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ABSTRACT 

 

 

 

Analyzing the Homodimeric and Heteromeric Nature of the Osmosensory Transporter 

ProP from Escherichia coli 

 

 

 

Naheda Sahtout       Advisor: 

University of Guelph, 2013      Dr. Janet M. Wood 

 

 

 

In this study, the homodimeric and heteromeric nature of ProP, an H
+
/solute symporter, 

from E. coli was analyzed. The measured initial rates of proline uptake via ProP-His6 and His6-

ProP indicated that as the growth medium osmolality increased, the assay medium osmolality 

required for half maximal transport activity (Π½/RT) increased and the maximal uptake rate 

(Amax) decreased. The oligomeric state of ProP, as determined by Blue Native PAGE, showed 

that both monomeric and dimeric forms of the transporter were present in wild type and 

cardiolipin deficient bacteria expressing ProP, ProP-His6 or His6-ProP, after culturing in low or 

high growth medium osmolality. The BACTH System was used to confirm the homodimeric 

ProP-ProP interaction and to verify the heteromeric interaction between ProP and YdhP. Initial 

rates of proline uptake via ProP and Western blots indicated that replacement of the ydhP locus 

with a kanamycin cassette had no effect on ProP function or expression.  
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Chapter 1: Introduction  

Escherichia coli (E. coli) is a Gram-negative, rod shaped bacterium. It includes non-

pathogenic variants, belonging to the normal gut flora of humans and many mammals, and 

pathogenic variants (Dobrindt et al., 2002). Like most organisms, E. coli has developed 

numerous mechanisms that help it to adapt to the diverse environments that it encounters, such as 

changes in the extracellular osmotic pressure. The study of osmoregulation is a continually 

growing field in microbiology and is the main focus of this research.  

Osmoregulatory mechanisms have been extensively researched by many laboratories 

using E. coli and other bacteria as model systems. The osmosensory transporter ProP of E. coli is 

the main focus of this thesis. This introduction will begin with a brief outline of the general 

concepts of osmoregulation in bacteria. The section will then provide a comprehensive outlook, 

mainly using primary research, into the structure, function and localization of ProP and the 

importance of the coiled-coil and the membrane phospholipid composition on ProP function and 

localization. The section will end with a description of two of the important techniques that have 

been used to study protein-protein interactions followed by the completed research overview and 

its significance.  

 

1.1: Introduction to Osmoregulation  

Osmoregulatory mechanisms are necessary as changes in the extracellular osmotic 

pressure affect the structure, physics and chemistry of cells (Wood, 2010). Although the 

phospholipid membrane of bacteria is highly permeable to water, it remains impermeable to 

inorganic ions and polar organic solutes (Altendorf et al., 2009). In general, cells are faced with 
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two different types of osmotic stresses, an osmotic upshift or an osmotic downshift. Table 1.1 

provides brief definitions into some of the commonly used terms in the field of osmoregulation.  

When the external osmolality changes, cells undergo an immediate passive response 

followed by a secondary adaptive response. In an osmotic upshift, the immediate response is the 

efflux of water from the cell leading to dehydration (Morbach and Krämer, 2002). The cell 

shrinks in size, loses turgor pressure and faces growth attenuation. On the other hand, in an 

osmotic downshift, water rushes in and causes an increase in the turgor pressure resulting in an 

increase in the membrane tension (Morbach and Krämer, 2002). Figure 1.1 demonstrates the 

immediate responses that occur when a cell encounters such osmotic changes.  

This immediate response to osmotic stress is followed by mechanisms that help overcome 

this direct change. When faced with an osmotic upshift, bacteria often respond by accumulating 

potassium via transporters and synthesizing glutamate (Morbach and Kramer, 2002). To 

counteract the harmful effects of potassium on many of the cellular processes, cells also respond 

by taking up organic osmoprotectants (Wood, 2010).  

In an osmotic downshift, mechanosensitive channels open due to the effect of increasing 

turgor pressure on membrane strain (Wood, 2010). These channels release electrolytes, 

compatible solutes and other metabolites allowing water to follow, thereby allowing the cell to 

equilibrate with its environment (Wood, 2010). Bacteria often rely on osmoregulatory systems 

for help when overcoming these osmotic stresses. Figure 1.1 also illustrates the phenomenon that 

occurs to counteract the initial movement of water when bacterial cells are exposed to changes in 

the osmotic pressure of the extracellular environment.  

To compensate for osmotic changes, bacteria often rely on osmoprotectants and 

compatible solutes. Osmoprotectants can serve directly as compatible solutes or be converted to   
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Table 1.1: Definitions of common expressions used in the field of osmoregulation.1  

 

Expression Definition 

Compatible Solutes Solutes that can accumulate in the cytoplasm to high levels without 

disrupting cellular function.   

Hyperosmotic  An increase in osmotic pressure.   

Osmolality The osmotic pressure at a particular temperature expressed in 

osmolal units. It is symbolized as Π/RT, where Π is the osmotic 

pressure (expressed in atm), R is the gas constant (0.082054 liter atm 

mol
-1

 K
-1

) and T is the temperature (expressed in degrees Kelvin 

(K)).  

Osmolyte  A small molecule that accumulates in cells.   

Osmoprotectant A compound that can help with bacterial growth at high osmolality 

when provided in the medium.  

Osmoregulation Processes that control changes to cell structure and function as a 

result of changes in the extracellular osmotic pressure. 

Osmotic downshift A decrease in the osmotic pressure caused by the extracellular 

environment being more dilute than the cytoplasm. 

Osmotic Pressure The pressure that arises in a cell if it is bound by rigid walls and 

separated from pure water by a semipermeable membrane. 

Osmotic Upshift An increase in the osmotic pressure caused by an increase in the 

extracellular solute concentration. 

Osmotolerance The osmolality range of the media that support bacterial growth.  

Turgor Pressure The pressure difference that balances the osmotic pressure difference 

between the cell interior and exterior of walled cells. 
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Figure 1.1: The basic response mechanism of a bacterial cell in response to osmotic stress.1 

(A) The passive response of a bacterial cell when exposed to increasing or decreasing external 

osmolality. When there is an increase in the external osmolality, cells emit water and shrink. 

When there is a decrease in the external osmolality, cells uptake water and increase in size. In 

extreme cases, such changes to the physical structure of the cell may lead to cell plasmolysis or 

may cause the cell to burst, respectively. The font size of the lettering and the arrows indicates 

changes to the magnitude of the turgor pressure. In an osmotic upshift the turgor pressure 

decreases while in an osmotic downshift, the turgor pressure increases. (B) Effective 

mechanisms of osmoadaptation that allow the cell to adapt to sudden changes in the osmolality 

of the external environment. To overcome an osmotic upshift, the cell activates transporters and 

allows for water to enter along with compatible solutes, using energy in the process. To 

overcome osmotic downshifts, the cell activates channels that allow water to exit along with 

solutes. During osmotic stress, water flow is achieved via the membrane bilayer, and to a lesser 

extent, via aquaporins.   

 

From Morbach, S. and Kramer, R. 2002. Body shaping under water stress: osmosensing and 

osmoregulation of solute transport in bacteria. ChemBioChem. 3(5). 384-397. Copyright © 2002 

by John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc. 

 

Please see certificate of permission in Appendix B.  
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compatible solutes within the cell (Wood, 2007). Commonly used compatible solutes include 

glycine betaine, proline and ectoine. These substances stabilize and protect enzymes by being 

expelled from the protein surface (Morbach and Krämer, 2002). Figure 1.2 illustrates the 

structures of these and other representative compatible solutes.   

 

1.2: Osmoregulatory Systems in Escherichia coli 

Osmoregulatory systems assist in mediating secondary responses to osmotic stress and 

consist of transporters, enzymes or mechanosensitive channels. Figure 1.3 shows the known 

components of the osmoregulatory systems that exist in E. coli.  

 Mechanosensitive channels are membrane proteins that are activated in response to in-

plane membrane strain and their actions trigger solute efflux, which counteracts the initial water 

influx due to the osmotic downshift (Wood, 2007). For example, MscL, one of the best studied 

mechanosensitive channels, expels solutes, only discriminating with respect to the size of the ion 

(Poolman et al., 2004). The solutes are passed down their concentration gradient and as a result 

the process does not require the input of energy. Once the strain on the membrane is released, the 

cell returns to normal and the channel closes and no longer excretes solutes unnecessarily.  

Transporters respond to an osmotic upshift by the uptake of solutes against their 

concentration gradient using stored metabolic energy, either through the expenditure of ATP or 

through an independently generated electrochemical ion gradient (Poolman et al., 2004). 

Transporters ProP, ProU, BetT and BetU of E. coli respond to osmotic upshifts by mediating 

osmoprotectant uptake into the cell (Wood, 2007). Osmosensory transporters detect the osmotic 

pressure and respond by taking up compatible solutes (Wood, 2010). 
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Figure 1.2: An illustration of the structures of representative compatible solutes used 

during osmotic stress.2  

The structures represented above are glycine betaine, proline, carnitine, proline, proline betaine 

and ectoine.  

  

Glycine Betaine         Taurine  

Carnitine                Proline  

Proline Betaine         Ectoine 
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Figure 1.3: Known osmoregulatory systems of Escherichia coli.3  

Aquaporin AqpZ contributes to water flux across the membrane of the bacterial cell. 

Transporters ProP, ProU, BetT and BetU mediate organic osmolyte accumulation in response to 

an osmotic upshift. Mechanosensitive channels, MscL and MscS, mediate solute efflux in 

response to osmotic downshifts. BetA and BetB are enzymes that catalyze glycine betaine 

synthesis from choline. OtsA and OtsB are enzymes that catalyze the synthesis of trehalose from 

glucose at high osmotic pressure. Trk is an important osmoregulatory system that plays a role in 

the uptake of K
+
. (Modified from Wood, 2007). 
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1.3: The Osmosensory Transporters ProP, BetP and OpuA 

ProP of E. coli, BetP of Corynebacterium glutamicum (C. glutamicum) and OpuA of 

Lactococcus lactis are the three osmosensory transporters that have been extensively studied 

(Racher et al., 1999, Rubenhagen et al., 2001 and van der Heide and Poolman, 2000). They have 

been expressed, purified and reconstituted into proteoliposomes and each senses and responds to 

osmotic pressure changes (Wood et al., 2005). BetP is a sequence homologue of BetT and BetU 

from E. coli (Peter et al., 1996) while OpuA is a homologue of ProU of E. coli (von Blohn et al., 

1997).  

ProP is further discussed in detail below. BetP, a 595 amino acid protein of the betaine / 

carnitine / choline transporter (BCCT) family, is a glycine betaine uptake carrier (Peter et al., 

1996). OpuA is a glycine betaine transporter of the ATP-binding cassette (ABC) family (Bouvier 

et al., 2000). These three proteins are from different organisms and have no structural similarity 

to each other; however, their C-terminal sequences seem to be involved in osmosensing and 

osmoregulation. 

BetP in proteoliposomes senses changes in the K
+
 concentration of the luminal solvent as 

an indication of osmotic stress (Rubenhagen et al., 2001). In-vivo analysis of deletion mutants 

has shown that the C-terminal extension of BetP plays a role in sensing osmotic stress (Schiller 

et al., 2004). These studies showed that deletion of 12 amino acids from the C-terminal region 

caused a slight deregulation of BetP yet it was a deletion of 25 amino acid residues from the C-

terminal region that caused a loss of K
+
 dependent transport, indicating that this region 

potentially carries a K
+
 sensor domain (Schiller et al., 2004). Native electrophoretic techniques 

suggest that BetP functions as a stable trimer of individual protomers (Perez et al., 2011). 

Although the exact role of the trimer in osmoregulation is not known, the structural evidence did 
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indicate that the C-terminal domains were not responsible for allowing for the monomers to 

come together to form the trimer and although the monomer acts as a functional catalytic unit, 

the trimer seems to be required for regulation (Perez et al., 2011).  

OpuA was also shown to activate as the concentration of K
+
 increased in the lumen of 

proteoliposomes (van der Heide et al., 2001). The transporter is composed of four subunits, two 

are substrate-binding and two are ATPase subunits (van der Heide and Poolman, 2000 and 

2002). Studies involving determining the activity of a reconstituted wild type OpuA in an inside-

out confirmation and deletion mutants have shown that the ATPase subunit of OpuA has a C-

terminal extension that includes two cystathionine β-synthase (CBS) domains that are 

responsible for moderating the activity of the transporter (Mahmood et al., 2006).  These 

domains contain the sensor that allows for OpuA to detect osmotic stress (Biemans-Oldehinkel et 

al., 2006). The reasons as to why the CBS domains come together to form dimers are still not 

clearly understood but like BetP, it may be important to help in sensing osmotic stress.  

 

1.4: The Osmosensory Transporter ProP 

ProP, which is activated in response to hyperosmotic stress and mediates the uptake of 

proline, betaine and other substrates by E. coli, is a member of the major facilitator superfamily 

(MFS) (MacMillan et al., 1999). The MFS is a group of transporters that are capable of 

transporting small solutes in response to chemiosmotic ion gradients (Pao et al., 1998). Members 

of the MFS are termed ion-coupled transporters because they transfer solutes against their 

electrochemical gradient by coupling the movement of an ion or second solute down its 

concentration gradient (Kaback et al., 2001). Many different families exist within the MFS, each 
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capable of transporting a single class of compounds, such as sugars, metabolites, drugs or amino 

acids (Pao et al., 1998). In particular, ProP belongs to the metabolite / H
+
 symporter group.  

 

1.4.1: The Structure of ProP 

ProP is a 500 amino acid protein, with a molecular mass of 54,854 Da, having a 

proportion of non-polar amino acid residues that is typical of integral membrane proteins 

(Culham et al., 1993). ProP, when analysed by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS PAGE), is representative of integral membrane proteins as its apparent 

weight of 42 KDa indicates the failure of this protein to fully unfold in sodium dodecyl sulfate 

(SDS) (Culham et al., 1993).  

Figure 1.4 shows the membrane topology of ProP predicted on the basis of the amino 

acid sequence and experimentally tested via chemical labelling and the construction of 

ProP’::LacY and ProP’::PhoA fusion proteins (Culham et al., 2003b and Wood et al., 2005). As 

is seen in the diagram, ProP is predicted to be an integral membrane protein with twelve 

transmembrane helices that are connected by periplasmic and cytoplasmic loops (Wood et al., 

2005). The orthologue of ProP found in E. coli contains a C-terminal sequence that forms 

intermolecular coiled-coils, discussed in further detail below.  

Site-directed fluorescent labelling of cysteine residues was used to further identify the 

orientation of ProP (Wood et al., 2005). The four native cysteines, predicted to be within 

transmembrane helices, as well as cysteines that replaced other native residues, predicted to be in 

the periplasmic loops, cytoplasmic loops or termini by the structural model, were used for this 

analysis. The fluorescent chemical Oregon green maleimide (OGM) and the blocking agent 2-

trimethylammonioethylmethanoethiosulfonate (MTSET) were used for this study (Wood et al.,  
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Figure 1.4: Predicted membrane topology and orientation of ProP.4  

This is a predicted model of the secondary structure of ProP based on amino acid sequence and 

substantiated by experimental evidence (Culham et al., 2003b and Wood et al., 2005). The 

protein is thought to form twelve transmembrane helices linked by eleven hydrophilic loops (six 

of which are periplasmic and five of which are cytoplasmic). E. coli ProP terminates in a domain 

that has six seven amino acid residue (heptad) repeats whereby residues 468 – 497 form a 

homodimeric antiparallel alpha helical coiled-coil with another ProP protein. ProP orthologues 

lacking this coiled-coil structure are thus shorter. Colour designates residues that were involved 

in PhoA (green) and LacZ (pink) fusions or positions of the cysteine residues that were available 

in the background of the Cys-less ProP variant when this figure was produced (yellow). 

 

Reprinted (adapted) with permission from Wood, J.M., Culham, D.E., Hillar, A., Vernikovska, 

Y.I., Liu, F., Boggs, J.M., and Keates, R.A. 2005. A structural model for the osmosensor, 

transporter, and osmoregulator ProP of Escherichia coli. Biochem. 44, 5634-5646. Copyright © 

2005. American Chemical Society.  

 

Please see certificate of permission in Appendix B.  
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2005). Both chemicals are membrane impermeant and react with cysteine thiols. Therefore, in 

intact cells OGM can label cysteine residues at the periplasm while in lysed cells it can label 

those at the periplasm or the cytoplasm. Using this approach, intact cells first treated with 

MTSET and later lysed could only have their cytoplasmic cysteines react with OGM (Wood et 

al., 2005). As a result, along with the ProP’::LacY and ProP’::PhoA fusion proteins, the specific 

topology and orientation of ProP was determined.  

The homology model (Figure 1.5) shows the predicted 3D structure of ProP based on the 

crystal structure of its closest paralogue GlpT, one of the four MFS transporters with known 

crystal structures at the time the homology model was predicted (Wood et al., 2005). The 

structure was predicted using 3D position specific scoring matrix (PSSM) alignment based on 

structural and sequence similarity (Wood et al., 2005). The ProP-GlpT alignment was shown to 

have the best overall distribution of recognizable sequence matches and gave a significantly 

better value for sequence similarity (E = 2.98 x 10
-5

) when compared to LacY (E = 6.53 x 10
-3

) 

(Wood et al., 2005).  

Speculation about the substrate binding sites of ProP is premature. However, a 

comparison between LacY and ProP can help in these predictions because ProP and LacY are 

both H
+
 symporters of the MFS family. LacY contains ionisable residues in its C-terminal helix 

cluster (transmembrane VII – X) that are implicated in proton translocation and coupling to 

lactose transport (Wood et al., 2005). However, ProP is predicted to lack such residues in the C-

terminal helix bundle but to contain several ionisable amino acids in its N-terminal 

transmembrane helices (Keates et al., 2010). In fact, replacement of residues in the N-terminal 

end of ProP impaired the osmosensing capabilities of ProP (Wood et al., 2005).   
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Figure 1.5: A homology model of ProP based on the crystal structure of GlpT.5 

GlpT was the closest homologue among the three transporters with known structures when the 

homology model was created. They included an anion antiporter GlpT, an H
+
 lactose symporter 

LacY and a multidrug resistant symporter EmrD (Wood et al., 2005). Color designates residues 

that are acidic (red), basic (blue), hydrophillic (green) or hydrophobic (yellow) and alanine and 

gylcine (white). The residues that are numbered are identified to give an indication as to how the 

homology model relates to the predicted secondary structure in Figure 1.4. Residues 453 – 500 

of ProP are not represented in the model as GlpT does not have an extended C-terminal 

sequence. Figure was prepared using PyMOL. The PDB entry is 1R48.  
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1.4.2: The Function of ProP  

ProP is an H
+ 

/ solute symporter that uses structurally diverse, zwitterionic organic 

compounds as substrates (MacMillan et al., 1999). The relationship between ProP activity and 

osmolality is shown in Figure 1.6. The figure shows that the initial rate of proline uptake (or 

relative proline uptake rate) via ProP is a sigmoid function of the assay medium osmolality. The 

dependence of ProP activity on the osmolality can be described by equation 1 (Culham et al., 

2003a).  

 

a0=Amax{1+exp[-(Π-Π1⁄2)/(RTB)]}
-1

     (1) 

 

Π represents the osmotic pressure of the transport assay medium, ao is the initial rate of 

proline uptake measured with medium osmolality Π/RT, Amax is the uptake rate that would be 

observed at infinite medium osmolality, R is the ideal gas constant, T is the temperature, Π1/2/RT 

is the assay medium osmolality yielding half maximal activity and B is a constant. The Π1/2/RT 

and Amax are commonly used for comparison purposes.  

Figure 1.6 also shows that the transport activity curves may shift when there is a change 

in growth conditions or in other instances when the structure of ProP is altered via amino acid 

substitutions, deletions or mutations. These shifts affect the value of Π1/2/RT, as seen from the 

graph, and may or may not affect the value of Amax. In the case of wild type ProP from E. coli, as 

shown in Figure 1.6, there is an increase in the Π1/2/RT value with an increase in the growth 

medium osmolality and no significant pattern to the change in Amax (Tsatskis et al., 2005).  
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Figure 1.6: The osmolality required to activate wild type ProP from Escherichia coli 

increases with growth medium osmolality.6  

The initial rate of proline uptake via wild type ProP cultured in media of increasing osmolalities. 

