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ProP of Escherichia coli (ProPEc) is an osmosensory transporter and an H
+
-osmolyte 

symporter. Disruption of the antiparallel coiled-coils of ProPEc and Agrobacterium tumefaciens 

ProP (ProPAt) elevated the osmolalities at which the transporters became active. 

Corynebacterium glutamicum ProP (ProPCg), which lacks the coiled-coil heptads, required a 

higher osmolality for activation than ProPEc and ProPAt. In this work, the ProP orthologue from 

Xanthomonas campestris (ProPXc) was expressed and characterized in E. coli. ProPXc lacks 

coiled-coils heptads and has higher sequence identity to ProPEc (51%) than ProPCg (37%). 

ProPXc was found active at a lower osmolality than ProPEc, which contradicts the previously 

established pattern.  

Previously, fluorophore-tagged ProPEc was found to localize in E. coli cells’ poles and 

septa in correlation to the proportion of phospholipid cardiolipin (CL). To corroborate these 

findings, GFPmut2 was fused to ProPEc. In this work, we found some indications of correlation 

between the localization pattern of ProPmut2A206K-ProPEc and CL. 
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Chapter 1: Introduction 

1.1: Osmotic pressure in biological systems. 

Adding solutes, including sugars or salts, to solvents such as water increases the osmotic 

pressure (Π) of a solution. The osmotic pressure of an aqueous (water) solution is determined by 

(equation 1): 

(osmotic pressure) Π = -(RT/ �̅�w) ln ɑw.    Equation 1 

where R is the gas constant, T is temperature (Kelvin), �̅�w is the partial molar volume of water 

and ɑw is the water activity. The activity of pure water is one (unit-less), whereas addition of 

solutes changes it towards zero (Wood, 2011). The osmolality or the osmotic pressure at a 

particular temperature is determined by (equation 2): 

Osmolality =  Π/RT =  -�̅�w ln ɑw.     Equation 2 

The units of osmolality are osmolal or osmoles per kilogram of solvent (Wood, 2011). 

Commercially available instruments for freezing point and vapor pressure osmometry can 

determine the osmolality of a solution (Sweeney & Beuchat, 1993). The difference in 

concentration of solutes across the cell membrane determines the osmotic pressure difference 

(ΔΠ). For organisms that live in an aqueous environment, osmolality is normally involved in 

movements of water or solutes across their membranes. However, these organisms may face 

extreme water exchanges within milliseconds with a medium that abruptly shifts to higher or 

lower osmolality than their own (osmotic shifts).  
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In order to control cells’ hydration, the bacteria react within minutes in order to adjust the 

concentrations of osmolytes across their cytoplasmic membrane (Wood, 1999). The osmolytes 

are highly water soluble organic compounds, with no net charge and their presence increases the 

osmolality of a solution (Sweeney & Beuchat, 1993) (Figure 1.1). The osmolytes are considered 

compatible solutes, since they can reach to high concentrations in the cytoplasm of the cell 

without affecting the cellular functions (Wood, 2011). 

 

1.2: Growth environments for Escherichia coli. 

E. coli cells live in different environments, such as in water, food, human and animal 

tissues with a chance of rapid exchange between the environments. Each environment can have a 

different salinity, pH and temperature from the other. In addition, the conditions in each 

environment can also be changed rapidly. For example, E. coli cells that live in external 

environments such as soils can experience a rapid change of salinity before and after a rainfall. 

Therefore, the growth and the survival of the cells can be affected by osmotic stress (Abee & 

Wouters, 1999, Sleator & Hill, 2002, Kunin, 1987). E. coli can grow in media with osmolalities 

between 15 mmol/kg (low osmolality) and 3,000 mmol/kg (high osmolality) (Kunin et al., 1992, 

Record et al., 1998, Brown, 1990). The osmolality in a standard laboratory medium for E. coli  

MOPS medium, where MOPS is 3-(N-Morpholino)propanesulfonic acid (Neidhardt et al., 1974), 

is 200 mmol/kg, at 25
0
C (Wood, 2007). This buffer does not contain osmolytes, unlike the 

commonly used LB medium (Miller, 1972), but NaCl is supplemented for optimizing the cells 

growth.  
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Figure 1.1 was reprinted with permission from Biochim Biophys Acta, volume 1420, pp. 30-44, 

copyright © 1999, Elsevier.  

a
 Those structures are not part of the original picture. 

 

 

 

Figure 1.1: Structure of zwitterionic compounds that can act as osmolytes for cells of 

different organisms. 
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1.3: Osmoregulatory systems in E. coli cells. 

1.3.1: The osmoregulatory transporters BetT, BetU, ProU and ProPEc. 

As the cells medium becomes more concentrated (an osmotic upshift), E. coli can take up 

K
+
, accumulate organic anions, for example by synthesis of glutamate, and take up zwitterionic 

osmolytes in order to reduce its osmotic pressure (Wood, 1999). Uptake of osmolytes via 

osmosensory transporters is preferable for osmoprotectants than accumulation of potassium 

glutamate (Dinnbier et al., 1988, Wood, 1999). These transporters require the input of metabolic 

energy, since the solutes are transported against their electrochemical gradient. ATP-binding 

cassette transporters (ABC transporters) are a primary active transporter in which the transporter 

couples and converts the energy gained by hydrolysis of ATP to the transmembrane movement 

of the solutes (Rees et al., 2009). Secondary active transporters couple the free energy gained by 

a movement of one solute on its own electrochemical potential gradient to the transmembrane 

movement of another (Forrest et al., 2011). Active transport requires several minutes to 

accumulate a solute in order to sustain normal levels of osmotic pressure (Glaasker et al., 1996b, 

Glaasker et al., 1996a).  

For E. coli, there are four osmoregulated transporters that take up osmolytes from the 

medium in a response to osmotic stress: BetT, BetU, ProP and ProU (Figure 1.2, for a summary 

of the characteristics of those transporters see Table 1.1). BetU, however, is present in only some 

E. coli isolates. The proton-driven secondary transporter BetT and the transporter BetU (coupling 

ion unknown) belong to the betaine-carnitine-choline transporter (BCCT) family (Ly et al., 2004, 

Lamark et al., 1991). BetT is comprised of 12 transmembrane helices and cytoplasmic N- and C-

termini (Tondervik & Strom, 2007). BetT and BetU transport choline and betaine, respectively.  
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The proteins of the tyrosine kinases (Trk) family and the Kdp-ATPase system mediate the 

accumulation of K
+
 upon osmotic stress. BetT, BetU, ProPEc and ProU are the four 

osmoregulated transporters that uptake osmolytes from the media in response to osmotic stress in 

E. coli cells. ProU and ProPEc transport diverse zwitterionic osmolytes, such as proline and 

glycine betaine. BetT and BetU transport choline and betaine, respectively. Conversion of the 

transported choline to glycine betaine is mediated by the enzymes BetA and BetB. Under 

osmotic stress, the conversion of glucose to trehalose is catalyzed by OtsA and OtsB enzymes. 

Aquaporin AqpZ is a water channel that mediates water flux across the bacterial membrane. 

Under osmotic downshift conditions, MscL and MscS release low molecular weight solutes 

allowing water to flow out of the cell. Trehalose is degraded by the periplasmic TreA enzyme. 

Figure 1.1 was reprinted with permission from EcoSal, chapter 5.4.5, copyright © 2009, 

Washington, DC: ASM Press. 

 

 

 

 

 

 

 

Figure 1.2: Osmoregulatory systems in E. coli. 



6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

 

 

 

 

 

 

 

 

 

a
 ProP is a member of the major facilitator superfamily (MFS). BetT and BetU are members of 

the betaine-carnitine-choline transporter (BCCT) family. ProU is ATP-binding cassette 

transporters.   

b
 Each family of these transporters has a particular energy supply (Driessen et al., 2000). 

c
 ProPEc and ProU transport diverse osmolytes, such as proline and glycine betaine (MacMillan 

et al., 1999, Kempf & Bremer, 1998). 

d
 Unlike ProP, BetT and ProU, BetU is present in only some E. coli isolates (Ly et al., 2004). 

e
 BetP from C. glutamicum is homologue and with high sequence identity (35%) to BetT and 

BetU.  OpuA from Lactococcus lactis is homologue to ProU.  

Table 1.1 was reprinted with permission from EcoSal, chapter 5.4.5, copyright © 2009, 

Washington, DC: ASM Press. 

 

Table 1.1: The osmosensory transporters ProP, BetT, BetU, and ProU in E. coli. 
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ProU is an ABC transporter and is comprised of three proteins: ProX, ProW and ProV. 

ProX is a periplasmic binding protein, ProW is an integral membrane protein and ProV is an 

ATP-binding cassette protein (May et al., 1986). The periplasmic ligand binding protein, ProX 

from E. coli, binds glycine betaine and proline betaine with high affinity and specificity (May et 

al., 1986, Barron et al., 1987, Haardt et al., 1995). The binding site of ProX is found to consist of 

residues that form a rectangular aromatic box (Schiefner et al., 2004). Similar binding sites are 

found in the secondary osmosensory transporter, BetP (a BCCT family member) 

Corynebacterium glutamicum, (BetPCg) (Perez et al., 2011b) and in homologous periplasmic 

binding proteins, such as OsmX of the OsmU system in Salmonella enterica (Frossard et al., 

2012). The finding of the aromatic box in OsmX was indicated by modeling the structure of 

OsmX on the crystallographic structure of ProX (Frossard et al., 2012). In regard to 

osmoprotectants, BetT and BetU are narrow in substrate specificity (as discussed above).  

ProU is present only when bacteria are grown at high osmolality (Cairney et al., 1985). 

The secondary transporter ProP of E. coli (ProPEc), on the other hand, was expressed even when 

bacteria were cultivated in low osmotic pressure (Dunlap & Csonka, 1985) and it transports 

diverse zwitterionic osmolytes, such as proline and glycine betaine (Culham et al., 1993, Grothe 

et al., 1986, MacMillan et al., 1999). These characteristics of ProPEc probably make it as the 

first osmoprotectant responder to osmotic upshifts (Altendorf et al., 2009). ProPEc is further 

discussed in detail below. 

 

1.3.2: The mechanosensitive channels MscL and MscS. 

A sudden decrease of the medium osmolality (an osmotic downshift) causes water to 

flow into the cell and hence to elevate the cytoplasmic membrane tension. These conditions 
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activate the mechanosensitive channels (MS channels) to release low molecular weight solutes 

allowing water to flow out of the cell. The MS channels release the solutes down the 

concentration gradient without the input of metabolic energy. Two major MS channels were 

identified in E. coli, the MscL (MS channel large) and MscS (MS channel small) (Sukharev et 

al., 1994, Levina et al., 1999, Miller et al., 2003). Whereas E. coli possesses one type of MscL, it 

has six types of MscS homologues, such as MscK (formerly KefA) (Levina et al., 1999). MscL 

releases solutes almost without discrimination, except for their size. The estimated diameter of 

the pore that is created by MscL is ~30 Å (Sukharev et al., 1999, Cruickshank et al., 1997) and 

for MscS is 14-16 Å (Sukharev, 2002). Channel opening lasts about 3 nanoseconds (nsec) for 

MscL and 1 nsec for MscS (Sukharev et al., 1994). MscL reduces the osmotic stress in a severe 

hypoosmotic shock, whereas MscS and MscK accomplished that in less severe conditions in E. 

coli (Levina et al., 1999, Miller et al., 2003).  

 

1.4: The osmosensor and osmoregulatory transporter ProPEc. 

The activity of the proton symporter ProPEc requires a membrane potential (ΔΨ) and a 

proton gradient (ΔpH) (MacMillan et al., 1999, Racher et al., 1999, Wood, 1999, Racher et al., 

2001). Transport assay experiments showed that ProPEc activity increases with increasing 

osmolality of the media in E. coli cells (Figure 1.3), in membrane vesicles (Culham et al., 2008a, 

Milner et al., 1988) and in proteoliposomes (Culham et al., 2003a, Racher et al., 2001, Racher et 

al., 1999). These data indicate that ProPEc is an osmosensory transporter with a sigmoid 

function of the osmolality. 
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The cells were cultivated in NaCl-free MOPS minimal medium which has an osmolality of 0.12 

mol/kg. Transport assay was carried out to measure the initial rates of proline uptake via 

ProPEc−(His)6. ProPEc−(His)6 data were fit to the equation: ɑo = Amax{1 + exp[-(П - 

П1/2)/(RTB)]
-1

 (Wood, 1999) to obtain Amax, П1/2/RT and B. Amax is the uptake rate that would be 

observed at infinite osmolality. Π1/2/RT is the medium osmolality yielding half maximal activity. 

B is a constant inversely related to the slope of the response curve. R is the gas constant, T is the 

temperature.  

Figure 1.3 was reprinted with permission from Biochemistry, volume 42, pp. 410-420, copyright 

© (2005), American Chemical Society. The labeling of Amax, Π1/2/RT, whole cell and 

proteoliposomes are not part of the original picture. 

 

 

Amax 

Π1/2/RT 

Whole cell 
Proteoliposomes 

Figure 1.3: ProPEc-(His)6 activity in whole E. coli bacteria and proteoliposomes. 
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ProPEc can transform from its inactive state at low osmolality to an active state at high 

osmolality so rapidly that the activation time cannot even be measured by a transport assay 

experiment (Racher et al., 2001, Tsatskis et al., 2008). Moreover, the activity of ProPEc is 

correlated to the current osmolality of the media and not to the osmotic shifts (Racher et al., 

2001).  

 

1.4.1: Topology and structure of ProPEc. 

The 500 amino acid ProPEc protein is comprised of 12 transmembrane helices (TMI-

TMXII) and cytoplasmic N- and C-termini (Culham et al., 2008a, Wood et al., 2005) (Figure 

1.4a). The orientation and topology of ProPEc were experimentally tested by ProPEc::LacZ 

fusion, ProPEc::PhoA fusion protein(PhoA also known as alkaline phosphatase) and by site-

directed fluorescence labeling (Culham et al., 2003b, Wood et al., 2005, Liu et al., 2007) (Figure 

1.5).  

Alkaline phosphatase is a periplasmic enzyme of Escherichia coli that catalyzes the 

nonspecific hydrolysis of phosphate esters in the periplasmic, but not in the cytoplasmic area of 

the cell. Gene lacZ encodes the intracellular β-galactosidase (LacZ) protein. LacZ cleaves the 

disaccharide lactose into glucose and galactose in the cytoplasm. The protein activity is impaired 

when it is embedded into the membrane. Therefore, fusion of LacZ to a periplasmic domain of 

the target protein will result in the production of an enzymatically inactive fusion protein 

(Manoil, 1991, Manoil, 1990). Using these data, performing enzymatic activity analysis of the 

ProPEc::PhoA and ProPEc::LacZ. 
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(A) Topology of ProPEc (Tsatskis et al., 2005). (B) NMR structure of the ProPEc antiparallel α-

helical coiled-coil. R488 that exists in α-position of the ProPEc coiled-coil creates salt bridges 

with negatively charged D478 and D475 (Zoetewey et al., 2003). (C) Alignment of C-terminal 

sequences of the putative ProP orthologues. ProP orthologues that possess (group A) or do not 

possess (group B) the heptad repeats. Group C are ProP paralogues ShiA (Sh; a shikimate 

transporter) and KgtP (Kg; ketoglutarate transporter). Blue: basic residues; red: acidic residues; 

green: other conserved residues that are present in four ProP orthologues that form coiled-coil 

structure. The letters “d” and “a” mark the d and a positions of the amino acids in the coiled-coil 

core (Poolman et al., 2004).  

Figure 1.4A was reprinted with permission from Biochemistry, volume 44, pp. 5634-5646, 

copyright © (2005), American Chemical Society.  

Figure 1.4B was reprinted with permission from Biochemistry, volume 47, pp. 60-72, copyright 

© (2008), American Chemical Society.  

Figure 1.4C was reprinted from Biochim Biophys Acta, volume 1666, pp. 88-104, copyright © 

2004, Elsevier. 

 

 

 

 

Figure 1.4: ProPEc structure. 
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Each box represents a trans-membrane section. The bolded letters in the boxes represent residues 

that are predicted to reside in trans membrane helices by MEMSAT (Jones et al., 1994). The 

membrane borders are represented by horizontal lines. The ProPEc::PhoA and ProPEc::LacZ 

fusion joints are marked by green and pink circle colors, respectively. Yellow circles represent 

the positions of natural cysteine residues of ProPEc or cysteine residues that were introduced in 

cysteine-less variant ProPEc* (Culham et al., 2003b). The fluorescent reagent Oregon green 

maleimide was targeted to react with each of those cysteines residues.  

Figure 1.5 was reprinted with permission from Biochemistry, volume 44, pp. 5634-5646, 

copyright © 2005, American Chemical Society. 

 

 

Figure 1.5: The topology determination of ProPEc. 

R488 
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fusion proteins can show whether their fusion joints are periplasmic or cytoplasmic (Manoil, 

1991, Manoil, 1990).  

For site-directed fluorescence labeling, active cysteine-less ProPEc-(His)6 variant 

encoding amino acid replacements: C112A, C133A, C264V and C367A (denoted ProPEc*) and 

active ProPEc* variants that consist of a single cysteine residue in a different segment of ProPEc 

were constructed (Culham et al., 2003b, Wood et al., 2005). The assessments of ProP variants 

activity were determined by measuring their proline uptake at low osmolality (0.24 mol/kg) and at 

high osmolality (0.49 mol/kg) in living cells, followed by comparison of relative proline uptake 

activities. All the ProPEc-(His)6 variants mentioned above were then labeled by the fluorescent 

probe Oregon green 488 maleimide carboxylic acid (OGM). In order to label cycteinces that are 

predicted to reside in the cytoplasmic loop or in the TM segment, the reagent 2-

(trimethylammonium)ethyl methanethiosulfonate bromide (MTSET) was also included. Both 

OGM and MTSET are membrane impermeant reagents that react with periplasmic cysteine 

thiols, but the difference is that MTSET is not a fluorescent probe (Ye et al., 2001). OGM will 

react with a cysteine residue that is exposed to the periplasmic side of the cell. On the other hand, 

MTSET treatment will block the reaction of OGM with the cysteine residue that was mentioned 

above, eliminating fluorescent. E. coli strains that contain ProPEc*, ProPEc* with one cysteine 

predicted to reside in the cytoplasm loop, in the periplasmic loop or in the TM segment, were 

determined based on the characteristics of OGM and MTSET that are mentioned above (Culham 

et al., 2003b, Wood et al., 2005).  

A homology model of ProPEc is based on a GlpT crystal structure (Wood et al., 2005). 

The GlpT structure was one of the four known major facilitator superfamily (MFS) transporter 

crystal structures at the time that modeling ProPEc structure took place (Wood et al., 2005). 
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ProPEc sequence was aligned with GlpT (17% identical) and LacY (16% identical) by Clustal W 

and 3D-PSSM programs (Wood et al., 2005). The sequence alignment of ProPEc with GlpT 

showed the strongest match compared with other ProP paralogues for which structures were 

available. The sequence identity between ProPEc and GlpT is not sufficient to design a reliable 

structure of ProPEc. Therefore, the alignment of ProPEc was further validated with PSIPRED 

(Jones, 1999) and MEMSAT2 (Thompson et al., 1994) programs (Wood et al., 2005).  

 

1.4.1.1: The C-terminal coiled-coiled structure of ProPEc.  

α-Helical coiled-coils are bundles of α-helices that twist around each other to form 

superhelical structures. A regular α-helix consists of 3.6 residues per turn, whereas distortion in 

the left handed supercoiled structure lowers it to 3.5 residues per turn. Therefore, every two turns 

of the helix is accomplished by a heptad repeat (Lupas, 1996). In general, this structure consists 

of two to five helices that are bundled in the same direction (parallel) or in the opposite direction 

(antiparallel). This structure is characterized by repeats of seven amino acids that are denoted a, 

b, c, d, e, f, g. The a and d positions of the heptad repeats, in most cases, are occupied by 

hydrophobic residues, such as leucine, valine and isoleucine (Conway & Parry, 1990, Burkhard 

et al., 2001) that are packed in the core of the α-helices’ bundle. The creation of a hydrophobic 

core generates hydrophobic interactions between the helices, which stabilize the coiled-coil (Hu 

et al., 1990, Zhou et al., 1992a, Zhou et al., 1992b). The g and e positions of the heptad repeats 

flank the hydrophobic face of the helices and are usually charged residues. The charged residues 

can shield the hydrophobic core from water as well as undergo interhelical attraction or 

repulsions that can stabilize or destabilize the coiled-coil (Conway & Parry, 1990, O'Shea et al., 

1991). Analysis of two-stranded coiled-coils and three-stranded coiled coils prediction, by the 
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MultiCoil program, estimated that 0.9%-1.5% of all protein residues form coiled-coils (Wolf et 

al., 1997). Indeed, coiled-coil domains were identified in many proteins and some of those were 

found to play an important role in the proteins’ function (Shen et al., 2007, O'Shea et al., 1992).  

