard error. Three separate experiments are shown in
different shades of the same colour. Fusion protein pair are labelled below the bars.
The bolded labels under the columns correspond to fusions as listed in Table 4.2.
*YjbJ-T25 ~ T18-ProP activty was significantly different from the negative control
(T18-T25) [P<0.05, by Student’s t test].
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BACTH negative
control

YjbJ-T25 ~
T18-ProP

YjbJ-T25~
T18

YjbJ-T25 ~
T
ProP -T18

YjbJ-T25 ~
T
T18-ProP

Figure 4.4: Testing full-length YjbJ against additional ProP expression vectors and
additional negative controls.
The β-Galactosidase activities of WG1324 E. coli (cya- lac+) harboring
plasmids encoding –T18 and –T25 fusion proteins were measured as described in
Section 2.9. Each bar represents the mean value from 4 replicate wells, with error
bars representing the standard error. Three separate experiments are shown in
different shades of the same colour. Fusion protein pairs are labelled below the bars.
The bolded labels under the columns correspond to fusions as listed in Table 4.2.
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Table 4.3: Mean β-galactosidase activity and Student t-test (Two-Sample Assuming Unequal
Variances) results, comparing fusions proteins pairs to BACTH negative control.
Activity (nmole / min / mg protein) for protein pair
YjbJ-T25 ~
YjbJ-T25 ~
YjbJ-T25 ~
YjbJ-T25 ~
T18-ProP
T18
ProPT-T18
T18-ProPT
BACTH negative
control in that assay
Significant
Different? a
a

60.3

39.1

52.9

63.5

35.6

35.6

42.2

42.2

+Y

N

N

+Y

‘Y’ denotes a significant difference in β-galactosidase activity when compared to the negative

control.‘N’ indicates no significant difference. The ‘+’ indicates the test pair yielded a higher
activity than the BACTH negative control. Student t-tests assess the significance of differences
between mean activity values of triplicate experiments.
4.1.4: Confirming interaction between ProP and YdhP
Before this study, another putative interactor from the Turner lab screen was examined.
The full length YdhP fusion protein was co-expressed with appropriate ProP fusion variants and
the resulting activity is shown in Figure 4.5. The assay indicated a strong ProP interaction
against full-length YdhP, showing strongest activity between YdhP-T18 and T25-ProP,
negligible activity for YdhP-T18 and T25-TProP, and slightly higher activity against ProPT-T18
and T18-ProP (Sahtout, 2013).
4.2: The effect of the ∆yjbJ deletion on E. coli cell growth and morphology
YjbJ is abundant in E. coli cells and is osmotically induced (Weber et al., 2006). Although
the BACTH system did not detect a strong interaction between YjbJ (full-length) and ProP,
∆yjbJ mutants were characterized to attempt to find an involvement of YjbJ in the osmotic stress
response, or an impact on the osmoregulatory transporter ProP.
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BACTH
Positive
control

BACTH
Negative
control

ProP-ProP
Positive
control

(ProPT-T18
~
ProPT-T25)

(YdhP-T18
~
ProPT-T25)

(YdhP-T18
~
T25-ProP)

(YdhP-T18
~
T25-Zip)

(YdhP-T25
~
ProPT-T18)

(YdhP-T25
~
T18-ProP)

Figure 4.5: Testing full-length YdhP against ProP plasmids.
The β-Galactosidase activities WG1324 E. coli (cya- lac+) harboring
plasmids encoding –T18 or –T25 fusion proteins. The assays were performed as
described in Section 2.9, with two different replications performed on two different
days. Data from Naheda Sahtout’s thesis (2013).

95

(YdhP-T25
~
T18-Zip)

4.2.1: Bacterial growth
Another approach taken to obtain insight on the function of YjbJ was to compare the
growth of ∆yjbJ and yjbJ+ bacteria. This was done to determine if there was any inhibition in cell
growth when YjbJ was not present, especially in conditions of osmotic stress. The growth pattern
of yjbJ deletion mutants was studied in various conditions. As previously mentioned, expression
of YjbJ is very heavily induced in conditions of high osmolality so it was anticipated that, when
comparing the growth of a ∆yjbJ mutant to a strain expressing the gene normally, there might be
a difference between the two strains under osmotic stress. Bacterial cells (yjbJ+ and ∆yjbJ) were
grown in high osmolality MOPS minimal medium in shake-flasks. The changes in optical
density were plotted over time to reflect changes in cell density. In addition to optical density,
the shake-flask growth curve experiment was designed to allow us to compare the CFU/mL of
the cultures, and to look for evidence of differences in cell shape at different time-points via
microscopy.
The growth curves show very little, if any difference between the growth of the two strains.
The mutant is consistently slightly lower in OD600 in the mid to late-log phases, but this could be
negligible. To determine if the slight difference in OD600 might reflect a difference in cell
density, or a difference in cell size/shape, samples of the cultures were plated to calculate
CFU/mL (Table 4.5) and DIC micrographs were taken to measure the cells (Table 4.6).

There appeared to be no difference in population density (CFU/mL) between the mutant
and the wildtype (Table 4.5). Samples (1mL) from one of the three replicate shake flask were
taken at four different growth periods to prepare microscope slides (in Fig.4.7, times when
samples for microscopy were taken are highlighted with a green line). Several DIC images were
taken, in order to later measure the lengths and widths of the cells. In Table 4.6, a summary of
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the statistical analyses are presented for both replicate growth experiments. There were instances
when there was consistency in which cells were longer/wider during the mid-log and late-log
phases (these are highlighted in Table 4.6). Before and after these growth periods, there is
variability in which of the two strains is longer/wider. However, from this we could not conclude
a distinct and specific pattern in change of shape that differed between the two strains.

Table 4.4: Population density of cell cultures in shake flask experiment (depicted in Fig.4.6)
Mean Colony Forming Units/mLb
Approx. Time
Incubated
(hour) a
Genotype
0
2
4
6
8
10
12
14
16
26
a

Replicate 1
yjbJ+
1.54E+07
1.84E+07
5.10E+07
9.90E+07
1.27E+08
3.97E+08
8.90E+01
3.30E+09
2.29E+09
3.35E+11

Replicate 2
yjbJ+
2.03E+07
3.60E+07
4.35E+07
1.77E+08
1.40E+08
3.77E+08
7.55E+08
3.30E+09
3.65E+09
1.20E+01

∆yjbJ
1.64E+07
2.21E+07
6.30E+07
1.08E+08
1.29E+08
3.02E+08
4.70E+08
2.82E+09
2.61E+09
2.24E+11

∆yjbJ
2.14E+07
4.50E+07
5.10E+07
5.35E+07
1.44E+08
5.60E+08
9.60E+08
8.60E+08
3.65E+09
1.50E+10

At two hour intervals, samples from one of the triplicate shake flasks in the growth curve

experiments (shown in Fig. 4.7) were taken in order to prepare serial dilutions (from 10-4 to 10-8)
that were later plated to calculate the colony forming units per mL.
b

For dilutions of 10-5 to 10-8, duplicates were made and the CFU/mL was calculated for plates

with colony counts from 30 to 300. Any statistically significant counts were used to calculate a
mean average CFU/mL.
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Rep. 1

Sample for microscopy
was taken.

Rep. 2

Figure 4.6: Shake flask growth curves of ∆yjbJ mutant versus yjbJ+, grown at high
osmolality.
E. coli strains WG709 (yjbJ+) and WG1469 (∆yjbJ) were grown in MOPS
minimal medium supplemented with 400 mM NaCl, as described in Section 2.3.1.
Each point in the curve is the average of the OD600 from three separate shake flask
cultures. The two separate graphs represent duplicate experiments. Readings of the
OD600 and samples to be plated for CFU/mL calculations were taken at intervals of
approximately 2 hours, over the period of 18 hours, and then again after 25 hours.
The green dotted lines indicate times when 1mL samples were taken from one of
the triplicate flasks to prepare microscope slides.
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Table 4.5: Comparison of cells length and width between control and ∆yjbJ mutant. a
Mid-log phaseb

Early-log phase
c

Replicate 1

Length

Width

yjbJ+

c

c

Late-log phaseb

Widthc

∆yjbJ

=

yjbJ+

+0.12

-0.043

+0.066

+0.033

=

yjbJ+

∆yjbJ

yjbJ+

∆yjbJ

+0.020

+0.45

-0.026

+0.15

-0.036

Width

yjbJ+

yjbJ+

+0.17

+0.089

=

-0.015

c

Stationary phase
Lengthc

Length

c

Length

Width

=

yjbJ+

+0.13

+0.0091

yjbJ+

yjbJ+

+0.70

+.071

c

Difference
(yjbJ+ - ∆yjbJ)
Replicate 2
Difference
(yjbJ+ - ∆yjbJ)
a

VolocityTM software was used to measure at least 300 individual cells from each time point,

of each strain, then their average length and width were calculated. To determine whether the
length and width of the cells differed between strains, the means were compared by Student’s
t-test, P<0.05.
b

Consistency in the mid-log and late-log phases is highlighted in underlined and bolded.

c

‘=’ signifies that two mean values (length or width) were not statistically significantly

different. When there was a statistically significant difference, the genotype with the
statistically larger mean value is listed.