ProP activity is a direct sigmoid function of the osmolality of the assay medium. The osmolality 

range over which ProP activates is a function of the osmolality at which the bacteria are cultured. 

E. coli strain WG709, expressing ProP, was cultured in NaCl-free 4-morpholinopropanesulfonic 

acid (MOPS) medium (0.15 mol/kg; open circles) and in NaCl-free MOPS medium adjusted with 

NaCl to attain osmolalities of 0.44, 0.52, 0.60 and 0.70 mol/kg (increasingly dark grey circles). 

The initial rate of proline uptake via ProP was measured using assay media adjusted with NaCl 

to the indicated osmolalities. As is shown here, with increasing growth medium osmolality, the 

Π½/RT value increases.  

 

This figure was originally published in The Journal of Biological Chemistry. Tsatskis, Y., 

Khambati, J., Dobson, M., Bogdanov, M., Dowhan, W., and Wood, J.M. The osmotic activation 

of transporter ProP is tuned by both its C-terminal coiled-coil and osmotically induced changes 

in phospholipid composition. The Journal of Biological Chemistry. 2005; 280:41387-41394. © 

The American Society for Biochemistry and Molecular Biology.  

 

Please see certificate of permission in Appendix B.  
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Upon reconstitution of ProP into proteoliposomes made of E. coli phospholipid, both a 

membrane potential and an osmotic upshift were required for the transporter to retain activity 

(Racher et al., 1999). As a result, ProP itself can detect a change in the osmotic pressure. The 

protein changes conformation when it senses a change in osmotic pressure and responds by 

bringing in osmoprotectants such as proline (Racher et al., 2001 and Keates et al., 2010). 

ProP activity has also been correlated to the luminal concentration of inorganic and 

organic solutes with the impact of organic solutes being determined as a function of their 

molecular size (Culham et al., 2003a). Further interpretation of this would indicate that ProP 

activity is determined by the concentration of ions and macromolecules found in the bacterial 

cytoplasm. To test this hypothesis, proteoliposomes with varying degrees of polymerized 

poly(ethylene glycol) (PEG) or with monovalent cation salts, such as KCl, LiCl and CsCl, were 

prepared. Experiments showed that luminal PEG enhanced the activity of ProP and the relative 

activity increased with an increase in PEG molecular weight, all other conditions constant 

(Culham et al., 2003a).   

Transport assay experiments have also shown that when cells were osmotically stressed 

using NaCl or sucrose, respiration, LacY and other transporters were inhibited (Culham et al., 

2008). However, ProP was activated (Culham et al., 2008). Interestingly enough the inactivation 

of LacY and the activation of ProP occurred over the same osmolality range, as shown in Figure 

1.7. The effect of osmolality on respiration was thought to be part of the reason why LacY was 

inactivated. However, ProP activity was also dependent on the electrochemical potential gradient 

of protons (Racher et al., 2001). Although ProP activity is affected by many different factors, the 

coiled-coil structure formed through the carboxyl-terminal sequence of two ProP monomers, was 

also seen to have an effect on the osmosensing capabilities of ProP. 
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Figure 1.7: LacY activity decreases as ProP activity increases in membrane vesicles under 

osmotic stress.7  

ProP activates as most other membrane enzymes in E. coli are inhibited by increasing osmolality. 

Membrane vesicles containing both LacY and ProP were prepared and proline and lactose uptake 

activities were measured in 0.1 M potassium phosphate (pH 6.6) supplemented with sucrose to 

adjust the osmolality. LacY and ProP are structural and functional homologues, both are 

members of the MFS and both are proton solute symporters.  

 

Reprinted (adapted) with permission from Culham, D.E., Vernikovska, Y., Tschowri, N., Keates, 

R.A., Wood, J.M., and Boggs, J.M. 2008. Periplasmic loops of osmosensory transporter ProP in 

Escherichia coli are sensitive to osmolality. Biochem. 47, 13584-13593.  Copyright © 2008. 

American Chemical Society. 

 

Please see certificate of permission in Appendix B.  

 

 

 

 

 

 

 

 

 



21 
 

 

 

 

 

 

 

 

 

 

  



22 
 

1.5: The C-terminal Coiled-Coil Structure of ProP   

Coiled-coils are made of alpha helices that come together to form a supercoil (Burkhard 

et al., 2001). The polypeptide chains that form a coiled-coil can either be in a parallel or 

antiparallel formation. Coiled-coils are comprised of polypeptides with seven amino acid residue 

repeats (heptad repeat) containing apolar residues, such as leucine or isoleucine, in the first (‘a’) 

and fourth position (‘d’), while residues in the fifth (‘e’) and seventh position (‘g’) are frequently 

charged, such as histidine, arginine or lysine (Burkhard et al., 2001). Therefore, as a result, 

residues in the ‘a, d, e’ or ‘g’ position constantly participate in hydrophobic and electrostatic 

interactions to stabilize the coiled-coil (Oakley and Kim, 1998). The coiled-coil has roles in 

many biological functions. It can be found in skeletal proteins or motor proteins, can be involved 

in molecular recognition systems, protein refolding processes or even in ion channels (Burkhard 

et al., 2001).  

For example, the leucine zipper regions from Fos and Jun are known to fold as two 

stranded parallel coiled-coils (O’Shea et al., 1992). Fos and Jun, the protein products of the 

nuclear proto-oncogenes c-fos and c-jun, bind to DNA as dimers to help adjust transcription of 

many genes in response to mitogenic stimuli (O’Shea et al., 1992). In this example only 8 

residues from Fos and from Jun are sufficient to allow for heterodimer formation (O’Shea et al., 

1992).  

There are more examples of parallel coiled-coils as compared to antiparallel coiled-coils. 

However, the C-termini of pairs of ProP proteins from E. coli form an antiparallel coiled-coil. 

ProP from E. coli and the orthologues such as that from Agrobacterium tumefaciens (A. 

tumefaciens) contain this extended carboxyl terminus (Figure 1.8 (A)). However, the ProP  
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Figure 1.8: The importance of the extended C-terminal sequence of the osmosensory 

transporter ProP.8  

(A) This figure shows a comparison of the C-terminal sequences for ProPEc (E. coli), ProPCg 

(C. glutamicum), ProPAt  (A. tumefaciens), ShiAEc (E. coli) and KgtP (E. coli), all of which are 

transporters. The figure also indicates the proteins that are orthologues to ProP from E. coli and 

those that are paralogues to this protein. The sequences were aligned to the E. coli ProP sequence 

and only the part of the sequence that represents the C-terminal end is shown (Culham et al. 

2000, Tsatskis et al., 2005 and Tsatskis et al., 2008). (B) This is a nuclear magnetic resonance 

(NMR) solution structure of a peptide replica of residues D468 to R497 of ProP from E. coli 

(Zoetewey et al., 2003). The antiparallel alpha-helical coiled-coil structure appears to be 

stabilized by two salt bridges, each formed by the interaction of R488 on one strand with D475 

and D478 on the other strand. The figure was prepared using PyMOL. The PDB accession code 

is 1R48. 
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orthologue from C. glutamicum, does not (Figure 1.8 (A)). Extensive experimental evidence 

shows that the extended C-terminal sequence of ProP in E. coli forms an antiparallel coiled-coil 

which has implications in the osmoregulation of ProP activity (Table 1.2, Culham et al., 2000). It 

was shown that a synthetic peptide corresponding to amino acids 456-500 of ProP could form a 

homodimeric alpha helical coiled-coil in-vitro (Culham et al., 2000). The importance of the 

coiled-coil was also seen when deletion of 26 amino acids from the C-terminal sequence 

inactivated ProP in-vivo (Culham et al., 2000). Furthermore, amino acid replacements that 

prevented the synthetic peptide from forming a coiled-coil in-vitro caused an increase in the 

osmotic upshift that was required to activate ProP in-vivo (Culham et al., 2000).    

The structure and helix orientation of the carboxyl terminal coiled-coil of ProP were 

determined using NMR spectroscopy (Figure 1.8 (B)). It had been predicted that the orientation 

depended on residue R488, as amino acid mutation R488I using a synthetic peptide of the C-

terminal sequence destabilized the coiled-coil (Zoetewey et al., 2003). In fact, when using NMR 

spectroscopy to determine the structure of the synthetic peptide, it was shown that the coiled-coil 

occurred in an antiparallel fashion (Zoetewey et al., 2003). The R488 residue played a major role 

in forming stabilizing salt bridges with residues D475 and D478 on the other strand. 

The coiled-coil has also been observed to have a role in the homodimerization of ProP.  

In order to pursue such experiments, a 30 residue synthetic peptide containing cysteine residue 

substitutions was used (Hillar et al., 2003). The peptide corresponded to residues 468 – 497 of 

the C-terminus of ProP. Cysteines were placed at the “g” positions, so as to not decrease the 

coiled-coil stability. The selected positions were 480, near the centre of the peptide, and at 473, 

closer to the N-terminal. Spin labelling of the substituted cysteine residues was expected to allow 

for the detection of coiled-coil formation and orientation by electron paramagnetic resonance  
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Table 1.2: Impact of sequence variations, growth osmolality and a cls defect on ProP function, ProP dimerization (via cross 

linking) and ProP localization.2  

(Ec is E. coli, At is A. tumefaciens, Cg is C. glutamicum) 

ProP 

Variant 

Coiled-Coil 

Heptad 

Position 

Coiled-Coil 

Presence / 

Orientation 

% Cross- 

linked 

ProP
a
 

Π½/RT
b
 

 (mol/kg) 

Frequency of Polar Concentration
c
 

Reference
d
 

cls
-
 bacteria cls

+
 bacteria 

Low Π 

Growth 

High Π 

Growth 

Low Π 

Growth 

High Π 

Growth 

ProPAt n/a
e 

Antiparallel n/a 0.240 ± 0.003 4 14 34 42 4, 5 

ProPAt K498I n/a Antiparallel n/a Independent
f
 n/t

g
 n/t n/t n/t 5 

ProPAt R505I n/a Parallel n/a Elevated n/t n/t n/t n/t 5 

ProPCg n/a Absent n/a 0.45 ± 0.02 2 10 11 19 4 

ProPEc n/a Antiparallel n/a 0.222 ± 0.005 4 11 46 51 4 

ProP Δ11 n/a Absent n/a 0.430 ± 0.020 5 11 29 38 4 

ProPEc Δ45 – His6 n/a Absent n/a - 32 1 30 6 1 

ProPEc M419C n/a Antiparallel 17.5 ± 2.5 - n/t n/t n/t n/t 3 

ProPEc P420C n/a Antiparallel 27 ± 4.5 - n/t n/t n/t n/t 3 

ProPEc Y422C n/a Antiparallel 31.5 ± 3 Lowered n/t n/t n/t n/t 3 

ProPEc Y423C n/a Antiparallel - Lowered n/t n/t n/t n/t 6 

ProPEc A428C n/a Antiparallel Trace - n/t n/t n/t n/t 3 

ProPEc G431C n/a Antiparallel - Elevated n/t n/t n/t n/t 6 

ProPEc T434C n/a Antiparallel 0 - n/t n/t n/t n/t 3 

ProPEc G435C n/a Antiparallel Trace Elevated n/t n/t n/t n/t 3 

ProPEc V436C n/a Antiparallel Trace - n/t n/t n/t n/t 3 

ProPEc T437C n/a Antiparallel 0 - n/t n/t n/t n/t 3 

ProPEc M438C n/a Antiparallel Trace Elevated n/t n/t n/t n/t 3 

ProPEc K439C n/a Antiparallel 24 ± 2 - n/t n/t n/t n/t 3 

ProPEc E440C n/a Antiparallel - ProP Inactive NT NT NT NT 3 

ProPEc R444L n/a Antiparallel n/a 0.261 ± 0.014 47 57 52 59 6 

ProPEc K447L n/a Antiparallel n/a Independent 44 49 49 56 6 

ProPEc K460I a Extended n/a Independent 34 39 45 47 1 

ProPEc Y467I a Parallel n/a Elevated 30 34 41 40 1 

ProPEc K473C g Antiparallel 0 0.300 ± 0.009 n/t n/t n/t n/t 2, 3 
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ProPEc I474P a Destabilized n/a Elevated 0 1 0 0 1 

ProPEc D475A b Antiparallel n/a Slight Elevation n/t n/t n/t n/t 5 

ProPEc D476A c Antiparallel n/a Independent n/t n/t n/t n/t 5 

ProPEc D478A e Antiparallel n/a Slight Elevation n/t n/t n/t n/t 5 

ProPEc E480C g Antiparallel 49 ± 2.5 0.227 ± 0.007 0 1 4 2 2, 3 

ProPEc R488I a Parallel n/a Elevated 0 1 1 0 1, 2 

ProPEc H495I a Antiparallel n/a Independent n/t n/t n/t n/t 1 

ProPEc E500C n/a Antiparallel - 0.190 ± 0.009 9 15 45 47 6 

  

a
 The amounts of monomer and dimer were quantified by densitometry of representative Western blots to determine the % of ProP that 

was cross-linked using DTME.  

b
 The Π½/RT values were determined using data from the initial rates of proline uptake via ProP from bacteria cultured in low 

osmolality medium.  

c
 The CL content in E. coli cells was determined as 8.3. 3.8, 0.6 and 0.3 mol % of phospholipid content representative of cls

+
 cells 

grown in high osmolality medium, cls
+
 cells grown in low osmolality medium, cls

-
 cells grown in high osmolality medium and cls

-
 

cells grown in low osmolality medium, respectively (Romantsov et al., 2007). 

d
 References are (1) Culham et al. (2000), (2) Hillar et al. (2005), (3) Liu et al. (2007), (4) Tsatskis et al. (2005), (5) Tsatskis et al. 

(2008) and (6) unpublished data. Unpublished data were provided by Tanya Romantsov.  

e
 n/a is defined as Not Applicable.   

f
 Independent refers to the fact that the Π½/RT value does not depend on the growth medium osmolality.  

g
 n/t is defined as Not tested.   
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(EPR) spectroscopy. Since the labelling at the central 480 site resulted in stronger spectral 

broadening than at the 473 site, the resultant orientation was depicted to be antiparallel (Hillar et 

al., 2003).  

 Cross-linking was used to study the dimerization of the osmoregulator ProP in E. coli. In 

order to perform these cross-linking experiments, a cysteine-less ProP variant with a C-terminal 

six residue histidine tag was created (Hillar et al., 2005). Cysteine residues were then introduced 

at specific sites. Cross-linking was initiated using dithio-bis-maleimidoethane (DTME) and 

samples were then analysed using SDS PAGE to determine the extent of oligomerization. The 

results of the experiment indicated that ProP is dimeric in E. coli cells and that the dimerization 

allows for the cross-linking of the C-terminus in an antiparallel coiled-coil formation (Hillar et 

al., 2005).  

 

1.6: The Impact of the C-terminal Coiled-Coil Structure on ProP Function and 

Localization  

Amino acid replacements in the C-terminal peptide sequence of E. coli ProP have 

different effects on the structure of the coiled-coil. In particular, amino acid replacements I474P, 

E480C and R488I affected the antiparallel formation differently (Table 1.2, Culham et al., 2000, 

Zoetewey et al., 2003 and Hillar et al., 2005).  Replacement of the R488 residue with isoleucine 

eliminated the salt bridges and therefore destabilized the coiled-coil, as mentioned above 

(Zoetewey et al., 2003). This replacement also caused the coiled-coil to switch from an 

antiparallel to a parallel formation (Zoetewey et al., 2003 and Tsatskis et al., 2008). 

In fact, the R488I substitution not only destabilized the coiled-coil but it also increased 

the osmolality that was required to activate ProP (Culham et al., 2000). This result was 
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surprising because isoleucine in the ‘a’ position of a parallel coiled-coil is normally a stabilizing 

amino acid. This effect provided the first indication that the coiled-coil structure formed between 

ProP molecules may in fact be antiparallel (Zoetewey et al., 2003). The K498I, R505I 

replacements in ProP of A. tumefacieus had similar effects to the R488I mutation in ProP of E. 

coli.  They destabilized the antiparallel coiled-coil and raised the osmolality at which ProP 

activity was half maximal (Tsatskis et al., 2008). 

Amino acid replacement E480 with cysteine was shown to have little effect on the 

osmotic activation profile of ProP (Hillar et al., 2005). It was also shown to not disrupt coiled-

coil formation by ProP and in fact it favoured the partial dimerization of the ProP variant via the 

cysteine residue, as identified through cross-linking experiments (Hillar et al., 2005). On the 

contrary, replacement of the I474 residue with proline had an adverse effect on the coiled-coil 

structure. Proline was used as the amino acid replacement to introduce a ‘kink’ near the midpoint 

of the coiled-coil thereby destabilizing the coiled-coil (Zhou et al., 1992). The I474P ProP 

variant also required a higher osmolality to activate (Culham et al., 2000). In fact, as shown in 

Table 1.2, the effect of amino acid replacement I474P was similar to that of the 26 amino acid 

deletion from the C-terminal of ProP E. coli.  

The coiled-coil is not necessary for osmosensing as ProP from C. glutamicum does not 

contain the C-terminal heptad repeat sequence and it still acts as an osmosensor and 

osmoregulator after expression in E. coli (Tsatskis et al., 2005). However, ProP without the 

coiled-coil requires a higher osmolality to activate, as seen via the two C-terminal deletion 

variants of ProP E. coli and from ProP C. glutamicum (Table 1.2).  

 

 



30 
 

1.7: Impact of Membrane Phospholipid Composition on ProP Function and Localization 

As seen through the research mentioned above, the coiled-coil structure found in E. coli 

ProP has a role in osmosensing. Further research has indicated that the cardiolipin content of the 

bacteria plays a role in the localization of ProP. 

The cytoplasmic membrane of E. coli contains zwitterionic phospholipid 

phophatidylethanolamine (PE), and anionic phospholipids phosphatidylglycerol (PG) and 

cardiolipin (CL). The cytoplasmic membrane of E. coli contains approximately 75% PE, 20% 

PG and 5% CL (Cronan, 2003). By looking at the lipid composition, it was shown that the 

proportion of CL increased as the proportion of PE decreased, PG remaining constant, when cells 

were osmotically stressed (Romantsov et al., 2009). 

The cls locus of E. coli encodes CL synthase (Cls), which is one of the enzymes 

responsible for the condensation of 2 PG molecules to yield CL and glycerol (Tropp, 1997). 

Cells with disruptions in the cls gene become CL deficient. However, other enzymes contribute 

to the synthesis of CL, since cls
-
 strains contain traces of CL (Romantsov et al., 2007). In fact, 

previous reports on in-vitro studies showed that CL was synthesized by two proteins encoded in 

different genes, the cls and the ybhO gene. However, a mutant deficient in both of these genes 

was still able to synthesize CL at low levels (Guo and Tropp, 2000). In a recent study, Tan et al. 

(2012) were able to identify a third gene that encodes for a cardiolipin synthase, ymdC. A mutant 

with deletions in cls, ybhO and ymdC was unable to synthesize CL regardless of the growth 

phase.  

Fluorescence microscopy work using 10-N-nonyl-acridine orange (NAO) has shown that 

CL is enriched in regions near the nucleoid free poles and septa of the cytoplasmic membrane of 

growing E. coli cells (Mileykovskaya and Dowhan, 2000). NAO is an acridine orange derivative 
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that binds to negatively charged phospholipids such as CL, phophatidylserine (PS) and 

phosphatidylinositol (PI), with a higher affinity towards CL (2 X 10
6
 M

-1
 affinity constant) as 

compared to PS or PI association (7 X 10
4
 M

-1
 affinity constant) (Petit et al., 1992). The 

absorption spectrum of free-NAO shows a maximal peak at 495 nm at low concentrations, which 

corresponds to the monomeric form of NAO, and 474 nm at high concentrations, corresponding 

to the dimeric form of NAO (Petit et al., 1992). When NAO interacts with CL, the absorption 

maximum is at 474 nm, instead of 495 nm, indicating that NAO interacts with CL as a dimer 

(Gallet et al., 1995). In fact, binding assays indicated that the ratio of binding was 2 mol NAO / 

mol CL and 1 mol NAO / mol PS or PI (Petit et al., 1992).  