The ProPEc residues 456-500 comprise seven heptad repeats (Culham et al., 2000). 

Synthetic peptides corresponding to C-terminal residues 468-497, which include four of the 

heptad repeats, form antiparallel, homodimeric α-helical coiled-coils with a known NMR 

structure (Zoetewey et al., 2003). These antiparallel interactions were also shown by in vivo 

cross-linking experiments (E480C and K473C) of the ProPEc C-termini (Hillar et al., 2005). The 

antiparallel structure is stabilized by the a position R488 residue of the ProPEc coiled-coil that 

creates salt bridges with negatively charged D478 and D475 residues on the opposite strand 

(Figure 1.4B). 

ProPEc monomers were also cross-linked when cysteine was introduced within the 

protein TMXII at positions 419, 420, 422, 436 or 439 (Liu et al., 2007). These results together 

with the synthetic peptides and the cross-linking experiments of ProPEc C-termini suggest that 

ProPEc can homodimerize through both TMXII and its coiled-coil domain.  

 

1.4.1.2: Transport mechanism of ProPEc. 

MFS transporters, such as the H
+
 osmoprotectant symporter ProPEc and H

+
 β- 

galactoside symporter LacY, may transport via a single substrate binding-site and function via 

the alternating access model (Lemieux et al., 2004, Abramson et al., 2003). In this model, the 

outward facing conformation toward the periplasm of the cell binds their substrates within two 

intermembrane helix bundles. After changes of the protein’s conformation to the inward facing 
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conformation toward the cytoplasm, the binding site is exposed to the cytoplasm and the 

substrates are released to the cytoplasm. By releasing the substrate, LacY and ProPEc return to 

their outward facing conformation and are ready to bind their next substrate (Lemieux et al., 

2004, Abramson et al., 2003, Kaback et al., 2007). The elucidion of this model for LacY was 

involved in several studies on the static and dynamic features of LacY (Frillingos & Kaback, 

1997, Venkatesan et al., 2000, Ermolova et al., 2006).  

The substrate binding site of ProPEc is not known; however a speculation of where it 

resides can be made by comparing the model of ProPEc structure with the LacY crystal structure. 

The transmembrane helices VII-X, which fall within the C-terminal half of LacY in polar and 

ionizable residues. These residues are implicated in the transport of H
+ 

coupled with the transport 

of lactose via LacY (Abramson et al., 2003, Guan & Kaback, 2006). The structural model of 

ProPEc lacks the oriented ionisable residues within the C-terminal half of ProPEc as for LacY. 

Instead, highly conserved polar and ionisable residues among ProPEc homologues cluster within 

the N-terminal half of ProPEc. Replacement of residues that are predicted to be in the putative 

polar cluster, impaired the function of ProPEc (Wood et al., 2005, Culham et al., 2008b, Keates 

et al., 2010).  

 

1.4.2: The relationship between osmotic activation of ProPEc and the phospholipid 

composition. 

The major phospholipids in the membranes of Gram negative E. coli are the zwitterionic 

lipid phosphatidylethanolamine (PE), the anionic phosphatidylglycerol (PG) and cardiolipin 
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(CL). In general, the phospholipid composition of E. coli membrane is: PE 75% PG 20% and CL 

5% (Cronan, 2003). 

CL synthase (Cls), which is encoded from the cls locus of E. coli (now annotated ClsA 

and clsA, respectively, in E. coli) forms CL and glycerol by catalyzing the condensation of two 

PG molecules (Shibuya & Hiraoka, 1992). Defects in the clsA and cls loci of E. coli and Bacillus 

subtilis (B. subtilis) (clsA
–
 and cls

–
, respectively) dramatically reduce the formation of CL 

(Shibuya et al., 1985). However, some traces of CL remain in clsA
–
 in the stationary phase of E. 

coli cells (Cronan, 2003), suggesting that additional Cls proteins may exist. Two E. coli genes, 

ybhO and ymdC (now annotated clsB and clsC, respectively) were identified as homologues to 

ClsA (Guo & Tropp, 2000, Tan et al., 2012). Like ClsA, ClsB converts PG to CL in vitro and in 

vivo (Tan et al., 2012). The clsC gene is located on the same operon with ymdB gene, but 

separated by one base pair. The ymdB gene encodes a protein with a predicted ADP binding 

domain (Chen et al., 2011). Expression of ymdB-clsC from the same operon increased CL levels 

close to the wild-type levels (Tan et al., 2012). YmdB-ClsC has been shown to synthesize CL in 

a unique way by transferring a phosphatidyl moiety from PE to the free hydroxyl group of PG 

(Tan et al., 2012). 

When cells are exposed to a long term high osmolality environment, the cells undergo 

osmotic adaptation. In this response, expression of osmoregulated genes increases, the 

phospholipid composition of the cell membrane is altered, and osmolyte synthesis increases 

when necessary. The proportion of anionic phospholipid CL increased, whereas the zwitterionic 

lipid PE and the anionic lipid PG were decreased or unchanged, respectively (Figure 1.6A). The 

changes for osmotic adaptation take longer to process than the rapid activity response of the  
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In both panels, the mol % of the phospholipids PE, PG and CL were determined by performing 

Thin Layer Chromatography of polar lipid extracts from E. coli cells that were grown in 
32

P-

supplemented MOPS-based minimal media with increasing salinity (close symbols) and with or 

without sucrose (open symbols). (B) ProPEc data were fit to the equation: ɑo = Amax{1 + exp[-(П 

- П1/2)/(RTB)]
-1

 (Wood, 1999) to obtain П1/2/RT. 

Figure 1.6 was reprinted with permission from J Biol Chem, volume 280, pp. 41387-41394, 

copyright © 2005, The American Society for Biochemistry and Molecular Biology. 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: The medium osmolality yielding half maximal activity of ProPEc correlates 

with cardiolipin in E.coli cells. 
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transporters or the channels. However, these changes allow for cell survival (Altendorf et al., 

2009). 

In previous studies, ProPEc was expressed from a vector pBAD24 in E. coli strain 

WG350 that was depleted of proline and glycine betaine transporters (proP
¯
, proU

¯
, putP

¯
). 

When these cells were cultivated in high osmolality media that promote osmotic activation; the 

osmolality that yielded half maximum activity of ProPEc (Π1/2/RT) was increased (Tsatskis et al., 

2005). Under those conditions, the increasing of both, the (Π1/2/RT) of ProPEc and the osmolality 

of the growth media were found to be correlated (Tsatskis et al., 2005) (Figure 1.7). On the other 

hand, the maximum acctivity of ProPEc attained at high assay medium osmolality of the media 

(Amax) has not changed. The expression of ProPEc from vector pBAD24 is under the control of 

the arabinose-inducible araBAD promoter (Guzman et al., 1995). Therefore, ProPEc expression 

remains the same even when the cells undergo osmotic adaptation (Romantsov et al., 2007). 

However, the phospholipid composition of WG350 was changed when the cells were grown in a 

high osmolality medium (Tsatskis et al., 2005). The increase in anionic phospholipid content 

when E.coli cells are exposed to a long term high osmolality environment was also found to 

correlate with increasing medium osmolality yielding half maximal activity of ProPEc under the 

same conditions (Figure 1.6B). 

 

1.4.2.1: Polar localization of ProPEc and the phospholipid cardiolipin in E. coli membranes 

By using the fluorescent dye nonyl acridine orange (NAO), CL was found to be 

concentrated in the poles and septal regions of E. coli (Mileykovskaya & Dowhan, 2000) (Figure 

1.8A) and B. subtilis cells (Kawai et al., 2004). One proposal for this mechanism is that clusters  
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The cells were grown with NaCl-free MOPS medium, 0.14 mol/kg (white circles), and with the 

same medium, but with the addition NaCl in order to adjust the osmolality of the medium to 

0.43, 0.52, 0.60, or 0.7 mol/kg (as indicated by increasingly dark gray circles). 

Figure 1.7 was reprinted with permission from J Biol Chem, volume 280, pp. 41387-41394, 

copyright © 2005, The American Society for Biochemistry and Molecular Biology. 

 

 

Figure 1.7: The osmolality required to activate ProPEc increases with the osmolality of the 

growth media of the cells. 
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of conical phospholipids, such as CL (section 1.4.2.2) are naturally concentrated at the inner 

leaflet of the cytoplasmic membrane of bacteria and are spontaneously and independently 

targeted to the two poles of the cells and to the nascent division site (Huang et al., 2006). On the 

other hand, the septal localization of PE and CL in the Gram positive B. subtilis bacteria is 

proposed as a result of their synthesis at the bacterial septum (Nishibori et al., 2005).  

These data and the correlation of Π1/2/RT of ProPEc to the CL content in the E. coli 

membranes under osmotic stress, led our lab to study the subcellular distribution of ProPEc in 

the cell. To visualize ProPEc, a tetracysteine motif (CCPGCC) is inserted by modifying the proP 

gene of E. coli (Romantsov et al., 2007), then the tag is reacted with, FLASH-EDT2 (Fluorescein 

arsenical helix binder, bis-EDT adduct), which then fluoresces (Adams et al., 2002). ProPEc was 

found to localize at the poles of E. coli cells (Romantsov et al., 2007). Defects in the clsA loci of 

E. coli and B. subtilis (cls
–
) dramatically reduced the formation of CL (Cronan, 2003, Dowhan et 

al., 2004) (section 1.4.2.2). In E. coli cells that are clsA
–
, the polar localization of ProPEc is 

reduced, whereas its detection at the membrane periphery is increased (Romantsov et al., 2007). 

Therefore ProPEc is hypothesized to co-localize with CL at the poles of E. coli cells (Figure 

1.8B). In addition to our work, many E. coli proteins were found to be localized in the cell poles 

and in septal regions of the bacteria as well. These proteins include the phosphotransferase 

system proteins, Enzyme I and HPr (Lopian et al., 2010), the lactose-H
+
 symporter LacY (Lai et 

al., 2004), the small mechanosensitive channel (MscS) (Romantsov et al., 2010), and the sensory 

kinases DcuS and CitA (Scheu et al., 2008). These data describe subcellular localization in 

bacteria (Govindarajan et al., 2012). 
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By using the cardiolipin-specific staining agent nonyl acridine orange (NAO), CL appears to 

concentrate in the poles of the cytoplasmic membrane and septal regions of E. coli 

(Mileykovskaya & Dowhan, 2000, Dowhan et al., 2004). Red color indicates high concentration 

of NAO. B. The E. coli cells express the FlAsH-labeled ProPEc from the araBAD promoter in 

plasmid pBAD24 (Romantsov et al., 2007). FlAsH-labeled ProPEc emits green fluorescence 

after reacting with the helical motif CCPGCC. E. coli cells with cls
+
 or cls

-
 (ΔclsA) were grown 

to the stationary phase in MOPS media (Romantsov et al., 2007). 

Figure 1.8 was reprinted with permission from Mol Microbiol, volume 64, pp. 1455-1465, 

copyright © 2007, The American Society for Biochemistry and Molecular Biology. 

 

 

 

 

Figure 1.8: Co-localization of ProPEc with CL at the poles of E. coli cells. 
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1.4.2.2: Cardiolipin. 

CL is a unique phospholipid for its dimeric structure (Gennis, 1989). It has two 

phosphatidyl glycerol moieties linked to a glycerol backbone that makes CL conical in shape 

(Huang & Ramamurthi, 2010). Each CL molecule carries two negative charges that can be 

involved in binding with dissolved cationic species, such as metal ions, or with peptides and 

proteins that associate with the membrane. CL also contains one secondary hydroxyl group that 

can be involved in hydrogen-bonding donor groups to create intra- and/or inter- molecular 

interactions (Lewis & McElhaney, 2009).  

 

1.4.3: The role of the C-terminal coiled-coil in osmosensing, osmoregulation and 

localization of ProP orthologues. 

One of our lab`s goals is to determine the role of the C-terminal coiled-coil in 

osmosensing and osmoregulation of ProPEc. In particular, we asked whether the C-terminal 

coiled-coil of ProPEc is involved with osmoadaptation and/or ProP co-localization with CL at 

the poles of E. coli cells. Previous work showed that point mutations I474P or R488I disrupted or 

reversed the coiled-coil structure of ProPEc, respectively (Culham et al., 2000). Those point 

mutations, or deletion of 11 or 18 amino acids from the C-terminus of ProPEc, caused ProP to be 

activated in a higher osmotic pressure than does the wild-type transporter (Wood et al., 2005, 

Tsatskis et al., 2008, Culham et al., 2000) (Table 1.2). When we looked for impacts on ProP 

localization, however, complex results were seen. The point mutations I474P, R488I and E480C 

of ProPEc, indeed prevented ProPEc localize at the poles of E. coli cells as reported by 

(Romantsov et al., 2008) and unpublished data. However, the E480C mutation has no effect on 

the coiled-coil structure.  
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Table 1.2: Impacts of mutations on coiled-coil formation, П1/2/RT and polar localization of ProPEc variants, which were 

tested at clsA
-
and clsA

+
 bacteria that were grown at high and low osmolality media. 

ProP variant 

Coiled-coil 

heptad 

position 

Coiled-coil 

presence / 

orientation 

Π½/RT
a
 

(mol/kg) Refb 

% of cells with transporters concentrated at 

cell poles 

 

Refb ClsA
¯
 bacteria ClsA

+
 bacteria 

Low Π High Π Low Π High Π 

ProPEc n/a
c
 Antiparallel 0.222±0.0005 1,2 4 11 46 51 7 

ProPEc-Δ11 n/a Absent ~0.45 1,3 5 11 29 38 8 

ProPEc-Δ45 n/a Absent - 4 32 1 30 6 8 

ProPEc-I474P a Unstable Elevated 4 0 1 0 0 7 

ProPEc-

E480C 

g Antiparallel No changed 5 0 1 4 2 8 

ProPEc-

E480C 

g Antiparallel
d
 Reduced

d
 5,6 12 11 24 28 8 

ProPEc-R488I a Parallel Elevated 4 0 1 1 0 7 

The proportion (mole %) of CL in the membranes of E. coli
e
 0.3 0.6 3.8 8.3 9 
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a ProPEc data were fit to the equation: ɑo = Amax{1 + exp[-(П - П1/2)/(RTB)]
-1

 (Wood, 1999) to 

obtain П1/2/RT. 

b Ref is defined as reference. References are: (1) (Zoetewey et al., 2003), (2) (Culham et al., 

2003a), (3) (Tsatskis et al., 2005), (4) (Culham et al., 2000), (5) (Hillar et al., 2005), (6) (Liu et 

al., 2007), (7) (Romantsov et al., 2008), (8) Unpublished data. These data was provided by 

Tanya Romantsov. 

c n/a is defined as Not Applicable. 

d
 In this case, ProP-E480C was cross-linked with DTME (Dithio-bismaleimidoethane). 

e
 clsA

+
 bacteria and clsA¯ bacteria cultivated to exponential phase in MOPS media at low 

osmolality media (0.15 mol/kg) or high osmolality (0.74 mol/kg) media were reported by 

(Romantsov et al., 2007) 
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Deletions of 18 amino acids or even truncating the entire C-terminus by deleting 45 amino acids 

of ProPEc, on the other hand, did not prevent the transporter from localizing to the poles (Table 

1.2, unpublished data). Therefore, we concluded that the coiled-coil domain of ProPEc is not 

essential for ProPEc localization. As discussed above, the ProPEc residues 456-500 comprise 

seven heptad repeats (Culham et al., 2000), but only four of the heptad repeats (residues 468-

497) are required to form an antiparallel, homodimeric α-helical coiled-coil (Zoetewey et al., 

2003). Therefore we suggested that ProPEc might form additional α-helical coiled-coil with 

another protein through the “free” three of the seven heptad repeats. Disruption of those 

interactions, however, may block polar localization of ProPEc. 

To further thestudy on the role of the coiled-coil domain in ProPEc, ProP orthologues 

that form or do not form the coiled-coil structure were studied. Sequence comparisons of the C-

termini and biochemical assays have revealed two groups of ProP orthologues: Group A proteins 

include extended C-termini that include coiled-coil heptads. Group B include shorter C-termini 

with no coiled-coil heptads (Poolman et al., 2004) (Figure 1.4C). Two ProP orthologues were 

expressed in E. coli: Agrobacterium tumefaciens ProP (ProPAt) of group A and Corynebacterium 

glutamicum ProP (ProPCg) of group B (Tsatskis et al., 2005). Both orthologues have 

osmoregulated transport activity after expression in E. coli. However, only ProPAt had a similar 

osmotic activation threshold to ProPEc, whereas ProPCg required a higher osmolality to become 

activated (Tsatskis et al., 2005, Peter et al., 1998b).  

Synthetic peptide replicas of the ProPAt C-terminal domain showed that a single R505I 

replacement eliminated the preferable formation of the peptides from an antiparallel orientation 

to a stability preference of either parallel or antiparallel orientations. A circular dichroism 

spectroscopy approach indicated a low helical content (50%) and a poor thermal stability (Tm < 
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10 C) of the ProPAt-R505I peptide. Thus, ProPAt-R505I replacement is predicted not to form a 

coiled-coil at room temperature. As for the ProPEc-I474P or ProPEc-R488I replacements, a 

single ProPAt-R505I replacement elevated the threshold for osmotic activation of the transporter 

(Tsatskis et al., 2008). These observations led to the conclusion that formation of the C-terminal 

coiled-coil caused ProPEc and ProPAt to activate at a lower osmolality than ProPCg (Figure 1.9). 

 

1.5: The osmosensory mechanism of BetP, OpuA and ProP 

In principle, when osmotic upshifts are imposed on cells, the osmosensing transporters 

can detect the osmolality itself or the secondary effects that occurred to the cell. Those secondary 

effects are; decreasing of turgor pressure and/or membrane tension, increasing a particular 

osmolytes concentration and even macromolecules crowding in the cytoplasm or in the 

periplasm (Wood, 1999).  

In addition to ProPEc, another two osmoregulated systems that were extensively studied 

are ABC transporter OpuA, from Lactococcus lactis (OpuALl) (van der Heide & Poolman, 2000, 

van der Heide et al., 2001), and Na
+
-betaine symporter BetPCg (Rubenhagen et al., 2001, 

Rubenhagen et al., 2000). BetPCg is a homologue to BetT and BetU, while OpuALl is 

homologous to ProU. Both BetPCg and OpuALl function as osmosensory transporters in E. coli 

and after purification and reconstitution in proteoliposomes (Rubenhagen et al., 2000, van der 

Heide et al., 2001). In addition, this function also was determined for BetPCg in C. glutamicum 

(Kramer, 2009). 
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Figure 1.9: Activities of ProPEc variants. 

The cells were grown and cultivated in NaCl-free MOPS media (0.14 mol/kg). Transport assay 

was carried out to measure the initial rates of proline uptake via via ProPAt (squares), ProPCg 

(diamonds) and ProPEc (circles). ProPAt, ProPCg and ProPEc data were fit to the equation: ɑo = 

Amax{1 + exp[-(П - П1/2)/(RTB)]
-1

 (Wood, 1999) to obtain П1/2/RT. 

Figure 1.9 was reprinted with permission from J Biol Chem, volume 280, pp. 41387-41394, 

copyright © 2005, The American Society for Biochemistry and Molecular Biology. 
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BetPCg, OpuALl and ProPEc were activated to the same extent when they were exposed 

to the same level of osmotic pressure by diverse, membrane impermeant solutes. This behaviour 

indicates that the three transporters respond to the osmotic pressure of the media and not to the 

composition of the extracellular solution (Poolman et al., 2004, Kramer & Morbach, 2004, 

Culham et al., 2003a, Racher et al., 2001). In addition, the activity of those transporters did not 

require turgor pressure, since it is absent in proteoliposomes. ProPEc activity measurements also 

showed that the fold shrinkage of the proteoliposomes that osmotically induced did not correlate 

with ProPEc activity. Hence, ProPEc does not respond to membrane tension or membrane 

wrinkling (Govindarajan et al., 2012) 

The activity of BetPCg requires a membrane potential (ΔΨ) and sodium gradient (ΔpNa) 

to transport glycine betaine with two sodium ions (Farwick et al., 1995). BetPCg has a higher 

affinity for glycine betaine than for sodium (Peter et al., 1996). BetPCg is comprised of 12 

transmembrane helices and cytoplasmic N- and C-termini (Rubenhagen et al., 2001) and has 

been shown to form stable homotrimers (Ziegler et al., 2004).  

When BetPCg was purified and reconstituted into vesicles of E. coli phospholipids, its 

activity was triggered by the increasing concentrations of internal K
+
 or by cations that are 

similar to K
+
, such as Rb

+
 and Cs

+
. BetPCg was not activated when the concentrations of 

zwitterionic molecules, such as proline or ectoine, or other cations, such as NH4
+
 or ionic solutes, 

such as choline chloride or non-ionic solutes, such as glucose were increased in the 

proteoliposome lumen (Rubenhagen et al., 2001).  