The length:width ratios of cells measured during the growth experiment were also
compared (Fig. 4.7). Once again, both the strains were very similar. For the mean average ratios
at each time point, as well as the numbers associated with these graphs, see Appendix F.
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.
Early-log phase

Mid-log phase

Late-log phase

Stationary phase

Figure 4.7: Comparison of cells length and width between control and ∆yjbJ mutant

The same data (lengths and widths) measured from cells grown in the shake flask growth
experiments and used to determine whether there was statistically significant differences in
length and width (Table 4.6) were used to calculate the ratios of length:width (a value
reflective of the shape of the cell). Frequency distributions of length:width ratios are plotted
for the two strains. The ∆yjbJ mutant was WG1469, and the yjbJ+ control was strain WG709.
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4.3: Nephelometer growth curves
In addition to the traditional shake flask growth curves, growth assays in a nephelometer
were also performed to compare ∆yjbJ and yjbJ+ E. coli. Here, once again, the growth patterns of
the strains were compared, but this time in conditions of varying osmolalities and with and
without osmoprotectant glycine betaine (Figure 4.8). Using a 96-well plate in combination with
the nephelometer facilitated testing many sodium chloride and glycine betaine concentrations at
once.
The growth of the yjbJ+ E. coli (WG709) was consistently faster than that of the ∆yjbJ
strain (WG1469). The impact of the yjbJ deletion on the cells’ ability to use an osmoprotectant
(glycine betaine) was also tested. If the ∆yjbJ cells showed more inhibited growth than yjbJ+
when supplementing with glycine betaine, it could indicate ProP was unable to transport the
glycine betaine as effectively in the mutant.
Glycine betaine stimulated the growth of both ∆yjbJ and yjbJ+ bacteria (Figure 4.9).
Again the ∆yjbJ mutant consistently showed lower nephelometer unit readings past the lag-phase,
at all osmolalities, and in spite of glycine betaine addition. Addition of glycine betaine which,
when transported via ProP, enables cells to better survive osmotic stress, did not enhance the
difference between the growth of the strains, meaning ProP transport of glycine betaine was not
inhibited in the absence of YjbJ.
4.4: Impacts of the ∆yjbJ and ∆ydhP deletions on ProP function
4.4.1: Proline uptake
Transport assays were performed to compare the rate of proline uptake, via ProP,
between the yjbJ+ cells and ∆yjbJ (see Figure 4.10). In the strains used, the genes encoding all
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Figure 4.8: Nephelometer growth curves, comparing ∆yjbJ and yjbJ+ E. coli growth.
The curves above were generated by distributing E. coli culture in 96-well plates,
with increases in cell density measured using a nephelometer (as Section 2.5). MOPS
minimal medium, with additional salt to a range of salt concentrations, was selected to
test cell growth in conditions of increasing osmolality. The cells were allowed to grow
for over 24 hours in the assay displayed above. At least 4 replicate wells were set up for
each condition. Plotted are the mean nephelometer unit values (calculated by averaging
the readings from all replicates). Error bars are the calculated standard error. Replicate
experiments showed the same patterns as are seen above.
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proline transporters were deleted from the chromosome of the yjbJ+ (WG709) and the ∆yjbJ
mutant (WG1469) strains, and the expression of ProP was reconstituted with a vector encoding
proP (pDC79).
Based on the transport data shown above, there was no significant difference in the rate
of proline uptake between the ∆yjbJ mutant and the control strain. To make a more accurate
comparison, the regression parameters of the curves can be compared numerically. These values
are in Table 4.6 for cells grown in both high and low osmolality growth conditions.
Table 4.6: Regression parameters from transport assays.
Growth
Osmolality replicate

A(max) a

error

(nmoles/min/mg

Bb

error

(mol/kg)

Π1/2/RT c error
(mol/kg)

protein)

WG709
(yjbJ+)
WG1469
(∆yjbJ)

0.044
0.037
0.047

±0.005
±0.005
±0.010

0.21
0.21
0.21

±0.006
±0.005
±0.013

91
±4
0.055
#1
97
±6
0.066
#2
74
±7
0.052
High
#3
120
±10
0.058
a
The A(max) is the activity that would be attained at infinite osmolality.

±0.007
±0.008
±0.02
±0.01

0.3
0.33
0.3
0.34

±0.01
±0.01
±0.02
±0.02

WG709
(yjbJ+)
WG1469
(∆yjbJ)

Low
Low

#1
#2

90
78
81

±2
±2
±4

High

b

Π1/2/RT is the osmolality at which a0=1/2Amax.

c

B is inversely proportional to the slope of the response curve.

The Π1/2/RT, Amax, and B values of WG709 is typical for these conditions (Tsatskis et al.,
2005). At low growth osmolality, the Amax values in the ∆yjbJ strain were lower than that for
yjbJ+. However, variability in Amax is routinely observed and may result from variability of
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Figure 4.9: Nephelometer growth curves, comparing ∆yjbJ and yjbJ+ cells grown in
medium supplemented with glycine betaine, at high osmolality.
The curves above were generated by loading E. coli cultures onto wells of 96well plates. Increases in turbidity (in nephelometer units) were measured using a
nephelometer (as per Section 2.5). When wells were supplemented with glycine betaine
(labelled as “+ G.B”), it was added to a concentration of 1mM for the top graph.
Another replicate, with 0.8 mM glycine betaine added instead, showed the same
difference between strains. WG709 (control strain) and WG1469 (∆yjbJ mutant) were
grown in MOPS minimal medium supplemented with 400 mM and 500 mM NaCl to
bring the media to a high osmolality. Each assay was replicated in at least 8 wells.
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Figure 4.10: Osmolality dependence High
of proline
uptake via ProP.
Cells were grown overnight in MOPS medium with no additional NaCl added for
the ‘low osmolality’ conditions (A), and a NaCl concentration of 150 mM for ‘high
osmolality (B) (as described in Section 2.8). Cells were exposed to a range of osmolalities
in the assay buffer, and the initial rates of proline uptake were measured as described in
Section 2.8. The lines in Figure 4.11 are each the result of a non-linear regression of the
rates by fitting them to Equation 4 (a0=Amax (1+exp [−(Π−Π1/2)/(RTB)])−1) (Wood, 1999);
see Section 2.8 for more details. The uptake rate at each osmolality was measured in
triplicate. Each curve corresponds to a distinct experiment.
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expression of the transporter between individual cultures. The Π1/2/RT and B values showed no
significant difference. At higher growth osmolality, there was not much difference between yjbJ+
and yjbJ-. The Π1/2/RT values for both strains are very close (in fact, they are the same in the
second replicate). The Amax is once again more variable, but this is expected.
The first putative interactor that was studied in the Wood lab was YdhP. Naheda Sahtout
used transport assays to determine if deletion of ydhP affected ProP. Replacement of the ydhP
gene with a kanamycin cassette had no effect on ProP activity in bacteria cultured in low or high
osmolality growth medium.
4.5: Subcellular localization of ProP in ∆yjbJ and ∆ydhP mutants
4.5.1: GFPmut2A206K–ProP
Before determining which pBAD24 expression background allowed for better expression
of GFPmut2A206K –ProP (see Chapter 3), the localization of GFPmut2A206K –ProP in the ∆yjbJ
mutant and the yjbJ+ strain was compared (Figure 4.12), using the strain with an unmodified
pBAD24 expression background (WG1418). Cells were grown in media of a couple of
osmolalities, low (MOPS with 50 mM NaCl added) and high (MOPS media with 400 mM NaCl
added), to determine if there might be a difference in frequencies of ProP polar localization
(Table 4.8). Sample images of those used to count the instances of ProP polar localization are in
Figure 4.12.
Table 4.9 lists the proportions of cells visible by fluorescence microscopy (designated
“ProP Imaged”), and with fluorescence concentrated at the cell poles (designated “ProP Polar”)
in cells grown at low and high osmolality. Although it had been shown that induction with 200
µM arabinose yielded physiological levels and GFPmut2A206K –ProP, a titration was performed
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Figure 4.11: Effect of kanamycin cassette replacement of the ydhP locus on the
transport function of ProP (Naheda, 2013).
A control strain (WG709) and a ∆ydhP mutant strain (WG1332), both expressing
ProP, were cultured in NaCl-free MOPS medium (low osmolality) or in the same
medium adjusted with NaCl to attain an osmolality of 0.74 mol/kg (high osmolality).
The initial rate of proline uptake via ProP was measured, as described in Section 2.8,
using assay media adjusted with NaCl to attain the indicated osmolalities. This
experiment was repeated at least twice and similar results were observed. Data from
Naheda Sahtout’s thesis (2013).

107

with arabinose for cells grown at low osmolality, to determine whether polar localization was
linked to induction levels. There was little difference in the values between the control strain and
the ∆yjbJ mutant. Arabinose concentration within these ranges did not show a direct correlation
to the percentage of ProP polar localization. The instances of polar localization do not appear to
be affected by the yjbJ deletion, and were lower than was seen for cardiolipin-expressing cells
using FlAsH-staining (as documented by Romantsov et al. (2008)).
Table 4.7: Instances of polar localization with cells expressing GFPmut2A206K –ProP, grown
at low and high osmolality.