Furthermore, when NAO interacts with large concentrations of CL, the emission 

spectrum of NAO changes from 525 nm (green) to 640 nm (red) (Gallet et al., 1995). This 

change in emission spectrum was not observed for other anionic phospholipids. Therefore, this 

specificity was a good identifier to the localization of CL in cells as a red fluorescence would be 

observed when there are large concentrations of CL, as opposed to a green fluorescence observed 

when NAO interacts with the other anionic phospholipids or with low concentrations of CL 

(Gallet et al., 1995).  In fact, Mileykovskaya and Dowhan (2000) suggested that the shift to red 

fluorescence indicates that even though there is an inconsistent distribution of CL in the cell, 

there are CL enriched domains that exist towards the poles of the cell membrane.  

The lactose / H
+
 symporter LacY and the H

+
 / solute symporter ProP are two proteins that 

localize to the cell poles. Romantsov et al. (2008) used fluorescence microscopy to determine the 

correlation between the localization of CL, LacY and of ProP in E. coli. As the left image of 

Figure 1.9 shows, the red NAO fluorescence indicates that CL is localized at the poles in cls
+
 

cells under low and high osmolality conditions (Romantsov et al., 2007 and Romantsov et al.,  
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Figure 1.9: The polar localization of cardiolipin, ProP and LacY as determined using 

fluorescence microscopy.9  

Cells were stained with 4',6-diamidino-2-phenylindole (DAPI), which stains nucleoids blue, and 

NAO or 4',5'-bis(1,3,2-dithioarsolan-2-yl)fluorescein-(1,2-ethanedithiol)2 (FLASH-EDT2). 

Images were selected to illustrate the concentration of CL, ProP or LacY at the cell poles, if it 

was observed. In the figure, polar localization of ProP was CL dependent but the polar 

localization of LacY was not. This was shown because in cls
-
 cells, LacY was still able to 

localize to the cell poles, as seen by the green fluorescence at the cell poles, but ProP was not 

able to localize to the cell poles, as seen by the lack of green fluorescence at the cell poles of the 

cls
-
 E. coli cells.  

. 

This research was originally published in The Journal of Biological Chemistry. Romantsov, T., 

Stalker, L., Culham, D.E., and Wood, J.M. Cardiolipin controls the osmotic stress response and 

the subcellular location of transporter ProP in Escherichia coli. The Journal of Biological 

Chemistry. 2008; 283, 12314-12323. © The American Society for Biochemistry and Molecular 

Biology. 

 

Please see certificate of permission in Appendix B.   
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2008). The polar localization of CL decreases in cls
-
 cells, as observed by the lack of red NAO 

fluorescence at the cell poles and the appearance of green fluorescence throughout the cell, 

indicating that CL is no longer concentrated at the cell poles and NAO is interacting with trace 

amounts of CL as well as PG. Romantsov et al. (2007) also observed red NAO fluorescence at 

the cell poles of E. coli, indicating high concentrations of CL, in cls
-
 bacteria cultured in high 

osmolality medium to stationary phase  

 In order to assess the localization of ProP and LacY, both proteins had s CCPGCC 

tetracysteine motif introduced at the N-terminal end (Romantsov et al., 2008). FLASH-EDT2, 

normally a non-fluorescent ligand, fluoresces green when it is able to interact with this 

tetracysteine motif (Griffin et al., 1998). When treating liquid cultures of bacteria harbouring 

plasmids encoding for FLASH-tagged ProP or LacY with FLASH-EDT2, the interaction that 

arose, as a result of the FLASH-EDT2 binding to the tetracysteine motif, caused for the 

appearance of green fluorescence when viewing the cells (Romantsov et al., 2008).      

The evidence in Figure 1.9 (middle image) also shows that when ProP was FLASH-

tagged and viewed under fluorescence microscopy, it was seen to localize at the cell poles in cls
+
 

cells, as visualized by the green fluorescence at the poles (Romantsov et al., 2007 and 

Romantsov et al., 2008). Localization of ProP to the cell poles was depressed when there was a 

mutation in the cls gene, as observed by the lack of green fluorescence at the poles of cls
-
 cells in 

the middle image of Figure 1.9. ProP is therefore embedded in a CL enriched membrane 

environment at the cell poles (Romantsov et al., 2007). Interestingly enough, although ProP co-

localized to the poles with CL, LacY localized to the poles independent of the CL content 

(Romantsov et al., 2008). This was a strong indication that perhaps the CL content played a role 

in the localization of ProP to the poles of the E. coli cells.  
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 Seeing the relationship between the localization of LacY and ProP with respect to the CL 

content of a cell, such an association, if any, was examined for other osmoregulatory enzymes of 

E. coli. Figure 1.10 (A) shows that the polar localization of ProP, and to a certain extent MscS, 

decreases with decreasing cardiolipin content (Romantsov et al., 2010). This property; however, 

was not generally observed among the other transporters and channels tested in this study.  

Earlier evidence demonstrated that a higher osmolality is required to activate ProP 

orthologues, without the extended C-terminal sequence, and ProP E. coli variants, with amino 

acid substitutions that disrupted the antiparallel coiled-coil, than wild-type ProP. This suggested 

that the polar localization of ProP may be affected by changes to the structure of the C-terminal 

sequence. Figure 1.10 (B) and (C) are visual representations of data that can be found in Table 2 

and that have briefly been discussed earlier. Figure 1.10 (B) illustrates that CL co-localization of 

ProP does not require the antiparallel coiled-coil. However Figure 1.10 (C) suggests that changes 

to the coiled-coil sequence abolish localization of ProP to the cell poles. Figure 1.10 (D) 

establishes that amino acid substitutions upstream to the coiled-coil sequence influence the polar 

localization of ProP, although there are slight decreases in the polar localization with decreases 

in the CL content. Figure 1.10 (D) also shows that when the amino acid substitution is closer to 

the extended C-terminal sequence of E. coli ProP, there is a decrease in the polar localization of 

ProP.    

To summarize, the C-terminal sequence is not required for the polar co-localization of 

ProP and CL. However changes to the coiled-coil sequence eliminate ProP localization to the 

cell poles. Furthermore, upstream amino acid changes contribute to ProP polar localization, 

although with decreasing CL content, there is a slight decrease in such localization. The 

mechanism as to how exactly ProP localizes is not clearly understood. Perhaps ProP function and 



36 
 

Figure 1.10: The frequencies of concentrations at the cell poles with respect to the 

cardiolipin content (A) are protein specific, (B) do not require the antiparallel coiled-coil, 

(C) are affected by changes in the coiled-coil sequence and (D) are affected by upstream 

changes to the sequence.10  

The figure plots frequency of polar concentration (% cells) versus the CL content (mol %). The 

frequency with which each protein was concentrated at a cell pole (one or both poles) was 

determined by visual inspection of three groups of 100 randomly selected cells. The CL content 

was determined as 8.3. 3.8, 0.6 and 0.3 mol % of phospholipid content representative of cls
+
 cells 

grown in high osmolality medium, cls
+
 cells grown in low osmolality medium, cls

-
 cells grown 

in high osmolality medium and cls
-
 cells grown in low osmolality medium, respectively 

(Romantsov et al., 2007). In (A), CL-dependent polar localization is shared by ProP and to a 

certain extent MscS but not LacY, ProW, AqpZ and MscL. (B) CL-dependent polar localization 

of ProP does not require the antiparallel coiled-coil as shown by the data for ProPEcΔ11 and 

ProP C. glutamicum. (C) As shown in previous data, the three amino acid substitutions I474P, 

E480C and R488I each have different effects on ProP function and coiled-coil formation 

(Culham et al., 2000, Zoetewey et al., 2003 and Hillar et al., 2005). However, all three mutations 

abolish polar localization of ProP. (D) Changes in the upstream amino acid sequence of ProP in 

E. coli abolish polar localization of CL. However, with decreases in CL content, there is a slight 

decrease in the polar localization. The data shown in panels A and C were published by 

Romantsov et al. (2010) and Romantsov et al. (2008), respectively. The data shown in panels B 

and D are unpublished but were obtained by Tanya Romantsov.  
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localization depend on the formation of homodimeric antiparallel coiled-coils or on the 

interaction of ProP with unknown heterologous partners.  

 

1.8: In-vivo and In-vitro Techniques to Studying Protein-Protein Interactions  

The study of protein-protein interactions is an important field in molecular biology and 

biochemistry. Methods to study such interactions can be categorized as in-vivo or in-vitro. In-

vitro techniques include the Two-Hybrid System and in-vivo techniques may include protein 

affinity chromatography, co-immunoprecipitation, cross-linking, native gel electrophoresis and 

protein array chips (Howell et al., 2006 and Phizicky and Fields, 1995). As described above, 

previous experiments have shown that ProP in E. coli is able to homodimerize via the formation 

of the antiparallel coiled-coil. Some mutations in the C-terminal sequence have been shown to 

disrupt the ability of ProP to form the coiled-coil. There is a missing link; however, between how 

ProP dimerizes, localizes and functions. Further understanding of ProP-ProP homodimerization 

and the potential for ProP to interact with a putative interactor may provide the missing link 

between structure, function and localization.  

It is important to use more than one technique to detect a protein-protein interaction, as 

background protein interactions may be detected more predominantly in some methods as 

opposed to others (Howell et al., 2006). Furthermore, in-vitro procedures detect such interactions 

after manipulating the cells. Therefore, possible interactions may be disrupted or created in the 

process. As a result, it is essential to use an in-vivo and an in-vitro technique to detect protein-

protein interactions. Blue Native Polyacrylamide Gel Electrophoresis and the Bacterial 

Adenylate Cyclase Two Hybrid system were used for this study and will be discussed in detail.  
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1.8.1: Blue Native Polyacrylamide Gel Electrophoresis  

Blue Native Polyacrylamide Gel Electrophoresis (BN PAGE) is one of several 

electrophoretic techniques that analyze protein complexes in their native form to assess their 

composition, oligomeric state and molecular mass (Heuberger et al., 2002). Unlike other native 

polyacrylamide gel electrophoresis techniques, BN PAGE was originally developed for the 

separation of membrane protein complexes (Reisinger and Eichacker, 2008). Since its initial 

development in 1991 by Schagger and von Jagow (Schagger and von Jagow, 1991), the 

technique has been improved and modified to adapt to its multiple applications.  

Whereas SDS PAGE uses the detergent SDS to denature and introduce a negative charge 

to proteins (Laemmli, 1970), BN PAGE uses a different approach to maintain proteins in their 

native form. After being solubilized with a non-ionic detergent such as digitonin, β-dodecyl-D-

maltoside (DDM) or Triton X-100, membrane proteins are treated with the anionic dye 

Coomassie Blue G-250 (Reisinger and Eichacker, 2008). This dye binds to the hydrophobic 

surfaces of membrane proteins. The negative charge surrounding the proteins allows them to 

migrate to the anode at pH 7.5 during electrophoresis (Wittig et al., 2006). The Coomassie dye 

does not cause denaturation. Protein complexes migrate according to their molecular size as a 

result of the acrylamide pore size (Reisinger and Eichacker, 2006).  

There are at least four steps to analyzing samples using BN PAGE (Figure 1.11). First, a 

membrane fraction is isolated from the respective bacterial culture. Second, the membrane 

samples are solubilised using mild neutral detergents (Wittig et al., 2006). Moderate 

solubilisation may cause inadequate migration of samples through the gradient acrylamide gel 

whereas excessive solubilisation may disrupt interactions and disassociate protein complexes. In 

essence, as described in Wittig et al. (2006), the optimum detergent may be selected if the nature 
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Figure 1.11: A schematic representation of the process of Blue Native Polyacrylamide Gel 

Electrophoresis.11  

The diagram represents the four stages of analysis; (1) isolation of membrane proteins, (2) 

preparation of membrane samples for electrophoresis, (3) electrophoresis and (4) further protein 

analysis, with an in depth explanation of steps 2 and 3 in the text. At the final stage of analysis, 

native gels can undergo several different techniques, some of which are listed in the figure.  
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of the protein-protein interactions is known. For example digitonin is one of the mildest 

detergents available, DDM is stronger while Triton X-100 acts similar to digitonin under low 

detergent conditions and DDM under high detergent conditions (Wittig et al., 2006)). The 

detergent / protein ratio that gives almost complete membrane solubilisation and minimizes 

protein denaturation usually lies in the range of 1 – 4 g/g, with 1 g/g being optimum for bacterial 

membranes (Wittig and Schagger, 2008 and Wittig et al., 2006).  

Once the membranes have been solubilised, Coomassie Blue G-250 dye and glycerol are 

added, the latter to increase the density of the samples (Wittig et al., 2010). A gradient 

acrylamide gel, which allows for the high resolution separation of protein complexes, is then 

used to analyze the samples (Reisenger and Eichacker, 2008). Once separated by BN PAGE, the 

membrane protein complexes can be transferred to a membrane for immunodetection, or 

extracted from the gel. The extracted proteins can further be assessed on Tricine SDS PAGE, 

through 2- or 3- dimensional BN PAGE or identified via mass spectrometry.  

There are disadvantages to BN PAGE. First, membrane proteins bind large amounts of 

detergent and Coomassie dye thereby altering the mass of the protein complex (Heuberger et al., 

2002). Some proteins can bind more detergent or dye than others. To overcome this challenge, a 

native molecular marker or protein complex of known molecular weight needs to be analyzed 

alongside samples of interest to give an approximate indication of the molecular mass of the 

complexes. Secondly, over or under solubilisation may alter the recovery of protein complexes 

(Wittig et al., 2006).  

Although there are limitations to BN PAGE, it is an excellent technique for the 

determination of the oligomeric state of a specific protein under different growth conditions, 



42 
 

environments and as a result of different amino acid mutations. It is a simple technique that can 

produce fast results. However, other techniques should be used to verify these results.  

 

1.8.2: Bacterial Adenylate Cyclase Two Hybrid System  

The Bacterial Adenylate Cyclase Two Hybrid (BACTH) system is an in vitro technique 

that was developed by Dr. Ladant’s group at the Pasteur Institute and is based on interacting 

proteins causing the reconstitution of adenylate cyclase (CyaA) activity in E. coli ΔcyaA (Figure 

1.12 (A) and (B)) (Karimova et al., 1998). CyaA catalyzes the synthesis of adenosine 3,5-cyclic 

monophosphate (cAMP), which in turn binds to the catabolite activator protein (CAP).  The 

cAMP/CAP complex is a pleiotropic regulator of gene transcription in E. coli. The expression of 

cAMP-CAP dependent genes can be identified quantitatively or qualitatively on indicator and 

selective media (Karimova et al., 2000). Some of these genes encode for enzymes that 

metabolize carbohydrates, such as lactose. Therefore, E. coli ΔcyaA strains cannot metabolize 

lactose.  

The BACTH system is based on the catalytic domain of the CyaA from Bordetella 

pertussis (Ladant and Ullmann, 1999). Genetic evidence has shown that the catalytic site of 

CyaA is located in the first 400 N-terminal amino acids (Roy et al., 1983 and Ladant, 1988). Of 

importance to the BACTH system is the low molecular weight form of CyaA, a 43 KDa peptide 

that can be cleaved into two complementary fragments with molecular weights of 25 KDa and 18 

KDa, T25 and T18 fragments respectively (Ladant, 1988). The T25 fragment corresponds to the 

N-terminal domain of the catalytic site, amino acids 1 to 224, while the T18 fragment 

corresponds to the C-terminal domain, amino acids 225 to 399 (Ladant, 1988). In E. coli ΔcyaA,  
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Figure 1.12: A schematic representation of the basic mechanism of the Bacterial Adenylate 

Cyclase Two Hybrid System.12  

(A) Proteins fused to the T25 and T18 fragments, that do not interact, do not bring the two 

fragments together, allowing for no production of cAMP. (B) Interacting proteins fused to the 

T25 and T18 fragments allow for interaction of T18 and T25 and cAMP production. cAMP binds 

to CAP and allows for the transcription of certain reporter genes. (C) To assess for protein-

protein interactions, proteins are fused to either the T25 or T18 fragment, to create N-terminal 

fusions (pKNT25 and pUT18) or C-terminal fusions (pKT25 and pUT18C).   
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fusion of these fragments to interacting polypeptides causes the functional complementation 

between T25 and T18 resulting in the synthesis of cAMP (Karimova et al., 1998).  

Using the BACTH system to detect in-vivo interactions between two potential interacting 

proteins requires that these two proteins be co-expressed as fusions with either T25 or T18 

fragments. For this purpose, four different plasmids were created (Figure 1.12 (C)) (Karimova et 

al., 1998). The pT25 plasmids are derivatives of pSU40, a low copy number plasmid that 

expresses a kanamycin resistance selectable marker (Karimova et al., 2001). In pKT25, a 

multicloning site sequence is inserted at the 3’ end of the open reading frame (ORF) encoding 

the T25 fragment (for C-terminal fusions) while in pKNT25, a multicloning site sequence is 

inserted at the 5’ end of the ORF encoding the T25 fragment (for N-terminal fusions) (Karimova 

et al., 2005). The pT18 plasmids are derivatives of pUC18, a high copy number plasmid that 

expresses an ampicillin resistance selectable marker (Karimova et al., 2001). In pUT18C, a 

multicloning site sequence is inserted at the 3’ end of the ORF encoding the T18 fragment (for 

C-terminal fusions) while in pUT18, a multicloning site sequence is inserted at the 5’ end of the 

ORF encoding the T18 fragment (for N-terminal fusions) (Karimova et al., 2005). Expression of 

fusion proteins encoded by plasmids derived from pT25 and pT18 plasmids is controlled by the 

lac promoter (Karimova et al., 2000).  

To detect protein-protein interactions, genes encoding putative interactors are introduced 

into the multicloning site sequence of plasmids containing ORF’s encoding the T18 and T25 

fragments, to create either N- or C-terminal fusions, and both plasmids are co-expressed in E. 

coli Δcya (Karimova et al., 1998). Transformants are then plated on selective and indicator 

media to detect for Cya
+
 bacteria. Transformants that possess the Cya

+
 phenotype, as a 

consequence of the complementation between the T25 and T18 fragments due to interacting 
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polypeptides, appear red or pink in colour on Lactose supplemented MacConkey agar whereas 

when there is no complementation between the two fragments, because there is no interaction 

between the two polypeptides, strains possess the Cya
-
 phenotype and appear as white colonies 

on Lactose supplemented MacConkey agar (Karimova et al., 2000). A positive interaction can 

further be quantified by measuring the β–galactosidase activity, which is correlated to the levels 

of cAMP produced.  

 The BACTH system has been used to determine the potential interaction between several 

different pairs of proteins. Of direct importance to the system is the interaction that exists 

between the 35 amino acid long leucine zippers of the yeast transcriptional activator GCN4, an 

interaction that was previously confirmed via X-ray crystallography by O’Shea et al. (1991). By 

creating plasmids containing fusions of T25 and T18 with the 35 amino acid long leucine zipper 

of the GCN4 protein and co-transforming these resulting plasmids, pT25-zip and pT18-zip, into 

E.coli ΔcyaA, plating on Lactose MacConkey agar yielded red colonies and β–galactosidase 

assays yielded high activity, confirming the existence of the Cya
+
 phenotype (Karimova et al., 

1998). Control experiments were performed by Karimova et al. (1998) to ensure that 

complementation of the T25-zip and T18-zip plasmids was in fact a result of the interaction of 

the leucine zipper motif.  

Many different protein interactions have been verified through the use of the BACTH 

system. Examples include the interaction that exists between subdomains of the tyrosyl-tRNA 

synthetase of Bacillus stearothermophilus (Karimova et al., 2001), the interactions of the 

FemABX family proteins of Staphylococcus aureus (Rohrer and Berger-Bachi, 2003) or even the 

multiple interactions that exist among the Fts proteins that are involved in the cell division 

process of E. coli (Karimova et al., 2005). The BACTH system can be used to determine where 
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interactions exist, potential putative interactors and the strength of a potential interaction relative 

to the leucine zippers of the GCN4 protein.  

 

1.9: Completed Research Overview 

The orthologue of ProP found in E. coli contains an extended C-terminal sequence. 

Extensive experimental evidence, discussed above, has shown that this sequence forms an 

antiparallel coiled-coil that has implications in the osmoregulation of ProP activity. Amino acid 

replacements in the C-terminal peptide sequence of E. coli ProP have been shown to have 

diverse effects on the structure of the coiled-coil, on ProP function and on ProP localization.  