The N-terminal domain of BetPCg is negatively charged (Peter et al., 1996). Expression 

of BetPCg in C. glutamicum showed that various truncations of the N-terminal domain of 
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BetPCg shifted the optimum activity of the transporter to higher osmolalities than those of the 

wild-type BetPCg. (Peter et al., 1998a, Ott et al., 2008). Residues 541-595 that consist of the C-

terminal domain of BetPCg are rich in positively charged amino acids (Schiller et al., 2004). 

Removal of 25 or 45 residues of the C-terminal domain of BetPCg or any point mutation that 

disrupts the alpha helical part of the C-terminal region may impair the properties of BetPCg for 

osmoregulation (Schiller et al., 2004, Ott et al., 2008). These observations, BetPCg was 

proposed to act as a chemosensor to K
+
 with a K

+
 binding site in its C-terminal domain. 

However, sequence analysis of BetPCg did not identify any characteristics of a known K
+
 

binding site (Rubenhagen et al., 2001, Poolman et al., 2004).  

The phospholipid composition of the membrane was also found to influence BetPCg 

activity. For example, higher osmolalities were required to activate BetPCg when the fraction of 

the anionic phospholipid PG in the membrane was increased (Peter et al., 1996, Rubenhagen et 

al., 2000). One possibility for those properties is that the C-terminal domain of BetPCg directly 

interacts with an anionic membrane (Poolman et al., 2004).  

Structure analysis of BetPCg showed that each monomer in the BetP trimer can possess a 

distinct conformation, but with a functional role for the trimer that enables crosstalk between the 

protomers (Tsai et al., 2011). For example, the C-terminus of each protomer of BetPCg, which is 

not essential for the trimer formation (Tsai et al., 2011) can interact with cytoplasmic loops of a 

different protomer and these loops interact with helices (the helical motif) that undergo 

conformational changes of the complex during the substrate translocation (Ressl et al., 2009). 

 Monomeric BetPCg variants had a low transport activity. Nevertheless, they had a 

similar KM value for its substrate as the KM value of the trimer form of BetPCg (Perez et al., 
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2011a). BetPCg monomers, however, were not osmoregulated (Perez et al., 2011a). This result 

indicated that each BetPCg monomer is a functional unit of the transporter BetPCg, whereas the 

trimeric form is suggested to be involved in regulation mechanism of BetPCg activity (Ressl et 

al., 2009, Perez et al., 2011a). In other work, heterotrimeric BetPCg complexes were generated 

to test whether inactivation of two of the three protomers in the complex impairs the activity of 

the third protomer (Becker et al., 2014), a phenomenon called a “dominant negative phenotype”. 

These complexes were generated by fusing different affinity tags to individual subunits and also 

by amino acid replacements that led to inactive BetPCg monomers. At this work, they found that 

a single protomer of BetPCg was still capable uptake betaine and also responded to osmotic 

stress, even when it was adjacent to another two inactive protomers (Becker et al., 2014).  

OpuALl transports glycine betaine and is composed of two substrate binding translocator 

and two ATPase subunits (van der Heide & Poolman, 2000, van der Heide & Poolman, 2002). 

Each of the ATPase subunits includes tandem cystathionine β-synthase (CBS) domains. OpuALl 

functions as a dimer, giving it a total of four CBS domains. Structural analysis showed that those 

CBS domains have the tendency to dimerize (the 2 X 2 module) (Biemans-Oldehinkel et al., 

2006). The reconstituted OpuALl in liposomes was activated by increasing concentrations of 

ionic osmolytes, such as KPi, KCl and Na
+
, but not by neutral osmolytes (van der Heide et al., 

2001). At equivalent concentrations of electrolytes in the lumen, the bivalent ions, such as K2SO4 

were more effective in stimulating the activity of OpuALl than of monovalent ions, such as KCl 

(van der Heide et al., 2001). Further work showed that the activation of OpuAIl was dependent 

on the luminal ion strength of the proteoliposomes and not on the type of salt, such as KCl or 

NaCl, in the vesicle lumen (Biemans-Oldehinkel et al., 2006, Mahmood et al., 2006).  
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The C-terminus of the CBS domain is an anionic tail of 15 residues in length (Biemans-

Oldehinkel et al., 2006). Activity determination of a reconstituted OpuAIl showed that deletion 

of the anionic tail (OpuAΔ12) or deletion of the anionic tail together with CBS2 domain 

(OpuAΔ61) of the OpuAIl did not affect its catalytic activity, compared to the catalytic 

performance of wild-type OpuAIl (Biemans-Oldehinkel et al., 2006). However, the OpuAΔ61 

mutant but not the OpuAΔ12 mutant, was no longer regulated by ionic strength in the lumen. 

This work suggested that the CBS domains of OpuAIl senses the internal ionic strength, which 

activates OpuALl (Biemans-Oldehinkel et al., 2006, Mahmood et al., 2006).  

By varying the mol % of anionic lipids of the vesicle, showed that the higher the fraction 

of the anionic lipids, the higher ionic strength was required to activate OpuAIl. By comparing the 

transporter OpuAΔ12 mutant to the wild-type OpuAIl at the same conditions as above, the 

mutant transporter required even higher osmotic pressure to be activated and to reach to its 

maximum activity than of the wild-type OpuALl (Biemans-Oldehinkel et al., 2006). This work 

suggested that the anionic tail of the C-terminal of the CBS domain is involved in modulating the 

activity of the transporter and not in ion sensing. 

ProPEc is active in proteoliposomes whether the cation composition of the lumen was K
+
 

alone, K
+
 with Na

+
, Li

+
 or Cs

+
 or the anions Cl

-
 and phosphate (Culham et al., 2003a), and with 

Na
+
 alone in membrane vesicles (Culham et al., 2008a). Therefore its activity is not related to a 

specific electrolyte. Small molecular weight molecules that are membrane permeable, such as the 

poly(ethylene glycol) (PEG) 62 and PEG 106 did not activate ProPEc. However, PEG 200, 

which is completely membrane permeant, partially activated ProPEc (Racher et al., 2001). These 

data suggest that ProPEc activity may depend on the cell hydration and/or macromolecular 

crowding. 
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1.6: Completed research overview 

The anionic phospholipid content in E. coli cells’ membranes was shown to be correlated 

with the osmolality required to activate ProPEc. As discussed previously, ProPEc is co-localized 

with CL at E. coli cell poles (Romantsov et al., 2007) (Figure 1.8B). In addition, the medium 

osmolality yielding half maximal activity of ProPEc (Π½/RT) was changed in direct proportion to 

the CL content when the bacteria cells were cultivated in media with various osmolalities 

(Tsatskis et al., 2005). Previous work on ProPCg supported the hypothesis that the C-terminal 

coiled-coil of ProP is involved in modulating the osmotic activation of the transporter. However, 

the sequence identity between ProPEc and ProPCg is only 37% (Figure 1.4B) (Poolman et al., 

2004) and the proportion of anionic phospholipids in the membrane of Gram positive bacterium 

C. glutamicum (100%) (Hoischen & Kramer, 1990) is much higher than that in the membranes 

of Gram negative bacteria E. coli (24 mol %) (Romantsov et al., 2008) and A. tumefaciens (36%) 

(Karnezis et al., 2002).  

These findings led us to seek another putative ProP orthologue with which to study the 

role of the C-terminal coiled-coil on osmosensing and osmoregulation in ProP. For this work, I 

chose ProP from the Gram negative bacterium Xanthomonas campestris (ProPXc). This protein 

lacks the C-terminal coiled-coil heptads and has higher sequence identity to ProPEc (51%, 

Figure 1.4B) (Poolman et al., 2004) than that of ProPCg to ProPEc. In addition, approximately 

53 mol % of the phospholipids of X. campestris are anionic (Schaad, 1982). Therefore, ProPXc 

was used to test our hypothesis that the C-terminal coiled-coil domain in ProP is involved in 

lowering the osmotic activation threshold of ProP. 

In this work, we hypothesized that ProPXc will require a higher osmolality medium in 

order to be activated as was shown in the work on ProPCg (which lacks the coiled-coil domain) 
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(Tsatskis et al., 2005) and in some ProPEc variants with amino acid replacements or deletions of 

amino acids that disrupt their coiled-coil domain (Wood et al., 2005, Tsatskis et al., 2008, 

Culham et al., 2000) (Table 1.2). To attain this goal, the osmolyte uptake activities of E. coli 

cells that expressed ProPXc were measured. This technique allowed me to characterize the 

function of ProPXc. In addition, the abilities of an array of zwitterionic osmolytes to inhibit 

proline or glycine betaine uptake into E. coli cells via ProPXc, ProPEc, ProPAt, or ProPCg were 

compared.  

This work was also focused on ProP localization research. As discussed previously, polar 

localization of ProP in E. coli cells was observed after the reaction of tag CCPGCC inserted at 

the N-terminus of the ProPEc protein (Romantsov et al., 2007), with the FLASH-EDT2 reagent, 

which then fluoresces (Adams et al., 2002). The aim of this section was to corroborate our 

FlAsH-based ProPEc localization work with fluorescent protein-based experiments using 

GFPmut2 and mCherry. To attain this, mCherry-ProPEc fusion protein was constructed and site 

directed mutagenesis of GFPmut2-ProPEc fusion protein was performed to obtain 

GFPmut2A206K-ProPEc fusion protein. The expression and stability of these fusion proteins in E. 

coli cells were tested. In addition, our undergraduate project student Tavia Caplan tested whether 

these fusion proteins are co-localized with CL at the poles of E. coli cells in varying osmotic 

stress conditions. The results were compared to our previous FlAsH-based ProPEc localization 

work. 
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1.7: Significance of research 

Our lab is working on a novel mechanism in which proteins can sense and respond to 

osmolality changes. A bacterial cell that is subjected to osmolality shifts undergoes many 

changes.  For the last 30 years, our lab has been testing each of those changes in order to identify 

which of them can be sensed by osmosensory proteins. ProPEc uses this mechanism to maintain 

the bacterial survival and growth. Any changes in osmolality can affect ProPEc’s structure, 

function and/or ProPEc’s localization pattern. By identifying the mechanism of ProPEc 

localization and understanding the role of the C-terminal coiled-coil in ProPEc, we can gain 

insight into the osmoregulation mechanism of proteins. 

 

Chapter 2: Materials and methods 

2.1: Materials: 

The chemicals and the growth media are described below section. Growth media 

solutions were prepared from sterile stocks solutions. The stock solutions were stored either at 

room temperature, 4

C or -40


C.  

 

2.2: Bacterial strains and plasmids 

Lists of all bacterial strains and plasmids that were used in this study are found in Tables 

2.1 and 2.2, respectively. Genomic DNA from Xanthomonas campestris pathovar campestris 

ATCC
®
 33913

TM 
was purchased from American Type Culture Collection (Manassas, VA). A list 
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of primers that were used in this study for construction of plasmids, site-directed mutagenesis 

and DNA sequencing of those products is found in Table 2.3. These primers were purchased 

from Operon (Huntsville, Alabama, USA).  

Stocks of all strains were prepared by mixing 1 ml overnight culture, grown in LB Broth 

(Miller, 1972) with 0.5 ml of sterile 80% glycerol (v/v), and then stored at -40

C and -80


C. 

Cultures of E. coli strains were initiated by transferring one wire loop full of frozen E. coli stock 

into 2 ml LB Broth (Miller, 1972) containing ampicillin at a concentration of 100 μg/ml for 

plasmid maintenance in the relevant strains. The cultures were grown overnight in a rotary 

shaking incubator (New Brunswick Scientific, Edison, NJ, USA) set to 200 rpm and 37

C. In 

order to confirm the identity and purity of the culture, strain tests were performed on agar plates 

composed of indicator media, MOPS minimal medium with or without the supplementation of 

nutrients required by each strain and antibiotic supplemented LB-medium (Table 2.4). When 

applicable, plasmids were purified and restriction enzyme digestions were performed (to be 

described below). 

 

2.3: Growth media and growth conditions 

2.3.1: Liquid growth media 

Each media preparation required one or more additional steps such as pH and/or 

osmolality adjustments and sterilization. pH adjustments were made by using Radiometer PHM 

92 Lab pH Meter (Radiometer Analytical SAS (Mississauga, Ontario, Canada). Osmolalities 

were determined by using vapor pressure osmometer Wescor 5520 (Claremont, Ontario,  



40 

 

Table 2.1: List of E. coli strains
 a 

Strain Genotype  Reference 

DH5α F
¯ 
ϕ 80dlacZΔM15 Δ(lacZYA-argF) U169 recA1 

endA1 hsdR17(rk
-
 mk

-
) supE44λ

- 
thi-1 gyrA relA1 

(Hanahan, 1983) 

RM2 F
¯
 trp lacZ rspL thi Δ(put PA)101 (Wood, 1981) 

WG350 RM2 Δ(proU)600 Δ(proP-melAB)212 (Culham et al., 1993) 

WG703 RM2
b
 Δprc3::Kan (Kunte et al., 1999) 

WG708 WG350 pBAD24 (Racher et al., 1999) 

WG709 WG350 pDC79 (Culham et al., 2000) 

WG902 WG350 pYT12 (Tsatskis et al., 2005) 

WG903 WG350 pYT13 (Tsatskis et al., 2005) 

WG980 WG350 cls::Tn10dTet3 (Romantsov et al., 2007) 

WG1119 RM2 proQ856::FRT  (Kerr et al., 2014) 

WG1379 WG350 pCK2 Wood lab 

WG1415 WG350 pDM1 This work 

WG1418 WG350 pDM3 This work 

WG1419 WG980 pDM3 This work 

WG1436 WG350 pDM4 This work 

WG1457 RM2 ΔSPR832::FRT (Kerr et al., 2014) 

WG1458 WG1457 Δprc3::Kan (Kerr et al., 2014) 

WG1463 DH5α pDM5 This work 

WG1464 WG350 pDM6 This work 

a
 All strains are derived from E. coli K-12 
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Table 2.2: List of plasmids 

Plasmid
a
 Description Reference 

pBAD24 Expression vector 

(Guzman et al., 

1995) 

pDC79
b
 Encodes ProPEc 

(Culham et al., 

2000) 

pCK1
c
 Encodes GFPmut2 Wood lab 

pCK2
d
 Encodes GFPmut2-ProPEc fusion protein Wood lab 

pYT12 Encodes ProPCg 

(Tsatskis et al., 

2005) 

pYT13 Encodes ProPAt 

(Tsatskis et al., 

2005) 

pDM1
e
 Encodes ProPXc (wt ProPXc) This Work 

pDM3 

Encodes GFPmut2A206K-ProPEc fusion protein. Derived 

from pCK2 

This Work 

pDM4
f
 Encodes ProPXc with optimal codon usage for E. coli This Work 

pDM5
g
 Encodes ProPEc This Work 

pDM6
h
 Encodes mCherry-ProPEc fusion protein This Work 
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a
 All the listed plasmids are pBAD24 or pBAD24 derivatives. 

b
 proPEc gene was inserted into pBAD24 vector via NcoI and HindIII restriction sites. 

c
 pCK1 includes the gfP gene encoding GFPmut2 without the stop codon. This gene was inserted 

into pBAD24 vector via EcoRI & PstI restriction sites. 

d
 pCK2 is based on pCK1 and encodes a fusion protein of GFP through its C-terminus to the N-

terminus of ProPEc. The gene encoding ProPEc was inserted into pBAD24 vector via PstI & 

HindIII restriction sites. 

e
 Genomic DNA from Xanthomonas campestris pathovar campestris ATCC

®
 33913

TM
 was 

described in section 2.2. The gene encoding ProPXc was PCR amplified with XcNheI-F and 

XchindIII-R primers (Table 2.3). It was inserted into pBAD24 vector via NheI and HindIII 

restriction sites. 

f  
The gene encoding ProPXc was synthesized with optimal codon usage for E. coli and was 

inserted into vector pBAD24 via NheI and HindIII restriction sites. The gene was synthesized by 

Genscript (Piscataway, NJ, USA). 

g
 The gene encoding ProPEc was inserted into pBAD24 vector via XbaI and HindIII restriction 

sites. 

h
 pDM6 is based on pDM5 and encodes a fusion of mCherry through its C-terminus to the N-

terminus of ProPEc. mCherry gene was PCR amplified using pBADLLEI-mCherry plasmid (Fux 

et al., 2003) as template. The gene encoding mCherry was PCR amplified with mCherryNheI-F 

and mCherry-reverse primers. (Table 2.3). It was inserted into pDM5 via NheI & XbaI 

restriction sites. 
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Table 2.3: List of primers 

Primer name Sequence of the primer Purpose 

pBAD33F 

 

pBAD33R
 

5’-CCA TAA GAT TAG CGG ATC 

C-3’ 

5’- CAG AAC GCA GAA GCG 

GTC T-3’ 

Used to sequence the 

multiple cloning site and its 

flanking areas of pBAD24 

plasmid.  

XcNheI-F
a
 

 

XchindIII-R
b
 

5’-AGT ACG CTA GCA GGA GGC TTC 

CGC ATA TGC ACG ACA C-3’   

5’-AAC AAG CTT CAG CCT CAA ACG 

CTA CGT GGA AAC-3’  

For PCR amplification of 

proP using X. campestris 

DNA as template.  

XcNcoI-F
c
 

XcNcoI-R 

5’-TAT CTC AGC GTC ACC ATG GGC 

TAC-3’ 

5’-GAC CCA TGG TGA CGC TGA GAT 

AGC TG-3’ 

For sequencing wild-type 

proP of X. campestris. 

SeqProPXcF 

SeqProPXcF 

5’–CAG GGT CTG ATG ACG CTG–3’ 

5’–CAG CAG CAT ATA ATC GGT AAC 

G-3’ 

For sequencing proP of X. 

campestris with optimal 

codon usage for E. coli 

GFP2AtoK-F
d
 

 

GFP2AtoK-R 

5’-CCA TTA CCT GTC CAC ACA ATC 

TAA GCT GTC GAA AGA TCC CAA 

CG-3’ 

5’-CGT TGG GAT CTT TCG ACA GCT 

TAG ATT GTG TGG ACA GGT AAT 

To introduce an A206K 

substitution into the 

GFPmut2- 

ProPEc construct (pCK2) by 

site-directed mutagenesis. 
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GG-3’ 

XbaIProPF
e
 

 

80-02
f
 

5’-GTC TAG AAT GCT GAA AAG GAA 

AAA AGT AAA ACC GAT TAC C-3’ 

5’-GGA AGC TTC TCC GTT AAC CTG 

GAG GAG AGT ATG C-3’ 

For PCR amplification of 

proPEc gene using pDC79 

vector as template which led 

to the construction of pDM5. 

mCherryNheI-F
g
 

 

mCherry-
 

reverse
h
 

 

5’-GAG AGA GCT AGC AGG AGG 

AAT TCA CAA TGG TGA GCA AGG 

GCG AG-3’ 

5’-GAG AGA TCT AGA CTT GTA CAG 

CTC GTC CAT G-3’ 

For PCR amplification of 

mCherry gene using 

pBAD18-LL-EI-mCherry 

vector (Lopian et al., 2010) as 

template 

a
 The nucleotides G CTA GC represent NheI restriction site. 

b
 The nucleotides AAG CTT represent NheI restriction site. 

c
 The nucleotides GA of the primer XcNcoI-R sequence matches to the sequencing proP of X. 

campestris with optimal codon usage for E. coli. 

d
 The nucleotides AAG represent the changes of the residue alanine amino acid (GCC) in 

position 206 of GFPmut2 to Lysine (AAG). In addition, the codon CTT was mutagenized to CT 

G. Both codons encode the L207 of GFPmut2. This silent mutation also disrupts the only BstB1 

(TTCGAA) restriction site in plasmid pCK2 which is in 620-626 nucleotides (of wild-type gfP 

open reading frame). 

e
 The nucleotides TC TAG A represent XbaI restriction site. 

f
 The nucleotides A AGC TT represent HindIII restriction site. 

g
 The nucleotides GCT AGC represent NheI restriction site. 

h
 The nucleotides TCT AGA represent XbaI restriction site. 
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The DNA sequences of wild-type proP of X. campestris (noted as wild-type), accession 

number: ZP_06483793.1 and proP of X. campestris with optimal codon usage for E. coli (noted 

as DNA optimized, section 3.1.1) were aligned using NCBI's software.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Alignment of two DNA sequences; wild-type proP of X. campestris and proP of X. 

campestris with optimal codon usage for E. coli. 

http://insilico.ehu.es/align/
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Wild-type     CATTTCGGTTGGTTCAAACGCCGCCGCCAATTGCAACTCGACGAGGTCACCGTGGTGGAC  87 

              || || |||||||||||||||||||| ||  ||||||| || || |||||||| |||||| 

DNA optimized CACTTTGGTTGGTTCAAACGCCGCCGTCAGCTGCAACTGGATGAAGTCACCGTCGTGGAC  90 

 