Strain

yjbJ+
WG1418
∆yjbJ
WG1469
a

Low Salt
MOPS medium with 50 mM NaCl

High Salt
MOPS medium with 400 mM NaCl

Arabinose
(µm)

Arabinose
(µm)

ProP
Imaged
(%)

ProP
Polar
(%)a

ProP
Imaged
(%)

ProP
Polar
(%)a

150
200
250

64
54
74

26
47
32

200
-

67
-

18
-

200

60

32

200

64

16

Based on numbers from at least 300 cells that were properly visualized or “ProP Polar”

Based on the lower quality of the images obtained, and the lower instances of ProP polar
localization than expected (see section below for more on this matter), it was decided this
method could not give us results for a conclusive comparison. FlAsH-EDT2 staining was selected
as an alternative technique for this purpose.
4.5.2: Replicating the observed ProP polar localization using FlAsH-EDT2 staining
The FlAsH-EDT2 staining technique was also used to determine if YjbJ or YdhP has an
effect on the localization pattern of ProP within E. coli cells. Strains WG994 (clsA+) and
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13µm

+

13µm

yjbJ

Figure 4.12: GFPmut2A206K –ProP polar localization at low osmolality of control
versus ∆yjbJ mutant.
Strains WG1418 (yjbJ+) and WG1469 (∆yjbJ mutant) were grown in MOPS
medium, induced with arabinose (200 µm), and prepared for imaging as described in
Section 2.6.1. Sample images of the cells expressing GFPmut2A206K -ProP cells
shown. The percentages of the cells that showed ProP polar localization are tabulated
on Table 3.7. The inserts show examples of polar localization in both strains.
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∆yjbJ

WG1008 (clsA-) harbour a plasmid encoding MVCCPGCC-ProP and were used by Romantsov et
al. (2007) for earlier localization studies. Based on that work, cells of these strains were prepared
and stained with FlAsH-EDT2, and observed (Figure 4.12).
Instances of polar and diffuse MVCCPGCC-ProP localization were observed for both

strains. The cells on the left happened to be W994 (showing polar localization), while WG1008
is on the right (showing diffuse localization). Table 4.8 lists the percentages of cells with polar
localization of ProP. When the bacteria were cultivated at low osmolality, the percentage of polar
localization was lower for clsA- cells, demonstrating cardiolipin dependence. The percentage
values were higher than those reported by Romantsov et al. (2008) for the clsA- strain cultivated
in NaCl-free MOPS media. When the clsA- bacteria were cultivated in NaCl-free medium, the
resulting percentage was closer to the published values (in NaCl-free MOPS, 46 % of clsA+ cells
from exponential phase cultures and 48 % from stationary phase showed polar localization)
(Romantsov et al., 2008).

Table 4.8: Percentage of ProP polar localization that occurred in E. coli expressing
cardiolipin, versus those that do not.

Replicate
1
2
3

a

Percentage of stained cells a
showing polar localization (%)
50mM NaCl
0mM NaCl
+
clsA
clsA
clsA46
30
44
25
51
25
18

The percentages of polar localization were calculated based on numbers derived

from at least 250 properly stained cells.
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ProP, Polar localization

ProP, Diffuse distribution

Figure 4.13: Sample image showing polar localization of ProP, stained with FlAsHEDT2
E. coli strains WG994 (left) and WG1008 (right) were cultivated in MOPS
medium with added 50 mM NaCl, except for one replicate, and stained with FlAsHEDT2 reagent (see Section 2.6.1.1 for details). Percentages of cells that showed polar
localization for each strain are tabulated on Table 4.8.
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4.5.3: The impact of YjbJ and YdhP on ProP localization

E. coli strains WG994 and WG1008 were used as controls when evaluating the effects of
yjbJ and ydhP deletion on the polar localization of ProP (Table 4.9). ∆yjbJ and ∆ydhP mutants
with and without cardiolipin expression were observed, to rule out the possibility that the
proteins corresponding to those genes might affect CL dependence in a direct or indirect way.
Strains with the ∆yjbJ and ∆ydhP deletions had cardiolipin-dependent polar localization of ProP
at the same frequency as the controls. This was true in both clsA+ and clsA- genetic backgrounds.
Table 4.9: Percentage of ProP polar localization in ∆yjbJ and ∆ydhP mutants, as observed
using FlAsH-stained ProP.

Replicate
1
2
a

Percentage of stained cells showing polar localization
(%) a
clsA+
clsAydhP+
ydhP+
+
yjbJ
∆ydhP ∆yjbJ
yjbJ+
∆ydhP ∆yjbJ
57
58
54
30
27
24
44
45
46
25
30
30

The percentages calculated for these experiments were based on at least 250 properly stained

cells prepared as per Section 2.6.1.1.

4.6: Discussion
The interaction between truncated YjbJ(1-37) and ProP was replicated using the Turner
lab BACTH plasmids (Figure 4.1), but the interaction between full-length YjbJ and ProP was not
confirmed with the plasmids made in the Wood lab (Figure 4.2). Even when full-length YjbJ
(pYjbJT25) was tested against ProPT expressed from BACTH vectors from the Turner lab
(pT18ProPfull and pProPfullT18), only low levels of interaction detected were low. Though
activity was significantly higher than negative control when testing against ProP constructs with
112

the T18 fragments on the N-terminus, it was probably not biologically significant (Figure 4.3 and
Table 4.2). Also, since activity between YjbJ-T25 and ProPT-T18 was not significantly different
from the negative control (52.9 as opposed to 42.2 of activity (nmole / min / mg protein)), it does
not seem that the interaction observed in the Turner lab screen (between YjbJ(1-37 )-T25 and
ProPT-T18) is an artifact from plasmid used. It is possible that the lack on interaction observed
when testing ProP fusion vectors against pYjbJT25 might be a consequence of the design of the
YjbJ BACTH plasmid itself. Attempting to fuse -T18 to the N-terminus of YjbJ, or -T25 to either
end of the sequence, might yield other results. In contrast, the YdhP interaction with ProP was
indeed confirmed with the truncated and full-length versions of the protein (Figure 4.4).
Experiments performed to study ∆yjbJ mutants did not uncover discernible phenotype
that might suggest a specific function, or an impact on ProP localization or activity. Growth was
only slightly lower in mutants during the nephelometer assays (see Figure 4.8). This difference
was not notable in the shake flask growth curves. This might be due to higher sensitivity of the
nephelometer. There was also no significant impact on ProP proline transport, in either the
transport assays (Figure 4.10), or when glycine betaine supplementation was tested during
nepholometer assays (Figure 4.9). Neither was there an effect on frequency of polar localization
of ProP, or cardiolipin-dependence of polar localization, whether localization was studied with
GFPmut2A206K –ProP or FlAsH-stained, tetra-cysteine-tagged-ProP (Table 4.7 and Table 4.9,
respectively).
Similarly, when experiments with ∆ydhP mutants were performed, no impact on ProP was
uncovered. There was no impact on proline transport via ProP (Figure 4.11), or on frequency of
polar localization (Table 4.9).
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Chapter 5: Conclusion and future directions
Our experiments determined that further work is required before a GFPmut2A206K –ProP
fusion can be used to complement FlAsH-based ProP localization work. Degradation of the
fusion protein within the cell is still a big issue, since a large proportion of the fusion appears to
be cleaved into free GFP and ProP, and this might be having an impact on the pattern of
GFPmut2A206K –ProP localization. Based on PeptideCutter (ExPASy) analysis, a potential
cleavage site has been identified in the linker region between GFP and ProP, so a new strain has
been created by Doreen Culham (the last two amino acids of GFP in pDM3 were changed from
YK to AA, to result in the loss of a Pst1 restriction site) with a modified linker to reduce
probability of cleavage by eliminating this target site for proteolysis. Next, an assessment of
whether this change improves the quality of the protein product will be determined via Western
blot analysis and fluorescence microscopy. Perhaps polar localization frequency will be affected
by further reducing degradation. Further linker design might also improve protein folding and, in
turn, proper folding can reduce cleaving (Prescott et al., 1999).
The BACTH study of heteromeric interactions between ProP and YjbJ, and/ or YdhP,
determined that an interaction is possible between YdhP and ProP, but an interaction between
YjbJ and ProP has not been confirmed. There is still a possibility that failure to detect the
interaction might be a false negative, a possibility more probable in cases of increased
complexity (ie. when a third protein interactor is involved) (Karimova et al., 2005). Before this
interaction is dismissed entirely, one would have to try alternate BACTH fusions to look for
YjbJ-ProP interaction further, or perhaps use another method to test for protein-ProP interactions,
like co-immunoprecipitation.
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When attempting to find clues of the role of YdhP and YjbJ within cells, and their
possible impact on ProP, YjbJ did not appear to significantly impact cell morphology, growth, or
ProP function or localization, and YdhP (though not tested for impacts on cell shape or growth)
also did not show an impact on ProP activity or localization. There is still interest in the role of
these protein as they relate to ProP, so it would be interesting to study their localization and
determine if they might also concentrated at the poles of cells. If they did, the functional
complementation measured with BACTH might not be a product of a direct interaction, but of
physical proximity. Observing the localization of ProP BACTH fusion proteins (like T18-ProP
and T25-ProP) might also be an important next step; it would be good to verify their localization
pattern is not affected by the addition of the T18 and T25 fragments. Also, if these two proteins
were determined to have no real connection to ProP, there are still several other putative ProP
interactors identified in the screen that could be investigated.
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Figure 1.5
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Figure 1.6
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Appendix B: List of solid media routinely used to test strains
Table A.1: Solid media and corresponding selective and differential ingredients.

a

TTC

Medium
Proline

MacConkeyb

Lactose

MOPS minimal
mediumc

No Tryptophan

LB medium
with antibioticsd

Tryptophan
Kanamycin
Chloramphenicol
Streptomycin
Ampicillin
Tetracycline

Tests whether strain:
Utilizes proline as carbon
source (reduce TTC)
Is capable of using lactose
as carbon source
Has no tryptophan
auxotrophy, so it grows on
unsupplemented MOPS

Possible results
Red (+)
White (-)
Brick red (+)
White (-)
Growth (+)
No growth (- /auxotr.)
Positive control

Has specific antibiotic
resistance

Growth (+ /resistant)
No growth (-)

a

Prepared based on the media described by Bochner and Savageau (1977).

b

Prepared based on the media described by MacConkey (1905).

c

NaCl-free MOPS minimal medium is based on the media described by Neidhardt et al. (1974).

d

Prepared based on the media described by Miller (1972).
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Appendix C: Preparation of 10x MOPS stock solution.
Before the 10 x MOPS solution was made, the following concentrated stock solutions of
constituents were prepared:

Table A.2: Stock solutions required for 10x MOPS solution preparation.
Stock reagent