The ability of ProP to form an antiparallel coiled-coil seems to have an effect on ProP 

function. However, variants without the coiled-coil were still able to co-localize with CL to the 

cell poles. And yet with the presence of the extended C-terminal sequence, amino acid 

substitutions R488I, I474P and E480C were responsible for preventing the localization of ProP 

to the cell poles. There seems to be a missing link between ProP structure, function and 

localization. What in fact is the reason behind ProP co-localizing to the cell poles with CL? Why 

is it that certain amino acid substitutions affect localization but not function while others affect 

both localization and function? Does ProP function and localization depend on the formation of 

homodimeric antiparallel coiled-coils or does it depend on the interaction of ProP with unknown 

heterologous partners? Which heterologous partners are necessary for ProP to function, localize 

and behave as it does? Does the interaction of ProP and the heterologous partner occur at the C-

terminal end of ProP and does it affect osmosensing and osmoregulation by ProP? 

This work explored the effects of the N- and C- terminal His tag on ProP function and 

expression, the oligomeric state of ProP under different growth conditions and the potential for 
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ProP to interact with a heterologous partner. The C-terminal His tag is important for the 

recovery, concentration and purification of ProP. Many experiments performed by the Wood lab 

exploit the His tag. Strains encoding N- and C- terminally His tagged ProP (His6-ProP and ProP-

His6 respectively) were initially to be used for BN PAGE experiments. Furthermore, less time is 

required to detect His tagged ProP using horseradish peroxidase (HRP)-conjugated anti-His 

antibodies than to detect ProP using anti-ProP antibodies plus a secondary HRP conjugate. It was 

therefore important to first understand the effects of the His tag on ProP function, expression and 

oligomeric state.  

Firstly, the effects of the His tags on ProP function and expression were analysed using 

whole cell transport assays and Western Immunoblotting. The C-terminal His tag of ProP was 

predicted to affect ProP function because its location might prevent the formation of the coiled-

coil and hence in the homodimerization of ProP. The N-terminal His tag was not predicted to 

affect ProP function because the N-terminus has no known role in coiled-coil formation and ProP 

dimerization. The expression level of ProP was not expected to change with the addition of the 

His tag as for this work the genes encoding ProP, ProP-His6 and His6-ProP were expressed in a 

pBAD24 vector and were under the control of a pBAD promoter. 

Next, the effects of the His tag and CL content on the oligomeric state of ProP were 

analyzed using BN PAGE and Western Immunoblotting. It was predicted that disruptions to the 

antiparallel coiled-coil structure, such as the C-terminal His tag, that may prevent the formation 

of the coiled-coil would cause a decrease in ProP homodimerization. Furthermore, because ProP 

co-localizes to the cell poles of E. coli with CL, a decrease in the CL content would mean that 

there is a decrease in the concentration of ProP at the cell poles. Therefore it is predicted that 

decreases in CL content would cause a decrease in ProP homodimerization. 
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To confirm the homodimeric interaction of ProP, Dr. Raymond J. Turner’s laboratory in 

Calgary, Alberta developed the ProP-ProP BACTH system. In this system, the full length 

sequence of proP was cloned into the pT18 and pT25 vectors. Plasmids encoding full length 

ProP tagged with either T18 or T25 at the N- or C-terminal end were introduced into E. coli 

ΔcyaA cells. Co-transformations that did or did not result in the reconstitution of CyaA, by the 

presence or absence of interaction between the T18 and T25 fragments, were identified on 

indicator media plates and the resulting β-galactosidase activities were determined.  The 

combinations of plasmids that yielded β-galactosidase activity were pT18ProPF and pT25ProPF.  

To identify putative ProP interactors, the Turner lab used a shotgun approach whereby 

genomic DNA from E. coli K-12 was partially digested with the restriction enzyme Sau3AI and 

fractionated to select for fragments 0.5 to 2.0 kb in length. These fragments of DNA were cloned 

into the multicloning sequence of the BACTH vectors encoding the T18 and T25 fragments. E. 

coli ΔcyaA bacteria were then co-transformed with the afore mentioned plasmids and plasmids 

expressing ProP fused to the T25 or T18 fragment at the N- or C-terminal end, as required. 

Bacteria harboring combinations of plasmids that conferred β-galactosidase activity were 

identified on Lactose supplemented MacConkey indicator media plates. Plasmids that conferred 

the Cya
+
 phenotype were sequenced to determine which fragment of genomic DNA was present. 

The putative ProP interactors identified by the Turner lab using the BACTH system are listed in 

Table 1.3.  

The purpose of the second part of this research was to determine the effects of deleting 

the locus encoding the putative ProP interactor, YdhP, on ProP function and expression. It was 

predicted that deleting the loci encoding ProP interactors would affect ProP function and 

dimerization. The expression level of ProP was not expected to alter with the deletion of 
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Table 1.3: A list of putative ProP interactors as determined by the Turner lab using the 

Bacterial Adenylate Cyclase Two Hybrid System.3 

Bait
a
 

 

Library 

(Prey)
b
 

Gene 

ID 

Gene 

name 

Description 

 

Cloned length / 

Full length 

ProPFT18 Genomic-T25 

959476 potC spermidine/ putrescine ABC transporter 1-164 aa / 264 aa 

959527 ubix 
3-octaprenyl-4-hydroxybenzoate 

carboxylyase 

1-181 aa 

/ 289 aa 

946705 yojI 

Microcin J25 efflux pump, TolC-

dependent; fused ABC transporter 

permease and ATP-binding components 

217-479 aa 

/ 547 aa 

959988 yjdC transcriptional regulator 1-127 aa / 199 aa 

949007 fadE acyl coenzyme A dehydrogenase 1-223 aa / 814 aa 

945821 cls cardiolipin synthase 1 45-320 aa / 486 aa 

960078 yjbJ stress-response protein 1-37 aa / 69 aa 

947978 ftsY 
Signal Recognition Particle (SRP) 

receptor 

5-226 aa 

/ 497 aa 

T25ProPF Genomic-T18 

947340 ydhP Inner membrane transport protein 1-264 aa / 390 aa 

945118 ybbP predicted ABC transporter permease 50-272 aa / 805 aa 

958877 msbA 
lipid transporter ATP-binding 

protein/permease 

1-63 aa 

/ 583 aa 

946890 fhuB 
fused iron-hydroxamate transporter 

subunits of ABC superfamily 

43-317 aa 

/ 661 aa 

945364 modA modA molybdate transporter subunit 96-156 aa / 257 aa 

T25ProPF T18- Genomic 

959970 frdD 
fumarate reductase (anaerobic), 

membrane anchor subunit 

89-118 aa 

/ 119 aa 

7158602 ydbA 
putative autotransported outer 

membrane protein 

1678-1939 aa 

/ 1939 aa 

945438 ybiR predicted transporter 
339-372 aa 

/ 373 aa 

 

a
 In ProPFT18, the ProP protein is at the N-terminus while the T18 fragment is at the C-terminus of the 

fusion protein. In T25ProPF, the ProP protein is at the C-terminus while the T25 fragment is at the N-

terminus of the fusion protein.  

 
b
 In Genomic-T18 and Genomic-T25, the genomic insert is at the N-terminus while the T18 or T25 

fragment is at the C-terminus of the fusion protein. In T18-Genomic, the genomic insert is at the C-

terminus while the T18 fragment is at the N-terminus of the fusion protein. 
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the loci encoding ProP interactors as for this work the gene encoding ProP was expressed in a 

pBAD24 vector and was under the control of a pBAD promoter. 

 

1.10: Significance of Research   

Osmoregulation affects the survival of cells and organisms. By furthering our 

understanding of ProP structure, function and localization, we can gain insight into the 

mechanism by which this protein helps microbes and other cells survive osmotic pressure 

changes. Furthermore, by identifying ProP interactions, the missing link between ProP structure, 

function and localization can be examined. Our understanding of how ProP functions and what 

influences its mechanism can then be further extended to other osmosensory transporters.   
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Chapter 2: Materials and Methods  

 

2.1: Materials 

Unless otherwise specified, products and chemicals were purchased from Fisher 

Scientific (Ottawa, Ontario, Canada) or Sigma Aldrich (Oakville, Ontario, Canada). 

 

2.2: Bacterial Strains, Plasmids and Culture Conditions 

A list of E. coli K-12 strains and plasmids used or created for this study can be found in 

Tables 2.1 and 2.2, respectively. A list of primers used in the construction of some of the 

plasmids, in the verification of polymerase chain reaction (PCR) products and for sequencing can 

be found in Table 2.3. Primers specifically created for this study were purchased from Operon 

(Huntsville, Alabama, USA).  

 E. coli culture stocks (glycerol stocks) were prepared by aseptically mixing 1 mL of 

overnight culture, grown in LB Broth (Miller, 1972), with 0.5 mL of glycerol (80 % (v/v)). 

These stocks were maintained at -40°C. Antibiotic resistant strains were grown in the presence of 

the respective antibiotic, ampicillin (100 µg/mL) or kanamycin (50 µg/mL).  

 Cultures were incubated at 37°C, unless otherwise stated, with shaking at 200 rpm. 

Strains were grown in either LB Broth (Miller, 1972) or NaCl-free MOPS medium (Neidhard et 

al., 1974) supplemented with the respective antibiotic, to maintain plasmids, and L-arabinose 

where necessary, to adjust for ProP expression.  
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Table 2.1: List of Escherichia coli K12 derived strains.4 

Strain Genotype Derivation 

DH5α 
F

-
 φ80dlacZΔM15 Δ(lacZYA-argF)U169 recA1 

endA1 hsdR17(rK
-
mK

-
) supE44λ

-
 thi-1 gyrA recA1  

Hanahan, 1983 

WG350 
F

-
 trp lacZ rpsL thi Δ(putPA)101 Δ(proU)600 

Δ(proP-melAB)212 
Culham et al., 1993 

WG708 WG350 pBAD24 Racher et al., 1999 

WG709 WG350 pDC79 Culham et al., 2000 

WG710 WG350 pDC80 Racher et al., 2001 

WG838 WG350 pYT1 Tsatskis et al., 2005 

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

WG983 WG980 pDC79 Romantsov et al., 2007 

WG1277 WG980 pDC80 Romantsov et al., 2010 

WG1278 WG980 pYT1 Romantsov et al., 2010 

WG1320 WG350 lacZ
+
 Wood Lab 

WG1324 WG1320 ΔcyaA851::FRT Wood Lab 

WG1332 WG350 ΔydhP735::kan Wood Lab 

WG1340 WG1332 pDC79 This Work 

WG1342 WG350 pNS1 This Work 

WG1351 WG1324 pKT25-zip – pUT18C-zip Wood Lab 

WG1352 WG1324 pProPFT25 – pPropFT18 Wood Lab 

WG1353 WG1324 pProPFT25 – pUT18C-zip Wood Lab 

WG1354 WG1324 pKT25-zip – pProPFT18 Wood Lab 

WG1359 WG1324 pKT25 – pUT18C Wood Lab 

WG1368 WG350 pNS2 This Work 

WG1420 WG1324 pProPFT25 – pYdhPT18 This Work 

WG1421 WG1324 pT25ProP – pYdhPT18 This Work 

WG1422 WG1324 pYdhPT25 – pProPFT18 This Work 

WG1423 WG1324 pYdhPT25 – pT18ProP This Work 

WG1424 WG1324 pT25ProP – pT18ProP This Work 

WG1425 WG1324 pT25ProP – pProPFT18 This Work 

WG1426 WG1324 pProPFT25 – pT18ProP This Work 

WG1427 WG1324 pKT25-zip – pT18ProP This Work 

WG1428 WG1324 pT25ProP – pUT18C-zip This Work 

WG1429 WG1324 pKT25-zip – pYdhPT18  This Work 

WG1430 WG1324 pYdhPT25 – pUT18C-zip This Work 
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Table 2.2: List of plasmids.5 

Plasmid Description Reference 

pBAD24 Expression vector.  Guzman et al., 1995 

pCP20 
Encodes FLP recombinase and a temperature 

sensitive origin of replication.  

Datsenko and Wanner, 

2000 

pDC79 Encodes ProP.  Culham et al., 2000 

pDC80 Encodes ProP-His6.  Culham et al., 2000 

pKNT25 

Used for construction of in frame fusions at the N-

terminal end of the T25 fragment of adenylate 

cyclase. 

Karimova et al., 1998 

pKT25 

Used for construction of in frame fusions at the C-

terminal end of the T25 fragment of adenylate 

cyclase.  

Karimova et al., 1998 

pKT25-zip 

Encodes the leucine zipper of GCN4 fused in frame 

to the C-terminus of the T25 fragment of adenylate 

cyclase.   

Karimova et al., 1998 

pProPFT18 
Encodes full length ProP fused in frame to the N-

terminus of the T18 fragment of adenylate cyclase.   
Turner Lab 

pProPFT25 
Encodes full length ProP fused in frame to the N-

terminus of the T25 fragment of adenylate cyclase.  
Turner Lab 

pNS1 Encodes His6-Gly6-ProP.  This Work 

pNS2 Encodes ProPE480C.  This Work 

pT18ProP
a
 

Encodes full length ProP fused in frame to the N-

terminus of the T18 fragment of adenylate cyclase. 
Culham, D.E. 

pT25ProP
b
 

Encodes full length ProP fused in frame to the N-

terminus of the T25 fragment of adenylate cyclase. 
Culham, D.E. 

pUT18 

Used for construction of in frame fusions at the N-

terminal end of the T18 fragment of adenylate 

cyclase.   

Karimova et al., 1998 

pUT18C 

Used for construction of in frame fusions at the C-

terminal end of the T18 fragment of adenylate 

cyclase.   

Karimova et al., 1998 

pUT18C-zip 

Encodes the leucine zipper of GCN4 fused in frame 

to the C-terminus of the T18 fragment of adenylate 

cyclase. 

Karimova et al., 1998 

pYdhPT18
c
 

Encodes full length YdhP fused in frame to the N-

terminus of the T18 fragment of adenylate cyclase. 
Turner Lab 

pYdhPT25
d
 

Encodes full length YdhP fused in frame to the N-

terminus of the T25 fragment of adenylate cyclase. 
This Work 

pYT1 Encodes His6-ProP. Tsatskis et al., 2005 
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a
 This plasmid was constructed, as an alternative to the one initially provided by the Turner lab 

so that the termination codon immediately followed the ProP coding region.   

 

b
 Sequencing of pT25ProPF, provided by the Turner lab, showed the existence of mutations 

resulting in amino acid replacements S389T and V725E, both present in the ProP protein. This 

plasmid was reconstructed to correct these encoded mutations and to ensure that the termination 

codon followed the ProP coding region directly.  

 

c
 The Turner lab provided a mixture of two plasmids, with one base insertion difference. The 

bacterial strain harbouring this plasmid was restreaked to isolate a single correct colony that 

contained only the correct plasmid.   

 

d
 This plasmid was created by sub-cloning the ydhP gene from plasmid pYdhPT18 using the 

restriction enzymes KpnI and XbaI, the two restriction enzymes that the Turner lab had used to 

clone the ydhP gene into plasmid pUT18.   
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Table 2.3: List of primers.6 

Primer Name Primer Sequence (5’→3’)
a
 Purpose 

ProP-

Ntermlinker 

CCA TGC ATC ACC ATC ACC ATC 

ACG GCG GTG GCG GTG GCG GTC 

TGA AAA GGA AAA AAG TAA AAC 

CG For construction of pNS1. Inserts 

an Msl1 restriction enzyme site.  

ProP-

Ntermlinker-r 

CGG TTT TAC TTT TTT CCT TTT 

CAG ACC GCC ACC GCC ACC GCC 

GTG ATG GTG ATG GTG ATG CAT 

GG 

E480C-1 

CGA GCA GAA AAT CGA TGA TAT 

TGA TCA CTG CAT TGC CGA TTT 

GCA GGC G For construction of pNS2. Inserts 

a Bcl1 restriction enzyme site.  

E480C-2 

CGC CTG CAA ATC GGC AAT GCA 

GTG ATC AAT ATC ATC GAT TTT 

CTG CTC G 

AB4318 GGT CAG GGG AGT ATT CCG C 
For sequencing of pNS1 and 

pNS2.  
proP2 GGT AGA AGC CAT AAC GCC C 

AB4451 GCT ACT TGG TAG TGT TGC CC 

JK2 
CGC AAG CTT TTA TTC ATC AAT 

TCG CGG 

Along with primer AB4451, for 

verification of plasmids encoding 

ProP that are digested with the 

restriction endonuclease BclI. 

ydhP-F GCT GCA CTG ATT TCC TCT CG 
For confirmation of strains that 

contain the kanamycin cassette in 

place of the ydhP gene. 

ydhP-R GCT ACG CTT ATC AGG CCT AC 

ydhP-I CCA CGA CTG AAC CCA AAC C 

KmF GAT CTC CTG TCA TCT CAC 

cyaFor CGG TCA ATC AGC AAG GTG 
For confirmation of strains with a 

deletion of the cyaA gene. 
cyaRev GGC GAT GAG TGG ATT TGT G 

cyaInt GCT CAC TAA CTG GCT CAA CAC 

cls-01 CCC ACT TCC GTT CTA CTC CGC For confirmation of strains that 

contain a transposon insertion in 

place of the cls gene. 

cls-02 GAT CGA GAT TGT CGG CAG CC 

Tn10dTet CTT TCT AAG GCA GAC CAA CC 

pUT18-F GTT GTG TGG AAT TGT GAG C For sequencing of plasmids 

derived from pUT18. pUT18-R GAT CAC GCC GAT ATT CAT G 

pKNT25-F CTT TAT GCT TCC GCC TCG TAT G For sequencing of plasmids 

derived from pKNT25. pKNT25-R GTG GCG TTT TTT TCC TTC GC 

pUT18C-F GGA AAA GCC TGT TCG ACG For sequencing of plasmids 

derived from pUT18C. pUT18C-R GCA GAC AAG CCC GTC AG 

pKT25-F CGA CAT GTT CGC CAT TAT GC For sequencing of plasmids 

derived from pKT25. pKT25-R GGG CCT CTT CGC TAT TAC 

 

a
 Restriction sites are bolded and underlined in each of the first four primer sequences.
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2.3: Culture Media Preparation 

When required, osmolalities were determined using the VAPRO Vapor Pressure 

Osmometer 5520 (Wescor (Claremont, Ontario, Canada)) and pH measurements were made 

using the Radiometer PHM 92 Lab pH Meter (Radiometer Analytical SAS (Mississauga, 

Ontario, Canada)). Where necessary, media were sterilized by autoclaving for 30 minutes at 

121°C.  

LB Broth, prepared as described by Miller (1972), consisted of NaCl (1 % (w/v)), Bacto-

tryptone (1 % (w/v)) and Bacto-yeast extract (0.5 % (w/v)).  

  The NaCl-free MOPS medium, prepared as described by Neidhard et al. (1974) with the 

omission of NaCl, was MOPS medium, prepared as described in Appendix A, supplemented 

with NH4Cl (9.5 mM), as a nitrogen source, glycerol (0.4 % (v/v)), as a carbon source and L-

tryptophan (0.005 %) and thiamine hydrochloride (0.0001 %), to meet auxotrophic requirements. 

NaCl was added to the NaCl-free MOPS medium to adjust the osmolality as necessary.  

Solid media were prepared by adding agar (15 g/L) to the corresponding liquid media. 

Where solid media required the addition of antibiotics, ampicillin (50 µg/mL), chloramphenicol 

(30 µg/mL), kanamycin (50 µg/mL), streptomycin (100 µg/mL) and tetracycline (25 µg/mL), 

were added as required. Plates containing ampicillin were temperature sensitive and were stored 

at 4°C once solidified. Plates containing tetracycline were temperature and light sensitive and 

were covered to omit light and stored at 4°C once solidified.  

2,3,5- triphenyl tetrazolium chloride (TTC) acts as a redox indicator to identify strains 

that cannot use specific nutrients as sources of reducing power (Bochner and Savageau, 1977). In 

this study, strains that were able to use the proline provided in the medium were able to reduce 

TTC and appeared as red colonies. Strains that were not able to use the proline were unable to 
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reduce TTC and appeared as white colonies. Appendix A describes the preparation of TTC 

plates.  

Lactose supplemented MacConkey plates act as a visual pH indicator to distinguish 

between bacteria that are capable of fermenting lactose and those that are not (MacConkey, 

1905). Strains that can ferment lactose cause a decrease in the pH producing red / pink colonies. 

Strains that cannot ferment lactose use peptone instead, a component of MacConkey agar, and 

cause an increase in pH producing white colonies (MacConkey, 1905). MacConkey plates 

consisted of MacConkey agar (5 % (w/v)).   