Wild-type     CGCGGCATGCTGCGCAAGGCCGTGGGCGCGGCCGCGCTGGGCAATGCAATGGAATGGTTC  147 

              ||||| |||||||| || || ||||| || || || ||||| || || |||||||||||  

DNA optimized CGCGGTATGCTGCGTAAAGCAGTGGGTGCAGCAGCACTGGGTAACGCTATGGAATGGTTT  150 

 

Wild-type     GACTTCGGCGTCTATGGCTATCTGGCAGTGACGCTGGGCCAGGTGTTCTTTCCGTCCAGC  207 

              || |||||||| ||||| || ||||| ||||| |||||||||||||| || |||  |    

DNA optimized GATTTCGGCGTTTATGGTTACCTGGCGGTGACCCTGGGCCAGGTGTTTTTCCCGAGCTCT  210 

 

Wild-type     AGTCCCACCGCGCAGTTGATCGCCACCTTTGCGACCTTCACCGTGGCGTTTTTGGTGCGG  267 

              ||||| ||||||||  |||| || || |||||||||||||| || || ||| |||||||  

DNA optimized AGTCCGACCGCGCAACTGATTGCTACGTTTGCGACCTTCACGGTCGCCTTTCTGGTGCGT  270 

 

Wild-type     CCGATCGGCGGCATGGTATTCGGCCCGCTTGGTGATCGCTATGGCCGGCAAAAGGTGCTG  327 

              ||||||||||| ||||| ||||| ||||| ||||| || ||||| || || || |||||| 

DNA optimized CCGATCGGCGGTATGGTCTTCGGTCCGCTGGGTGACCGTTATGGTCGCCAGAAAGTGCTG  330 

 

Wild-type     GCGGCCACCATGATCCTGATGGCGCTGGGCACCTTCAGCATCGGCCTGATTCCCTCCTAC  387 

              || || |||||||| |||||||| |||||||| ||    || |||||||| ||    ||  

DNA optimized GCTGCGACCATGATTCTGATGGCACTGGGCACGTTTTCTATTGGCCTGATCCCGAGTTAT  390 

 

Wild-type     GCGCAGATCGGCCTGTGGGCGCCGGCGCTGTTGTTGCTGGCGCGGTTGCTGCAAGGGTTT  447 

              || |||||||| |||||||| ||||| ||| || ||||||| ||  |||||||||| ||| 

DNA optimized GCTCAGATCGGTCTGTGGGCACCGGCTCTGCTGCTGCTGGCACGTCTGCTGCAAGGCTTT  450 

 

 

Wild-type     TCCACCGGCGGCGAATACGGCGGCGCGGCGACCTTCATTGCCGAATACGCCACCGACCGC  507 

              || |||||||| ||||| ||||| || || |||||||||||||||||||| || || ||  

DNA optimized TCTACCGGCGGTGAATATGGCGGTGCCGCAACCTTCATTGCCGAATACGCAACGGATCGT  510 

 

Wild-type     AATCGCGGCTTGATGGGCAGTTGGCTGGAATTTGGCACGTTGGGCGGCTATATCGCCGGT  567 

              ||||||||| |||||||   |||||||||||| || ||  ||||||| |||||||| ||| 

DNA optimized AATCGCGGCCTGATGGGTTCTTGGCTGGAATTCGGTACCCTGGGCGGTTATATCGCAGGT  570 

 

Wild-type     GCGGCCACCGTTACCGCGCTGCACATGGCGCTGAGCCAGGCGCAGATGCTGGACTGGGGC  627 

              || || ||||| || || ||||| ||||| ||||| ||||| || ||||||||||||||  

DNA optimized GCTGCAACCGTGACGGCACTGCATATGGCACTGAGTCAGGCTCAAATGCTGGACTGGGGT  630 
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Wild-type     TGGCGGGTGCCATTCCTGGTGGCCGGGCCGCTGGGGTTGCTCGGCCTGTACATGCGCATG  687 

              ||||| || || || ||||| || || ||||||||  |||| || ||||| ||||| ||| 

DNA optimized TGGCGTGTTCCGTTTCTGGTCGCAGGTCCGCTGGGTCTGCTGGGTCTGTATATGCGTATG  690 

 

Wild-type     AAGCTGGAAGAAACCCCGGCGTTTCGCGCCTATACCGAACAATCCGAACAGCGCGAACGC  747 

              || ||||||||||||||||| || ||||| || || |||||   |||||| || |||||| 

DNA optimized AAACTGGAAGAAACCCCGGCTTTCCGCGCGTACACGGAACAGAGCGAACAACGTGAACGC  750 

 

Wild-type     GAAACCGCAGGCCAGGGCCTGATGACCCTGCTGCGCCTGCACTGGCCGCAGCTGCTCAAA  807 

              |||||||| || ||||| |||||||| |||||||| |||||||||||||| ||||| ||| 

DNA optimized GAAACCGCCGGTCAGGGTCTGATGACGCTGCTGCGTCTGCACTGGCCGCAACTGCTGAAA  810 

 

Wild-type     TGCGTGGGCCTGGTGCTGGTGTTCAACGTCACCGACTACATGCTGCTGACCTACATGCCC  867 

              |||||||||||||| |||||||| ||||| ||||| || ||||||||||| || |||||  

DNA optimized TGCGTGGGCCTGGTCCTGGTGTTTAACGTTACCGATTATATGCTGCTGACGTATATGCCG  870 

 

Wild-type     AGCTATCTCAGCGTCACCATGGGCTACGCCGAGAGCAAGGGCTTGCTGCTGATCATCCTG  927 

              ||| ||    || || ||||||||||||||    || ||| |||||||||| |||||| 

DNA optimized TCCTACCTGTCAGTGACGATGGGCTACGCCGAATCGAAAGGCCTGCTGCTGATTATCCTG  930 

 

Wild-type     GTGATGCTGGTGATGATGCCGCTCAACGTGGTCGGTGGCATGTTCAGCGACAAGCTGGGC  987 

              ||||||||||| ||||||||||| || ||||| || || ||||| ||||| || |||||  

DNA optimized GTGATGCTGGTTATGATGCCGCTGAATGTGGTTGGCGGTATGTTTAGCGATAAACTGGGT  990 

 

Wild-type     CGGCGCCCGATGATCATCGGCGCGTGCGCGGCGTTATTCGCACTGGCCATCCCGTGCCTG  1047 

              || ||||||||||| ||||| || ||||| ||  | |||||||||||||| ||||| ||| 

DNA optimized CGTCGCCCGATGATTATCGGTGCATGCGCAGCACTGTTCGCACTGGCCATTCCGTGTCTG  1050 

 

Wild-type     TTGCTGATCGGCAGCGGCTCG-GACGTGCTGATCTTCACCGGGTTGATGCTGCTTGGCCT  1106 

              |||||||||||  ||| | | ||||| ||||| || |||||  |||||||||| || || 

DNA optimized CTGCTGATCGGC-TCGGGTAGCGACGTTCTGATTTTTACCGGTCTGATGCTGCTGGGTCT  1109 

 

Wild-type     GGCGCTGGTGTGTTTCACCAGCTCGATGCCTTCGACACTGCCGGCGCTGTTCTACACCCC  1166 

              ||| ||||| ||||| |||  ||| ||||| || || |||||||| |||||||| ||||| 

DNA optimized GGCACTGGTCTGTTTTACCTCCTCAATGCCGTCCACGCTGCCGGCACTGTTCTATACCCC  1169 

 

Wild-type     GGTGCGCTACAGCGCGCTGTCGATCGCCTTCAACGTCTCAGT--GTCGTTGTTTGGTGGC  1224 

              |||||| |||   ||||||   |||||||| ||||| || ||  |||  |||| |||||  

DNA optimized GGTGCGTTACTCGGCGCTGAGCATCGCCTTTAACGTTTCTGTCAGTC--TGTTCGGTGGT  1227 
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Wild-type     ACCACGCCGTTGGTCACCGCGTGGCTGGTGGAGCGCACCGGCGACCCATTGGTGCCGGCG  1284 

              ||||||||| |||||||||| |||||||| || ||||| || || ||  |||| |||||| 

DNA optimized ACCACGCCGCTGGTCACCGCATGGCTGGTTGAACGCACGGGTGATCCGCTGGTTCCGGCG  1287 

 

Wild-type     TATTACCTGATGGGCGCGGCGGCGATCGGCCTGGTGACGATGCTGTTCGTGCGCGAAACC  1344 

              |||||||||||||| || ||||| || |||||||| || |||||||| || || |||||  

DNA optimized TATTACCTGATGGGTGCTGCGGCCATTGGCCTGGTTACCATGCTGTTTGTCCGTGAAACG  1347 

 

Wild-type     GCCGGGCTGCCGCTGCGTGGCTCGCCGCCGGCAGTGGCCAGCGACGCCGAAGCGCGCGCG  1404 

              || || |||||||||||||| || ||||||||||||||    || || ||||| || ||  

DNA optimized GCAGGTCTGCCGCTGCGTGGTTCCCCGCCGGCAGTGGCTTCAGATGCGGAAGCACGTGCA  1407 

 

Wild-type     CTGCTGCAGGGCGACAGCCCGGTCACAGTGGATGCGCAGTTGCCGTTGAGCGGCACGCCG  1464 

              ||||||||||| ||||||||||| || |||||||| ||  ||||| ||   || || ||| 

DNA optimized CTGCTGCAGGGTGACAGCCCGGTTACCGTGGATGCCCAACTGCCGCTGTCTGGTACCCCG  1467 

 

Wild-type     TCGATCGGTCAGCCGCGCCCGGC  1487 

              || ||||| || ||||||||||| 

DNA optimized TCTATCGGCCAACCGCGCCCGGC  1490 
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Table 2.4: E. coli strain tests and their expected phenotype results. 

Test Medium 

E. coli strains relevant to this study
 a
 

DH5α RM2 WG703 WG1119 WG350 
WG350

b
 

with 

plasmid 

 Indicator 

media 

TTC
c
 R

d
 W

d
 W W W W 

Lactose-

MacConkey
e
 

W W W W W W 

MOPS
f
 

minimal 

medium
 

No Tryptophan + - - - - - 

Tryptophan + + + + + + 

LB medium
g
 

with 

antibiotics 

Kanamycin - - + - - - 

Chloramphenicol - - - - - - 

Streptomycin - + + + + + 

Ampicillin - - - - - + 

Tetracycline - - - - - - 

 

 

 

 

 

 

 

 

a
 The genotypes of these strains are detailed in Table 2.1 
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b
 These E. coli strains contain plasmids listed in Table 2.2 

c 
E. coli strains, that are capable to utilize proline as a carbon source, are able to reduce 2,3,5- 

triphenyl tetrazolium chloride (TTC) and appear as red colonies. E. coli strains, that are not 

capable to utilize proline as a carbon source, are not able to reduce TTC and appear as white 

colonies. (Bochner & Savageau, 1977). 

d
 The “R” and “W” letters represent the appearance of red or white colonies, respectively, on the 

solid indicator media.    

e
 Lactose-MacConkey plates act as a pH indicator and a selective method for Gram negative 

bacteria (MacConkey, 1905). E. coli strains, that are capable to utilize lactose on Lactose-

MacConkey plates as a carbon source, cause to a decrease in the pH and the appearance of 

red/pink colonies. E. coli strains, that are not capable to utilize lactose on Lactose-MacConkey 

plates as a carbon source, instead use peptone, a component of MacConkey agar, and develop 

into transparent, colorless colonies. The growh of Gram positive-bacteria on Lactose-

MacConkey plates is inhibited due to the presence of bile salts and crystal violet. 

f
 The “+” and “-“ symbols indicate whether the bacterial strain is tryptophan auxotrophic or it 

can grow on solid minimum MOPS medium with an absence of tryptophan. Thiamine 

hydrochloride was added to all those plates during their preparations, since many of E. coli 

strains require this nutrient at a low level. 

g
 The “+” and “-“ symbols represent the ability of the bacteria strain to grow or not to grow, 

respectively, on solid LB medium supplemented with one of the listed antibiotics in the above 

table at the concentrations that are specified in section 2.3.2. 

 



51 

 

Canada). The osmometer was calibrated with 100, 290 and 1000 mmol/kg osmolality standards 

prior to osmolality determination of the media. All liquid media were sterilized by either 

autoclaving for at least 20 min at 121C or filter sterilized through 0.2 μm or 0.45 μm filters. LB 

Broth (Miller, 1972) was prepared by mixing 1% Bacto-tryptone (w/v), 1% NaCl (w/v) and 0.5% 

Bacto-yeast extract (w/v) in purified water. LB media were sterilized by autoclaving and stored 

at room temperature. 

NaCl-free MOPS minimal medium is based on the MOPS media described by (Neidhardt 

et al., 1974). MOPS medium was supplemented with 0.4% glycerol (v/v) as a carbon source, 9.5 

mM NH4Cl as a nitrogen source and both 0.005% L-tryptophan and 0.0001% thiamine 

hydrochloride to meet auxotrophic requirements. When it was necessary, NaCl was used to 

adjust the required osmolality. Once all the ingredients were mixed, the solution was filter 

sterilized and the osmolality of the solution was determined as described in section 2.3.1. 

 

2.3.2: Solid growth media 

LB plates with or without antibiotics were composed of the same ingredients as LB 

media, with the addition of 1.5% Agar (w/v). Antibiotics were added as follows: ampicillin (50 

μg/mL), chloramphenicol (30 μg/mL), kanamycin (50 μg/mL), streptomycin (100 μg/mL) and 

tetracycline (25 μg/mL). The plates were stored at room temperature except for ampicillin and 

tetracycline plates that were stored at 4

C. Also, tetracycline plates were stored in a dark place to 

prevent the antibiotic degradation. Lactose-MacConkey plates (for strain tests see Table 2.4) 

were prepared by mixing 5% of Bacto-MacConkey agar (w/v) and 1.5% Agar (w/v) with 

purified water. The plates were stored at room temperature.  
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1 L of TTC proline agar (for TTC definition and strain tests see Table 2.4) solution was 

composed of three solutions, solution A (370 ml), solution B (600 ml) and solution C (30 ml). 

Solution A is composed of 0.022 M KH2PO4, 0.402 M K2HPO4 and 0.2% (w/v) Proteose 

Peptone. Solution B is composed of 1.5% (w/v) agar and 1.25 x10
-3

 M MgSO4. Solution C is 

composed of 0.2% (w/v) proline, 0.0001% (w/v) thiamine hydrochloride, 0.005% (w/v) 

tryptophan and 0.0025% (w/v) TTC. Solutions A and B were sterilized by autoclaving and 

solution C was filter sterilized through 0.2 μm or 0.45 μm filters. Solutions A and B were cooled 

to 50

C, mixed together and then solution C was added to the mixed solutions A and B. The three 

homogeneously mixed solutions were dispensed into petri plates. Once the medium solidified, 

the plates were stored at the room temperature.  

MOPS minimal medium plates were prepared by first mixing 1.5% agar with purified 

water. The agar solution was sterilized by autoclaving and was cooled to 50

C. While the 

solution was cooled, an additional mix of 10% 10 X MOPS (v/v), 0.4% glycerol (v/v), 9.5 mM 

NH4Cl, 1.32 mM potassium phosphate and 0.0001% thiamine hydrochloride was made. When 

required, 0.005% tryptophan (w/v) was added. The mix was filter sterilized and incubated in a 

50

C water bath for 5 min and then was added to the cooled agar solution. The plates were stored 

at room temperature. 

 

2.3.3: Bacterial cultures. 

E. coli strains were inoculated into 2 ml LB Broth (Miller, 1972) and were incubated as 

described above (section 2.3.1) for approximately seven hours. 240 μL of the cell culture were 

then subcultured into 24 ml of MOPS minimal medium, containing antibiotic when necessary, 
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and were incubated as before (section 2.3.1) for 16 - 18 hours. The optical density (OD) of the 

cell culture was measured at 600 nm using the Novaspec II UV/Vis spectrophotometer. The cells 

were harvested at room temperature by pelleting at 5,000 rpm for 10 min using the Beckman 

Coulter Allegra X-22 centrifuge. The pellet was resuspended with 24 ml of fresh MOPS minimal 

medium, containing antibiotic and/or arabinose when necessary, to achieve OD of 0.2 at 600 nm. 

The cell culture was transferred to a side arm flask in order to facilitate the OD measurements at 

600 nm and was incubated as described in section 2.3.1. Once the cell culture reached OD of 0.4, 

the cells were harvested as before and resuspended with 24 ml of unsupplemented NaCl-free 

MOPS medium devoid of organic supplements. The medium consisted of 10% 10 X MOPS 

(v/v), 1.32 mM potassium phosphate as a source of phosphate and NaCl to adjust the required 

osmolality. The harvest and the resuspension steps were repeated twice, whereas at the third 

time, the cells were resuspended with 1 ml of unsupplemented NaCl-free MOPS medium. The 

cells were ready for the transport assay experiment (to be described below) and for whole cell 

extract (section 2.6.2). In addition, protein content of the cells was determined (section 2.6.1). 

 

2.4: Radial streak test 

Radial streak tests were performed as described previously (Wood & Zadworny, 1979) 

on NaCl-free MOPS minimal medium agar plates (section 2.3.2) supplemented with ampicillin 

and with or without 0.5 M NaCl (w/v) to impose an osmotic stress. The night before the cells 

were streaked on the plates, frozen stocks of the required E. coli strains were inoculated into 2 ml 

LB and were cultivated overnight as mentioned in section 2.3.1. L-arabinose (catalogue number 

A3256, SIGMA) was spread evenly on the plates to the final concentrations of 0.33 mM. Once 

arabinose was added, the plates were incubated overnight at 4C in a face up position. On the 
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following day, a sterile-autoclaved filter was placed in the middle of each plate. One ml of LB 

culture was transferred to a 1.5 ml microfuge tube and the cells were harvested at maximum 

speed at room temperature for 1 min using a micro-centrifuge. The pellets were re-suspended 

with 1 ml of sterile saline (0.85% NaCl (w/v)). The cells were harvested as before and were re-

suspended with 1 ml of sterile saline (0.85% (w/v)). The washed cells were streaked on the 

MOPS minimal medium agar plates that were described above, by using a sterile wire loop. The 

cells were streaked once in a straight line starting from a position very close to the filter and 

ending at the edge of the plate. Proline or glycine betaine was added to each filter disc as 

follows: 20 μL of filtered sterile 100 mM glycine betaine (w/v) (Betaine anhydrous catalogue 

number B2629, SIGMA) or 20 μL of filtered sterile 100 mM L-proline (catalogue number P-

0380, SIGMA) and the plates were incubated at 37C overnight or until growth was visible.  

 

2.5: Molecular biological techniques: purification and construction of plasmids 

Basic molecular biological techniques, such as plasmid DNA isolation, agarose gel 

electrophoresis, PCR purification, restriction endonuclease analysis and cloning were performed 

as described by (Sambrook et al., 1987). Plasmids were isolated from E. coli by using the 

Geneaid High Speed Plasmid Mini Kit from FroggaBio (Toronto, Ontario, Canada) or the 

QIAprep Spin Miniprep Kit from Qiagen (Mississauga, Ontario, Canada). Bacteria were 

harvested from 3-4 ml LB or MOPS minimal medium cultures by centrifugation to isolate ~ 20 

µg of purified plasmid DNA.  Agarose gel electrophoresis was used to determine the plasmid 

concentration. Digestion of the plasmid DNA with specific restriction enzymes led to the 

determination of the plasmid identity (discussed further below). A DNA ladder marker from 
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Invitrogen (Burlington, Ontario, Canada) was used to analyse DNA fragments from 100 kb to 12 

kb on an agarose. The agarose gel was photographed with ultraviolet light using the Gel Doc™ 

XR ChemiDoc™ XRS system from Bio-Rad (Mississauga, Ontario, Canada). In each PCR 

reaction mix, the final concentrations of 0.2 mM dNTP , 50 pmol of each primer, ~ 8 ng/ μL 

DNA plasmid template, 1 X Pwo polymerase buffer + MgSO4 and  0.1 units/Μl Pwo DNA 

polymerase were added. Autoclaved purified water was added to bring total volume to 50 μL. 

Final concentration of 5% (v/v) acetamide was added only to PCR reaction mixtures that were 

prepared the amplify proP using X. campestris DNA as template. Pwo DNA Polymerase was 

purchased from Roche Applied Science (Laval, Quebec, Canada). The Thermal Cycler 

Conditions were set up as described in our previous work (Brown & Wood, 1992). PCR 

reactions were completed using the Perkin Elmer GeneAmp PCR System 2400 Thermal Cycler 

(Woodbridge, Ontario, Canada). The PCR products were purified using the QIAquick PCR 

Purification Kit (Qiagen).  