Stock
Concentration (M)
0.276

Final
Concentration (M)
0.0276

CaCl2*2H2O

5 x 10-4

5 x 10-6

MgCl2*6H2O

0.528

0.00528

3 x 10-6
4 x 10-4
3 x 10-5
1 x 10-5
1 x 10-5
8 x 10-5

3 x 10-8
4 x 10-6
3 x 10-7
1 x 10-7
1 x 10-7
8 x 10-7

K2SO4

1000x
Micronutrient
solution

(NH4)6(MoO7)24
H3BO3
CoCl2
CuSO4
ZnSO4
MnSO4*H2O

To make 10x MOPS, a solution of MOPS (0.4 M) and tricine (0.04 M) was made 0.5 L of
water. Saturated KOH was added until the solution reached a pH of 7.4, then the rest of the
stocks on Table A.1 were added (K2SO4 (0.0276 M), CaCl2 (5 x 10-6 M), MgCl2 (0.00528 M),
1000 X Micronutrient stock solution (10 X) and FeSO4 (0.0001 M)). This solution was diluted in
1 L of sterile water, and stirred for 20 min, before filter sterilizing through a 0.2 μm filter. The
final solution was stored at 4º C.
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Appendix D: Sequences of BACTH plasmids encoding ProP and YjbJ fusions
LEGEND
-proP and yjbJ sequences are shaded yellow.
-T18 or T25 sequences are underlined
-Open reading frame is bolded.
.

pProPFullT18
tttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctATGACCATGATT
ACGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGATGCTGAAAAGGAAAAAA
GTAAAACCGATTACCCTTCGTGATGTCACCATTATTGATGACGGTAAACTGCGTAAA
GCCATTACCGCAGCATCACTGGGTAATGCAATGGAATGGTTCGATTTTGGTGTTTAT
GGTTTTGTTGCTTACGCATTAGGTAAAGTTTTTTTCCCGGGGGCTGACCCCAGCGTGC
AGATGGTTGCTGCACTTGCCACTTTCTCCGTTCCCTTTCTGATTCGACCGCTTGGCGG
ACTCTTCTTTGGTATGTTGGGCGATAAATATGGTCGCCAGAAGATCCTCGCTATCAC
TATTGTGATTATGTCGATCAGTACGTTCTGTATTGGCTTAATACCGTCCTACGACACG
ATTGGTATTTGGGCACCGATTCTGCTGTTGATCTGTAAGATGGCACAAGGTTTCTCG
GTCGGCGGTGAATATACCGGGGCGTCGATATTTGTTGCGGAATACTCCCCTGACCGT
AAACGTGGCTTTATGGGCAGCTGGCTGGACTTCGGTTCTATTGCCGGGTTTGTGCTG
GGTGCGGGCGTGGTGGTGTTAATTTCGACCATTGTCGGCGAAGCGAACTTCCTCGAT
TGGGGCTGGCGTATTCCGTTCTTTATCGCTCTGCCGTTAGGGATTATCGGGCTTTACC
TGCGCCATGCGCTGGAAGAGACTCCGGCGTTCCAGCAGCATGTCGATAAACTGGAA
CAGGGCGACCGTGAAGGTTTGCAGGATGGCCCGAAAGTCTCGTTTAAAGAGATTGC
CACTAAATACTGGCGCAGCCTGTTGACATGTATTGGTCTGGTAATTGCCACCAACGT
GACTTACTACATGTTGCTGACCTATATGCCGAGTTATTTGTCGCATAACCTGCATTAC
TCCGAAGACCACGGGGTGCTGATTATTATCGCCATTATGATCGGTATGCTGTTTGTC
CAGCCGGTGATGGGCTTGCTGAGTGACCGTTTTGGCCGTCGTCCGTTTGTGCTACTTG
GTAGTGTTGCCCTGTTTGTGTTGGCGATCCCGGCGTTTATTCTGATTAACAGTAACGT
CATCGGCCTGATTTTTGCCGGGTTACTGATGCTGGCGGTGATCCTTAACTGCTTTACG
GGCGTTATGGCTTCTACCTTGCCAGCGATGTTCCCGACGCATATCCGTTACAGCGCG
CTGGCGGCGGCATTTAATATTTCGGTGCTGGTTGCCGGTCTGACGCCAACGCTGGCG
GCCTGGCTGGTCGAAAGCTCGCAGAATCTGATGATGCCTGCCTATTACCTGATGGTA
GTGGCGGTGGTTGGTTTAATCACCGGCGTAACCATGAAAGAGACGGCAAATCGTCC
GTTGAAAGGTGCGACACCGGCGGCGTCAGATATACAGGAAGCGAAGGAAATTCTTG
TCGAGCATTACGATAATATCGAGCAGAAAATCGATGATATTGACCACGAGATTGCC
GATTTGCAGGCGAAACGTACCCGCCTGGTGCAGCAACATCCGCGAATTGATGAACG
GGTACCGAGCTCGAATTCAGCCGCCAGCGAGGCCACGGGCGGCCTGGATCGCGAA
CGCATCGACTTGTTGTGGAAAATCGCTCGCGCCGGCGCCCGTTCCGCAGTGGGCACC
GAGGCGCGTCGCCAGTTCCGCTACGACGGCGACATGAATATCGGCGTGATCACCGA
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TTTCGAGCTGGAAGTGCGCAATGCGCTGAACAGGCGGGCGCACGCCGTCGGCGCGC
AGGACGTGGTCCAGCATGGCACTGAGCAGAACAATCCTTTCCCGGAGGCAGATGAG
AAGATTTTCGTCGTATCGGCCACCGGTGAAAGCCAGATGCTCACGCGCGGGCAACT
GAAGGAATACATTGGCCAGCAGCGCGGCGAGGGCTATGTCTTCTACGAGAACCGTG
CATACGGCGTGGCGGGGAAAAGCCTGTTCGACGATGGGCTGGGAGCCGCGCCCGGC
GTGCCGAGCGGACGTTCGAAGTTCTCGCCGGATGTACTGGAAACGGTGCCGGCGTC
ACCCGGATTGCGGCGGCCGTCGCTGGGCGCAGTGGAACGCCAATCGATATAActaagta
atatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagccccgacacccgccaacacccgctgacgcgccctgacggg
cttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcg

Protein:
Met T Met I T P S L H A C R S T L E Met L K R K K V K P I T L R D V T I I D D G K L R K A I T
A A S L G N A Met E W F D F G V Y G F V A Y A L G K V F F P G A D P S V Q Met V A A L A T F
S V P F L I R P L G G L F F G Met L G D K Y G R Q K I L A I T I V I Met S I S T F C I G L I P S Y D
T I G I W A P I L L L I C K Met A Q G F S V G G E Y T G A S I F V A E Y S P D R K R G F Met G S
WLDFGSIAGFVLGAGVVVLISTIVGEANFLDWGWRIPFFIALPLGIIG
LYLRHALEETPAFQQHVDKLEQGDREGLQDGPKVSFKEIATKYWRS
L L T C I G L V I A T N V T Y Y Met L L T Y Met P S Y L S H N L H Y S E D H G V L I I I A I Met I
G Met L F V Q P V Met G L L S D R F G R R P F V L L G S V A L F V L A I P A F I L I N S N V I G
L I F A G L L Met L A V I L N C F T G V Met A S T L P A Met F P T H I R Y S A L A A A F N I S V
L V A G L T P T L A A W L V E S S Q N L Met Met P A Y Y L Met V V A V V G L I T G V T Met K
ETANRPLKGATPAASDIQEAKEILVEHYDNIEQKIDDIDHEIADLQAK
RTRLVQQHPRIDERVPSSNSAASEATGGLDRERIDLLWKIARAGARS
A V G T E A R R Q F R Y D G D Met N I G V I T D F E L E V R N A L N R R A H A V G A Q D V V
Q H G T E Q N N P F P E A D E K I F V V S A T G E S Q Met L T R G Q L K E Y I G Q Q R G E G Y
VFYENRAYGVAGKSLFDDGLGAAPGVPSGRSKFSPDVLETVPASPGL
R R P S L G A V E R Q S I Stop
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pT18ProPFull
tttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctATGACCATGATT
ACGCCAAGCTTAGCCGCCAGCGAGGCCACGGGCGGCCTGGATCGCGAACGCATCG
ACTTGTTGTGGAAAATCGCTCGCGCCGGCGCCCGTTCCGCAGTGGGCACCGAGGCG
CGTCGCCAGTTCCGCTACGACGGCGACATGAATATCGGCGTGATCACCGATTTCGAG
CTGGAAGTGCGCAATGCGCTGAACAGGCGGGCGCACGCCGTCGGCGCGCAGGACGT
GGTCCAGCATGGCACTGAGCAGAACAATCCTTTCCCGGAGGCAGATGAGAAGATTT
TCGTCGTATCGGCCACCGGTGAAAGCCAGATGCTCACGCGCGGGCAACTGAAGGAA
TACATTGGCCAGCAGCGCGGCGAGGGCTATGTCTTCTACGAGAACCGTGCATACGG
CGTGGCGGGGAAAAGCCTGTTCGACGATGGGCTGGGAGCCGCGCCCGGCGTGCCGA
GCGGACGTTCGAAGTTCTCGCCGGATGTACTGGAAACGGTGCCGGCGTCACCCGGA
TTGCGGCGGCCGTCGCTGGGCGCAGTGGAACGCCACTGCAGGTCGACTCTAGAGA
TGCTGAAAAGGAAAAAAGTAAAACCGATTACCCTTCGTGATGTCACCATTATTGATG
ACGGTAAACTGCGTAAAGCCATTACCGCAGCATCACTGGGTAATGCAATGGAATGG
TTCGATTTTGGCGTTTATGGTTTTGTTGCTTACGCATTAGGTAAAGTTTTTTTCCCGG
GGGCTGACCCCAGCGTGCAGATGGTTGCTGCACTTGCCACTTTCTCCGTTCCCTTTCT
GATTCGACCGCTTGGCGGACTCTTCTTTGGTATGTTGGGCGATAAATATGGTCGCCA
GAAGATCCTCGCTATCACTATTGTGATTATGTCGATCAGTACGTTCTGTATTGGCTTA
ATACCGTCCTACGACACGATTGGTATTTGGGCACCGATTCTGCTGTTGATCTGTAAG
ATGGCACAAGGTTTCTCGGTCGGCGGTGAATATACCGGGGCGTCGATATTTGTTGCG
GAATACTCCCCTGACCGTAAACGTGGCTTTATGGGCAGCTGGCTGGACTTCGGTTCT
ATTGCCGGGTTTGTGCTGGGTGCGGGCGTGGTGGTGTTAATTTCGACCATTGTCGGC
GAAGCGAACTTCCTCGATTGGGGCTGGCGTATTCCGTTCTTTATCGCTCTGCCGTTAG
GGATTATCGGGCTTTACCTGCGCCATGCGCTGGAAGAGACTCCGGCGTTCCAGCAGC
ATGTCGATAAACTGGAACAGGGCGACCGTGAAGGTTTGCAGGATGGCCCGAAAGTC
TCGTTTAAAGAGATTGCCACTAAATACTGGCGCAGCCTGTTGACATGTATTGGTCTG
GTAATTGCCACCAACGTGACTTACTACATGTTGCTGACCTATATGCCGAGTTATTTGT
CGCATAACCTGCATTACTCCGAAGACCACGGGGTGCTGATTATTATCGCCATTATGA
TCGGTATGCTGTTTGTCCAGCCGGTGATGGGCTTGCTGAGTGACCGTTTTGGCCGTC
GTCCGTTTGTGCTACTTGGTAGTGTTGCCCTGTTTGTGTTGGCGATCCCGGCGTTTAT
TCTGATTAACAGTAACGTCATCGGCCTGATTTTTGCCGGGTTACTGATGCTGGCGGT
GATCCTTAACTGCTTTACGGGCGTTATGGCTTCTACCTTGCCAGCGATGTTCCCGACG
CATATCCGTTACAGCGCGCTGGCGGCGGCATTTAATATTTCGGTGCTGGTTGCCGGT
CTGACGCCAACGCTGGCGGCCTGGCTGGTCGAAAGCTCGCAGAATCTGATGATGCC
TGCCTATTACCTGATGGTAGTGGCGGTGGTTGGTTTAATCACCGGCGTAACCATGAA
AGAGACGGCAAATCGTCCGTTGAAAGGTGCGACACCGGCGGCGTCAGATATACAGG
AAGCGAAGGAAATTCTTGTCGAGCATTACGATAATATCGAGCAGAAAATCGATGAT
ATTGACCACGAGATTGCCGATTTGCAGGCGAAACGTACCCGCCTGGTGCAGCAACA
TCCGCGAATTGATGAACGGGTACCGAGCTCGAATTCATCGATATAActaagtaatatggtg
cactctcagtacaatctgctctgatgccgcatagttaagccagccccgacacccgccaacacccgctgacgcgccctgacgggcttgtctg
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Protein:
Met T Met I T P S L A A S E A T G G L D R E R I D L L W K I A R A G A R S A V G T E A
R R Q F R Y D G D Met N I G V I T D F E L E V R N A L N R R A H A V G A Q D V V Q H
G T E Q N N P F P E A D E K I F V V S A T G E S Q Met L T R G Q L K E Y I G Q Q R G E
GYVFYENRAYGVAGKSLFDDGLGAAPGVPSGRSKFSPDVLET
V P A S P G L R R P S L G A V E R H C R S T L E Met L K R K K V K P I T L R D V T I I D
D G K L R K A I T A A S L G N A Met E W F D F G V Y G F V A Y A L G K V F F P G A D
P S V Q Met V A A L A T F S V P F L I R P L G G L F F G Met L G D K Y G R Q K I L A I T
I V I Met S I S T F C I G L I P S Y D T I G I W A P I L L L I C K Met A Q G F S V G G E Y T
G A S I F V A E Y S P D R K R G F Met G S W L D F G S I A G F V L G A G V V V L I S T I
VGEANFLDWGWRIPFFIALPLGIIGLYLRHALEETPAFQQHVD
KLEQGDREGLQDGPKVSFKEIATKYWRSLLTCIGLVIATNVTY
Y Met L L T Y Met P S Y L S H N L H Y S E D H G V L I I I A I Met I G Met L F V Q P V
Met G L L S D R F G R R P F V L L G S V A L F V L A I P A F I L I N S N V I G L I F A G L
L Met L A V I L N C F T G V Met A S T L P A Met F P T H I R Y S A L A A A F N I S V L V
A G L T P T L A A W L V E S S Q N L Met Met P A Y Y L Met V V A V V G L I T G V T
Met K E T A N R P L K G A T P A A S D I Q E A K E I L V E H Y D N I E Q K I D D I D H E
I A D L Q A K R T R L V Q Q H P R I D E R V P S S N S S I Stop
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ProPFullT25
cagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctcactcattaggcaccccaggc
tttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctATGACCATGATT
ACGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGATGCTGAAAAGGAAAAAA
GTAAAACCGATTACCCTTCGTGATGTCACCATTATTGATGACGGTAAACTGCGTAAA
GCCATTACCGCAGCATCACTGGGTAATGCAATGGAATGGTTCGATTTTGGTGTTTAT
GGTTTTGTTGCTTACGCATTAGGTAAAGTTTTTTTCCCGGGGGCTGACCCCAGCGTGC
AGATGGTTGCTGCACTTGCCACTTTCTCCGTTCCCTTTCTGATTCGACCGCTTGGCGG
ACTCTTCTTTGGTATGTTGGGCGATAAATATGGTCGCCAGAAGATCCTCGCTATCAC
TATTGTGATTATGTCGATCAGTACGTTCTGTATTGGCTTAATACCGTCCTACGACACG
ATTGGTATTTGGGCACCGATTCTGCTGTTGATCTGTAAGATGGCACAAGGTTTCTCG
GTCGGCGGTGAATATACCGGGGCGTCGATATTTGTTGCGGAATACTCCCCTGACCGT
AAACGTGGCTTTATGGGCAGCTGGCTGGACTTCGGTTCTATTGCCGGGTTTGTGCTG
GGTGCGGGCGTGGTGGTGTTAATTTCGACCATTGTCGGCGAAGCGAACTTCCTCGAT