MOPS minimal medium plates, prepared as described in Appendix A, were used to test 

for auxotrophy. Media with and without tryptophan were used to verify that cultures of strains 

which require tryptophan for growth, were pure. Thiamine hydrochloride was provided to all 

strains as many E. coli strains require this nutrient at a low level.  

The identity of each strain and culture purity were confirmed by streaking each culture on 

indicator media (MacConkey and TTC), antibiotic media plates (ampicillin, tetracycline, 

chloramphenicol, kanamycin and streptomycin) and MOPS based media plates. The identity of 

each strain was further verified using PCR, for strains with chromosomal deletions, and 

restriction digest analysis, for strains encoding plasmids.  

 

2.4: Molecular Biology Techniques 

Basic molecular biological techniques were performed as described by Sambrook et al. 

(2001). These techniques included plasmid DNA isolation, PCR purification, restriction 

endonuclease analysis, cloning and agarose gel electrophoresis. Plasmids were isolated using the 

QIAprep Spin Miniprep Kit (Qiagen (Mississauga, Ontario, Canada)) or the High Speed Plasmid 
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Mini Kit (FroggaBio (Toronto, Ontario, Canada)). PCR amplicons were purified using the 

QIAquick PCR Purification Kit (Qiagen). DNA was extracted from agarose gels using the 

QIAquick Gel Extraction Kit (Qiagen).   

A 1Kb DNA marker (Invitrogen (Burlington, Ontario, Canada)) was always used when 

analysing samples on an agarose gel. Restriction enzymes were purchased through New England 

Biolabs (Whitby, Ontario, Canada). T4 DNA Ligase and Taq Polymerase were purchased from 

Invitrogen. Pwo DNA Polymerase was purchased from Roche Applied Science (Laval, Quebec, 

Canada). 

Chromosomal DNA was isolated by harvesting 1 mL of overnight culture, by 

centrifuging for 1 min in a microcentrifuge at maximum speed, and resuspending in NaCl (0.85 

% (w/v)). After centrifuging again for 1 min in a microcentrifuge at maximum speed, the pellet 

was resuspended in 500 µL of sterile water and placed in a boiling water bath for 10 min. After 

harvesting, by centrifuging for 1 min in a microcentrifuge at maximum speed, the samples were 

placed immediately on ice and the supernatant was transferred to a fresh microfuge tube and 

stored at 4°C. 

Transformation was performed as described by Hanahan (1983). PCR was completed 

using the GeneAmp PCR System 2400 Thermal Cycler (Perkin Elmer (Woodbridge, Ontario, 

Canada)), and as described by Brown and Wood (1992). Sequencing was completed by the 

Advanced Analysis Centre (AAC) at the University of Guelph (Guelph, Ontario, Canada). 

Site directed mutagenesis was carried out essentially as described in the instruction 

manual for the Stratagene QuikChange™ Site-Directed Mutagenesis Kit (Agilent Technologies 

(Wilmington, Denver, USA). Pwo DNA Polymerase and Dpn1 restriction enzyme (New England 

Biolabs) were used. No mineral overlay was used when performing the mutagenesis and 
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amplified DNA was transformed into DH5α competent cells. Oligonucleotide primers were 

designed so that the desired amino acid change and a restriction endonuclease cleavage site, to 

facilitate the screening of potential mutants, were introduced.  

Strain WG1332 was created by introducing the Keio collection ydhP735::kan 

replacement into strain WG350 by P1 transduction. Strain WG1324 was constructed by 

introducing the Keio collection cyaA751::kan into strain WG1320 and then deleting the 

kanamycin cassette using the procedure described by Datsenko and Wanner (2000).  

 

2.5: Preparation of Cell Extracts 

Side-arm flasks were used in the preparation of cell extracts to facilitate absorbance 

reading measurements.   

  

2.5.1: Whole Cells 

Whole cell extracts were prepared as described by Culham et al. (2003a). LB Broth (2 

mL) was inoculated with a frozen stock culture and incubated at 37°C for approximately 7 hours. 

This culture was used to inoculate NaCl-free MOPS medium, or NaCl-free MOPS medium 

adjusted to a specific osmolality with the addition of NaCl (24 mL), in a 125 mL side-arm flask 

(20 % (v/v)). The cultures were incubated overnight at 37°C with shaking at 200 rpm. After 16-

18 h, the optical density (OD) of the overnight culture was measured using the Bausch and Lomb 

Spectronic 88 spectrophotometer or the Novaspec II UV/Vis spectrophotometer. The bacteria 

were harvested by centrifuging at room temperature for 10 min at 5700 rpm in the Beckman 

Coulter Allegra X-22 centrifuge. The volume of culture harvested was chosen so that an OD at 

600 nm of 0.4 (using the Bausch and Lomb Spectronic 88 spectrophotometer) or 0.1754 (using 
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the Novaspec II UV/Vis spectrophotometer) would be attained after the bacteria were 

resuspended in 24 mL of the same medium.  

Cultures were grown to an OD of 0.9 (using the Bausch and Lomb Spectronic 88 

spectrophotometer) or 0.4 (using the Novaspec II UV/Vis spectrophotometer). Cultures were 

then harvested by centrifuging at room temperature for 10 min at 5700 rpm in the Beckman 

Coulter Allegra X-22 centrifuge. They were then washed twice in supplemented MOPS medium 

(defined below) adjusted with NaCl to the same osmolality as the corresponding culture medium, 

by centrifuging at room temperature for 10 min at 5700 rpm in the Beckman Coulter Allegra X-

22 centrifuge. Finally the pellet was resuspended, by gentle pipetting, in unsupplemented MOPS 

medium (1 mL) and transferred to a microfuge tube. Samples were stored at -40°C until needed 

for further analysis. 

Unsupplemented MOPS medium, unlike NaCl-free MOPS medium (see Section 2.3) 

lacked any of the organic supplements. It therefore contained NaCl (35 mM) to allow for the 

osmolality to be the same as the NaCl-free MOPS medium  Further addition of NaCl to the 

unsupplemented MOPS medium was required to adjust for the osmolality as necessary.   

 

2.5.2: Membranes  

For the preparation of membrane extracts, bacteria were cultured and harvested as 

described in section 2.5.1, except whole cell extract pellets were resuspended in 0.67 mL of a 

freshly prepared ice cold lysis solution containing tris(hydroxymethyl)aminomethane (Tris, pH 

7.5 with HCl, 10 mM), ethylenedinitrilotetracacetic acid sodium salt (EDTA-Na, pH 8.0 with 

NaOH, 5 mM), lysozyme (0.3 mg/mL), DNase I (0.04 mg/mL) and phenylmethanesulfonyl 

fluoride (PMSF, 1 mM). After 15 min at room temperature, the sample was taken up with a 
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micropipette and released vigorously into a glass centrifuge tube, kept on ice, containing 6.7 mL 

of cold sterile water. The glass tube was vortexed quickly to complete the lysis. 

The membranes were then harvested by centrifuging for 20 min at 10,000 rpm at 4°C in 

the Beckman Coulter Avanti J20-XPi. The supernatant, containing cytoplasmic constituents, was 

discarded and the pellet was resuspended in cold sterile water using a large gauge needle 

(stainless steel, 18 gauge, 5 cm in length, blunt end). The suspension was transferred to a 

microfuge tube and centrifuged for 10 min at 4°C in a microcentrifuge at maximum speed. The 

supernatant was carefully removed and the membrane pellet was resuspended using the large 

gauge needle in cold sterile water (0.5 mL).  

 

2.5.3: Cross-linking Procedure 

In-vivo cross-linking of ProPE480C was performed as described by Hillar et al. (2005). 

Stock solutions of DTME (64 mM, Pierce (Rockford, Illinois, USA)) and 2-aminoethyl 

methanethiosulfonate hydrobromide (MTSEA, 30 mM, Toronto Research Chemicals 

Incorporated (North York, Ontario, Canada)), were prepared in N,N-dimethylformamide (DMF) 

and stored in aliquots at -40°C. Cultures were prepared as described in section 2.5.1 and were 

treated, as described below, once they had grown to an OD of 0.9 (using the Bausch and Lomb 

Spectronic 88 spectrophotometer) or 0.4 (using the Novaspec II UV/Vis spectrophotometer).   

 DTME was added to the 24 mL cell suspension to attain a final concentration of 400 µM 

and the resulting suspension was incubated for 10 min at 37°C with shaking at 200 rpm. To 

block free cysteines, MTSEA, a membrane permeant methanethiosulfonate, was added to the 

cultures to a final concentration of 1 mM and the cells were incubated for a further 10 min at 

37°C with shaking. Negative controls involving primary and secondary treatment of cells in 
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DMF only or primary treatment of cells with MTSEA to a final concentration of 1 mM, and 

secondary treatment of cells with DTME to a final concentration of 400 µM. Table 2.4 shows the 

different reagent combinations and incubation timings for this cross-linking procedure.  

 

Table 2.4: A systematic representation of the different reagent combinations and 

incubation timings for cross-linking.7 

Control Treatment Treatment 1 Treatment 2 

Whole cell suspensions 

DMF DTME (400 µM) MTSEA (1 mM) 

Incubation for 10 minutes at 37°C with shaking at 200 rpm 

DMF MTSEA (1 mM) DTME (400 µM) 

Incubation for 10 minutes at 37°C with shaking at 200 rpm 

 

After treatment, the procedure from section 2.5.1 was continued and cells were washed 

and harvested accordingly. If membranes were to be isolated, the procedure outlined in section 

2.5.2 was followed.  

 

2.6: Techniques for Protein Analysis 

 Several different protein analysis techniques were used on preparations of whole cell 

extracts or membrane extracts.  

 

2.6.1: Bicinchoninic Acid Assay 

The bicinchoninic acid (BCA) assay was performed as described by Smith et al. (1985) 

and Redinbaugh and Turley (1986) using BCA reagents A and B with bovine serum albumin 

(BSA) as standard. Assays were performed in 96 well microtiter plates (Fisher Scientific, 
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catalogue #: 0720098) and absorbance’s at 562 nm were measured using the Titertek Multiskan 

PLUS MK II Microplate Reader.  

 

2.6.2: Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS PAGE) 

SDS PAGE was performed as described by Laemmli (1970) using the Bio-Rad 

MiniProtean III cells (Bio-Rad (Mississauga, Ontario, Canada)). Polyacrylamide gels, consisting 

of 12 % acrylamide for the resolving gel and 3.75 % acrylamide for the stacking gel, were 

prepared. The resolving gel consisted of Tris (pH 6.8 with HCl, 0.25 M), SDS (0.2 % (w/v)), 30 

% acrylamide/bis (37.5:1 ratio, 40 % (v/v)), ammonium persulfate (APS, 0.05 % (v/v)) and 

tetramethylethylenediamine (TEMED, 0.05 % (v/v)). The stacking gel consisted of Tris (pH 8.8 

with HCl, 0.1875 M), SDS (0.05 % (w/v)), 30 % acrylamide/bis (37.5:1 ratio, 12.5 % (v/v)), 

APS (0.0625 % (v/v)) and TEMED, (0.125 % (v/v)). 30% acrylamide (37.5:1 ratio), APS and 

TEMED reagents were purchased from Bio-Rad.  

 Samples containing 60 µg of protein were resuspended in sample buffer (40 µL) 

consisting of Tris (pH 6.8 with HCl, 0.3 M), SDS (10 % (w/v)), glycerol (50 % (v/v)), 

bromophenol blue (0.125 % (w/v)) and β-mercaptoethanol (25 % (v/v)) (or tris(2-

carboxyethyl)phosphine (TCEP, 0.125 M)). Samples were then incubated for 30 min in a 37°C 

incubator, solubilized using 1cc syringes (26 gauge, 3/8 inches), and an aliquot (12.5 µL) of the 

sample containing 15 µg of protein was analyzed via SDS PAGE. Electrophoresis was 

performed at 150V and was stopped when the dye front had reached the end of the gel. The 

Precision Plus Dual Colour SDS-PAGE Standard (Bio-Rad) was used as a molecular weight 

marker. Gels were then either stained with Gelcode Blue (Pierce) to show protein loading levels 

or proteins were transferred for Western Immunoblotting.  
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2.6.3: Blue Native Polyacrylamide Gel Electrophoresis (BN PAGE) 

Membrane samples, prepared as described in section 2.5.2, were resuspended in Tris (pH 

7.5 with HCl, 35 mM), EDTA-Na (pH 8.0 with NaOH, 35 mM) and glycerol (50 % (w/v)). Their 

protein concentration was determined with the BCA assay and ProP expression levels were 

assessed by SDS-PAGE and Western Immunoblotting before they were stored at -40°C. BN 

PAGE was performed essentially as described by Wittig et al. (2006). During use, membrane 

samples were stored on ice, unless otherwise specified.  

 

Preparation of the Buffers 

The solubilisation buffer, which was prepared fresh and kept on ice, contained NaCl (50 

mM), imidazole (pH 7.0 with HCl, 50 mM), 6-aminohexanoic acid (2 mM) and  EDTA-Na (pH 

8.0 with NaOH, 1 mM). Cathode buffer B contained tricine (50 mM), imidazole (7.5 mM) and 

Coomassie Brilliant Blue G-250 (0.02 % (w/v)). Cathode buffer B/10 contained tricine (50 mM), 

imidazole (7.5 mM) and Coomassie Brilliant Blue G-250 (0.002 % (w/v)). The anode buffer 

contained imidazole (pH 7.0 with HCl, 25 mM). Coomassie Brilliant Blue G-250 was prepared 

as a 5 % (w/v) stock solution by dissolving the dye in 6-aminohexanoic acid (500 mM). 

All stock solutions were prepared in bulk and stored at 4°C. Cathode and anode buffers 

were prepared fresh. Cathode buffer B was kept stirring at room temperature for several hours 

while cathode buffer B/10 and the anode buffer were kept stirring at 4°C for several hours. 

Cathode buffer B should be stirred at room temperature for several hours as Coomassie dye tends 

to form aggregates at low temperatures which may prevent proteins from entering the gel. 

Finally, the pH of all buffers should be approximately neutral. The tricine and imidazole in the 
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cathode buffers adjusts the pH of the solution to neutrality while the pH of the solubilisation and 

anode buffers was adjusted with HCl.  

 

Preparation of the Samples 

Samples were thawed, resuspended using a large gauge needle (stainless steel, 18 gauge, 

5 cm in length, blunt end), to ensure homogeneity, and placed on ice. An aliquot containing 400 

µg of protein was transferred to a microfuge tube and the membranes were pelleted by 

centrifuging for 10 – 15 min at maximum speed in a microcentrifuge placed at 4°C. The 

supernatant was carefully removed and the samples were homogenized, using the large gauge 

needle, in solubilisation buffer (40 µL). DDM (2 µL of 20 % (w/v)) was mixed into the samples 

by gentle pipetting and the samples were left to solubilise on ice for 10 min. Samples were then 

centrifuged for 20 min at maximum speed in a microcentrifuge at 4°C. The supernatant was 

transferred to a new microfuge tube. Glycerol (5µL of 50 % (w/v)) was added and mixed by 

gentle pipetting and then Coomassie Brilliant Blue G-250 (1 µL of 5 % (w/v)) was added and 

mixed by gentle pipetting. 5 µL, which was approximately equivalent to 50 µg of protein of each 

sample, was loaded into each of two wells for BN PAGE. 

 

Electrophoresis of the Samples 

Native gels (4–20% acrylamide, Mini-PROTEAN® TGX™ Precast Gel, Bio-Rad) were 

placed into the Bio-Rad MiniProtean III system. The wells were overlaid with cathode buffer B 

to ensure that no bubbles remained in the wells. In the cold room, the inner chamber was filled 

with cathode buffer B. After ensuring that the inner buffer did not leak to the outer chamber, the 

outer chamber was filled with anode buffer. Samples were loaded into the appropriate wells. The 
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gels were electrophoresed at 100V for approximately 1 h, or until the samples entered the gel 

about 1/3 of the way. The electrophoresis was paused and cathode buffer B was replaced with 

cathode buffer B/10. The lesser concentration of Coomassie Brilliant Blue dye ensures that there 

is less competition between the dye and protein binding to polyvinylidene fluoride (PVDF) 

membranes and that there is better visualization of faint bands. The electrophoresis was resumed 

at 115 – 120V for approximately 2 h or until the blue dye front reached the end of the gel.  

 

2.6.4: Western Immunoblotting 

Western Immunoblotting differed for samples analyzed via SDS PAGE or via BN PAGE. 

Furthermore, different procedures were used to analyze the expression of ProP, OmpA and His-

tagged ProP.  

 

Electroblotting of proteins from SDS PAGE 

Western blots were performed essentially as described by Towbin et al. (1979). Proteins 

were electrotransferred from SDS polyacrylamide gels to a nitrocellulose membrane (Bio-Rad) 

using a transfer buffer containing Tris (14 mM), glycine (115 mM), SDS (0.02 %) and methanol 

(20 %). Transfers were completed on ice for 1 h at a constant voltage of 80V.  

 

Electroblotting of proteins from BN PAGE 

The native gel was removed from the apparatus and placed in a container containing 

sterile water. The gel was washed for approximately 2 hours to remove excess Coomassie 

Brilliant Blue dye by continually renewing the water over the gel.  Using the Iblot Gel Transfer 

Device IB1001 (Invitrogen), the proteins in the native gel were transferred for 7 min to a gel 
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transfer stack containing a PVDF membrane (Invitrogen), using program 3. Once the transfer 

was complete, the membrane was placed into a container containing methanol for 3 min, with 

shaking, to help remove excess Coomassie Brilliant Blue dye. The membrane was then rinsed 

several times with sterile water and left on the shaker for a few minutes.  

 

Treatment of membranes for detection of ProP, OmpA or His-tagged ProP 

Except for the detection of ProP using the His tag, membranes were blocked overnight in 

a TBS/Triton solution (Tris (pH 7.4 with HCl, 25 mM), NaCl (137 mM), KCl (2.7 mM) and 

Triton X-100 (0.001 % (v/v))) containing skim milk (0.04 %, Becton, Dickinson and Company 

(BD)).  

For detection of ProP or OmpA, membranes were then probed overnight in a TBS/Triton 

solution containing skim milk (0.04 %) and either rabbit polyclonal antibodies raised against 

whole ProP or rabbit-polyclonal antibodies raised against whole OmpA in a 1:20,000 ratio. Anti-

ProP antibodies were previously prepared as described in Racher et al. (1999). Anti-OmpA 

antibodies were a gift from Dr. Thomas Silhavy of Princeton University and also recognize 

LamB. Membranes were then incubated with a horseradish peroxidase coupled goat anti-rabbit 

secondary antibody for 1 h. After several washes in TBS/Triton, ProP and / or OmpA was 

visualized using the Amersham enhanced chemiluminescence (ECL) reagents and film (GE 

Healthcare (Mississauga, Ontario, Canada)). ECL films were developed using the departmental 

medical film processor, Konica Minolta XRS-101A 

 For detection of ProP using the His tag, the Penta-His HRP Conjugate Kit (Qiagen) was 

used and protocol 7 from the QIAexpress Detection and Assay (Qiagen) handbook was followed. 

Membranes were blocked overnight in the provided Anti-His HRP conjugate blocking buffer 
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with Tween-20 (0.1 % (v/v)). Membranes were then placed in the provided Anti-His HRP 

conjugate blocking buffer with the anti-His HRP conjugate, in a 1:2000 ratio, with Tween-20 

(0.1 % (v/v)) for 1 h. After several washes in TBS/Tween/Triton (Tris (pH 7.5 with HCl, 20 

mM), NaCl (500 mM), Tween-20 (0.05 % (v/v) and Triton X-100 (0.2 % (v/v))) and TBS (Tris 

(pH 7.5 with HCl, 10 mM) and NaCl (150 mM)), ProP was visualized using the Amersham ECL 

reagents and film, as described above.  

ProP-His6 was detected colourimetrically by following the Western blot protocol 

provided with the ProteoQuest Colorimetric Western Blotting Kit (Sigma Aldrich). Membranes 

were blocked overnight at 4°C in BSA (2 %) in TBS (Tris (pH 7.4 with HCl, 50 mM) and NaCl 

(150 mM)). Membranes were then washed with TBS/Tween (TBS containing Tween-20 (0.0005 

% (v/v))). They were then incubated in BSA (2 %) in TBS with albumin free 6 X His 

monoclonal antibody (Clontech (Mountain View, California, USA)) in a 1:5000 dilution for 1 h. 