Restriction enzymes that were used to digest purified PCR products or plasmids were 

purchased from New England Biolabs (Whitby, Ontario, Canada). The digestions were 

performed specifically for each restriction enzyme as described by the manufacturer. To prevent 

recircularization during ligation, the phosphorylated ends of vector DNA were removed with 

Alkaline Phosphatase (AP). AP (10,000 units/ml) was purchased from New England Biolabs and 

the dephosphorylation was performed as described by the manufacturer.  

QIAquick Gel Extraction Kit from Qiagen was used to extract DNA from agarose gel.  

Ligation was performed using T4 DNA Ligase (1 unit/μL) from Invitrogen. The ligation reaction 

mix was prepared by adding 5 X Ligase Reaction buffer diluted 1:5 with autoclaved purified 

water, 0.5 units T4 DNA Ligase and various ratios of vector and insert. The total DNA in each 
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ligation reaction mix was ~ 0.5 μg - 0.1 μg. This mix was incubated at room temperature 

overnight. The ligation products were transferred to DH5α competent cells as described 

previously (Hanahan, 1983). Transformants were selected by plating on LB supplemented with 

ampicillin (100 μg/ml) and growing at 37

C overnight. After incubation, a single colony was 

picked and inoculated into 5 ml LB medium supplemented with ampicillin and grown at 37

C 

overnight. The plasmid was purified and verified by both sequencing and specific restriction 

digestions (Table 2.3). Sequencing was completed by the Advanced Analysis Centre (AAC) at 

the University of Guelph (Guelph, Ontario, Canada). 

 Site directed mutagenesis was performed as described in the Stratagene QuikChange™ 

Site-Directed Mutagenesis Kit instruction manual (Agilent Technologies, Wilmington, Denver, 

USA). PCR reaction mixtures were prepared as mentioned above and Dpn1 restriction enzyme 

from New England Biolabs was used. The primers, GFP2AtoK-F and GFP2AtoK-R were 

designed for specific nucleotides change that included the destruction of specific restriction site 

to facilitate the screening of the potential mutants (Table 2.3). The DNA products were 

transferred to DH5α and the potential mutants were identified as described above. 

 

2.5.1: Construction of plasmids pDM5 and pDM6. 

Plasmid pDM5 is based on pBAD24 vector, and encodes ProP from Escherichia coli (for 

molecular biological techniques, see section 2.5). Briefly, the gene encoding ProPEc was 

amplified by PCR using pDC79 vector (Table 2.2) via primers XbaIProPF and 80-02 (Table 2.3). 

The PCR product was digested with the restriction enzymes XbaI and HindIII and was ligated 

into pBAD24, which was cleaved with the same enzymes. The ligation mix was transformed into 

DH5α using the Hanahan transformation protocol (Hanahan, 1983). Transformants were selected 
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by plating on LB supplemented with 50 µg/ml ampicillin and growing at 37
o
C overnight (for 

liquid and solid growth media see section 2.3). After incubation, a single colony was picked and 

inoculated into 5 mL LB with 100 µg/ml ampicillin and grown up at 37
o
C overnight. The 

plasmid was purified and verified via sequencing (section 2.5). Primer XbaIProPF incorporates a 

XbaI restriction site at the 5’ of proP from E. coli for cloning (Table 2.3). Primer 80-02 

incorporates a HindIII restriction site at the 3’ from proP of E. coli (102 bp downstream of stop 

codon). 

Plasmid pDM6 is based on pDM5 (see above), and encodes a fusion of the C-terminus of 

mCherry to the N-terminus of ProPEc (for molecular biological techniques, see section 2.5). 

Briefly, the gene encoding mCherry was amplified by PCR using pLLEImC vector via primers 

mCherryNheI-F and mCherry-reverse (Table 2.3). The amplicon was subsequently digested with 

the restriction enzymes NheI & XbaI, and ligated into pBAD24, which had been cleaved with the 

same enzymes. Ligation, plasmid transformation and transformants culture steps were held as 

described in pDM5 plasmid section. The plasmid was purified and verified via sequencing 

(section 2.5). Primer mCherryNheI-F incorporates a NheI restriction site upstream of mCherry 

and includes the Ribosome Binding Site of pBAD24 (Guzman et al., 1995) for cloning into 

pDM5 in frame with proP. Primer mCherry-reverse incorporates a XbaI restriction site 

immediately following the mCherry final codon, but does not include a stop codon.  
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2.6: Techniques for protein analysis 

2.6.1: Bicinchoninic acid (BCA) assay 

The total protein level in cell suspension was determined by performing BCA assay 

(Smith et al., 1985, Redinbaugh & Turley, 1986) with the use of the mix of the Protein Assay 

reagents A and B from Fisher Scientific. Bovine serum albumin (BSA) was used as standard, the 

assay was performed in 96 well microtiter plates (Fisher Scientific, catalogue number 0720098) 

and absorbance was read at 562 nm using the Titertek Multiskan PLUS MK II Microplate 

Reader. 

  

2.6.2: Whole cell extract 

Whole cell extracts were analyzed by Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) (section 2.6.3). A mix that was composed of cell culture 

equivalent to 60 μg of total protein, 1 X sample loading buffer (using 5 X sample buffer, see 

below) and autoclaved purified water added to bring the solution to its final volume, was 

incubated at 37

C for 30 min. The cell samples were then homogenized by passage through a 1 

ml sterile syringe (26 gauge, 3/8 inches) 15 times. Insoluble material was removed by 

centrifugation. Using 5 X sample buffer stock, the cell samples contained final concentrations of 

0.0625 M Tris HCl (pH 6.8), 2% SDS (w/v), 10% glycerol (v/v), 5% TCEP tris(2-

carboxyethyl)phosphine (w/v) and 0.001% Bromophenol blue (w/v). TCEP was purchased from 

Fisher Scientific (catalogue number, PI-77720).  
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2.6.3: Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

 SDS-PAGE (Laemmli, 1970) was performed using Bio-Rad MiniProtean III cells from 

Bio-Rad (Mississauga, Ontario, Canada) to cast gels. The SDS-PAGE gels consisted of two 

layers: the lower layer, separating gel, and the upper layer, stacking gel. The final concentrations 

of components of the 12% acrylamide for the separating gel layer were 0.375 M Tris, (pH 8.8 

with HCl), 0.1% SDS (w/v), 12% acrylamide/bis solution (37.5:1 ratio) (v/v), 0.05% ammonium 

persulfate (APS) (w/v) and 0.05% Tetramethylethylenediamine (TEMED) (v/v). The amount of 

the acrylamide/bis solution in the separating gel depended on the expected sizes of the examined 

proteins. The final concentration components of the solution 4% acrylamide for the stacking gel 

layer were 0.125 M Tris, pH 6.8, 0.1% SDS (w/v), 4% acrylamide/bis solution (37.5:1 ratio) 

(v/v), 0.0625% APS (w/v) and 0.05% TEMED (v/v). APS, TEMED and 30% acrylamide/bis 

(37.5:1 ratio) reagents were purchased from Bio-Rad. Once the gels were solidified, they were 

placed into the Bio-Rad MiniProtean III system and the system was filled with 1 X running 

buffer. The final concentration components of the solution running buffer were 0.025 M Tris, 

0.192 M glycine and 0.1% SDS. 15 μg of total protein from each whole cell lysate (section 2.6.2) 

were loaded into the appropriate wells of the SDS-PAGE gel. BLUeye Prestained Protein Ladder 

(Tris-Glycine 4~20%), purchased from FroggaBio, was used as a molecular weight marker. The 

electrophoresis was carried out at 150 volts until the bromophenol blue reached the bottom of the 

gel. The gel was either transferred for Western Immunoblotting or was washed with H2O for 10 

min, stained overnight with Gelcode Blue (Fisher Pierce) and destained with H2O by two washes 

of 10 min each.  
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2.6.4: Western immunoblot analysis 

Western Immunoblotting was performed  as it was first described (Towbin et al., 1979). Proteins 

that were separated on SDS-PAGE gels (section 2.6.3) were transferred to nitrocellulose 

membranes (purchased from Bio-Rad) using the transfer buffer that was composed of 16 mM 

Tris, 115 mM glycine, 0.02% SDS and 20% methanol (v/v). The transfers were completed in the 

4

C cold room for 1 hour at a constant voltage of 80V. The nitrocellulose membranes were then 

washed briefly with TBS buffer that also contained Triton X-100 (0.001 % (v/v))). The final 

concentrations of components of TBS buffer were 0.025 M Tris, 0.137 M NaCl and 0.0027 M 

KCl. After the nitrocellulose membranes were washed, they were incubated overnight on a 

shaker in 4

C cold room with blocking buffer that was composed of TBS/Triton buffer and 5% 

skim milk (Becton, Dickinson and Company, Mississauga, Ontario, Canada). The nitrocellulose 

membranes were then ready for detection of proteins by using specific antibodies.  

 

 2.6.4.1: Detection of ProP on nitrocellulose membranes  

The rabbit anti-ProPEc polyclonal antibody that was raised against whole ProPEc 

(Racher et al., 1999), was used for the detection of ProPEc. Briefly, the blocking buffer was 

washed off nitrocellulose membranes (section 2.6.4) by two short washes with TBS/Triton 

buffer. The nitrocellulose membranes were then incubated on a shaker at room temperature 

overnight with a mix of TBS/Triton buffer that contained both 5% skim milk and 1:500 dilution 

of anti-ProPEc antibody. Three washes of 10 min each TBS/Triton buffer were performed on a 

shaker at room temperature to remove the remnants of anti-ProPEc antibody. The nitrocellulose 

membranes were then incubated on a shaker at room temperature for 1 hour with TBS/Triton 

buffer that contained a horseradish peroxidase coupled goat anti-rabbit secondary antibody 
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(Sigma Aldrich) in a 1:1000 dilution. Four washes of 10 min each TBS/Triton buffer were 

performed on a shaker at room temperature to remove the remnants of the secondary antibody. 

The nitrocellulose membranes were then drained on a Whatman paper, incubated with 

Amersham enhanced chemiluminescence (ECL) reagents, re-drained on a Whatman paper, 

wrapped with plastic wrap and exposed to a film to be visualized. ECL and the films were 

purchased from GE Healthcare (Mississauga, Ontario, Canada). 

 

2.6.4.2: Detection of GFP and mCherry on nitrocellulose membranes  

The detections of GFP and mCherry were performed by using the rabbit polyclonal 

antibodies to GFP and mCherry, respectively. 100 μL of anti-mCherry antibody at concentration 

of 1 mg/ml (catalogue number ab183628) were purchased from Abcam (Burlington, Ontario, 

Canada). Aliquots of 4 μL anti-mCherry antibody were stored at -40

C and -80


C. 50 μL of anti-

GFP antibody at concentration of 5 mg/ml (catalogue number ab290) were purchased from 

Abcam and were stored in aliquots same as anti-mCherry antibody. Nitrocellulose membranes 

that were treated with blocking buffer were briefly washed with TBS/Triton buffer and were 

incubated on a shaker at room temperature for 1 hour with a mix of TBS/Triton buffer that 

contained both 5% skim milk and 1:5,000 dilution of anti-GFP antibody or anti-mCherry 

antibody. The next steps that included secondary antibody incubation and both GFP and 

mCherry visualization were performed as described for detection of ProPEc (see above). 
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2.7: Microscopy 

2.7.1: Preparation of E. coli cells for microscopy. 

 The bacteria were cultivated as described in section 2.3.3, unless otherwise stated. Once 

the cultures reached an OD at 600 nm of 0.4-0.5, 1 ml of the culture was transferred to a 1.5 ml 

microfuge tube and the bacteria were harvested by centrifugation at maximum speed at room 

temperature for 1 min using a micro-centrifuge (model 235C from Fisher scientific). 900 μL of 

the supernatant were discarded and the remaining 100 μL were used to resuspend the cell. The 

cells were then ready to be applied on agarose slides (section 2.7.3) or processed for further 

staining (see below). 

 

2.7.2: Staining the bacterial DNA with DAPI and bacterial membranes with FM4-64  

 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 -40C.  

 (N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl) -hexatrienyl) pyridinium 

dibromide (FM4-64) was purchased from Invitrogen (catalogue number 21487, 1 mg/ml). FM4-

64 stocks were prepared by mixing 1 ml of DMSO (dimethyl sulfoxide) and 1 mg of FM4-64. 

Aliquots of these FM4-64 stocks were stored in foil-wrapped microfuge tubes at -40C.  

1 L of 1 mg/mL FM4-64 stock (final concentration 1.6 M or 10 μg/ml) and/or 0.5 μL 

of 10 mg/mL DAPI stock (final concentration 50 g/ml) were added to 100 L of cell 

suspension (see above) and mixed. The cell suspension was wrapped in aluminum foil and 
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incubated for 15-30 min in the dark at room temperature. The cell suspension was then ready to 

be applied on agarose slides (section 2.7.3) 

  

2.7.3: Agarose slides for imaging 

Agarose slides were used in order to maintain the conditions of bacterial growth and in order 

to prevent the living bacteria from moving on the slide during the imaging process. Agarose 

slides were prepared as follows: 10 ml of MOPS minimal medium (section 2.3.3) were mixed in 

a small beaker with 0.15 g of agar (1.5% w/v). The top of the beaker was wrapped with tin foil 

and the mix was heated to a boiling point. 30 μL of the boiled mixture were then pipetted onto 

microscope slides (Fisherbrand® 25 X 75 X 1 mm Frosted End - Slide, catalogue number 12-

552-3, Fisher Scientific) and immediately were covered with a non-disposable cover glass 

(Cover Slip, Microscopy, size 24 X 50 mm, catalogue number 12-545-88, Fisher Scientific) to 

flatten the agar pad. Before the non-disposable cover glasses were first used, they were dipped in 

Sigmacote (Sigma Aldrich), briefly washed with H2O and air dried. After 15-20 min the agar 

pads were solidified and the non-disposable cover glasses were gently removed. 2.5-5 μL of the 

cell suspension were pipetted on the agar pad and were covered with a cover glass (size 24 X 50 

mm, catalogue number 12-548-B, Fisher Scientific). The slides were then ready to be viewed by 

the microscope. 

 

2.7.4: Bright field, differential interference contrast (DIC) and fluorescence micrographs. 

Bright field and DIC imaging were carried out as described previously (Romantsov et al., 

2007). Viewing and imaging live E. coli cells that were stained with hydroxyl coumarin-carbonyl 
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amino-D-alanine (HADA) or hydroxyl coumarin-carbonyl amino-L-alanine (HALA) (appendix 

A.3), DAPI and/or FM4-64, were carried out with RetigaEX CCD camera installed on an 

Axiovert 200M inverted fluorescence microscope (Carl Zeiss Microimaging Inc.) equipped with 

a Zeiss Plan Neofluor 100 x oil NA1.3 objective. Viewing and imaging of live E. coli cells that 

expressed GFP or mCherry fluorescent proteins were carried out with ORCA-Flash4.0 digital 

camera (Hamamatsu) installed on a Leica DM5000B fluorescence microscope equipped with a 

Leica 63X oil objective. The fluorescence was excited with an X-Cite light source (Lumen 

dynamics) using different filter sets as follows: For blue DAPI fluorescence, excitation filter was 

BP365/12 nm, dichroic mirror FT395 and emission filter LB397. For red FM4-64 fluorescence 

the filter was “Texas Red”, for red mCherry fluorescence the filter was TXRED 4040B and for 

green GFP fluorescence the filter was FITC 3540B. Images were obtained and processed using 

Volocity software (PerkinElmer). 

 

2.8: Transport assay 

Transport assays were performed as described previously (Milner et al., 1988, Culham et 

al., 2003a). E. coli was cultivated in MOPS minimal medium and was washed with 

unsupplemented MOPS media as described in section 2.3.3. Aliquots of this cell suspension were 

added to assay mixtures (see below) that contained unsupplemented MOPS media, 10 mM 

glucose and 0.09 mg/ml chloramphenicol. These media do not stimulate growth and protein 

synthesis; however, the cells were kept under those conditions at room temperature for no more 

than 4 hours. The transport assays were also supplemented with NaCl to adjust their osmolality. 

In general, 25 µL of E. coli cells were added into 455 µL of transport assay mixture and 
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incubated for 3 min in a 25

C shaking water bath. Solute uptake was initiated by adding 20 μL of 

radioactive labeled osmolyte such as L-[
3
H]-glycine betaine or L-[

14
C]-glycine betaine at a final 

concentration of 100 µM (2.5 Ci/mol), or L-[
14

C]-proline at a final concentration of 200 µM (5 

Ci/mol). L-[
3
H]-glycine betaine (glycine-2-

3
H, catalogue number ART 1896, specific activity: 

1.85-2.22 GBq/mmol) and L-[
14

C]-glycine betaine (glycine-1-
14

C, catalogue number ARC 0748, 

specific activity: 1.85-2.22 GBq/mmol) were purchased from American Radiolabelled Chemicals 

(ARC, St. Louis, Missouri, USA). L-[
14

C(U)]-Proline (catalogue number NEC285E250UC, 

specific activity: 9.25GBq/mmol) was purchased from Perkin Elmer (Waltham, Massachusetts, 

USA). After 20, 40 and 60 sec of incubation, the reaction was stopped by pipetting 150 µL of the 

reaction mix onto a 0.45 µm, 25 mm membrane filter (Millipore catalogue number HAWP 025 

00, Fisher scientific) on a Hoefer vacuum filtration manifold. The cells were immediately 

washed with 5 ml of unsupplemented MOPS medium (section 2.3.3). The filters were removed 

from the vacuum apparatus and were placed in Polyethylene scintillation vials (Beckman LS 18 

mL Poly-Q or the Perkin Elmer BN 20 mL). In cases where the radioactively labeled osmolyte 

was L-[
3
H]-glycine betaine, 5 ml of filtron-X solution (catalogue number NDILS-201) were 

added to each vial and the radiation on the filters was measured by scintillation counter 

(Beckman Coulter LS 6500 Scintillation Counter). Filtron-X solution was purchased from 

Diamed (Mississauga, Ontario, Canada). In cases where the radioactive labeled osmolytes were 

L-[
14

C]-glycine betaine or L-[
14

C]-proline, the filters were dried for 1 - 2 hours under a heat 

lamp. 5 mL of scintanalyzed Xylenes containing 2,5-diphenyloxazole (PPO) (catalogue number 

X16-4, Fisher scientific) were then added into the vials that contained the dried filters. The radial 

activity on each dried filter was measured by scintillation counting (Perkin Elmer Tri-Carb 2910 

TR Liquid Scintillation Analyzer) for 5 min. Each transport assay was performed in triplicate 
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and each experiment was completed at least twice. The total protein concentration in the cell 

suspension was determined by using the BCA assay (section 2.6.1). The specific radioactivity in 

each sample was determined by the quantity of cells added to the assay mixture and the activity 

of the transporter in those cells. Equation 3 indicates the determination of the nmol osmolyte /mg 

protein ratio in each sample. The 500 μL represents the total volume of each assay mixture and 

the 150 μL represents the volume of the reaction mixture that was applied to each filter.  

Equation 3: 

  

 

 

Linear regression analysis of uptake (nnol osmolyte / mg protein) vs time was completed 

for each of the three replicates. The three replicate initial rates of osmolyte uptake in each 

transport assay were represented in nmole proline / mg protein / min and then averaged to give 

an average initial rate with a calculated standard error value. The initial rates were then plotted, 

in addition to standard error, in a graph via Sigma plot graphing software (version 12.5). 

Nonlinear regression was used to fit the data to a specific empirical formula: ao /Amax = {1 + 

exp[-(П - П1/2)/(RTB)]}
-1

 (Wood, 1999) to obtain Amax, П1/2/RT and B as shown in Figure 1.3.  

 

2.8.1: Inhibition of proline/glycine betaine uptake via ProPEc, ProPCg, ProPAt and ProPXc 

 The cells were cultivated and the experiment was performed as described in section 2.8 

with slight variations as follows: 30 µL of E. coli cells were added into 546 µL of transport assay 

X mg protein mg protein 

 

X CPM of sample  
nm osmolyte 

 = 

500 µL 

150 µL X 
CPM of 

14
C/

3
H osmolyte stock  

                            

 

nmol 
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medium and were incubated for 3 min in a 25

C shaking water bath. 20 µL of the desired 

radioactive labeled osmolyte (section 2.8) were added to an empty glass tube and aliquots of 

unlabeled osmolytes, which served as inhibitors, were added to those tubes to attain varying 

concentrations. The experiment was initiated by pipetting 480 µL out of the 546 µL-30 µL 

transport assay/cells mix into a glass tube that contained the desired radioactive and the non-

radioactive labeled osmolytes mix. Samples were then mixed, filtered and data were analyzed as 

described in section 2.8. 

 

Chapter 3: Characterization of ProPXc and its use to test our hypothesis that the C-

terminal coiled-coil domain lowers the osmotic activation threshold of ProP. 