TGGGGCTGGCGTATTCCGTTCTTTATCGCTCTGCCGTTAGGGATTATCGGGCTTTACC
TGCGCCATGCGCTGGAAGAGACTCCGGCGTTCCAGCAGCATGTCGATAAACTGGAA
CAGGGCGACCGTGAAGGTTTGCAGGATGGCCCGAAAGTCTCGTTTAAAGAGATTGC
CACTAAATACTGGCGCAGCCTGTTGACATGTATTGGTCTGGTAATTGCCACCAACGT
GACTTACTACATGTTGCTGACCTATATGCCGAGTTATTTGTCGCATAACCTGCATTAC
TCCGAAGACCACGGGGTGCTGATTATTATCGCCATTATGATCGGTATGCTGTTTGTC
CAGCCGGTGATGGGCTTGCTGAGTGACCGTTTTGGCCGTCGTCCGTTTGTGCTACTTG
GTAGTGTTGCCCTGTTTGTGTTGGCGATCCCGGCGTTTATTCTGATTAACAGTAACGT
CATCGGCCTGATTTTTGCCGGGTTACTGATGCTGGCGGTGATCCTTAACTGCTTTACG
GGCGTTATGGCTTCTACCTTGCCAGCGATGTTCCCGACGCATATCCGTTACAGCGCG
CTGGCGGCGGCATTCAATATTTCGGTGCTGGTTGCCGGTCTGACGCCAACGCTGGCG
GCCTGGCTGGTCGAAAGCTCGCAGAATCTGATGATGCCTGCCTATTACCTGATGGTA
GTGGCGGTGGTTGGTTTAATCACCGGCGTAACCATGAAAGAGACGGCAAATCGTCC
GTTGAAAGGTGCGACACCGGCGGCGTCAGATATACAGGAAGCGAAGGAAATTCTTG
TCGAGCATTACGATAATATCGAGCAGAAAATCGATGATATTGACCACGAGATTGCC
GATTTGCAGGCGAAACGTACCCGCCTGGTGCAGCAACATCCGCGAATTGATGAACG
GGTACCGAGCTCGAATTCAATGACCATGCAGCAATCGCATCAGGCTGGTTACGCA
AACGCCGCCGACCGGGAGTCTGGCATCCCCGCAGCCGTACTCGATGGCATCAAGGC
CGTGGCGAAGGAAAAAAACGCCACATTGATGTTCCGCCTGGTCAACCCCCATTCCA
CCAGCCTGATTGCCGAAGGGGTGGCCACCAAAGGATTGGGCGTGCACGCCAAGTCG
TCCGATTGGGGGTTGCAGGCGGGCTACATTCCCGTCAACCCGAATCTTTCCAAACTG
TTCGGCCGTGCGCCCGAGGTGATCGCGCGGGCCGACAACGACGTCAACAGCAGCCT
GGCGCATGGCCATACCGCGGTCGACCTGACGCTGTCGAAAGAGCGGCTTGACTATC
TGCGGCAAGCGGGCCTGGTCACCGGCATGGCCGATGGCGTGGTCGCGAGCAACCAC
GCAGGCTACGAGCAGTTCGAGTTTCGCGTGAAGGAAACCTCGGACGGGCGCTATGC
CGTGCAGTATCGCCGCAAGGGCGGCGACGATTTCGAGGCGGTCAAGGTGATCGGCA
ATGCCGCCGGTATTCCACTGACGGCGGATATCGACATGTTCGCCATTATGCCGCATC
TGTCCAACTTCCGCGACTCGGCGCGCAGTTCGGTGACCAGCGGCGATTCGGTGACCG
ATTACCTGGCGCGCACGCGGCGGGCTGCACCATCGATATAACtaagtaatatggtgcactctcag
tacaatctgctctgatgccgcatagttaagccagccccgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggca
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Protein:
Met T Met I T P S L H A C R S T L E Met L K R K K V K P I T L R D V T I I D D G K L R K A I T
A A S L G N A Met E W F D F G V Y G F V A Y A L G K V F F P G A D P S V Q Met V A A L A T F
S V P F L I R P L G G L F F G Met L G D K Y G R Q K I L A I T I V I Met S I S T F C I G L I P S Y D
T I G I W A P I L L L I C K Met A Q G F S V G G E Y T G A S I F V A E Y S P D R K R G F Met G S
WLDFGSIAGFVLGAGVVVLISTIVGEANFLDWGWRIPFFIALPLGIIG
LYLRHALEETPAFQQHVDKLEQGDREGLQDGPKVSFKEIATKYWRS
L L T C I G L V I A T N V T Y Y Met L L T Y Met P S Y L S H N L H Y S E D H G V L I I I A I Met I
G Met L F V Q P V Met G L L S D R F G R R P F V L L G S V A L F V L A I P A F I L I N S N V I G
L I F A G L L Met L A V I L N C F T G V Met A S T L P A Met F P T H I R Y S A L A A A F N I S V
L V A G L T P T L A A W L V E S S Q N L Met Met P A Y Y L Met V V A V V G L I T G V T Met K
ETANRPLKGATPAASDIQEAKEILVEHYDNIEQKIDDIDHEIADLQAK
R T R L V Q Q H P R I D E R V P S S N S Met T Met Q Q S H Q A G Y A N A A D R E S G I P A A V
L D G I K A V A K E K N A T L Met F R L V N P H S T S L I A E G V A T K G L G V H A K S S D
WGLQAGYIPVNPNLSKLFGRAPEVIARADNDVNSSLAHGHTAVDLT
L S K E R L D Y L R Q A G L V T G Met A D G V V A S N H A G Y E Q F E F R V K E T S D G R Y
A V Q Y R R K G G D D F E A V K V I G N A A G I P L T A D I D Met F A I Met P H L S N F R D S
A R S S V T S G D S V T D Y L A R T R R A A P S I Stop
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pT25ProPFull
gcgggcagtgagcgcaacgcaattaatgtgagttagctcactcattaggcaccccaggctttacactttatgcttccggctcgtatgttgtgtg
gaattgtgagcggataacaatttcacacaggaaacagctATGACCATGCAGCAATCGCATCAGGCTGGTTA
CGCAAACGCCGCCGACCGGGAGTCTGGCATCCCCGCAGCCGTACTCGATGGCATCA
AGGCCGTGGCGAAGGAAAAAAACGCCACATTGATGTTCCGCCTGGTCAACCCCCAT
TCCACCAGCCTGATTGCCGAAGGGGTGGCCACCAAAGGATTGGGCGTGCACGCCAA
GTCGTCCGATTGGGGGTTGCAGGCGGGCTACATTCCCGTCAACCCGAATCTTTCCAA
ACTGTTCGGCCGTGCGCCCGAGGTGATCGCGCGGGCCGACAACGACGTCAACAGCA
GCCTGGCGCATGGCCATACCGCGGTCGACCTGACGCTGTCGAAAGAGCGGCTTGAC
TATCTGCGGCAAGCGGGCCTGGTCACCGGCATGGCCGATGGCGTGGTCGCGAGCAA
CCACGCAGGCTACGAGCAGTTCGAGTTTCGCGTGAAGGAAACCTCGGACGGGCGCT
ATGCCGTGCAGTATCGCCGCAAGGGCGGCGACGATTTCGAGGCGGTCAAGGTGATC
GGCAATGCCGCCGGTATTCCACTGACGGCGGATATCGACATGTTCGCCATTATGCCG
CATCTGTCCAACTTCCGCGACTCGGCGCGCAGTTCGGTGACCAGCGGCGATTCGGTG
ACCGATTACCTGGCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGATGCTGA
AAAGGAAAAAAGTAAAACCGATTACCCTTCGTGATGTCACCATTATTGATGACGGT
AAACTGCGTAAAGCCATTACCGCAGCATCACTGGGTAATGCAATGGAATGGTTCGA
TTTTGGTGTTTATGGTTTTGTTGCTTACGCATTAGGTAAAGTTTTTTTCCCGGGGGCT
GACCCCAGCGTGCAGATGGTTGCTGCACTTGCCACTTTCTCCGTTCCCTTTCTGATTC
GACCGCTTGGCGGACTCTTCTTTGGTATGTTGGGCGATAAATATGGTCGCCAGAAGA
TCCTCGCTATCACTATTGTGATTATGTCGATCAGTACGTTCTGTATTGGCTTAATACC
GTCCTACGACACGATTGGTATTTGGGCACCGATTCTGCTGTTGATCTGTAAGATGGC
ACAAGGTTTCTCGGTCGGCGGTGAATATACCGGGGCGTCGATATTTGTTGCGGAATA
CACCCCTGACCGTAAACGTGGCTTTATGGGCAGCTGGCTGGACTTCGGTTCTATTGC
CGGGTTTGTGCTGGGTGCGGGCGTGGTGGTGTTAATTTCGACCATTGTCGGCGAAGC
GAACTTCCTCGATTGGGGCTGGCGTATTCCGTTCTTTATCGCTCTGCCGTTAGGGATT
ATCGGGCTTTACCTGCGCCATGCGCTGGAAGAGACTCCGGCGTTCCAGCAGCATGTC
GATAAACTGGAACAGGGCGACCGTGAAGGTTTGCAGGATGGCCCGAAAGTCTCGTT
TAAAGAGATTGCCACTAAATACTGGCGCAGCCTGTTGACATGTATTGGTCTGGTAAT
TGCCACCAACGTGACTTACTACATGTTGCTGACCTATATGCCGAGTTATTTGTCGCAT
AACCTGCATTACTCCGAAGACCACGGGGTGCTGATTATTATCGCCATTATGATCGGT
ATGCTGTTTGTCCAGCCGGTGATGGGCTTGCTGAGTGACCGTTTTGGCCGTCGTCCGT
TTGTGCTACTTGGTAGTGTTGCCCTGTTTGTGTTGGCGATCCCGGCGTTTATTCTGAT
TAACAGTAACGTCATCGGCCTGATTTTTGCCGGGTTACTGATGCTGGCGGTGATCCT
TAACTGCTTTACGGGCGTTATGGCTTCTACCTTGCCAGCGATGTTCCCGACGCATATC
CGTTACAGCGCGCTGGCGGCGGCATTTAATATTTCGGTGCTGGTTGCCGGTCTGACG
CCAACGCTGGCGGCCTGGCTGGTCGAAAGCTCGCAGAATCTGATGATGCCTGCCTAT
TACCTGATGGTAGTGGCGGTGGTTGGTTTAATCACCGGCGTAACCATGAAAGAGAC
GGCAAATCGTCCGTTGAAAGGTGCGACACCGGCGGCGTCAGATATACAGGAAGCGA
AGGAAATTCTTGTCGAGCATTACGATAATATCGAGCAGAAAATCGATGATATTGACC
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ACGAGATTGCCGATTTGCAGGCGAAACGTACCCGCCTGGAGCAGCAACATCCGCGA
ATTGATGAACGGGTACCTAAGTAAgtaagaattcactggccgtcgttttacaacgtcgtgactgggaaaaccctgg
cgttacccaacttaatcgccttgcagcacatccccctttcgccagctggcgtaatagcgaagaggcccgcaccgatcgcccttcccaacagt