Membranes were then washed again with TBS/Tween and incubated in BSA (2 %) in TBS with 

goat anti-mouse alkaline phosphatase (AP) conjugate, in a 1:30,000 dilution, for approximately 1 

h. Membranes were then washed in TBS/Tween and then in AP substrate buffer (Tris (pH 9.5 

with NaOH, 100 mM), NaCl (100 mM) and MgCl2 (5 mM)) for several minutes before 

developing the membrane using a solution containing nitro-blue tetrazolium (NBT) and 5-

bromo-4-chloro-3'-indolyphosphate (BCIP) in AP substrate buffer. NBT and BCIP were 

purchased in powder form but solutions were prepared prior to their use to obtain the appropriate 

concentrations of NBT (50 mg/mL in 70 % DMF) and BCIP (50 mg/mL in 100 % DMF).   
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2.7: Transport Assays 

Transport assays were completed on whole cell extracts that had been maintained at room 

temperature for no more than 4 h. Assays were completed as described by Milner et al. (1988) 

and Culham et al. (2003a). Samples were analyzed in triplicate during the assay and each 

experiment was completed at least twice. Transport assays used L-[
14

C] proline purchased from 

American Radiolabelled Chemicals (ARC (St. Louis, Missouri, USA), catalogue #: 0654A) or 

Perkin Elmer ((Waltham, Massachusetts, USA), catalogue #: NEC285E250UC). The standard 

transport assay medium was unsupplemented NaCl-free MOPS medium, adjusted with NaCl to 

the appropriate osmolality and prepared as described in section 2.5.1, that also included glucose 

(10 mM) and chloramphenicol (0.09 mg/mL).  

25 µL of bacteria were introduced into 455 µL of the appropriate transport assay medium 

and incubated for 3 minutes at 25°C with agitation. Transport was initiated with the addition of 

20 µL of L-[
14

C] proline (5 mM) to a final concentration of 200 µM for a final assay mixture 

volume of 500 µL. 150 µL of the reaction mixture was dispensed onto 0.45 µM millipore filters 

(Fisher Scientific, catalogue #: HAWP02500) on a filtration apparatus at 20, 40 and 60 sec time 

intervals and washed immediately with 5 mL unsupplemented NaCl-free MOPS medium, 

adjusted with NaCl to ensure that the assay and wash solutions were isotonic. Filters were then 

removed from the vacuum apparatus and placed in scintillation vials (Beckman LS 18 mL Poly-

Q Polyethylene Vials or the Perkin Elmer BN 20 mL Polyethylene vials) and dried for 1 – 2 h 

under a heat lamp. 5 mL of scintanalyzed Xylenes containing 2,5-diphenyloxazole (PPO) was 

added over the dried filters and counts were determined using the Beckman Coulter LS 6500 

Scintillation Counter or the Perkin Elmer Tri-Carb 2910 TR Liquid Scintillation Analyzer.  
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The protein concentration of each sample was determined using the BCA assay. Each set 

of experiments had triplicate measurements of counts per minute (cpm) at 20, 40 and 60 sec.    

The nmole proline / mg protein for each time point was determined using equation 2. 500 µL 

represents the total volume of each tube and 150 µL represents the volume of the mixture 

allocated to each filter.  

 

nmole proline / mg protein = (
      

        
    

      
                                  

)                 (2) 

 

A linear regression analysis was completed for each replicate experiment using the values 

determined for nmole proline / mg protein, so that each line was constructed from 3 points at 

time 20, 40 and 60 sec. The mean of the 3 slopes, which represents nmole proline / mg protein / 

min, of the replicate experiments was determined and a standard error value was calculated. The 

standard error value was calculated by using equation 3, where in this case n is equal to 3.  

 

Standard error = 
                  

√ 
                                       (3) 

 

To prepare the curves, such as those shown in Figure 1.6, 1.7, 3.2 and 3.3, a non-linear 

regression analysis was completed using SigmaPlot. The analysis, completed using the 

‘sigmoidal 3 parameters’ function helped determine the values of Π½/RT and Amax. 

 

2.8: β-galactosidase Assays 

β-galactosidase assays were performed essentially as described by Daniels et al. (1998) 

and Wood et al. (2005). Z-buffer was prepared and stored at 4°C and contained Na2HPO4 (60 
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mM), NaH2PO4 (40 mM), MgSO4 (1 mM) and KCl (10 mM). The solution was adjusted to pH 

7.0 by titrating Na2HPO4 (100 mM) versus NaH2PO4 (100 mM), both solutions containing 

MgSO4 (1 mM) and KCl (10 mM). On the day of analysis ortho-nitrophenyl-β-D-galactoside 

(ONPG) was dissolved in Z-buffer to attain a concentration of 13.3 mM, mixed well and kept on 

ice. Also a freshly prepared sample of Complete Z-buffer (consisting of Z-buffer and β–

mercaptoethanol (2.79 mM)) was prepared, mixed well and kept on ice.  

Cultures were grown overnight at 30°C with shaking in LB Broth supplemented with 

ampicillin (100 µg/mL), kanamycin (50 µg/mL) and isopropyl β-D-thiogalactopyranoside 

(IPTG, 1 mM). 1.5 mL of the overnight culture was transferred to a microfuge tube and 

harvested by centrifuging for 1 min at maximum speed in a microcentrifuge. The pellet was 

resuspended in 1 mL of cold Z-buffer, centrifuged again for 1 min at maximum speed in a 

microcentrifuge and resuspended in 1 mL cold Z-buffer. Appropriate dilutions (usually 10
-1

 and 

10
-2

), of each culture, in Z-buffer were prepared.  

Glass test tubes (13 X 100 mm) containing 1.4 mL of Complete Z-buffer for samples or 

1.6 mL of Complete Z-buffer for negative controls were prepared. 200 µL of the prepared 

bacterial suspensions in Z-buffer were added. Cells were permeabilised by adding 20 µL of SDS 

(0.1 % (w/v)) and 50 µL of chloroform. Each tube was vortexed for exactly 10 sec. Once the 

chloroform bubble had settled to the bottom of the glass tube, 200 µL of the permeabilised cells 

were added to each of 4-6 wells of a 96 well microtiter plate (Fisher Scientific, catalogue #: 

0720098).  

The FLUOstar Optima BMG Labtech Microplate Reader was turned on and allowed to 

equilibrate to 30°C. Once the required temperature was reached, 40 µL of the prepared ONPG 

solution was added to each well, using a multichannel pipette, to initiate the reaction. The 
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absorbances of the wells were measured at a wavelength of 420 nm at 130 second intervals over 

the course of 60 minutes.  

To measure the protein concentration of each culture, 1 mL of the overnight culture was 

transferred to a microfuge tube and centrifuged for 1 min at maximum speed in a tabletop 

microcentrifuge. The pellet was then resuspended in 1 mL of sterile water and a BCA assay was 

completed to determine the protein concentration. The β–galactosidase activity was determined 

using equation 4: 

 

Activity (µmoles / min / mg of protein) = 
(
 

 
) (

 

 
) (

                   

                 
)

         
                 (4) 

 

The data provided by the plate reader were used to create plots of absorbance vs. time for 

the first 15 min of each reaction. Beyond 15 min, the relationship between absorbance and time 

was not linear. The mean slope from each of the trials, of a specific sample, was used as the 

value for (
 

 
) with units of min

-1
. The value of  

 

 
 was predetermined by Craig Kerr to be 1.58 

µmole/mL. This value was determined by measuring the absorbance at 420 nm of different 

concentrations of ortho-nitrophenol (ONP), ranging from 0 mM to 1 mM, prepared in Z-buffer, 

and determining the slope of the curve of absorbance (at 420 nm) versus ONP concentration.  

The total assay volume was 240 µL (200 µL permeabilised cells + 40 µL ONPG solution) 

and the amount of cells added was 200 µL. The dilution factor was either 10 (for culture 

dilutions prepared in Z-buffer that were 10
-1

) or 100 (for culture dilutions prepared in Z-buffer 

that were 10
-2

). The protein concentration was determined from the culture, as opposed to the 

permeabilised cells, to ensure that there were no discrepancies among the protein concentrations 

of cells from the same culture and to ensure that reagents used for permeabilising did not 
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interfere with the BCA assay. Furthermore, the calculation of β–galactosidase activity involves 

taking into account all of the dilutions that were required to complete the assay. Therefore, the 

activity is essentially a representation of that of the whole culture as opposed to the 

permeabilised cells only.  
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Chapter 3: Determining the Oligomeric State of ProP and Assessing the Impact of the N- 

and C-terminal His tag and Cardiolipin Content on this Oligomeric State 

 

Romantsov et al. (2007) demonstrated that the CL content (mole %), for bacteria cultured 

to exponential phase in low (0.15 mol/kg) or high (0.74 or 0.75 mol/kg) osmolality medium, 

depended on whether the bacteria were cls
+
 or cls

-
. For cls

+
 bacteria the CL content was 3.8 and 

8.3 mole %, for bacteria cultured in media of low and high osmolality, respectively, while for cls
-
 

bacteria the CL content was 0.3 and 0.6 mole %, for bacteria cultured in media of low and high 

osmolality, respectively (Romantsov et al., 2007).  

Furthermore, Romantsov et al. (2008) showed that the osmolality at which ProP activity 

is half maximal (Π½/RT) changed in direct proportion to the CL content, when the bacteria were 

cultured in media of increasing osmolality. This meant that with increasing osmolality of the 

growth medium, there is an increase in the CL content.  

The aim of this research was to determine the oligomeric state of ProP using BN PAGE 

and to assess how the His tag and the CL content affect this oligomeric state. Strains encoding N- 

and C-terminally His tagged ProP were used and the CL content was altered by culturing the 

bacteria in media of increasing osmolalities. The results show how the His tag and the CL 

content affect the oligomeric state of ProP and demonstrate how BN PAGE can be used for 

future experiments. Prior to completing BN PAGE experiments, the effects of the N- and C-

terminal His tags on ProP function and expression were assessed. Understanding these results 

could further indicate the importance of the N- and C-terminal ends of ProP on function, 

localization and oligomerization.  

 



75 
 

3.1: Insertion of a Six Amino Acid Glycine Linker Does Not Help in the Detection of N-

terminally His Tagged ProP when Using HRP Conjugated Anti-His Antibodies 

In previous experiments, His6-ProP could not be detected by Western blotting when using 

HRP conjugated anti-His antibodies (Tsatskis et al., 2005). A six amino acid glycine linker was 

introduced in between the N-terminal His tag and ProP, using site directed mutagenesis, with the 

expectation that the resulting protein could be detected via Western blots using HRP conjugated 

anti-His antibodies.  

His6-Gly6-ProP was not detected via Western blots when using HRP conjugated anti-His 

antibodies (Figure 3.1). However subsequent work (presented below) showed that wild type ProP 

could be detected with anti-ProP antibodies after analysis by BN PAGE. Therefore, the use of 

HRP conjugated anti-His antibodies were no longer required.  

 

3.2: The Effects of Growth Medium Osmolality on the Osmotic Activation of N- and C-

terminally His Tagged ProP  

Tsatskis et al. (2005) observed that the osmotic activation of ProP followed a sigmoidal 

pattern, depicted in equation 1, with increasing assay medium osmolality and that as the growth 

medium osmolality increased, the Π½/RT value also increased (Figure 1.6, 3.4 (A) and Table 

3.1).  

a0=Amax{1+exp[-(Π-Π1⁄2)/(RTB)]}
-1

     (1) 

 

However the effects of the His tag on the osmotic activation of ProP were not assessed. 

In this study, the effects of growth medium osmolality on His6-ProP and ProP-His6 function were   
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Figure 3.1: Placement of a glycine linker in between the N-terminal His tag and ProP failed 

to render N-terminally His tagged ProP detectable when using HRP conjugated anti-His 

antibodies.13  

E. coli strains WG709, WG710, WG838 and WG1342, expressing ProP, ProP-His6, His6-ProP 

and His6-Gly6-ProP, respectively, were cultured in NaCl-free MOPS medium (0.14 mol/kg). 

Whole cell extracts were analyzed via SDS PAGE and proteins were detected via Western 

Immunoblotting. The figure demonstrates Western blots (A) using anti-ProP antibody plus a 

secondary HRP conjugate, (B) HRP conjugated anti-His antibody and (C) 6 X His monoclonal 

antibody plus a secondary AP conjugate and the respective Gelcode Blue stained SDS 

polyacrylamide gels to depict sample loading. Westerns were repeated on the same samples and 

on freshly prepared whole cell extracts and similar results were observed. The purified ProP-His6 

was originally prepared as described in Racher et al. (1999).  
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determined. To accomplish this, the initial rates of proline uptake by bacteria expressing ProP-

His6 and His6-ProP were measured as a function of growth and assay medium osmolality 

(Figures 3.2 – 3.4 and Table 3.1). Using these results, the Π½/RT and Amax values for ProP-His6 

and His6-ProP were determined by non-linear regression analysis and compared to the values 

determined by Tsatskis et al. (2005) for ProP. For these experiments, plasmids encoding ProP, 

ProP-His6 and His6-ProP were transformed into E. coli WG350. Strain WG350 lacks all proline 

transporters (ProP, ProU and PutP) (Culham et al., 1993). Therefore all proline uptake activity 

can be attributed to any plasmid-encoded transporters, such as plasmids encoding ProP, ProP-

His6 and His6-ProP.  

As the growth medium osmolality increased, the osmolality required for half maximal 

ProP activity (Π½/RT) increased and the maximal uptake rate (Amax) decreased (Figures 3.2 – 3.4 

and Table 3.1). The first property was also observed for untagged ProP (Figure 1.6, Figure 3.4 

(A) and Table 3.1) (Tsatskis et al., 2005). Figure 3.3 also demonstrates that the activity of His6-

ProP was intrinsically higher than that of the other transporters, a result that was also observed 

by Tsatskis et al. (2005). The second property, a decrease in Amax, was not observed for untagged 

ProP. The decrease in Amax suggested that there were decreases in the expression level of the 

protein when the growth medium osmolality was increased, a result that was further investigated. 

 

3.3: The Effects of Growth Medium Osmolality on the Expression Levels of N- and C-

terminally His Tagged ProP  

Bacteria expressing ProP, ProP-His6 or His6-ProP were cultured in NaCl-free MOPS 

medium containing NaCl at 0 mM (0.14 mol/kg, low osmolality) or NaCl at 300 mM (0.74 

mol/kg, high osmolality). The initial rate of proline uptake via ProP, ProP-His6 and His6-ProP  
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Figure 3.2: The osmolality required to activate ProP-His6 increased with growth medium 

osmolality.14  

E. coli strain WG710, expressing ProP-His6, was cultured in NaCl-free MOPS medium (0.15 

mol/kg, solid circles) and in the same medium adjusted with NaCl to attain osmolalities of 0.44 

(open circles), 0.55 (inverted solid triangles), 0.66 (open triangles) and 0.74 (solid squares) 

mol/kg. The initial rate of proline uptake via ProP-His6 was measured using assay media 

adjusted with NaCl to the indicated osmolalities and non-linear regression analysis was 

completed. These experiments were repeated at least twice and similar results were observed.  
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Figure 3.3: The osmolality required to activate His6-ProP increased with growth medium 

osmolality.15 

E. coli strain WG838, expressing His6-ProP, was cultured in NaCl-free MOPS medium (0.15 

mol/kg, solid circles) and in the same medium adjusted with NaCl to attain an osmolality of 0.72 

mol/kg (open circles). The initial rate of proline uptake via His6-ProP was measured using assay 

media adjusted with NaCl to the indicated osmolalities and non-linear regression analysis was 

completed. These experiments were repeated at least twice and similar results were observed.  
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Figure 3.4: The assay medium osmolality that yielded half maximal activity for ProP-His6 

or His6-ProP increased with growth medium osmolality while the maximal uptake rate for 

ProP-His6 and His6-ProP decreased with growth medium osmolality.16  

The plot shows the assay medium osmolality that yielded half maximal activity (Π½/RT, panel 

A) and the maximum rate of proline uptake (Amax; panel B) for ProP (solid circles), ProP-His6 

(open circles) and His6-ProP (inverted solid triangles) as a function of the growth medium 

osmolality. Π½ / RT and Amax were determined by using the non-linear regression analysis from 

the data sets in Figures 3.2 and 3.3. Π½/RT and Amax values for ProP-His6 and His6-ProP at the 

lowest and highest growth medium osmolality were determined on two different occasions, the 

data sets were combined and non-linear regression analysis was completed to produce the results. 

ProP data are obtained from Tsatskis et al. (2005) and are shown here as comparators. 
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Table 3.1: The osmolality response parameters of ProP, ProP-His6 and His6-ProP.8 

These were determined by measuring the initial rates of proline uptake as a function of growth 

and assay medium osmolality.  

ProP 

Variant
b
 

Growth Medium 

Osmolality (mol/kg)
c
 

Osmolality Response Parameters
a
 

Amax 

(nmole proline / mg 

protein / min) 

Π1/2/RT 

(mol/kg) 

B 

(mol/kg) 

ProP 0.12 - 0.222 ± 0.005 - 

ProP 0.15 65 ± 1 0.232 ± 0.005 0.042 ± 0.003 

ProP 0.23 - 0.235 ± 0.003 - 

ProP 0.32 - 0.245 ± 0.003 - 

ProP 0.44 76 ± 1 0.299 ± 0.003 0.047 ± 0.003 

ProP 0.52 73 ± 0.1 0.322 ± 0.000 0.050 ± 0.000 

ProP 0.60 78 ± 5 0.363 ± 0.014 0.063 ± 0.011 

ProP 0.70 67 ± 5 0.415 ± 0.019 0.078 ± 0.012 

ProP-His6
d
 0.15 85 ± 5 0.268 ± 0.012 0.057 ± 0.010 

ProP-His6 0.24 66 ± 4 0.280 ± 0.013 0.050 ± 0.011 

ProP-His6 0.35 53 ± 3 0.303 ± 0.011 0.049 ± 0.010 

ProP-His6 0.44 70 ± 4 0.302 ± 0.010 0.047 ± 0.008 

ProP-His6 0.55 63 ± 3 0.316 ± 0.008 0.051 ± 0.007 

ProP-His6 0.66 61 ± 4 0.392 ± 0.011 0.054 ± 0.008 

ProP-His6
d
 0.74 30 ± 3  0.398 ± 0.016 0.049 ± 0.014 

His6-ProP
d
 0.15 98 ± 4 0.189 ± 0.011 0.065 ± 0.014 

His6-ProP
d
 0.72 58 ± 6 0.324 ± 0.029 0.082 ± 0.024 

 

a
 Unless otherwise specified, each parameter is derived from a single transport experiment and 

representative of two experiments performed on whole cell extracts prepared on two different 

days. Each parameter is followed by a standard error value.  

b 
Data for ProP was obtained from Tsatskis et al. (2005) while data for ProP-His6 and His6-ProP 

were determined from this work.  

c 
Unless otherwise specified, bacteria were cultured in NaCl-free MOPS medium that was 

supplemented with NaCl to attain the desired growth medium osmolality.  

d
 Two transport data sets were combined and then regression analyses was performed to obtain 

these values. 
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was measured using assay media adjusted with NaCl to attain osmolalities of 0.14 and 0.74 

mol/kg. The initial rates of proline uptake via ProP, ProP-His6 and His6-ProP were similar to 

those observed in previous experiments (legend to Figure 3.5). 

The samples were then analyzed by SDS PAGE and Western Immunoblotting to 

determine the expression levels of both ProP and OmpA (Figure 3.5). OmpA expression was 

analyzed as OmpA expression was not known to vary with changes in osmolality. Hence it was a 

good internal control to demonstrate that changes in ProP expression levels were in fact a result 

of changing osmolalities and not a result of unequal sample loading. The results can be seen in 

Figure 3.5.  

The expression levels of the ProP variants were analyzed by performing densitometry on 

the Western blot shown in Figure 3.5 and on a replicate Western blot (Figure 3.6). Densitometry 

results indicated minimal differences between the expression levels of ProP, ProP-His6 and His6-

ProP at low and high growth medium osmolality. The results also demonstrated that differences 

between ProP and ProP-His6 expression levels were minimal while His6-ProP expression levels 

were much higher than those of ProP or ProP-His6, a result that was previously reported by 

Tsatskis et al. (2005). The variations in expression levels shown in Figure 3.6 were not 

proportional to the variations in Amax shown in Figure 3.4 (B). The lack of minimal difference in 

the expression levels of ProP and ProP-His6 is reassuring since many of the experiments rely on 

the use of ProP-His6 for purification purposes.  