3.1: Characterization of ProPXc activity in E. coli cells. 

 The purpose of this part of the work was to study whether ProPXc acts as a transporter of 

osmolytes such as proline and/or glycine betaine and whether ProPXc activity is osmolality 

dependent. To fulfill these goals, ProPXc expression was adjusted to a level that was high 

enough for the detection of transport activity, but is not so high that the ProPXc protein would 

aggregate forming inclusion bodies. Therefore, the aim was to adjust the activity level of ProPXc 

to the activity of ProPEc. Tags were not added to ProPXc, since its activity was not 

characterized. In addition, because of the lack of anti-ProPXc antibody, the expression level of 

ProPXc in E. coli did not determine by Western blot. 
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3.1.1: Expression and function of ProPXc. 

Different organisms have been shown to possess different codon usage (Gouy & Gautier, 

1982). Using the GenScript Rare Codon Analysis Tool (http://www.genscript.com/cgi-

bin/tools/rare_codon_analysis), the coding sequence proP of X. campestris was analysed to 

predict its expression in E. coli cells. The output of this analysis implied that there would be poor 

expression of ProPXc in E. coli. Therefore, the gene proP of X. campestris was both amplified by 

PCR using X. campestris DNA as template and synthesized with optimal codon usage for E. coli 

(Figure 2.1). Both products were inserted in vector pBAD24 under control of the arabinose-

inducible araBAD promoter (Guzman et al., 1995) and were expressed in an E. coli strain 

WG350, which is depleted of proline and glycine betaine transporters (proP
¯
, proU

¯
, putP

¯
) 

(Culham et al., 1993). A broad array of osmoprotectants were identified as ProPEc substrates 

(MacMillan et al., 1999), which stimulated the growth of osmotically stressed bacteria (Murdock 

et al., 2014). However, this growth was prevented when the transporters for those osmolytes 

were depleted (Murdock et al., 2014). By using a radial streak test (section 2.4), I tested whether 

known osmolytes stimulate the growth of an E. coli strain that expresses ProPXc (WG1415, 

Table 2.1) under osmotic stress. For this experiment, the cells were streaked on MOPS minimal 

medium agar plates supplemented with 0.5 M NaCl to impose an osmotic stress and 0.33 mM 

arabinose to induce expression of ProPXc or ProPEc. Osmolytes with high affinity for ProPEc, 

such as proline and glycine betaine (MacMillan et al., 1999) were added to the filters on the 

plates (section 2.4). As shown in figure 3.1, glycine betaine, but not proline stimulated the 

growth of bacteria expressing ProPXc (compare Panels E and F). This growth stimulation was 

dependent on the supplementation of 0.33 mM arabinose (compare plates B and E). Upon 

osmotic stress, proline or glycine betaine stimulated the growth of E. coli cells expressing 

http://www.genscript.com/cgi-bin/tools/rare_codon_analysis
http://www.genscript.com/cgi-bin/tools/rare_codon_analysis
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ProPEc, regardless of the concentration of arabinose (plates A and B). Without osmotic stress, E. 

coli cells that express ProPXc, ProPEc or do not express ProP (ProP¯) thrived on these media, as 

shown in plates C and D.  

To attain measurable transport activity, the expression of ProPXc in E. coli cells was 

adjusted by varying the concentration of arabinose and glycine betaine uptake activity was 

measured (Figure 3.2). The radial streak test results implied that ProPXc may possess different 

relative affinities for glycine betaine and proline than ProPEc (MacMillan et al., 1999, Culham et 

al., 2003a). Therefore, glycine betaine was used for characterization of ProPXc activity in E. coli 

cells. The initial rates of glycine betaine uptake via ProPXc increased almost linearly with 

arabinose at concentrations up to 0.4 mM (Figure 3.2). Beyond 0.4 mM arabinose, glycine 

betaine uptake did not correlate directly with arabinose concentration. 

 

3.1.2: Determination of KM and Vmax for ProPXc in E. coli cells.  

The kinetics of glycine betaine uptake via the codon optimized ProPXc were determined 

(Figure 3.3). The KM (9.6 μM) and the associated Vmax (12 nmoles/min/mg protein) of ProPXc for 

glycine betaine were determined (Figure 3.3). These results indicate that ProPXc activity could 

be measured accurately by providing glycine betaine at a concentration of 100 μM in the 

transport assay media. 

 

3.1.3: Substrate specificities of ProP orthologues. 

 As part of the characterization of ProPXc activity in E. coli, the abilities of an array of 

zwitterionic osmolytes to inhibit proline or glycine betaine uptake into E. coli cells via ProPXc,   
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E. coli strains (Panels A-F): WG709 (Ec) expresses wild-type ProPEc, WG1415 (Xc) expresses wild-type 

ProPXc and WG708 (Nil) does not express ProP. Radial streak tests were performed on NaCl-free MOPS 

minimal medium agar plates (section 2.3.2) supplemented with 50μg/ml ampicillin and with or without 

0.5 M NaCl (w/v) to impose an osmotic stress. L-arabinose (Ara) was spread evenly on the indicated 

plates to the final concentrations of 0.33 mM. 0.2 X 10
-5

 moles of filtered proline (Pro) or glycine betaine 

(GB) were added to each filter disc. The plates were incubated at 37C overnight or until growth 

were visible. Each experiment was repeated twice and similar results were observed. 

Representative data are shown. 
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Figure 3.1: ProPXc mediates osmoprotection of E. coli by glycine betaine, but not proline. 
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E. coli strain WG1436 expressing codon-optimized proP of X. campestris, was cultivated in 

NaCl-free MOPS medium (0.15 mol/kg). ProPXc expression was induced with the addition of 

arabinose at final concentrations of 0 mM, 0.1 mM, 0.4 mM, 0.75 mM, 1.5 mM, and 3.5 mM to 

the final subculture of the cells’ medium. ProPXc assay media were adjusted with NaCl to attain 

an osmolality of 0.15 mol/kg and contained radiolabeled glycine betaine at a concentration of 

100 μM. The experiment was repeated twice and similar results were observed. Representative 

data are reported.  
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Figure 3.2: Impact of arabinose on ProPXc activity in E. coli cells. 
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E. coli strain WG1436 expressing codon-optimized proP of X. campestris, was cultivated in 

NaCl-free MOPS medium (0.15 mol/kg) and expression of proP of X. campestris was induced 

with 0.045 mM arabinose. The initial rate of glycine betaine uptake was measured at series of 

glycine betaine concentrations (2-200 μM). Assay media were adjusted with NaCl to attain an 

osmolality of 0.24 mol/kg. KM and Vmax were determined by nonlinear regression using the 

Michaelis-Menten equation as model. KM and the associated Vmax values of two replicates (Rep) 

are indicated in the inserted table. 

 

 

Figure 3.3: Determination of KM and Vmax for ProPXc in E. coli cells. 
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ProPEc, ProPAt, or ProPCg were compared. Previous work showed that ProPEc possesses 

similarly high affinities for proline and glycine betaine (MacMillan et al., 1999). Osmolytes that 

were previously reported to provide strong (ectoine, glycine betaine, DMSP 

(dimethylsulfoniopropionate)) or weak (choline, TMAO (trimethylamine-N-oxide)) 

osmoprotection to E. coli (MacMillan et al., 1999, Murdock et al., 2014) were selected and their 

abilities to inhibit proline uptake into E. coli cells via ProPEc, ProPAt or ProPCg were compared. 

As indicated in Figures 3.4A-C, ectoine was a very strong inhibitor for proline uptake via 

ProPEc, ProPAt and ProPCg, whereas choline and TMAO inhibited weakly or did not inhibit 

proline uptake. Glycine betaine acted as a very strong inhibitor for proline uptake via ProPEc or 

ProPAt, whereas DMSP acted as a moderate inhibitor. In contrast, neither glycine betaine nor 

DMSP inhibited proline uptake via ProPCg.  

For ProPXc, the impacts of substrate analogues on the initial rate of glycine betaine 

uptake, rather than proline uptake, were measured (Figure 3.4D). Surprisingly, proline acted as 

only a moderate inhibitor of glycine betaine uptake via ProPXc. Ectoine acted as a very strong 

inhibitor for glycine betaine uptake via ProPXc, whereas choline and TMAO inhibited weakly 

and DMSP acted as a moderate inhibitor for glycine betaine uptake.  

The similarity in substrate specificity between ProPEc and ProPAt is not surprising, since 

ProPAt is very similar in sequence to ProPEc (65%) (Poolman et al., 2004). However, the 

finding that ProPCg and ProPXc differ in substrate specificity from ProPEc and ProPAt was not 

expected. 
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E. coli strains WG709 (A), WG903 (B), WG902 (C) and WG1436 (D) were grown in NaCl-free 

MOPS medium (0.15 mol/kg). Expression of ProPAt was induced with 0.3 mM arabinose 

(Tsatskis et al., 2005) and expression of ProPXc was induced with 0.4 mM arabinose as 

discussed in section 3.1.1. To optimize the activity of each transporter, the assay media were 

adjusted with NaCl to attain osmolalities of 0.44 mol/kg (A-B), 0.59 mol/kg (C) and 0.15 mol/kg 

(D). Assay media contained radiolabeled proline or glycine betaine at concentrations of 200 μM 

and 100 μM respectively. The initial rate that was achieved in the assay without the inhibitor 

served as 100% activity of the transporter and relative proline/glycine betaine rates were 

calculated for initial rates that were achieved in the assay with a inhibitor. The experiments were 

repeated twice and similar results were observed. Representative data are reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Substrate specificities of ProP orthologues. 
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3.2: Osmolality dependence of ProPXc activity  

In the last step of characterization of ProPXc, the initial rates of glycine betaine uptake 

via ProPXc, encoded by genes with or without codon optimization were measured as a function 

of the osmolality (Figure 3.5). ProPEc was included in these experiments, because its activity is 

known to be a sigmoidal function of the osmolality in E. coli cells (Culham et al., 2003a).  

Codon optimization significantly enhanced ProPXc activity. Induction of the codon 

optimized proP of X. campestris expression with 0.4 mM arabinose led to the same glycine 

betaine uptake activity of ProPXc with the proline uptake activity of pBAD24-encoded, 

uninduced ProPEc at high osmolality. Unexpectedly, ProPXc was active at a lower osmolality 

than ProPEc. 

The increase in ProPXc activity in this osmolality range was less than 2-fold and that 

activity was not a sigmoidal function of the osmolality in E. coli cells. In this experiment, the 

initial rates of the transporters at osmolalities that are lower than the osmolality of the cells’ 

growth medium were also measured (the arrow in figure 3.5 indicates the osmolality of the 

growth medium). The decrease in transport activity at osmolalities lower than that of the growth 

media might result from the effects of the osmotic down-shock on the proton motive force 

(Ruffert et al., 1997) and not from regulation of the transporters.  

In section 3.2, the activities of ProPXc and ProPEc were compared up to the osmolality of 

~0.4 mol/kg. The uptake rate of proline via ProPEc at this osmolality was the highest at the 

tested conditions. However, the uptake rate of glycine betaine via ProPXc had not been measured 

in osmolalities higher than ~0.45 mol/kg. Therefore, the uptake rates of ProPXc and ProPEc for 

glycine betaine and proline, respectively, were measured at osmolalities up to 1000 mol/kg  
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E. coli strains WG709 (open circles), WG1436 (closed circles) and WG1415 (inverted triangles) 

were grown in NaCl-free MOPS medium (0.15 mol/kg). Expression of codon optimized proP of 

X. campestris ( ● ) and of wild-type proP of X. campestris  ( ▼ ) was induced with 0.4 mM 

arabinose. The osmolalities of the assay media were adjusted with NaCl. The arrow indicates the 

growth medium osmolality. ProPEc assay media contained radiolabeled proline at a 

concentration of 200 μM. ProPXc assay media contained radiolabeled glycine betaine at a 

concentration of 100 μM. ProPEc data were fit to the equation: ɑo = Amax{1 + exp[-(П - 

П1/2)/(RTB)]
-1

 (Wood, 1999). ProPXc data points were connected. The experiment was repeated 

twice and similar results were observed. Representative data are reported. 

Figure 3.5: Osmoregulation of ProPXc and ProPEc. 
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E.coli strains WG709 (open circles) and WG1436 (closed circles) were grown in NaCl-free 

MOPS medium (0.15 mol/kg). Expression of proP of X. campestris (codon optimized) was 

induced with 0.4 mM arabinose. The osmolalities of the assay media were adjusted with NaCl. 

The arrow indicates the growth medium osmolality. ProPEc assay media contained radiolabeled 

proline at a concentration of 200 μM. ProPXc assay media contained radiolabeled glycine betaine 

at a concentration of 100 μM. ProPXc data points were connected. The experiment was repeated 

twice and similar results were observed. Representative data are reported. 

 

Figure 3.6: Impacts of low and high osmolalities on the activities of ProPXc and ProPEc. 

Osmolality (mol/kg)

0.0 0.2 0.4 0.6 0.8 1.0P
ro

li
n

e
 a

n
d

 G
ly

c
in

e
 B

e
ta

in
e
 U

p
ta

k
e
 V

ia
 P

ro
P

E
c

 a
n

d
 

P
ro

P
X

c
 r

e
s
p

e
c
ti

v
e
ly

 (
n

m
o

le
s
/m

in
/p

ro
te

in
)

0

20

40

60

80

100

ProPEc

ProPXc (codon optimized proP)

Osmolality (mol/kg)

0.0 0.2 0.4 0.6 0.8 1.0P
ro

li
n

e
 a

n
d

 G
ly

c
in

e
 B

e
ta

in
e
 U

p
ta

k
e
 V

ia
 P

ro
P

E
c

 a
n

d
 

P
ro

P
X

c
 r

e
s
p

e
c
ti

v
e
ly

 (
n

m
o

le
s
/m

in
/p

ro
te

in
)

0

20

40

60

80

100

ProPEc

ProPXc (codon optimized proP)

Osmolality (mol/kg)

0.0 0.2 0.4 0.6 0.8 1.0P
ro

li
n

e
 a

n
d

 G
ly

c
in

e
 B

e
ta

in
e
 U

p
ta

k
e
 V

ia
 P

ro
P

E
c

 a
n

d
 

P
ro

P
X

c
 r

e
s
p

e
c
ti

v
e
ly

 (
n

m
o

le
s
/m

in
/p

ro
te

in
)

0

20

40

60

80

100

ProPEc

ProPXc (codon optimized proP)



79 

 

(Figure 3.6). As for ProPEc (Tsatskis et al., 2005), the activation of ProPXc decreased when the 

osmolality of the transport assay media was higher than ~0.45 mol/kg. Again, ProPXc retained 

activity at osmolalities below 0.2 mol/kg where ProPEc did not. 

 

3.3: Discussion 

The aim of this work was to test our hypothesis that the C-terminal coiled-coil domain lowers the 

osmotic activation threshold of ProP. ProPXc was selected for these experiments, because it has 

the highest percent of identity to ProPEc among the ProP orthologues that do not possess a C-

terminal coiled-coil (Poolman et al., 2004). In addition, the anionic phospholipid content of 

ProPXc is only double compared to ProPEc membranes (Romantsov et al., 2008, Schaad, 1982). 

The KM and the associated Vmax of ProPXc for glycine betaine as well as the expression level of 

ProPXc were determined when ProPXc was expressed in E. coli cells. Under similar 

experimental conditions, this KM value was nearly the same as that of ProPEc for proline 

(Culham et al., 2003a). Induction of ProPXc expression with 0.045 mM arabinose instead of 0.4 

mM arabinose in experiments for determination of the KM and the associated Vmax of ProPXc for 

glycine betaine was not expected to affect the KM value.  

In this work, the expression of ProPXc was increased by induction with arabinose (Figure 

3.2) and by codon optimization of proP of X. campestris (Figure 3.5). The translation rate and 

the eventual protein levels in E. coli cells are suggested to be dependent on the codon usage of 

the gene sequence and their corresponded tRNA [For review see (Welch et al., 2009, Gustafsson 

et al., 2004, Gustafsson et al., 2012)]. Codons that are less frequently used or their corresponding 

tRNA are not highly abundant, and are considered rare (Welch et al., 2009, Gustafsson et al., 
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2004, Gustafsson et al., 2012). Synonymous codon substitutions that do not alter the encoded 

proteins have been shown to influence the gene expression. The finding that the expression of 

ProPXc with codon optimization is much higher than without codon optimization encouraged us 

to continue our work with the former variant. 

When proP of X. campestris was induced with concentration higher than 0.4 mM 

arabinose, the activity of ProPXc did not correlate directly with the arabinose concentration. 

Furthermore, addition of 3.5 mM arabinose to the medium of E. coli cells that express ProPXc 

impaired the cells’ growth (data not shown). Overexpression of ProPXc may have caused it to 

aggregate in the cells and subsequently to lose its activity.  

The findings that ProPXc activity is increased with increasing osmolality of the assay 

media, demonstrated that ProPXc is an osmoregulated transporter in E. coli cells. In high 

osmolality assay experiments, the activities of both ProPXc and ProPEc decreased. For ProPEc, 

this observation can occur due to two reasons. First, ProPEc may change to an inactive 

conformation state at very high osmolalities. Second, previous work showed that the KM and the 

associated Vmax for proline uptake via ProPEc both increased when the medium osmolality was 

increased (Culham et al., 2003a). In order to test the second assumption, we will have to repeat 

the experiment described in section 3.2 using ProPEc, with much higher concentrations of 

labeled proline. However, this experiment is not justified with our lab budget. In this work, I did 

not test the effect of osmolality on the KM and the associated Vmax of ProPXc for glycine betaine. 

Therefore, the activities of ProPXc and ProPEc cannot be analysed and cannot be compared in 

high osmolalities without determining whether the substrate concentrations are not higher than 

the KM of these transporters for their substrates.  
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This work showed that ProPXc is highly activated in osmolalities that are close to the 

growth medium osmolality (Figures 3.5 and 3.6). At low osmolalities, the activity of ProPXc was 

higher than of other ProP orthologues. This result was not predicted based on the work 

performed with ProPCg (Tsatskis et al., 2005). The previous comparison among the ProP 

orthologues demonstrated that the osmolality that yielded half maximum activity of those with 

the coiled-coil (ProPEc and ProPAt) was lower than that for ProPCg, which lacks the coiled-coil. 

The osmolality required to activate ProPXc was lower than that for ProPCg, ProPEc and ProPAt. 

Thus, ProP orthologues, such as ProPXc that do not possess a C-terminal coiled-coil domain 

might have another mechanism to modulate the transporters activity at low osmolalities.  

The radial streak test results suggested that proline does not stimulate the growth of E. 

coli cells that express ProPXc (section 3.1.1). These results were confirmed when proline was 

shown to act as a moderate inhibitor of glycine betaine uptake via ProPXc (Figure 3.4D). The 

radial streak test experiment in section 3.1.1 was performed on E. coli cells that express ProPXc 

without codon optimization. With the characterization of ProPXc, I would expect to find that 

proline does stimulate the growth of E. coli cells that express ProPXc with codon optimization. 

Comparing the results between the ProP orthologues in figure 3.4 indicate that the relative 

affinities of ProPXc for proline and glycine betaine differ from those of the ProP orthologues that 

were studied in this work.  
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Chapter 4: Corroboration of the FlAsH-based ProPEc localization work with fluorescent 

protein-based experiments. 

Part of the work reported in this chapter was contributed by research assistant Craig Kerr 

and undergraduate project student Tavia Caplan. Craig Kerr constructed plasmid pCK2 (Table 

2.2) and transformed it into E. coli strain WG350 (WG1379, Table 2.1). Tavia Caplan adjusted 

the expression levels of mCherry-ProPEc and GFPmut2A206K-ProPEc fusion proteins (for the 

fusion proteins construction see sections 4.1-4.2) by varying the arabinose concentrations in the 

cells’ media and analyzed the subcellular distribution of those fusion proteins (Figures 4.4-4.5). 

Tavia Caplan also tested the dependency of cardiolipin content and medium osmolality on the 

localization of GFPmut2A206K-ProPEc fusion protein in E. coli cells that are clsA
+
 (WG1418) or 

clsA¯ (WG1419) (Figure 4.6, section 4.3). 

 

4.1: Expression and stability determination of GFPmut2-ProPEc and GFPmut2A206K-

ProPEc fusion proteins. 

 Among available fluorescent proteins (Table 4.1) our choice for an efficiently expressed 

and reliably detectable fluorescent indicator with high photostability for imaging was GFPmut2 

(S65A, V68L, S72A, mutations relative to wild-type GFP) (Cormack et al., 1996). As discussed 

previously, the C-terminal coiled-coil of ProPEc plays a functional role on the transporter. Based 

on these data, we decided to fuse GFP to the N-terminus of ProPEc. The gene expressing the 

GFPmut2-ProPEc fusion protein was inserted into pBAD24 vector, creating plasmid pCK2 

(Table 2.2), which was introduced into E. coli strain WG350 (proP
¯
, proU

¯
, putP

¯
), creating 

strain WG1379 (Table 2.1). Wild-type GFP proteins have been shown to form unstable dimers  
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Table 4.1: Key properties of fluorescent proteins GFP, GFPmut2 GFPmut2A206K and 

mCherry and FlAsH tag. 