Protein:
Met T Met Q Q S H Q A G Y A N A A D R E S G I P A A V L D G I K A V A K E K N A T L
Met F R L V N P H S T S L I A E G V A T K G L G V H A K S S D W G L Q A G Y I P V N P
NLSKLFGRAPEVIARADNDVNSSLAHGHTAVDLTLSKERLDYL
R Q A G L V T G Met A D G V V A S N H A G Y E Q F E F R V K E T S D G R Y A V Q Y R
R K G G D D F E A V K V I G N A A G I P L T A D I D Met F A I Met P H L S N F R D S A
R S S V T S G D S V T D Y L A R T R R A A G S T L E Met L K R K K V K P I T L R D V T
I I D D G K L R K A I T A A S L G N A Met E W F D F G V Y G F V A Y A L G K V F F P G
A D P S V Q Met V A A L A T F S V P F L I R P L G G L F F G Met L G D K Y G R Q K I L
A I T I V I Met S I S T F C I G L I P S Y D T I G I W A P I L L L I C K Met A Q G F S V G G
E Y T G A S I F V A E Y T P D R K R G F Met G S W L D F G S I A G F V L G A G V V V L
ISTIVGEANFLDWGWRIPFFIALPLGIIGLYLRHALEETPAFQQH
VDKLEQGDREGLQDGPKVSFKEIATKYWRSLLTCIGLVIATNV
T Y Y Met L L T Y Met P S Y L S H N L H Y S E D H G V L I I I A I Met I G Met L F V Q P
V Met G L L S D R F G R R P F V L L G S V A L F V L A I P A F I L I N S N V I G L I F A G
L L Met L A V I L N C F T G V Met A S T L P A Met F P T H I R Y S A L A A A F N I S V L
V A G L T P T L A A W L V E S S Q N L Met Met P A Y Y L Met V V A V V G L I T G V T
Met K E T A N R P L K G A T P A A S D I Q E A K E I L V E H Y D N I E Q K I D D I D H E
I A D L Q A K R T R L E Q Q H P R I D E R V P K Stop
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pT18ProP
cagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctcactcattaggcaccccaggc
tttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctATGACCATGATT
ACGCCAAGCTTAGCCGCCAGCGAGGCCACGGGCGGCCTGGATCGCGAACGCATCG
ACTTGTTGTGGAAAATCGCTCGCGCCGGCGCCCGTTCCGCAGTGGGCACCGAGGCG
CGTCGCCAGTTCCGCTACGACGGCGACATGAATATCGGCGTGATCACCGATTTCGAG
CTGGAAGTGCGCAATGCGCTGAACAGGCGGGCGCACGCCGTCGGCGCGCAGGACGT
GGTCCAGCATGGCACTGAGCAGAACAATCCTTTCCCGGAGGCAGATGAGAAGATTT
TCGTCGTATCGGCCACCGGTGAAAGCCAGATGCTCACGCGCGGGCAACTGAAGGAA
TACATTGGCCAGCAGCGCGGCGAGGGCTATGTCTTCTACGAGAACCGTGCATACGG
CGTGGCGGGGAAAAGCCTGTTCGACGATGGGCTGGGAGCCGCGCCCGGCGTGCCGA
GCGGACGTTCGAAGTTCTCGCCGGATGTACTGGAAACGGTGCCGGCGTCACCCGGA
TTGCGGCGGCCGTCGCTGGGCGCAGTGGAACGCCACTGCAGGATGCTGAAAAGGA
AAAAAGTAAAACCGATTACCCTTCGTGATGTCACCATTATTGATGACGGTAAACTGC
GTAAAGCCATTACCGCAGCATCACTGGGTAATGCAATGGAATGGTTCGATTTTGGTG
TTTATGGTTTTGTTGCTTACGCATTAGGTAAAGTTTTTTTCCCGGGGGCTGACCCCAG
CGTGCAGATGGTTGCTGCACTTGCCACTTTCTCCGTTCCCTTTCTGATTCGACCGCTT
GGCGGACTCTTCTTTGGTATGTTGGGCGATAAATATGGTCGCCAGAAGATCCTCGCT
ATCACTATTGTGATTATGTCGATCAGTACGTTCTGTATTGGCTTAATACCGTCCTACG
ACACGATTGGTATTTGGGCACCGATTCTGCTGTTGATCTGTAAGATGGCACAAGGTT
TCTCGGTCGGCGGTGAATATACCGGGGCGTCGATATTTGTTGCGGAATACTCCCCTG
ACCGTAAACGTGGCTTTATGGGCAGCTGGCTGGACTTCGGTTCTATTGCCGGGTTTG
TGCTGGGTGCGGGCGTGGTGGTGTTAATTTCGACCATTGTCGGCGAAGCGAACTTCC
TCGATTGGGGCTGGCGTATTCCGTTCTTTATCGCTCTGCCGTTAGGGATTATCGGGCT
TTACCTGCGCCATGCGCTGGAAGAGACTCCGGCGTTCCAGCAGCATGTCGATAAACT
GGAACAGGGCGACCGTGAAGGTTTGCAGGATGGCCCGAAAGTCTCGTTTAAAGAGA
TTGCCACTAAATACTGGCGCAGCCTGTTGACATGTATTGGTCTGGTAATTGCCACCA
ACGTGACTTACTACATGTTGCTGACCTATATGCCGAGTTATTTGTCGCATAACCTGCA
TTACTCCGAAGACCACGGGGTGCTGATTATTATCGCCATTATGATCGGTATGCTGTTT
GTCCAGCCGGTGATGGGCTTGCTGAGTGACCGTTTTGGCCGTCGTCCGTTTGTGCTA
CTTGGTAGTGTTGCCCTGTTTGTGTTGGCGATCCCGGCGTTTATTCTGATTAACAGTA
ACGTCATCGGCCTGATTTTTGCCGGGTTACTGATGCTGGCGGTGATCCTTAACTGCTT
TACGGGCGTTATGGCTTCTACCTTGCCAGCGATGTTCCCGACGCATATCCGTTACAG
CGCGCTGGCGGCGGCATTTAATATTTCGGTGCTGGTTGCCGGTCTGACGCCAACGCT
GGCGGCCTGGCTGGTCGAAAGCTCGCAGAATCTGATGATGCCTGCCTATTACCTGAT
GGTAGTGGCGGTGGTTGGTTTAATCACCGGCGTAACCATGAAAGAGACGGCAAATC
GTCCGTTGAAAGGTGCGACACCGGCGGCGTCAGATATACAGGAAGCGAAGGAAATT
CTCGTCGAGCATTACGATAATATCGAGCAGAAAATCGATGATATTGACCACGAGATT
GCCGATTTGCAGGCGAAACGTACCCGCCTGGTGCAGCAACATCCGCGAATTGATGA
Ataaggatccccgggtaccgagctcgaattcatcgatataactaagtaatatggtgcactctcagtacaatctgctctgatgccgcatagttaa
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Protein:
Met T Met I T P S L A A S E A T G G L D R E R I D L L W K I A R A G A R S A V G T E A
R R Q F R Y D G D Met N I G V I T D F E L E V R N A L N R R A H A V G A Q D V V Q H
G T E Q N N P F P E A D E K I F V V S A T G E S Q Met L T R G Q L K E Y I G Q Q R G E
GYVFYENRAYGVAGKSLFDDGLGAAPGVPSGRSKFSPDVLET
V P A S P G L R R P S L G A V E R H C R Met L K R K K V K P I T L R D V T I I D D G K
L R K A I T A A S L G N A Met E W F D F G V Y G F V A Y A L G K V F F P G A D P S V
Q Met V A A L A T F S V P F L I R P L G G L F F G Met L G D K Y G R Q K I L A I T I V I
Met S I S T F C I G L I P S Y D T I G I W A P I L L L I C K Met A Q G F S V G G E Y T G A
S I F V A E Y S P D R K R G F Met G S W L D F G S I A G F V L G A G V V V L I S T I V G
EANFLDWGWRIPFFIALPLGIIGLYLRHALEETPAFQQHVDKLE
Q G D R E G L Q D G P K V S F K E I A T K Y W R S L L T C I G L V I A T N V T Y Y Met
L L T Y Met P S Y L S H N L H Y S E D H G V L I I I A I Met I G Met L F V Q P V Met G L
L S D R F G R R P F V L L G S V A L F V L A I P A F I L I N S N V I G L I F A G L L Met L
A V I L N C F T G V Met A S T L P A Met F P T H I R Y S A L A A A F N I S V L V A G L T
P T L A A W L V E S S Q N L Met Met P A Y Y L Met V V A V V G L I T G V T Met K E T
ANRPLKGATPAASDIQEAKEILVEHYDNIEQKIDDIDHEIADLQ
A K R T R L V Q Q H P R I D EStop
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pT25ProP
cccaggctttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctATGACCAT
GCAGCAATCGCATCAGGCTGGTTACGCAAACGCCGCCGACCGGGAGTCTGGCATCC
CCGCAGCCGTACTCGATGGCATCAAGGCCGTGGCGAAGGAAAAAAACGCCACATTG
ATGTTCCGCCTGGTCAACCCCCATTCCACCAGCCTGATTGCCGAAGGGGTGGCCACC
AAAGGATTGGGCGTGCACGCCAAGTCGTCCGATTGGGGGTTGCAGGCGGGCTACAT
TCCCGTCAACCCGAATCTTTCCAAACTGTTCGGCCGTGCGCCCGAGGTGATCGCGCG
GGCCGACAACGACGTCAACAGCAGCCTGGCGCATGGCCATACCGCGGTCGACCTGA
CGCTGTCGAAAGAGCGGCTTGACTATCTGCGGCAAGCGGGCCTGGTCACCGGCATG
GCCGATGGCGTGGTCGCGAGCAACCACGCAGGCTACGAGCAGTTCGAGTTTCGCGT
GAAGGAAACCTCGGACGGGCGCTATGCCGTGCAGTATCGCCGCAAGGGCGGCGACG
ATTTCGAGGCGGTCAAGGTGATCGGCAATGCCGCCGGTATTCCACTGACGGCGGAT
ATCGACATGTTCGCCATTATGCCGCATCTGTCCAACTTCCGCGACTCGGCGCGCAGT
TCGGTGACCAGCGGCGATTCGGTGACCGATTACCTGGCGCGCACGCGGCGGGCTGC
AGGGATGCTGAAAAGGAAAAAAGTAAAACCGATTACCCTTCGTGATGTCACCATTA
TTGATGACGGTAAACTGCGTAAAGCCATTACCGCAGCATCACTGGGTAATGCAATG
GAATGGTTCGATTTTGGTGTTTATGGTTTTGTTGCTTACGCATTAGGTAAAGTTTTTT
TCCCGGGGGCTGACCCCAGCGTGCAGATGGTTGCTGCACTTGCCACTTTCTCCGTTC
CCTTTCTGATTCGACCGCTTGGCGGACTCTTCTTTGGTATGTTGGGCGATAAATATGG
TCGCCAGAAGATCCTCGCTATCACTATTGTGATTATGTCGATCAGTACGTTCTGTATT
GGCTTAATACCGTCCTACGACACGATTGGTATTTGGGCACCGATTCTGCTGTTGATCT
GTAAGATGGCACAAGGTTTCTCGGTCGGCGGTGAATATACCGGGGCGTCGATATTTG
TTGCGGAATACTCCCCTGACCGTAAACGTGGCTTTATGGGCAGCTGGCTGGACTTCG
GTTCTATTGCCGGGTTTGTGCTGGGTGCGGGCGTGGTGGTGTTAATTTCGACCATTGT
CGGCGAAGCGAACTTCCTCGATTGGGGCTGGCGTATTCCGTTCTTTATCGCTCTGCC
GTTAGGGATTATCGGGCTTTACCTGCGCCATGCGCTGGAAGAGACTCCGGCGTTCCA
GCAGCATGTCGATAAACTGGAACAGGGCGACCGTGAAGGTTTGCAGGATGGCCCGA
AAGTCTCGTTTAAAGAGATTGCCACTAAATACTGGCGCAGCCTGTTGACATGTATTG
GTCTGGTAATTGCCACCAACGTGACTTACTACATGTTGCTGACCTATATGCCGAGTT
ATTTGTCGCATAACCTGCATTACTCCGAAGACCACGGGGTGCTGATTATTATCGCCA
TTATGATCGGTATGCTGTTTGTCCAGCCGGTGATGGGCTTGCTGAGTGACCGTTTTGG
CCGTCGTCCGTTTGTGCTACTTGGTAGTGTTGCCCTGTTTGTGTTGGCGATCCCGGCG
TTTATTCTGATTAACAGTAACGTCATCGGCCTGATTTTTGCCGGGTTACTGATGCTGG
CGGTGATCCTTAACTGCTTTACGGGCGTTATGGCTTCTACCTTGCCAGCGATGTTCCC
GACGCATATCCGTTACAGCGCGCTGGCGGCGGCATTTAATATTTCGGTGCTGGTTGC
CGGTCTGACGCCAACGCTGGCGGCCTGGCTGGTCGAAAGCTCGCAGAATCTGATGA
TGCCTGCCTATTACCTGATGGTAGTGGCGGTGGTTGGTTTAATCACCGGCGTAACCA
TGAAAGAGACGGCAAATCGTCCGTTGAAAGGTGCGACACCGGCGGCGTCAGATATA
CAGGAAGCGAAGGAAATTCTCGTCGAGCATTACGATAATATCGAGCAGAAAATCGA
TGATATTGACCACGAGATTGCCGATTTGCAGGCGAAACGTACCCGCCTGGTGCAGCA
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ACATCCGCGAATTGATGAAtaaggatccccgggtacctaagtaagtaagaattcactggccgtcgttttacaacgtcgtga
ctgggaaaaccctggcgttacccaacttaatcgccttgcagcacatcccccttt