The decrease in Amax could not be explained by the expression levels of ProP-His6 and 

His6-ProP at low and high growth medium osmolality. Could the His tag be causing the protein 

to lose function when the bacteria expressing the transporter is both grown and assayed at high 

osmolality? 
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Figure 3.5: Expression levels of ProP, ProP-His6 and His6 ProP as a function of growth 

medium osmolalities.17  

E. coli strains WG709, WG710 and WG838, expressing ProP, ProP-His6 and His6-ProP 

respectively, were cultured in NaCl-free MOPS medium (0.14 mol/kg, low osmolality) or in the 

same medium adjusted with NaCl to attain an osmolality of 0.74 mol/kg (high osmolality). The 

initial rate of proline uptake via ProP, ProP-His6 and His6-ProP was measured using assay media 

adjusted with NaCl to attain osmolalities of 0.14 and 0.74 mol/kg, to determine whether transport 

function was similar to that observed in previous experiments. The measured uptake activities for 

bacteria expressing ProP, ProP-His6 and His6-ProP cultured in NaCl-free MOPS medium (low 

osmolality) was determined to be 67.3 ± 0.3, 52.4 ± 3.4 and 126 ± 5 nmole proline / mg protein / 

min, respectively. The measured uptake activities for bacteria expressing ProP, ProP-His6 and 

His6-ProP cultured in NaCl-free MOPS medium (high osmolality) was determined to be 13.05 ± 

2.9, 25.50 ± 1.8 and 30.55 ± 1.6 nmole proline / mg protein / min, respectively. Whole cell 

extracts were then analyzed via SDS PAGE and Western Immunoblotting, using (A) anti-ProP 

antibody plus a secondary HRP conjugate or (B) anti-OmpA antibody plus a secondary HRP 

conjugate. (C) A Gelcode Blue stained SDS polyacrylamide gel is included to show protein 

loading levels. These Westerns were repeated at least twice on the same samples and on freshly 

prepared whole cell extracts and similar results were observed. The first and last lanes are 

negative controls and show the lack of ProP expression determined from whole cell extracts 

prepared from E. coli strain WG708, which contains the pBAD24 vector.  
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Figure 3.6: Densitometric analysis of the expression levels of ProP variants.18  

Densitometry was performed with the Life Science Bio-Rad Image Lab Software using the Bio-

Rad ChemiDoc XRS
+
 Imaging System. An image of the Western blot was uploaded into the 

software. Lanes were selected and observed bands were determined. An analysis of the intensity 

of each expression band was performed. The graphs pertaining to each of the intensities was used 

to determine the background level and this background was subtracted from each of the sample 

intensities as necessary. Trial 1 results were obtained by densitometric analysis of the anti-ProP 

Western blot shown in Figure 3.5 (A). Trial 2 results were obtained by densitometric analysis of 

a replicate Western blot produced from freshly prepared whole cell extracts that were analyzed 

via SDS PAGE and Western Immmunoblotting.  
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3.4: The Impacts of the His Tag and the Bacterial Cardiolipin Content on the Oligomeric 

State of ProP 

BN PAGE was used to define the oligomeric state of ProP in membrane extracts and to 

assess the effects of the His tag and the CL content on this equilibrium. It was predicted that 

disruptions to the antiparallel coiled-coil structure that prevent the formation of the coiled-coil 

would cause a decrease in ProP homodimerization. Furthermore, because ProP co-localizes to 

the cell poles of E. coli with CL, a decrease in the CL content would mean that there is a 

decrease in the concentration of ProP at the cell poles. Therefore it is predicted that decreases in 

CL content would cause a decrease in ProP homodimerization.  

 When analyzing samples via SDS PAGE, a molecular weight marker electrophoresed on 

the same SDS polyacrylamide gel can easily assist in determining the molecular weight of a 

particular protein. Because BN PAGE is a native electrophoretic technique, molecular weight 

markers used should in theory contain proteins that increase in molecular weight without a 

change in shape, which is very difficult to develop. As a result, standards analyzed via BN 

PAGE cannot necessarily be analyzed correctly for their molecular weights. Furthermore, native 

molecular weight markers were not properly electrophoresing on BN PAGE and could not be 

visualized appropriately. A control sample was therefore required to indicate the electrophoretic 

motilities of ProP monomers, dimers and even oligomers during BN PAGE.  

Previous work showed that covalently cross-linked ProP dimers can be created by 

treating ProPE480C-His6 with DTME (Hillar et al., 2005). In this previous work, however, all 

native cysteine residues in ProPE480C-His6 were replaced with other residues. To stay consistent 

with the BN PAGE experiments, which were to use strains harbouring plasmids encoding for 

wild-type ProP with and without the His tag, a plasmid encoding wild-type ProP with the E480C 
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mutation was created using site directed mutagenesis. This protein was created to serve as a 

‘positive control’ when analyzed via BN PAGE so as to show the electrophoretic mobility’s of 

monomeric and dimeric ProP.  

 DTME is a maleimide cross-linker that allows for covalent conjugation between 

sulfhydryl groups of cysteine residues. The stable thioether linkage that forms between the 

maleimide group of DTME and the sulfhydryl group of the cysteine is very strong and cannot be 

disassociated with reducing agents or other chemicals (Partis et al., 1983). At pH’s close to 

neutrality, the reaction is very selective towards sulfhydryl groups and, unlike other cross-linking 

agents, maleimides do not interact with tyrosine, histidine or methionine (Partis et al., 1983). The 

disulfide bond in the spacer arm of DTME can be cleaved using reducing agents, such as β-

mercaptoethanol, TCEP or dithiothreitol (DTT), causing cross-linked proteins to return to their 

unlinked form.  

 Previous work showed that induction with arabinose was required to elevate the 

expression of ProPE480C-His6 to a level comparable with that of ProP when both were encoded by 

plasmids derived from the pBAD24 vector (Hillar et al., 2005). E. coli strain WG1368, which 

expressed the newly formed ProPE480C without the His tag, was induced with arabinose at several 

different concentrations to determine the arabinose concentration that was required to give 

expression comparable to that of wild-type ProP from the pBAD promoter. Arabinose at 34 µM 

yielded ProPE480C expression at a level comparable to that attained by ProP without arabinose 

induction from the pBAD promoter (Figure 3.7). As a result, whenever this strain was used for 

experiments, arabinose (34 µM) was included in the culture medium. Interestingly, at very high 

concentrations of arabinose, two bands were observed for ProP expression. This perhaps  
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Figure 3.7: Arabinose induction of bacterial strains expressing ProPE480C showed that 34 

µM of arabinose was required to ensure that the expression level of ProPE480C was 

comparable to that of ProP from the pBAD promoter.19  

E. coli strain WG1368, expressing ProPE480C, was cultured in NaCl-free MOPS medium (0.14 

mol/kg) and induced with varying amounts of arabinose. Whole cell extracts were then analyzed 

via SDS PAGE and Western Immunoblotting. Panel A shows the expression levels of the 

arabinose induced samples detected using anti-ProP antibody plus a secondary HRP conjugate 

and panel B shows the associated Gelcode Blue stained SDS polyacrylamide gel to depict protein 

loading levels. Lane 1 is a negative control and shows the lack of ProP expression determined 

from whole cell extracts prepared from E. coli strain WG708, which contains the pBAD24 

vector. Lane 2 shows the ProP expression level of whole cell extracts prepared from E. coli strain 

WG709, which expresses ProP.   
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indicates that at high ProP expression levels, ProP cannot be denatured as well because it forms 

spontaneous disulfide bonds due to it being an integral membrane protein.  

Next experiments were performed to verify that ProPE480C could be cross-linked using 

DTME. Three conditions were imposed when doing these experiments on whole cell extracts and 

membrane extracts from bacteria expressing ProPE480C. First a negative cross-linking control was 

created by treating the samples with DMF in the first and second incubations. DMF is a solvent 

that was used in the preparation of MTSEA and DTME, as described in section 2.5.3, and hence 

was used here for ‘lack of treatment’. Second, samples were incubated with MTSEA in the first 

incubation and DTME in the second incubation. MTSEA is a methanethiosulfonate that reacts 

with the sulfhydryl groups of cysteines. Cysteine residues in MTSEA-treated samples would not 

be available to react with DTME and therefore there would be no covalent conjugation between 

the sulfhydryl groups of two cysteines via DTME. As a result only monomers should be 

observed. Third, samples were treated with DTME in the first incubation and MTSEA in the 

second incubation. When samples are first treated with DTME, the cysteines at amino acid 

positions 480 in two molecules of ProPE480C are expected to cross-link by the covalent 

conjugation of the sulfhydryl groups of the two cysteines via DTME. Afterwards, treatment with 

MTSEA ensures that any remaining free thiol groups can no longer form dimers.  

Samples were then analyzed via SDS PAGE and ProP expression was determined with 

Western Immunoblotting using anti-ProP antibodies plus a secondary HRP conjugate. Samples 

analyzed via SDS PAGE were treated with or without β-mercaptoethanol. β-mercaptoethanol is a 

reducing agent that cleaves the disulfide bond in the spacer arm of the maleimide cross-linker 

DTME. All samples treated with β-mercaptoethanol should show a single ProP band when 

analyzed via SDS PAGE and Western Immunoblotting as the disulfide bond that exists in the 
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spacer arm of DTME would be cleaved and no cross-linking would be observed. In samples 

initially treated with DTME, condition three, when samples were not treated with β-

mercaptoethanol both monomer and cross-linked ProP should be observed with Western 

Immunoblotting as there is no reducing agent to cleave the disulfide bond in the spacer arm of 

DTME.  

Figure 3.8 shows the Western blots for the initial crosslinking experiments that were 

performed using (A) whole cell extracts and (B) membranes isolated from whole cell extracts. 

Bands representing both cross-linked dimeric and monomeric ProP were observed when samples 

prepared under all three conditions were analyzed without treatment of β-mercaptoethanol 

(Figure 3.8). However, more dimer was observed when DTME cross-linking was followed by 

MTSEA blocking, illustrating that the covalent cross-linking at amino acid position 480 occurred 

via the cysteines. In fact, Hillar et al. (2005) showed that with DTME cross-linking of cysteine-

less ProPE480C-His6, almost all of the ProP protein was dimeric in nature.  

 Interestingly, a small proportion of dimer was observed under the first and second 

condition, indicating that there may have been spontaneous disulfide bond formation even after 

treatment with MTSEA. Samples that were treated with β-mercaptoethanol showed a single ProP 

band on the Western blot indicating that the disulfide bond in the spacer arm of DTME was 

cleaved effectively with this reducing agent. Hillar et al. (2005) also showed that when cross-

linked samples were treated with β-mercaptoethanol, only a single ProP band could be visualized 

on the Western blot. ProP expression in the membrane samples was heavier than that of whole 

cell extracts because 15 µg of protein was analyzed on both Westerns but membrane samples 

have relatively more ProP since ProP is an integral membrane protein.  
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Figure 3.8: DTME cross-linking of ProPE480C reveals both monomeric and dimeric ProP.20  

E. coli strain WG1368, expressing ProPE480C, was cultured in NaCl-free MOPS medium (0.14 

mol/kg) and either treated with DMF followed by DMF, MTSEA followed by DTME or DTME 

followed by MTSEA, as described in section 2.5.3. Whole cell extracts (panel A) or membrane 

extracts (panel B) were analyzed by SDS PAGE with (+) or without (-) β-mercaptoethanol. ProP 

was detected using anti-ProP antibodies plus a secondary HRP conjugate. The figure also shows 

the relevant Gelcode Blue stained SDS polyacrylamide gel to show protein loading levels. Lane 

1 of both panels is a negative control and shows the lack of ProP expression determined from (A) 

whole cell extracts or (B) membrane extracts prepared from E. coli strain WG708, which 

contains the pBAD24 vector. Lane 2 of both panels shows the ProP expression level of (A) 

whole cell extracts or (B) membrane extracts prepared from E. coli strain WG709, which 

expresses ProP.  
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Since both monomers and dimers were evident when DTME cross-linked ProPE480C was 

analyzed under denaturing conditions, the next step was to determine whether monomers and 

dimers would both be evident under native conditions. BN PAGE analysis was performed using 

DTME cross-linked ProPE480C and it was observed that both monomer and dimer could be 

visualized under native conditions with proportionally more dimer than monomer. The 

effectiveness of using this protein variant as a positive control was established and further BN 

PAGE experiments required that DTME cross-linked ProPE480C and ProP
-
 samples always be 

applied as positive and negative controls, respectively.  

With the establishment of a working BN PAGE procedure and a positive control, the 

effects of the His tag and the CL content on the oligomeric state of ProP could further be 

assessed. The results are shown in Figure 3.9, for samples from bacteria grown at low 

osmolality, and Figure 3.10, for samples from bacteria grown at high osmolality. This 

experiment was designed to test the proportion of monomeric and dimeric ProP. One observation 

that can be seen is that in general, both monomeric and dimeric forms of ProP are present under 

all conditions and in replicate experiments.  

Figure 3.9 shows that there is consistently more monomer than dimer for ProP and more 

dimer than monomer for ProP-His6 in cls
+
 bacteria. The higher expression of His6-ProP would 

probably drive the equilibrium towards the formation of dimers, hence the reason why there is 

consistently more dimer than monomer for His6-ProP in cls
+
 bacteria, so a direct comparison 

with ProP and ProP-His6 cannot be made. In cls
-
 bacteria, the results are more variable to 

interpret as all three transporters showed variable amounts of monomeric and dimeric forms of 

ProP in different experiments.  
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Figure 3.9: Analysis of the oligomeric state of ProP at low osmolality reveals both monomer 

and dimer form.21  

E. coli strains WG709, WG710 and WG838, expressing ProP, ProP-His6 and His6-ProP in a cls
+
 

environment, and WG983, WG1277 and WG1278, expressing ProP, ProP-His6 and His6-ProP in 

a cls
-
 environment, were cultured in NaCl-free MOPS medium (0.14 mol/kg) and membranes 

were isolated. ProP expression was verified through SDS PAGE and Western Immunoblotting 

before samples were prepared and analyzed via BN PAGE and Western Immunoblotting. ProP 

was detected using anti-ProP antibodies plus a secondary HRP conjugate. Panel A shows the first 

trial achieved and panel B shows the second trial. The second trial shows replications within the 

gel as each of two wells were loaded with the same sample. Lane 1 of each Western blot is a 

negative control and shows the lack of ProP expression determined from membrane extracts 

prepared from E. coli strain WG708, which contains the pBAD24 vector. Lane 1 in panel A 

shows some expression, likely as a result of spillover from the sample in lane 2 or the 

overexposure of the sample from lane 2 onto lane 1. The last lane of each Western blot shows the 

expression level of cross-linked ProPE480C.  
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Figure 3.10: Analysis of the oligomeric state of ProP at high osmolality also reveals both 

monomer and dimer form.22  

E. coli strains WG709, WG710 and WG838, expressing ProP, ProP-His6 and His6-ProP in a cls
+
 

environment, and WG983, WG1277 and WG1278, expressing ProP, ProP-HJis6 and His6-ProP 

in a cls
-
 environment, were cultured in NaCl-free MOPS medium adjusted with NaCl to get an 

osmolality of 0.74 mol/kg and membranes were isolated. ProP expression was verified through 

SDS PAGE and Western Immunoblotting. Once the presence of ProP was acknowledged, 

samples were prepared and analyzed via BN PAGE and Western Immunoblotting. ProP was 

detected using anti-ProP antibodies plus a secondary HRP conjugate. Panel A shows the first 

trial achieved and panel B shows the second trial. The second trial shows replications within the 

gel as each of two wells were loaded with the same sample. Lane 1 of each Western blot is a 

negative control and shows the lack of ProP expression determined from membrane extracts 

prepared from E. coli strain WG708, which contains the pBAD24 vector. The last lane of each 

Western blot shows the expression level of cross-linked ProPE480C.  
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Figure 3.10 shows much more variable results as compared to Figure 3.9, although ProP 

tends to show a higher proportion of monomer than dimer in cls
+
 bacteria. However, the results 

for ProP-His6 in cls
+
 bacteria and both ProP and ProP-His6 in cls

-
 bacteria are too variable to 

interpret. Furthermore, His6-ProP seems to be overloaded therefore making it difficult to 

interpret the results. This inconsistency and lack of reproducibility in replicate samples on BN 

PAGE can be overcome by further replication and optimization of the working procedure.  

 

3.5: Discussion 

The aim of this chapter was to determine the oligomeric state of ProP, using BN PAGE, 

and to assess the impact of the N- and C-terminal His tag and CL content on this oligomeric 

state. Strains encoding His tagged ProP were initially to be used for BN PAGE experiments, as 

purification was originally a requirement. As BN PAGE experiments are lengthy, a shorter 

Western blot procedure was sought out with the use of HRP conjugated anti-His antibodies for 

ProP detection. Earlier experiments demonstrated that His6-ProP could not be detected using the 

HRP conjugated anti-His antibodies (Tsatskis et al., 2005). As a result, a six amino acid glycine 

linker was inserted in between the His tag and ProP to help in the detection. This glycine linker; 

however, still did not allow for N-terminally His tagged ProP to be detected using the HRP 

conjugated anti-His antibodies (Figure 3.1).  

The approach to BN PAGE used in this study allows for membrane extracts to be directly 

applied to a native gel, a benefit as the presence of a His tag would not be a hindrance on the 

behaviour of wild type ProP under native conditions. As a consequence, purification based on a 

His tag was no longer required as ProP could now be detected using anti-ProP antibody plus a 
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secondary HRP conjugate. This was a benefit because the potential effect of the His tag and the 

extra purification steps, on protein-protein interactions, were avoided. 

As the His tag, which is exploited for many purposes in the Wood lab, was initially a 

requirement for BN PAGE experiments, the effects of the His tag on ProP function and 

expression were further investigated. Experiments were completed to show the initial rate of 

proline uptake mediated by His6-ProP and ProP-His6 as a function of assay medium osmolality 

and growth medium osmolality. The results, shown in Figures 3.1 and 3.2, demonstrated that the 

initial rate of proline uptake via His6-ProP and ProP-His6 as a function of assay medium 

osmolality followed a similar sigmoidal pattern to that observed for wild type ProP, shown in 

Figure 1.6 (Tsatskis et al., 2005). 

The initial rate of proline uptake of the His tagged ProP transporters as a function of the 

growth medium osmolality was also observed to show a similar behaviour to that seen for wild 

type ProP. There was an increase in the Π½/RT value with an increase in the growth medium 

osmolality, a result that was also observed for wild type ProP. The distinguishing behaviour; 

however, between the His tagged ProP transporters and wild type ProP was the fact that there 

was also a decrease in the Amax value with an increase in the growth medium osmolality. The 

initial reaction to this result was that perhaps the expression level of the His tagged ProP was 

decreasing when the growth medium osmolality was increased.  

To ascertain whether this was the case, Western Immunoblotting was performed. The 

results of the Western blots (Figures 3.5 and 3.6) showed that the expression levels of ProP and 

ProP-His6 were similar while that of His6-ProP was noticeably higher. Differences in expression 

level were only observed between transporters and not as a result of an increase in growth 

medium osmolality. The decrease in Amax observed in Figure 3.2 and 3.3 did not reflect changes 
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to the expression level. It seems that the His tag causes ProP to decrease in function when the 

bacteria are assayed at high medium osmolalities but the effect seems to be more drastic when 

the bacteria are cultured in high growth medium osmolalities. The His tag may in fact be causing 

ProP to not fold properly or affecting its function by interacting with residues that are required to 

help in the uptake of proline at high osmolalities.  

Furthermore, the N-terminal His tag seemed to be affecting both ProP function and 

expression in a manner that the C-terminal His tag was not. Firstly, His6-ProP and His6-Gly6-

ProP were both not detected using HRP conjugated anti-His antibodies. Secondly, the initial rate 

of proline uptake via His6-ProP was found to be intrinsically higher than that of ProP or ProP-

His6. Finally, the expression level of His6-ProP was higher than that of ProP or ProP-His6. The 

first result indicates that the N-terminal His tag is perhaps embedded within the transporter so 

that it is not easily accessible to the antibodies. This is a possibility because the anti-His 

antibodies recognize the His tag while the anti-ProP antibodies recognize the C-terminal portion 

of ProP (Racher et al., 1999), which would explain why the anti-ProP antibodies recognizes both 

His6-ProP and ProP-His6. The relatively higher expression level of His6-ProP may indicate that 

the extra nucleotides at the N-terminal end enhance transcription or translation of the encoding 

gene. This would also explain why the initial rate of proline uptake of His6-ProP was found to be 

intrinsically higher than that of ProP or ProP-His6 – more protein means there is an increased 

transporter function. This stabilisation notion contradicts the reasons behind the decrease in Amax. 