 

a
 Peak excitation wavelength. 

b
 Peak emission wavelength. 

 

 

 

 

 

 

Protein/tag Class Excitation
a
/emission

b
 Oligomerization 

mCherry Red 588/610 (Shaner et al., 2004) 

Monomer (Shaner et 

al., 2004) 

GFP Green 395/510 (Morise et al., 1974) 

Unstable dimer (Yang 

et al., 1996) 

GFPmut2 Green 481/507 (Cormack et al., 1996) unstable dimer  

GFPmut2A206K Green 488/507 (Chirico et al., 2002) 

Monomer (Zacharias 

et al., 2002) 

FlAsH tag Green 495/535 (Adams et al., 2002) NA (peptide) 
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(Yang et al., 1996). To eliminate the formation of GFP dimers in the cells (Zacharias et al., 

2002), substitution A206K was introduced into GFPmut2 by site-directed mutagenesis (section 

2.5). The fusion protein variant was expressed in E. coli strains WG1418 and WG1419 that were 

both depleted of proline and glycine betaine transporters (proP
¯
, proU

¯
, putP

¯
). In addition, E. 

coli strain WG1419 is clsA¯ (Romantsov et al., 2007).  

The next step was to determine the stability of GFPmut2-ProPEc and GFPmut2A206K- 

ProPEc fusion proteins and their expression levels in the cells. The expression of the fusion 

proteins was adjusted by varying the concentration of the arabinose in the cells’ medium (Figures 

4.1A and 4.2A). The total cell lysates were analyzed by Western blot with anti- ProPEc antibody 

and anti-GFP antibody. E. coli strain WG350 containing pBAD24 (WG708) or expressing 

ProPEc from pBAD24 (WG709) was used as negative or positive control, respectively. ProPEc 

has a molecular weight of 55 kDa. However, ProPEc migrates on SDS-PAGE gels with an 

apparent molecular weight of ~ 42 kDa (Culham et al., 1993). This may arise because integral 

membrane proteins like ProPEc might not fully unfold in SDS-PAGE gels. The results in figures 

4.1A and 4.2A show that both fusion proteins were degraded when they were expressed from 

pBAD24. In comparison between the two images, both fusion proteins have the same pattern of 

degradation. For example, proteins with the apparent molecular weight of wild-type ProPEc 

detected in both images and a repeat of the same apparent molecular weight of three to four 

major fusion protein segments was detected when anti-ProPEc antibodies were used. In addition 

to the degraded appearance of GFPmut2-ProPEc and GFPmut2A206K-ProPEc fusion proteins 

when anti-ProPEc antibody was used, those fusion proteins also appeared degraded when anti-

GFP antibody was used (figures 4.1B and 4.2B). Exposing the nitrocellulose membranes to a 

film for 30 seconds revealed more fragments (Figure 4.1C) than exposing for 1 second (Figure 



85 

 

4.1B). A protein with the expected molecular weight of wild-type GFP (27 kDa) appeared only 

in Figure 4.1C. 

One of the goals of the Western blots was to normalize the expression levels of GFPmut2-

ProPEc and GFPmut2A206K-ProPEc fusion proteins with the expression levels of wild-type 

ProPEc that is expressed from pBAD24 without arabinose induction (Figures 4.1A and 4.2A, 

ProP
+
 lanes). The expression of GFPmut2-ProPEc and GFPmut2A206K-ProP ProPEc fusion 

proteins increased with the increasing arabinose concentration in the cells’ medium (Figures 

4.1A and 4.2A). Addition of 64 μM arabinose to the medium of E. coli cells that express 

GFPmut2-ProPEc and GFPmut2A206K-ProPEc fusion proteins induced the fusion proteins’ 

expression (if we sum all the degraded variants) to approximately the same level as the 

expression of the wild-type ProPEc. The degradation of those fusion proteins, however limits the 

accuracy of this estimate.  

The fusion of GFPmut2 and GFPmut2A206K to ProPEc led to the degradation of the fusion 

proteins. This result might affect our interpretations of ProPEc localization in E. coli cells. 

Therefore, we were seeking another fluorescent indicator to fuse to ProPEc. 

 

4.2: Expression and stability determination of mCherry-ProPEc fusion proteins. 

To further search for the fluorescent indicator that would lead to more stable fluorescent 

indicator-ProPEc fusion proteins, we chose mCherry. mCherry has the same characteristics as 

GFPmut2 noted above. However, it is not a GFP variant, it does not dimerize (Shaner et al., 

2004) and it was intensively used as a fluorescence indicator for localization of proteins at the E. 

coli cells’ poles (Lopian et al., 2010). Thus, the gene encoding mCherry was PCR amplified
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The cells were grown in NaCl-free MOPS medium (0.15 mol/kg). E. coli strain WG708 does not 

express ProP (ProPEc¯). E. coli strain WG709 expresses wild-type ProPEc without addition of 

arabinose to the growth medium (wild-type ProPEc). GFPmut2-ProPEc fusion protein was 

expressed from E. coli strain WG1379. Arabinose was added to the growth medium at the 

concentrations indicated on top of each lane. The bottom panels show a corresponding gel 

stained with Gelcode blue that was used to compare the protein loading levels.  Proteins 

expressed by E. coli were detected by Western blotting as described in section 2.6.4-2.6.4.2. 

Anti-ProPEc antibody (panel A) was used to detect ProPEc. Anti-GFP antibody (Panels B and C) 

was used to detect GFP. The nitrocellulose membranes that were incubated with ECL reagents 

were exposed to a film for 1 second (panel B) and 30 seconds (panel C). The predicted molecular 

weights of ProPEc and GFPmut2 are 55kDa and 27kDa, respectively. The migrations of ProPEc 

(~42kDa), GFPmut2 (~27kDa) and GFPmut2-ProPEc (predicted to be ~69kDa) on SDS PAGE 

gels are indicated by arrows. The experiment was repeated twice and similar results were 

observed. 

 

 

 

Figure 4.1: Western blot analysis of GFPmut2-ProPEc fusion protein when expressed from 

pBAD24 with or without arabinose. 
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The cells were grown in NaCl-free MOPS medium (0.15 mol/kg). E. coli strain WG708 does not 

express ProP (ProPEc¯). E. coli strain WG709 expresses wild-type ProPEc without addition of 

arabinose to the growth medium (wild-type ProPEc). GFPmut2A206K-ProPEc fusion protein was 

expressed from E. coli strain WG1418. Arabinose was added to the growth medium at the 

concentrations indicated on top of each lane. The bottom panels show a corresponding gel 

stained with Gelcode blue that was used to compare the protein loading levels. Proteins 

expressed by E. coli were detected by Western blotting as described in section 2.6.4-2.6.4.2. 

Anti-ProPEc antibody (panel A) was used to detect ProPEc. Anti-GFP antibody (panel B) was 

used to detect GFP. The predicted molecular weights of ProPEc and GFPmut2 are 55kDa and 

27kDa, respectively. The migrations of ProPEc (~42kDa), GFPmut2A206K (~27kDa) and 

GFPmut2A206K-ProPEc (predicted to be ~69kDa) on SDS PAGE gels are indicated by arrows. 

The experiment was repeated twice and similar results were observed.                                      

 

Figure 4.2: Western blot analysis of GFPmut2A206K-ProPEc fusion protein when expressed 

from pBAD24 with or without arabinose 
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using plasmid pBADLLEI-mCherry (Fux et al., 2003) as template and was inserted into plasmid 

pDM5 (Table 2.2). The mCherry-ProPEc fusion protein encoded by pDM6 (section 2.5.1) was 

expressed in E. coli strain WG350 (proP
¯
, proU

¯
, putP

¯
) (WG1465, Table 2.1). The stability of 

the mCherry-ProPEc fusion protein and its expression level were determined using the same 

methods as for the GFPmut2-ProPEc and GFPmut2A206K-ProPEc fusion proteins.  

As shown in Figure 4.3A, the degradation of mCherry-ProPEc fusion protein was 

detected by anti-ProPEc antibody. The mCherry-ProPEc fusion protein is degraded to two major 

segments and a segment with the apparent molecular weight of wild-type ProPEc is barely 

detected under these experimental conditions. One of the two major segments of mCherry-

ProPEc has an apparent molecular weight that is slightly higher than that of the expected 

apparent molecular weight of the wild-type ProPEc. Addition of 16 μM arabinose to the media of 

the E. coli cells that express mCherry-ProPEc fusion protein induced the expression to a slightly 

higher level than that of the wild-type ProPEc (Figure 4.3A). mCherry-ProPEc fusion protein 

also appeared degraded when anti-mCherry antibody was used (figures 4.3B and 4.3C). Protein 

with the expected molecular weight of the wild-type mCherry can be observed in Figure 4.3C. 

 These results showed that using mCherry instead of GFP as a fluorescent indicator for 

ProPEc localization pattern did not solve the lack of stability of fluorescent protein-ProPEc 

fusion protein. 

 

 

.  
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The cells were grown in NaCl-free MOPS medium (0.15 mol/kg). E. coli strain WG708 does not 

express ProP (ProPEc¯). E. coli strain WG709 expresses wild-type ProPEc without addition of 

arabinose to the growth medium (wild-type ProPEc). mCherry-ProPEc fusion protein was 

expressed from E. coli strain WG1464. Arabinose was added to the growth media at the 

concentrations indicated on top of each lane. The bottom panels show a corresponding gel 

stained with Gelcode blue that was used to compare the protein loading levels. Proteins 

expressed by E. coli were detected by Western blotting as described in section 2.6.4-2.6.4.2. 

Anti-ProPEc antibody (panel A) was used to detect ProPEc. Anti-mCherry antibody (Panels B 

and C) was used to detect mCherry. The nitrocellulose membranes that were incubated with ECL 

reagents were exposed to a film for 1 second (panel B) and 30 seconds (panel C). The migrations 

of ProPEc (~42kDa), mCherry (~27kDa) and mCherry-ProPEc (predicted to be ~69kDa) on SDS 

PAGE gels are indicated by arrows. The experiment was repeated twice and similar results were 

observed.                                       

 

 

 

 

 

 

Figure 4.3: Western blot analysis of mCherry-ProPEc fusion protein when expressed from 

pBAD24 with or without arabinose. 
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4.3: Visualization of the localization patterns of mCherry-ProPEc and GFPmut2A206K- 

ProPEc fusion proteins. 

We predicted that the full size mCherry-ProPEc and GFPmut2A206K- ProPEc fusion 

proteins that had not degraded, had integrated into the membrane. This hypothesis led us to 

analysis the localization patterns of those fusion proteins in E. coli cells. The expression levels of 

those fusion proteins were adjusted by varying the arabinose concentrations in the cells’ media 

and the subcellular distribution of mCherry-ProPEc was analyzed (Figure 4.4). Most of the cells 

that were cultivated with arabinose concentrations lower than 100 μM did not emit detectable red 

fluorescent light. Cells that were cultivated with arabinose concentrations higher than 100 μM 

were visualized as completely red. Almost no protein localization was observed in this 

experiment 

The subcellular distribution of GFPmut2A206KProPE fusion protein in bacteria cultured 

with varying concentrations of arabinose was also analyzed (Figure 4.5). At 100 μM arabinose, 

only 0.6% showed localization of GFPmut2A206KProPE in the cell poles and in septal regions of 

the bacteria. However, in higher arabinose concentrations the proportion of cells that showed 

localization of GFPmut2A206KProPEc fusion protein increased. 

In order to test whether CL plays a role in GFPmut2A206KProPEc localization, the 

GFPmut2A206KProPEc fusion was expressed in E. coli cells that are clsA
+
 (WG1418) or clsA¯ 

(WG1419). This experiment was designed to reproduce the results that were published 

previously (Romantsov et al., 2007, Romantsov et al., 2008). The percentages of cells that 

showed FlAsH-labeled ProPEc to be localized in poles/septal regions of the cells cultivated at 

low (46%) or high (51%) osmolality were almost the same (Romantsov et al., 2008). However, 
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E. coli WG1464 was grown in NaCl-free MOPS medium with the supplementation of 50 mM 

NaCl (0.24 mol/kg) (section 2.7.1). Slide preparation and mCherry-ProPEc fusion protein 

visualization are described in section 2.7.3 and 2.7.4, respectively. Arabinose was added to the 

growth medium at the concentrations indicated on top of each panel. The image scale bar is 5 

μM. The experiment was repeated twice and similar results were observed. 

 

 

 

 

 

0 μM 100 μM 500 μM 1 mM 

Arabinose 

mCherry-ProPEc 

Figure 4.4: Visualization of mCherry-ProPEc fusion protein in E. coli cells cultivated with 

varying concentrations of arabinose. 
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E.coli WG1418 was grown in NaCl-free MOPS medium with the supplementation of 50 mM NaCl (0.24 mol/kg) (section 2.7.1). Slide 

preparation and GFPmut2A206K-ProPEc fusion protein visualization are described in section 2.7.3 and 2.7.4, respectively. Arabinose 

was added to the growth medium at the concentrations indicated on top of each panel. The image scale bar is 5 μM. The percentages 

of cells that showed localization of GFPmut2A206K-ProPEc fusion protein in one or in the two cell poles and/or in the septal region of 

the bacteria were carried out by averaging three different counts of one hundred cells. Some of the localization of GFPmut2A206K-

ProPEc fusion protein in the right panel is indicated with arrows. The counting was repeated twice in two separate experiments. The 

standard deviations and the percent of cells that showed the fusion protein localization are indicated on the bottom of each panel. 

Figure 4.5: Visualization of GFPmut2A206K-ProPEc fusion protein cultivated with varying concentrations of arabinose. 

Arabinose 

GFPmut2A206K-ProPEc 

0 μM 100 μM 500 μM 1 mM 

0.6% ± 0.5 6.3% ± 1.5  6.6% ± 2.1 21%± 2.0 
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.expression of FlAsH-labeled ProPEc at high osmolality medium showed the strongest 

localization when the proportion of CL was increased (Romantsov et al., 2007). Only 4% (at low 

osmolality) and 11% (at high osmolality) of clsA¯ E. coli cells that expressed FlAsH-labeled 

ProPEc showed the same localization pattern (Romantsov et al., 2008). The subcellular 

distribution of GFPmut2A206KProPEc was observed as above using culture with low (0.24 

mol/kg) or high (0.74 mo/kg) osmolality. The proportion of cells that showed localization of 

GFPmut2A206KProPEc fusion protein was higher in clsA
+
 cells than in clsA¯ cells (Figure 4.6). In 

addition, higher percent of cells showed localization of GFPmut2A206KProPEc fusion protein in 

clsA
+
 cells that were cultivated at high osmolality than in clsA¯ cells under the same conditions. 

However, those proportions were much lower than those seen with FlAsH (Romantsov et al., 

2008). 

 

4.4: Discussion 

In this work, we were looking for a fluorescent indicator that will corroborate our 

previous ProPEc localization data. For these experiments, we aimed to test the subcellular 

localization of ProPEc with the use of fluorescent proteins: mCherry, GFPmut2 and 

GFPmut2A206K. However, fusion of ProPEc with one of three fluorescent proteins led to the 

degradation of the fusion proteins, which made it difficult to analyse the subcellular localization 

of ProPEc.  

For all three of the fusion proteins discussed above, it was difficult to determine whether 

the full-length fusion proteins appeared when Western blots were analyzed. In comparison of the 
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E. coli WG1418 and WG1419 were grown in NaCl-free MOPS medium with the 

supplementation of 0.25 mM arabinose and 50 mM NaCl (0.24 mol/kg) or 300 mM NaCl (0.74 

mol/kg) to attain low or high osmolality, respectively. Slide preparation and GFPmut2A206K-

ProPEc fusion protein visualization are described in section 2.7.3 and 2.7.4, respectively. The 

growth medium osmolality, low or high, and E. coli variants that are cls
+
 or cls¯ are indicated on 

top of each panel. The image scale bar is 5 μM. The percentages of cells that showed localization 

of GFPmut2A206K-ProPEc fusion protein in one or in the two cell poles and/or in the septal region 

of the bacteria were carried out by averaging three different counts of one hundred cells. The 

counting was repeated twice in two separate experiments. The standard deviations and the 

percent of cells that showed the fusion protein localization are indicated on the bottom of each 

panel. 

 

7.5% ± 1.6 2.5% ± 0.5  11.7% ± 2.6 7.3% ± 1.5 

Low/cls
+
 Low/cls¯ High/cls

+
 High/cls¯ 

GFPmut2A206K-ProPEc 

Figure 4.6: Visualization of GFPmut2A206K-ProPEc fusion protein as a function of growth 

medium osmolality and genotype. 
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Western blots of the three fusion proteins prepared with anti-ProPEc antibody, significant 

degradations were seen from the expected apparent molecular weight of the fusion proteins to the 

expected apparent molecular weight of ProPEc alone. However, when anti-GFP antibody or anti-

mCherry antibody was used, the degradation of GFPmut2-ProPEc (Figure 4.1B) and 

GFPmut2A206K-ProPEc (Figure 4.2B) or mCherry-ProPEc (Figure 4.3B) fusion proteins, 

respectively, appeared with only two visible fragments. The less prominent fragment of the two 

might correspond to the full-length fusion proteins (~69 kDa). As for mCherry-ProPEc fusion 

protein, a fragment with an apparent molecular weight of ~69 kDa also appeared with anti-

ProPEc antibody (Figure 4.3A). However, this fragment appeared faintly and therefore, it 

consists of only a small fraction of the total mCherry-ProPEc fusion segments. One of the 

dominant fragments of GFPmut2-ProPEc fusion protein (Figure 4.1A) had an apparent molecular 

weight of ~69 kDa that was similar to the low abundance fragment of mCherry-ProPEc (Figure 

4.3A). In that case, GFPmut2-ProPEc and GFPmut2A206K-ProPEc fusion proteins had a higher 

percentage of full-length or almost full-length fusion protein that were not degraded than for 

mCherry-ProPEc protein fusion. The additional proteins/fragments that can be seen when anti-

mCherry (Figure 4.3C) or anti-GFP antibody were used (Figures 4.1C and 4.2C) might be 

additional segments of fusion protein. However, those additional fusion segments appeared to 

consist of a small portion of the total fusion proteins. One possibility for those observations is 

that those fusion proteins are truncated within GFP or mCherry. Based on those observations, it 

was decided not to conduct transport assays, since we would not be able to distinguish between 

the activity of free ProPEc and that of fluorescent-ProPEc fusion segments. Also, we would not 

be able to correlate the activity of GFPmut2A206K-ProPE fusion protein with its localization 

pattern. The degradation pattern of mCherry-ProPEc fusion protein might also explain the lack of 
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its detection in the cells’ poles/septa. For example, the truncated mCherry-ProPEc fusion 

segments that were truncated within mCherry might lose their fluorescence. In that case, only the 

free mCherry in the cytoplasm will be visualized by fluorescence microscopy. Another 

possibility is that the fluorescent-ProPEc fusion protein do not localize to the cells’ poles. 

 Induction of GFPmut2A206K-ProPEc fusion protein with arabinose at a starting 

concentration of 100 μM showed that some GFPmut2A206K-ProPEc fusion protein is localized in 

the poles/septal regions of the cells. In addition, the localization pattern of GFPmut2A206K-

ProPEc fusion was affected by the arabinose concentration (Figure 4.5).  In contrast, FlAsH-

labeled ProPEc localization was independent of the arabinose concentration (Romantsov et al., 

2007). Perhaps GFPmut2A206K-ProPEc fusion protein and/or its fragments aggregated and we 

observed inclusion bodies that localized in the cells’ poles/septa. The percent of cells that 

showed localization of GFPmut2A206K-ProPEc fusion protein in the poles/septa regions of the 

cells was much lower (0.6%-21%, Figure 4.5) than for FlAsH-labeled ProPEc (~50%) 

(Romantsov et al., 2008) under the same conditions. As noted previously, a fragment with an 

apparent molecular weight of the wild-type GFP appeared in Western blots (Figure 4.1C). A 

GFP protein in the cytoplasm, even in low concentration, could mask the visualization of 

GFPmut2A206K-ProPEc fusion protein localization pattern. Therefore, fewer cells would be 

counted as exhibiting a polar localization of GFPmut2A206K-ProPEc fusion protein.  