Protein:
Met T Met Q Q S H Q A G Y A N A A D R E S G I P A A V L D G I K A V A K E K N A T L
Met F R L V N P H S T S L I A E G V A T K G L G V H A K S S D W G L Q A G Y I P V N P
NLSKLFGRAPEVIARADNDVNSSLAHGHTAVDLTLSKERLDYL
R Q A G L V T G Met A D G V V A S N H A G Y E Q F E F R V K E T S D G R Y A V Q Y R
R K G G D D F E A V K V I G N A A G I P L T A D I D Met F A I Met P H L S N F R D S A
R S S V T S G D S V T D Y L A R T R R A A G Met L K R K K V K P I T L R D V T I I D D
G K L R K A I T A A S L G N A Met E W F D F G V Y G F V A Y A L G K V F F P G A D P
S V Q Met V A A L A T F S V P F L I R P L G G L F F G Met L G D K Y G R Q K I L A I T I
V I Met S I S T F C I G L I P S Y D T I G I W A P I L L L I C K Met A Q G F S V G G E Y T
G A S I F V A E Y S P D R K R G F Met G S W L D F G S I A G F V L G A G V V V L I S T I
VGEANFLDWGWRIPFFIALPLGIIGLYLRHALEETPAFQQHVD
KLEQGDREGLQDGPKVSFKEIATKYWRSLLTCIGLVIATNVTY
Y Met L L T Y Met P S Y L S H N L H Y S E D H G V L I I I A I Met I G Met L F V Q P V
Met G L L S D R F G R R P F V L L G S V A L F V L A I P A F I L I N S N V I G L I F A G L
L Met L A V I L N C F T G V Met A S T L P A Met F P T H I R Y S A L A A A F N I S V L V
A G L T P T L A A W L V E S S Q N L Met Met P A Y Y L Met V V A V V G L I T G V T
Met K E T A N R P L K G A T P A A S D I Q E A K E I L V E H Y D N I E Q K I D D I D H E
I A D L Q A K R T R L V Q Q H P R I D E Stop
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pYjbJT25
ACGCCAAGCTTGCATGCCTGCAGGATGAATAAAGATGAAGCCGGCGGTAACTGGA
AACAGTTTAAAGGTAAAGTGAAAGAGCAATGGGGCAAACTGACCGATGATGATATG
ACGATCATTGAAGGTAAACGTGATCAACTGGTCGGTAAAATCCAGGAACGTTATGG
TTATCAGAAAGATCAGGCAGAAAAAGAGGTCGTGGATTGGGAAACCCGCAATGAAT
ATCGCTGGGAGGATCCCCGGGTACCGAGCTCGAATTCAATGACCATGCAGCAATC
GCATCAGGCTGGTTACGCAAACGCCGCCGACCGGGAGTCTGGCATCCCCGCAGCCG
TACTCGATGGCATCAAGGCCGTGGCGAAGGAAAAAAACGCCACATTGATGTTCCGC
CTGGTCAACCCCCATTCCACCAGCCTGATTGCCGAAGGGGTGGCCACCAAAGGATT
GGGCGTGCACGCCAAGTCGTCCGATTGGGGGTTGCAGGCGGGCTACATTCCCGTCA
ACCCGAATCTTTCCAAACTGTTCGGCCGTGCGCCCGAGGTGATCGCGCGGGCCGACA
ACGACGTCAACAGCAGCCTGGCGCATGGCCATACCGCGGTCGACCTGACGCTGTCG
AAAGAGCGGCTTGACTATCTGCGGCAAGCGGGCCTGGTCACCGGCATGGCCGATGG
CGTGGTCGCGAGCAACCACGCAGGCTACGAGCAGTTCGAGTTTCGCGTGAAGGAAA
CCTCGGACGGGCGCTATGCCGTGCAGTATCGCCGCAAGGGCGGCGACGATTTCGAG
GCGGTCAAGGTGATCGGCAATGCCGCCGGTATTCCACTGACGGCGGATATCGACAT
GTTCGCCATTATGCCGCATCTGTCCAACTTCCGCGACTCGGCGCGCAGTTCGGTGAC
CAGCGGCGATTCGGTGACCGATTACCTGGCGCGCACGCGGCGGGCTGCACCATCGA
TATAActaagtaatatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagccccgacacccgccaacacccgctga
cgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgt
catcaccgaaacgcgcgagacgaaagggccgcccttcccaacagttgcgcagcctgaatggcgaatggcgctgatgtccggcggtgctt
ttgccgttacgcaccaccccgtcagtagctgaacaggagggacagggggtgggcgaagaactccagcatgagatc
Protein:
Met N K D E A G G N W K Q F K G K V K E Q W G K L T D D D Met T I I E G K R D Q L V G K I
Q E R Y G Y Q K D Q A E K E V V D W E T R N E Y R W E D P R V P S S N S Met T Met Q Q S H
Q A G Y A N A A D R E S G I P A A V L D G I K A V A K E K N A T L Met F R L V N P H S T S L I
AEGVATKGLGVHAKSSDWGLQAGYIPVNPNLSKLFGRAPEVIARAD
N D V N S S L A H G H T A V D L T L S K E R L D Y L R Q A G L V T G Met A D G V V A S N H A
GYEQFEFRVKETSDGRYAVQYRRKGGDDFEAVKVIGNAAGIPLTADI
D Met F A I Met P H L S N F R D S A R S S V T S G D S V T D Y L A R T R R A A P S I Stop
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Appendix E: Confirmation of cya deletion in WG1324 candidate strains
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Figure A.1: PCR products from amplification of region around cya locus.
Primers ∆cyaFor and ∆cyaRev are designed to bind upstream and downstream of cya,
and allow for amplification of the region to identify a deletion. When cya is deleted, the
product expected is 3425 bp. ∆cyaInt is designed to amplify from within cya. When cya
is intact, a product of 1253 bp is expected. All three primers were added into reaction
mixtures containing isolated chromosomal DNA from WG1324 and RM2 (as described
in Section 2.4). PCR products were analysed by gel electrophoresis (as per Section 2.4).
RM2 was used as a positive control. *Chromosomal DNA prepared by Doreen Culham.
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Appendix F: Extra numeric data from shake-glass growth curves
Table A.3: Cell ratio data from first replicate of shake-glass growth curve (Figure 4.7 and 4.8). a
∆yjbJ

Control
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a‘

Ratio’ is the length:width value range. ‘Average ratio’ was calculated with ratio values of at least 300 cells (ratio of length:width).
‘Time point’ corresponds to one of the four times during the growth curve (Figure 4.7, Rep. 1) when cells were taken to be measured.
‘Frequency’ is the number of cells with a ratio within a specific range. ‘% of cells’ is the calculated percentage from the total number
of cells measured.
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Table A.4: Cell ratio data from second replicate of shake-glass growth curve (Figure 4.7 and 4.8). a
∆yjbJ

Control
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a‘

Ratio’ is the length:width value range. ‘Average ratio’ was calculated with ratio values of at least 300 cells (ratio of length:width).
‘Time point’ corresponds to one of the four times during the growth curve (Figure 4.7, Rep. 2) when cells were taken to be measured.
‘Frequency’ is the number of cells with a ratio within a specific range. ‘% of cells’ is the calculated percentage from the total number
of cells measured.
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