  In this work, we also found some indications of correlation between the GFPmut2A206K-

ProPEc localization pattern and the proportion of CL. The change in percentages of cells that 

showed polar localization of GFPmut2A206K-ProPEc regarding to osmolality was higher (Figure 

4.6) than that of FlAsH-labeled ProPEc under the same conditions (Romantsov et al., 2008). The 

high differences in percentages of cells that showed polar localization of GFPmut2A206K-ProPEc 
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might be related to the lower percentage range of cells that exhibit this phenotype. Also, E.coli 

that are cls¯ had a similar impact on GFPmut2A206K-ProPEc localization pattern as it had on 

localization pattern of FlAsH-labeled ProPEc under the same conditions (Romantsov et al., 

2008).  

Some of the work that was done with FlAsH-labeled ProPEc has been reproduced with 

GFPmut2A206K-ProPEc, despite its degradation. To use GFPmut2A206K-ProPEc fusion protein as a 

reliable system, however, we will have to stabilize the fusion protein. If we decide to work 

further with GFP and mCherry proteins, we should also consider preparing controls of E. coli 

cells that express free GFP or mCherry from pBAD24 vector. 

 

Chapter 5: Discussion and future directions 

In this study, ProP orthologues were found to differ in substrate specificity. This result 

implies that there might be slight variations in the binding site of ProP orthologues. A search for 

those differences might provide an opportunity to identify and characterise the substrate binding 

site of ProP. The model of the three-dimensional structure of ProPEc is based on the crystal 

structure of MFS member, GlpT (Wood et al., 2005). The alternating access mechanisms of 

those proteins are presumed to be similar; however, many details of these mechanisms are still 

not determined. Structural comparisons between ProP orthologues might help to identify the 

ligand binding site. In particular, we could focus on the search for residues that form a 

rectangular aromatic box such as was found in binding sites of ProX from E. coli (Ruan & 

Rodgers, 2004) and BetPCg (Perez et al., 2011b) (section 1.3.1). This finding can play a key role 

in determining the binding site of ProPEc for glycine betaine. 
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Different levels of activities were found when ProPXc and ProPCg were studied in E. coli 

at low osmolalities in the same conditions (Tsatskis et al., 2005, Peter et al., 1998b) (Figures 3.5 

and 3.6). Perhaps ProP orthologues are evolutionarily adjusted to function in the membrane 

phospholipid composition of their native host. That raises the question of whether we should 

further compare the characteristics of ProP orthologues. For example, our lab is curious to study 

the localization patterns of ProP orthologues in E. coli cells. However, expression of those 

proteins in a different phospholipid composition, which in this work was in E. coli, might 

influence their localization pattern compare to that of the native organism.   

Presently, the fluorescence indicator-ProPEc fusion protein that was expressed from 

vector pBAD24 was unstable. Many studies have shown that optimizing the length and the 

sequence of the linker between tag protein and host protein, could provide proper folding and 

function for both (Prescott et al., 1999, Huang et al., 2013) [for review see (Miyawaki et al., 

2003)]. The suggested linkers that were designed consisted primarily of glycine and serine 

residues. Glycine residues would confer flexibility to the peptide, whereas serine residues would 

improve the solubility of the poly-glycine linker. This approach might stabilize our 

GFPmut2A206K-ProPEc fusion protein. The difficulty in such attempts is that the size and the 

exact sequence of the linker must be determined empirically.  

Previous work showed that expression of GFP from the araBAD promoter in individual 

E. coli cells was not linearly correlated with the concentrations of arabinose (Siegele & James, 

1997, Khlebnikov et al., 2000). Particularly, at sub-saturating inducer concentrations (13 μM to 

1.33 mM) (Guzman et al., 1995) GFP was maximally induced in a fraction of cells in the 

population, whereas in other cells GFP was uninduced. The fraction of cells with a maximum 

induction of GFP was varied in accordance to the concentration of arabinose (Siegele & James, 
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1997). This phenomenon is known as “all-or-none” or “autocatalytic” gene expression (Novick 

& Weiner, 1957). It occurred when the transporters AraE and araFGH for the arabinose inducer 

are controlled by the inducer itself. In the case of arabinose transporters, the promoters of araE 

and araFGH are induced by 50-fold in response to arabinose (Johnson & Schleif, 1995). 

Increasing the expression of the transporters for arabinose could increase the arabinose uptake 

into the cells up to its induced saturated concentrations. This phenomenon might occur when 

GFPmut2A206K-ProPEc fusion protein is expressed from pBAD24. Maximum induction of 

GFPmut2A206K-ProPEc fusion protein might lead to aggregation of the fusion protein and, 

subsequently, inclusion bodies that would be visualized under the fluorescent microscope. On the 

other hand, “all-or-none” gene expression phenomenon might also explain why the percentage of 

cells with a visualized GFPmut2A206K-ProPEc fusion protein in their poles/septa regions was low. 

The portion of cells in the population with uninduced GFPmut2A206K-ProPEc fusion protein 

might increase upon decreasing arabinose concentrations. This might explain the finding that 

only 6.6% of the cells with 500 μM arabinose showed polar localization of GFPmut2A206K-

ProPEc (Figure 4.5).  

 It is not known whether the autocatalytic phenomenon influenced the polar localization 

of FlAsH-labeled ProPEc and GFPmut2A206K-ProPEc fusion protein. However, the polar 

localization of FlAsH-labeled ProPEc was independent of the level of induction with arabinose 

(Romantsov et al., 2007). This finding implies that polar localization of FlAsH-labeled ProPEc 

did not result from the fraction of cells with maximum induction that subsequently aggregated in 

the cell. It is also not known whether the combination of the degradation of GFPmut2A206K-

ProPEc fusion protein with the autocatalytic phenomenon led to the low percentages of cells with 

a visualized pole localization of the fusion protein. Previous work has shown that homogeneous 
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expression of the PBAD promoter in the population of E. coli cells over a wide range of arabinose 

concentrations can be achieved by three strategies: 1) Expression of AraE transporter from a 

promoter that is not regulated by arabinose, such as Ptac promoter (Khlebnikov et al., 2000). 2) 

Constitutive expression of AraE from a medium-copy plasmid (Morgan-Kiss et al., 2002). 3) 

Replacement of the chromosomal araE promoter with constitutive promoters of different 

strengths (Khlebnikov et al., 2001). Our lab is currently preparing E. coli strains with a 

homogeneous expression of PBAD promoter to re-examine the localization pattern of 

GFPmut2A206K-ProPEc.  

In case none of the above approaches would be able to refine the expression of 

GFPmut2A206K-ProPEc fusion protein, other protein visualization techniques should be 

considered. An available approach for our lab, for example, is to use the immunofluorescence 

technique.  

In case that our lab will establish a stable fluorescence indicator-ProP fusion protein 

/system that will corroborate our FlAsH-based ProPEc localization work, the relationship of 

ProPEc function to its oligomeric state might be tested. Monomeric or exclusively homodimeric 

variants of ProPEc have not yet been identified, therefore we don’t know whether the activity of 

ProPEc is dependent upon its homodimerization. We also do not know whether the variable 

localization of ProPEc variants (different modifications on ProPEc C-termini) is a result of 

independent, competing or synergistic homomeric and/or heteromeric interactions. Our lab is 

currently approaching those questions above by performing Dominant Negative analysis (this 

phenomenon is explained in section 1.5). 
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Appendix A: ProQ protein from E. coli. 

The goal of this work was to gain experience and skills on preparing E. coli cells for 

microscopy. This work included slide preparation, cell membrane and peptidoglycan labeling by 

fluorescent reagents and cell imaging (appendix A.3 and section 2.7). The aim of the work was 

to determine the location of the peptidoglycan in the swollen spherical cells that were observed 

when bacteria deficient in ProQ and/or Prc were cultivated at high salinity. 

 

A.1: Introduction 

The proQ gene encodes a 232 amino acid protein (Kunte et al., 1999). ProQ is present in 

the soluble fraction and not in the membrane fraction of E. coli cells (Smith et al., 2004). When 

proQ deficient cells were cultivated at moderate salinities, the activity of ProPEc was decreased 

to 70% of that observed in proQ
+
 bacteria (Kunte et al., 1999, Smith et al., 2007, Kerr et al., 

2014). Deletion of proQ did not alter proP transcription (Milner & Wood, 1989), however, the 

levels of ProPEc were reduced at various osmolalities (Chaulk et al., 2011). These findings 

suggested that ProQ may act as a post-transcriptional regulator of ProPEc, regulating ProPEc 

translation.  

The N- and C-terminal domains of E. coli ProQ (1-131 and 170-232 residues) are trypsin 

resistant. Those domains are linked by a trypsin sensitive linker (Smith et al., 2007). The 

sequence of the N-terminal domain of ProQ showed 25% identity to the E. coli RNA chaperone 

protein FinO45-186 (Smith et al., 2004, Smith et al., 2007). In addition, this domain was able to be 

modeled (Smith et al., 2004) on the crystal structure of FinO (Ghetu et al., 2000). A structural 
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model of the C-terminal domain of ProQ (Chaulk et al., 2011) could be derived from the crystal 

structure of the Sm-like protein, Hfq from Methanococcus jannaschii (Nielsen et al., 2007).  

The N-terminal FinO-like domain of ProQ interacts at high affinity with the FinO target, 

FinP RNA (Chaulk et al., 2011). When the same RNA target was used, the C-terminal Hfq-like 

domain of ProQ catalyzed RNA strand exchange. In addition, RNA duplexing assays have 

shown that both N- and C-terminal domains of ProQ could facilitate the pairing of the FinP RNA 

(Chaulk et al., 2011). These findings suggested that ProQ may regulate proPEc translation via an 

RNA-based mechanism.  

Deletions of proQ also impaired the expression of the periplasmic protease Prc, known 

also as Tsp (Kerr et al., 2014). The prc gene is located downstream to the proQ gene, and a 

putative prc promoter is located within proQ (Hara et al., 1991). A Tn5 insertion in proQ and 

proQ deletions abrogate Prc expression (Kerr et al., 2014). Deletions of prc in E. coli cells 

prevented their growth in low osmolality solid medium and led to the appearance of elongated 

cells in low osmolality liquid medium when both were grown at 42
°
C (Hara et al., 1991, Silber & 

Sauer, 1994). E. coli cells with proQ or prc deletions exhibited an abnormal morphology when 

they were cultivated at 37
°
C in high osmolality medium. In addition their growth was much 

slower than that of the wild-type E.coli cells (Kerr et al., 2014).  

 

A.2: Morphology of E. coli cells that are proQ and/or prc deficient. 

DIC microscopy (section 2.7.4) revealed the morphologies of cells that harbored proQ or 

prc deletions. The cells were cultivated in MOPS minimal media as described in section 2.3.3, 

but with supplementation of 50 mM or 250 mM NaCl. As shown in figure A.1, proQ (panel E, 
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WG1119) or prc (panel F, WG1458) deletions (phenotypically ProQ¯ Prc¯ or ProQ
+
 Prc¯, 

respectively) led to enlarged spherical bacteria and swollen cells when both strains were 

cultivated in high osmolality media (the genotypes of those strains are listed in Table 2.1). Those 

cells were viable, however, they tended to lyse and their debris could be detected during 

imaging. When the cells were cultivated in low osmolality medium, neither deletion led to the 

appearance of swollen spherical cells (Figures A.1B and A.1C). However, proQ¯ bacteria were 

longer rods than wild-type cells at both low and high osmolalities (Kerr et al., 2014). 

To further research the morphology of E. coli cells that were proQ and prc deficient, their 

membranes were stained with FM 4-64. This staining revealed that the swollen cells had an 

internal eccentric nucleoid and an enlarged periplasm, which were bounded by membranes (Kerr 

et al., 2014). Based on this result, my next aim in the ProQ work was to determine the location of 

the peptidoglycan in the swollen spherical cells. Previous work showed that the peptidoglycan of 

E. coli cells was stained by the treatment of blue HADA fluorescence with a peak emission 

wavelength of 450 nm (Kuru et al., 2012). HADA was generated by incorporation of small 

fluorophores (HCC-OH and NBD-Cl) in place of the 4th position of D-alanine in E. coli (Kuru et 

al., 2012). As a negative control, L- stereoisomer (HALA) was used. Growth of E. coli cells in 

the presence of HADA (section A.3) resulted in fluorescent labelling of the peptidoglycan with a 

negligible background. When the cells were grown in the presence of HALA (section A.3), only 

a negligible fluorescent background was detected at the same conditions (Kuru et al., 2012). The 

peptidoglycan layer of E. coli cells that were proQ or prc deficient was labeled with HADA or 

HALA (section A.3.1). As shown in figure A.2, in both types of cells the peptidoglycan layer 

(blue) was attached to the membrane (red) that is surrounding the internal eccentric nucleoid of 
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E. coli strains RM2 (wild-type, Table 2.1) (Panels A and D), WG1119 (RM2 ΔproQ856::FRT) 

(Panels B and E) and WG703 (RM2 Δprc3::Kan) (Panels C and F) were cultivated in MOPS 

minimal medium supplemented with 50 mM NaCl (low NaCl) or 250 mM NaCl (high NaCl). 

The cells from the late exponential phase cultures were harvested, applied on agarose slides 

(sections 2.7.1 and 2.7.3) and were visualized by DIC microscopy (section 2.7.4). The scale bar 

is 10μM. The experiment was repeated twice. Representative data are shown.  

Figure A.1 was reprinted with permission from J Bacteriol, volume 196, pp. 1286-1296, 

copyright © 2014, American Society for Microbiology. 

 

 

  

 

 

 

 

 

 

 

 

 

Figure A.1: proQ and prc deletions led E. coli cells to form enlarged spherical cells at high 

salinity. 
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the swollen cells. Addition of HALA to those cells medium resulted in a negligible fluorescent 

background (data not shown). These observations confirmed the location of the peptidoglycan 

layer. 

DIC microscopy was also used to investigate whether spr deletion had any effect on the 

morphology of cells that harbored prc deletion. Spr is one of the three peptidoglycan hydrolases 

that cleaves between the peptidoglycan cross-links of meso-diaminopimelic acid (mDAP) and D-

ala peptides (Singh et al., 2012). Those hydrolases are essential for the peptidoglycan’s 

enlargement. Previous work showed that spr deletion in E. coli cells that were prc deficient 

restored their growth in low osmolality medium at 42
°
C (Hara et al., 1996).  As shown in figure 

A.3 (Panels C and F), E. coli cells that harbored spr deletion were smaller than the wild-type 

cells. When spr deletion (Table 2.1) was introduced in the cells that harbored prc deletion, the 

swollen spherical cell formation was suppressed (Figure A.3 panel E). In addition, those cells’ 

growth rate was restored close to that of wild-type cells when they were cultivated in high 

osmolality media (Kerr et al., 2014). Those observations suggest that prc deletion may have 

some effect on Spr activity. 
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E. coli strains WG703 (RM2 Δprc3::kan) and WG1119 (RM2 ΔproQ856::FRT) were cultivated 

in MOPS medium supplemented with 250 mM NaCl. Cells from the late exponential phase 

cultures were harvested through a gel exclusion column (section A.3.2). The cells’ membranes 

and the peptidoglycan were stained with FM 4-64 (red fluorescence) (section 2.7.2) and HADA 

(blue fluorescence) (Appendix, section A.3), respectively. The scale bar represents 10 μm. The 

experiment was repeated twice. Representative data are shown. 

Figure A.1 was reprinted with permission from J Bacteriol, volume 196, pp. 1286-1296, 

copyright © 2014, American Society for Microbiology. 

 

 

 

 

Figure A.2: Determinants of bacterial morphology that were deficient in ProQ and/or Prc 

and were cultivated at high salinity. 
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E. coli strains WG703 (RM2 Δprc3::kan) (Panels A and D), WG1457 (RM2 Δspr832::FRT) 

(Panels B and E) and WG1458 (WG1457 Δprc3::kan) (Panels C and F) were cultivated in 

MOPS minimal medium supplemented with 50 mM NaCl (low NaCl) or 250 mM NaCl (high 

NaCl). The cells from the late exponential phase cultures were harvested, applied on agarose 

slides (sections 2.7.1 and 2.7.3) and were visualized by DIC microscopy (section 2.7.4). The 

scale bar is 10 μm. The experiment was repeated twice. Representative data are shown. 

Figure A.1 was reprinted with permission from J Bacteriol, volume 196, pp. 1286-1296, 

copyright © 2014, American Society for Microbiology. 

 

 

 

 

 

 

 

 

 

Figure A.3: Swollen cells related to prc deletions at high osmolalities were suppressed by 

spr deletions. 
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A.3: Materials and methods for ProQ work. 

A.3.1: Staining the bacterial peptidoglycan layer with HADA (hydroxyl coumarin-carbonyl 

amino-D-alanine) or HALA (hydroxyl coumarin-carbonyl amino-L-alanine) as a negative 

control.  

HADA and HALA (Kuru et al., 2012) were received from Erkin Kuru and Michael Van 

Nieuwenhze (Indiana University) as powders. HADA and HALA were dissolved with 100% 

Dimethyl sulfoxide (DMSO) from Fisher Scientific to prepare 50 mM HADA and HALA stocks. 

Those stocks were kept at -40

C.  

The bacterial were cultivated as described in section 2.3.3 with slight variation, as 

follows: once the pellet was resuspended in 24 ml fresh MOPS minimal medium with the 

supplemented with 250 mM NaCl, an OD of 0.2 at 600 nm was achieved. 1 ml of the 24 ml cell 

culture was then transferred into a test tube. 10 µl of HADA or HALA stocks were added to the 

1 ml cell culture to a final concentration of 0.5 mM HADA and 1% DMSO. The test tube was 

wrapped with aluminum foil and both of the cell cultures, 1 ml in a test tube and the rest 23 ml in 

a side arm flask, were grown at 37
o
C as described in section 2.3.3. Once the 23 ml cell culture 

that was cultivated in a side arm flask had reached an OD of 0.4, the 1 ml cell culture that was 

cultivated in a test tube was transferred to a 1.5 ml microfuge tube. The excess of HADA or 

HALA was removed by repeated washes or, for fragile cells, passage through a spin desalting 

column (section A.3.2). For non-fragile cells, the cells were harvested at maximum speed for 1 

min at room temperature using a micro-centrifuge. The pellet was resuspended with 1 ml fresh 

MOPS minimal medium and the suspension was harvested as above. The cells were washed 

three times, whereas the last spin only 900 μL of the supernatant were discarded and the 
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remaining 100 μL were used to resuspend the cell pellet. The cells were then ready to be applied 

on agarose slides (section 2.7.3) or being processed for membranes staining (section 2.7.2).  

 

A.3.2: Gel preparation, spin desalting column packing and preparation of E. coli cells for 

separation 

The same MOPS minimal medium that was used to cultivate the tested E. coli strains was 

also used to pack the Spin desalting column. 

The packing process was started with the addition of dry Bio-Gel P-6GD (catalogue 

number, 150—0738, Bio-Rad) into a vented Erlenmeyer flask that already contained MOPS 

minimal medium as follows: Each gram of dry Bio-Gel P-6GD led to a final 7 ml of packed bed 

volume. The bed volume of the micro Bio-Spin Chromatography Column (Catalog 732-6204, 

Bio-Rad) is 0.8 ml. The dry Bio-Gel P-6GD was added to twice as much of the expected bed 

volume of the column. The gel was allowed to settle and hydrate in the Erlenmeyer flask for 30 

min. The gel was then resuspended in excess buffer and was settled down again. The excess 

buffer was removed gently until approximately twice as much buffer as the bed volume of the 

column was left. The suspension was then degassed at low pressure for several minutes.  

The degassed buffer and the gel were mixed gently. The outlet of the column was sealed 

and the buffer-gel mix was poured into the column. The gel was allowed to settle in the column 

and excess buffer was removed. The last step was repeated until the column was fully packed. 

The column outlet was then unsealed in order to wash the column twice with 0.8 ml MOPS 

minimal medium. The buffer flowed passing through the column or the column was placed in the 

collection tube provided by the manufacture and was centrifuged for 2 min at 4000 rpm (1000 g) 
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at room temperature using a micro-centrifuge. The outlet of the column was sealed again, MOPS 

minimal medium was added to fill the column and the column top cap was closed. The column 

was then ready to use. For a few hours’ storage the column was kept at 4

C. Before use, the 

column was brought to room temperature.  

1 ml of a HADA/HALA-treated E. coli cells was harvested at 2,000 rpm at room 

temperature for 1 min using a micro-centrifuge. 900 μL of the supernatant were discarded and 

the remaining 100 μL were used to resuspend the cell pellet. At the same time, the column was 

uncapped and was inserted into a buffer collection tube. The column was centrifuged at 2000 

rpm at room temperature for 1 min. The buffer was decanted from the buffer collection tube and 

the column was settled into the same buffer collection tube. The column was drained by 

centrifuge as described above. The column was then inserted into a new 1.5 ml microfuge tube 

and the 100 μL cell suspension was applied into the column. The column was centrifuged at 

2000 rpm at room temperature until no more cells were eluted (repeats of 10 second spins). The 

cells were then ready to be applied on agarose slides (section 2.7.3) or being processed for 

membranes staining (section 2.7.2). 

 

 

 

 

 