There seems to be a missing link between the function and expression of His6-ProP.  

To really determine why the His tag is behaving as it is, more structural work and 

functional analysis needs to be completed to show how the His tag is affecting the structure of 

ProP. By further understanding the structure of ProP we can ascertain whether the N-terminal 
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His tag promotes stability or whether the His tag causes protein instability. Structural work 

would also help in furthering our understanding of why ProP behaves the way it does and how in 

fact it transports solutes across the membrane.  

To address the effects of the His tag and of the CL content on the oligomeric state of ProP, 

BN PAGE was used. Although the results shown in Figures 3.9 and 3.10 demonstrate the 

oligomeric state of ProP under different conditions, more work is required to refine this 

technique to help obtain reproducible results before exact conclusions can be made. 

Nevertheless, a few primary conclusions can be made to what was observed in Figures 3.9 and 

3.10. Further experimentation would help validate these conclusions.  

Firstly, DTME cross-linked ProPE480C expression is reproducible from experiment to 

experiment under native conditions and produces both monomeric and dimeric ProP bands, with 

proportionally more dimer than monomer, a result that was observed before under denaturing 

conditions (Figure 3.8 and Hiller et al., 2005). This is an excellent achievement for this 

technique as native molecular weight markers could not be visualized appropriately when 

analysed on native gels. Hence, DTME cross-linked ProPE480C can be used in the future as an 

internal molecular weight estimator and as a means to identify reproducibility within each 

experiment. Secondly, it was observed that under all conditions ProP appeared to exist in both 

monomer and dimer form, as demonstrated by the two ProP bands shown in each Western blot. 

The extent of dimerization; however, was dependent on the condition and the experiment.  

Although no exact conclusions can be drawn at this time from BN PAGE experiments, 

prior to further experimentation, the results do indicate that once refinement is complete, the 

proportion of monomeric and dimeric ProP can further be analysed to determine whether the 

bands observed are solely ProP interacting with itself or if some of the higher level oligomers 
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observed involve ProP interacting with a heterologous partner. These can be determined by using 

mass spectrometry to determine what each of the bands observed on Western blots are composed 

of. The notion that ProP may in fact be interacting with a heterologous partner was further 

analysed using the BACTH system in the next chapter. 
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Chapter 4: Impact of Deleting the ydhP Locus on ProP Function and Expression  

 

4.1: Statement of Contribution  

A number of people contributed to the study of ProP interactions using the BACTH 

system. Limei Chang from the Turner lab constructed initial plasmids (pProPFT18, pProPFT25, 

pT18ProPF, pT25ProPF, pYdhPT18) and libraries, screened the libraries for ProP interactors and 

detected the homodimeric interaction of full length ProP as well as the heteromeric interaction 

between ProP and YdhP. Craig Kerr modified the BACTH system for use in the Wood lab, by 

constructing host strain WG1324, and used it to confirm the ProP-ProP and the ProP-YdhP 

interactions. He did so by using plasmids pT18ProPF, pT25ProPF and pYdhPT18 that were 

provided for by the Turner lab. Prior to construction of WG1324, a LacZ
+
 variant of WG350 was 

selected. This variant was used to create strain WG1324, which contained a deletion of the cyaA 

locus so that only reconstitution of T18 and T25 would produce CyaA activity. This was 

important as it ensured that CyaA activity was absent until two interacting peptides were present 

to allow for the T18 and T25 fragment to come together. Doreen E. Culham replaced plasmids 

pT18ProPF and pT25ProPF with pT18ProP and pT25ProP.  

 

4.2: Confirming the Homodimeric Interaction of ProP Using the Bacterial Adenylate 

Cyclase Two Hybrid System 

This chapter focuses on the relationship between ProP and YdhP, the first putative 

interactor that the Turner lab identified. Using the backbone of the BACTH system, that was 

developed by others, the homodimeric interaction between full length ProP and the heteromeric 

interaction between full length ProP and YdhP were confirmed. Furthermore, the impact of 
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deleting the ydhP locus on ProP function and expression were assessed. These results were 

obtained by repeating some of Craig Kerr’s work using the newly prepared pT18ProP, pT25ProP 

and pYdhPT18 plasmids. E. coli ΔcyaA (strain WG1324) was co-transformed with plasmids 

encoding full length ProP, at the N- or C-terminal end of T18 and T25 fragments, to check for 

the homodimeric interaction of ProP (Figure 4.1). Bacteria harbouring plasmids encoding full 

length ProP, at the N- or C-terminal end of T18 and T25 fragments, and of plasmids encoding 

full length YdhP, at the N-terminal end of T18 and T25 fragments, were also prepared to confirm 

the heteromeric interaction of ProP and YdhP (Figure 4.2). Bacteria containing the GCN4 

leucine zipper, at the C-terminal end of T18 and T25 fragments, and the T25 and T18 fragments 

were included as positive and negative controls respectively. β-galactosidase assays were 

performed to determine whether an active CyaA complex had been reconstituted in each co-

transformant to produce cAMP (Figure 4.1 and 4.2). 

The positive control (pUT18zip-pKT25zip) consistently showed high β-galactosidase 

activity (Figure 4.1 and 4.2). This was consistent with the fact that dimerization occurs between 

the two GCN4 leucine zipper motifs (O’Shea et al., 1991). The β-galactosidase activities 

observed for the negative controls, bacteria expressing ProP fusion proteins and a GCN4 leucine 

zipper motif fusion or bacteria containing two empty vectors, showed low activities. This low 

activity level reflects leakiness of the lac operon and indicates a lack of T18:T25 interaction.  

The β-galactosidase activity of the bacteria harbouring plasmids pT25ProP and 

pT18ProP, in which full length ProP was fused to the C-terminal ends of the T25 and T18 

fragments respectively, was quite high, approximately 75 % of the positive control and 10 fold 

higher than that of the negative control. The graph also indicates that the β-galactosidase activity 

of the bacteria harbouring plasmids pProPFT25 and pProPFT18, in which full length ProP was  
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Figure 4.1: β–galactosidase activities of E. coli ΔcyaA strains containing the respective 

BACTH plasmids to confirm ProP-ProP homodimerization.23 

E. coli strain WG1324 was transformed with pairs of BACTH plasmids as indicated in the figure 

and the β–galactosidase activities of the resulting transformants were measured. Data represents 

two different replications performed on two different days. 
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Figure 4.2: β–galactosidase activities of E. coli ΔcyaA strains containing the respective 

BACTH plasmids to confirm the heterodimeric interaction between YdhP and ProP.24  

E. coli strain WG1324 was transformed with pairs of BACTH plasmids as indicated in the figure 

and the β–galactosidase activities of the resulting transformants were measured. Data represents 

two different replications performed on two different days. 
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fused to the N-terminal end of the T25 and T18 fragments respectively, was comparable to that 

of any of the negative controls. These results suggested that the C-terminal end of ProP is 

required for the homodimerization of ProP and that perturbing the C-terminal end of ProP 

prohibits homodimerization.  

However pProPFT18 did interact with pT25ProP. Bacteria expressing these ProP fusions 

had β-galactosidase activity that was approximately 3 times higher than that of the negative 

controls and 3 times lower than that of bacteria containing pT18ProP and pT25ProP. This 

positive result could be explained by two different notions. Firstly, the T18 plasmids are high 

copy number. Perhaps introducing a high copy plasmid and assessing an interaction with a C-

terminal ProP fusion induces an artificial positive result in the β–galactosidase assays. Secondly,  

ProP may interact with itself through a site other than the C-terminal end. In fact cross-linking 

studies have shown that perhaps the transmembrane XII, as well as the C-terminal, is involved in 

dimerization (Liu et al., 2007). However because the reverse co-transformation, the fusion of 

ProP to the N-terminal of the T25 fragment (pProPFT25) and ProP to the C-terminal end of the 

T18 fragment (pT18ProP), reveals negative like β–galactosidase activity, the positive result 

cannot be reinforced.  

 

4.3: Confirming the Heteromeric Interaction of ProP with YdhP Using the Bacterial 

Adenylate Cyclase Two Hybrid System 

YdhP is a 390 amino acid protein, predicted to be a member of the MFS with a potential 

role in proton-driven drug or sugar efflux systems (Sadaie et al., 1997). The Turner lab observed 

reconstitution of β-galactosidase activity in bacteria harbouring plasmids pT25ProPF and 

pYdhPT18. The latter plasmid encoded a protein in which amino acids 1 – 294 of YdhP were 
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fused to the N-terminal end of the T25 fragment. To verify the interaction, the full length gene 

for YdhP was cloned into pUT18, to produce pYdhPT18. The resulting plasmid was co-

transformed into E. coli ΔcyaA with pT25ProPF, encoding ProP fused to the C-terminal of the 

T25 fragment, and the β-galactosidase activity of the resultant fusion protein was assessed 

(Figure 4.2). 

The β-galactosidase activities of bacteria containing the pYdhPT18 and pT25ProP or 

pYdhPT25 and pT18ProP were consistently higher than those of the negative controls. However 

the activity was lower than that of bacteria harbouring pT18ProP and pT25ProP, suggesting that 

the YdhP-ProP interaction may be weaker than the homodimeric ProP-ProP interaction (Figure 

4.2).  

This positive result indicates that YdhP interacts with ProP fused to the C-terminal end of 

the T25 fragment. This perhaps suggests that YdhP interacts with ProP via the C-terminal end of 

ProP. However, this positive result was not verified as strongly when the interaction was 

analyzed with ProP fused to the C-terminal end of the T18 fragment. Similar to the previous 

explanation, copy number effects can explain the lack of similar β-galactosidase activity.  

 

4.4: Determining the Effects of Replacing the ydhP Locus with a Kanamycin Cassette on 

ProP Function and Expression  

In order to determine the importance of YdhP on ProP function and expression strain 

WG1332 was created by introducing the Keio collection ydhP735::kan replacement into strain 

WG350 by P1 transduction. Plasmid pDC79, which encodes ProP, was then introduced to the 

resulting strain. Transport assays and Western blots were completed to assess the effect of the 

gene deletion on ProP function and expression (Figure 4.3 and 4.4).  



113 
 

 

Figure 4.3: Kanamycin cassette replacement of the ydhP locus was shown to have no 

effect on the transport function of ProP.25  

E. coli strains WG709 and WG1332, both expressing ProP and the latter having the ydhP 

locus replaced with a kanamycin cassette, were cultured in NaCl-free MOPS medium (0.14 

mol/kg, low osmolality) or in the same medium adjusted with NaCl to attain an osmolality of 

0.74 mol/kg (high osmolality). The initial rate of proline uptake via ProP was measured using 

assay media adjusted with NaCl to attain the indicated osmolalities. This experiment was 

repeated at least twice and similar results were observed.  
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Figure 4.4: Kanamycin cassette replacement of the ydhP locus seemed to have no effect 

on ProP expression levels.26  

(A) The whole cell extracts used for the transport experiments illustrated in Figure 4.3 were 

analyzed via SDS PAGE and Western Immunoblotting using anti-ProP antibodies and a 

secondary HRP conjugate. (B) A corresponding Gelcode Blue stained SDS polyacrylamide 

gel to show the protein loading levels. These Westerns were repeated at least twice on the 

same samples and on freshly prepared whole cell extracts, which underwent initial transport 

experiments as in Figure 4.3. Similar results were observed. Lane 1 of the Western blot 

shows the expression level of purified ProP-His6, prepared as described in Racher et al. 

(1999).  
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Replacement of the ydhP gene with a kanamycin cassette had no effect on ProP 

activity in bacteria cultured in low or high growth medium, as there was minimal deviation of 

uptake rate of proline by ProP expressed in bacteria containing the full length ydhP gene or a 

kanamycin cassette replacement of the ydhP gene.  

The impact of replacing the ydhP gene with a kanamycin cassette on ProP expression 

levels was assessed using Western blotting by analyzing the ProP levels in the samples that 

were used when performing the transport assays. As shown in Figure 4.4, ProP expression 

levels remained constant at low and high growth medium osmolality. Therefore, replacing the 

ydhP gene with a kanamycin cassette had no effect on the function or expression of ProP. 

 

4.5: Discussion 

The BACTH system was used because it is simple and reproducible. With this 

technique, β-galactosidase assays, which were used to quantitatively assess the interaction, 

could show whether an interaction existed but needed to be used with caution when 

quantifying differences in strengths of different interactions. In this chapter both the 

homodimeric ProP-ProP interaction and the heteromeric interaction between ProP and YdhP, 

the first putative ProP interactor that the Turner lab identified, were confirmed (Figure 4.1 

and 4.2).  

The evidence shown in Figure 4.1 strongly favoured the homodimeric interaction of 

ProP at the C-terminal end. This result is a good indicator to the interaction that exists 

between two ProP molecules when an antiparallel coiled-coil is formed. Figure 4.1 also 

showed that there was no positive β-galactosidase activity when ProP was fused to the N-

terminal ends of both T18 and T25 fragments. This further enhances the idea that the C-

terminal is required for ProP-ProP homodimerization.  
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Figure 4.2 confirms the heteromeric interaction between ProP and YdhP when T18 or 

T25 were fused to the N-terminal end of ProP. This may indicate that the heteromeric 

interaction occurs at the C-terminal end of ProP. The strength of the heteromeric interaction, 

as dictated by the β-galactosidase activity, was not as strong as the homodimeric ProP-ProP 

interaction. This could be an indication to the weak nature of the interaction that may exist 

between YdhP and ProP. Further work should be completed to demonstrate what type of 

interaction may exist.  

The fact that β–galactosidase assays confirmed the heteromeric interaction between 

ProP and YdhP suggested that replacing the ydhP locus with a kanamycin cassette would 

disrupt ProP function and expression. Figures 4.3 and 4.4 demonstrate that this was not the 

case. Neither ProP function nor ProP expression were affected when the ydhP locus was 

altered. This may indicate that YdhP interacts with ProP without altering the manner in which 

it is transported to the membrane or the manner in which it transporters solutes across the 

membrane. Perhaps YdhP interacts with ProP once it is embedded in the membrane of E. coli 

and when it is in an inactive state. Further work should be completed to provide evidence as 

to where and how YdhP interacts with ProP.  

For example, amino acid residues corresponding to the N-terminal, middle and C-

terminal ends of YdhP can be used in place of full length YdhP when creating fusions to T18 

and T25 fragments and assessing for β-galactosidase activity. In this manner the exact region 

of YdhP responsible for the heteromeric interaction can be determined. The same assessment 

can be completed with ProP to determine what region of ProP is responsible for the 

heteromeric interaction with YdhP. The heteromeric interaction can further be assessed via 

BN PAGE using antibodies that recognize YdhP. In these experiments, the anti-YdhP 

antibodies could be used to ascertain whether any of the higher level oligomers correspond to 

the heteromeric interaction that may exist between ProP and YdhP.   
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Chapter 5: Conclusions and Future Directions 

The results shown in this thesis indicate that the N- and C-terminal His tags affect ProP 

function by altering the value of Amax in a definitive pattern. The results also indicate that 

His6-ProP has an intrinsically higher transport rate and has noticeably higher expression 

levels. Reasons as to why this occurs can be determined through further structural and 

functional analysis of ProP. BN PAGE experiments demonstrated that ProP exists as both a 

monomer and dimer and that insertion of a His tag and changes in the CL content may affect 

the extent of ProP dimerization. BACTH analysis further confirmed the homodimeric ProP-

ProP interaction and verified that there is in fact a heteromeric interaction that exists between 

YdhP and ProP. Replacement of the ydhP locus with a kanamycin cassette however, had no 

effect on both ProP function and expression.  

Further experiments can be completed to complement the results shown in this thesis. 

After refining the BN PAGE procedure and confirming that reproducible results would 

continually be achieved, the effects of replacing the ydhP locus with a kanamycin cassette on 

the oligomeric state of ProP could be determined. Furthermore, the effects of amino acid 

mutations, substitutions and deletions on the oligomeric state of ProP could be analysed via 

both BN PAGE and the BACTH system. The use of the BACTH system can also continually 

be used to detect other heterologous partners.  

Finally, this analysis can be extended to determine what affects the His tag and gene 

deletions, of heterologous ProP partners, have on ProP localization. Evidence shows that 

ProP localizes to the cell poles in a CL enriched environment. Could deletion of the genes 

encoding heterologous ProP partners change this behaviour? Does the His tag have any 

influence on whether ProP localizes to the cell poles? These results can further enhance our 

understanding of the behaviour of ProP and be extended to aid in the comprehension of other 

osmosensory transporters.    
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Appendix A: Solution Preparation  

 

MOPS minimal medium 

In order to prepare a 10 X concentrated stock of MOPS minimal medium, several 

solutions needed to be prepared in advance, as shown in Table A.1.  

 

Table A.1: Stock solutions needed for the preparation of MOPS minimal medium.9  

 Reagent Final Concentration (M) 

 K2SO4 0.276 

 CaCl2*2H2O 5 x 10
-4

 

 MgCl2*6H2O 0.528 

1000 X Micronutrient 

stock solution 

(NH4)6(MoO7)24 3 x 10
-6

 

H3BO3 4 x 10
-4

 

CoCl2 3 x 10
-5

 

CuSO4 1 x 10
-5

 

ZnSO4 1 x 10
-5

 

MnSO4*H2O 8 x 10
-5

 

 

To prepare 4 L of a 10 X concentrated stock of MOPS minimal medium, MOPS (0.4 

M) and tricine (0.04 M) were initially dissolved in approximately 2 L of sterile water. The pH 

of the solution was adjusted to 7.4 using saturated KOH. K2SO4 (0.0276 M), CaCl2 (5 x 10
-6

 

M), MgCl2 (0.00528 M), 1000 X Micronutrient stock solution (10 X) and FeSO4 (0.0001 M) 

were added.  

After mixing thoroughly, the solution was diluted to 4 L with sterile water and left to 

stir for approximately 20 min to ensure homogeneity. The solution was then filter sterilized 

through a 0.2 µm filter (or a 0.45 µm filter), transferred aseptically to 500 mL bottles and 

stored at 4°C.  
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TTC Plates 

In order to prepare TTC plates, three solutions were prepared. Solutions A and B were 

autoclaved for 30 minutes at 121°C and solution C was prepared and filter sterilized through 

a 0.2 µm filter (or a 0.45 µm filter) while solutions A and B cooled down in a 55°C water 

bath. Table A.2 indicates the constituents of each of the solutions. Once cooled down, 

solutions A and B were mixed together and then solution C was added and mixed thoroughly 

for homogeneity before plates were aseptically poured. 

 

Table A.2: Solutions required for the preparation of TTC plates.10  

 
Reagent 

 Final Concentration  

Per Litre 

  Amount Added (370 mL)  

Solution 

A 

K2HPO4 7 g 0.402 M 

KH2PO4 3 g 0.022 M 

Proteose Peptone 2 g 0.2 % (w/v) 

  Amount Added (600 mL)  

Solution 

B 

Agar 15 g 1.5 % (w/v) 

MgSO4 1.25 mL of a 1 M Stock 0.00125 M 

  Amount Added (30 mL)  

Solution 

C 

TTC 10 mL of a 0.25 % stock 0.0025 % (w/v) 

Proline 10 mL of a 20 % stock 0.2 % (w/v) 

Tryptophan 5 mL of a 1 % stock 0.005 % (w/v) 

Thiamine Hydrochloride 5 mL of a 0.02 % stock 0.0001 % (w/v) 

 

MOPS Minimal Medium Plates 

MOPS minimal medium plates contained MOPS minimal medium (1 X), NH4Cl (9.5 

mM), glucose (0.2 % (w/v)) and thiamine hydrochloride (0.0001 % (w/v)). When required, 

tryptophan (0.005 % (w/v)) was added. Prior to aseptically pouring the above mixture into a 

flask containing agar (1.5 %), previously autoclaved for 30 min at 121°C, the mixture was 

filter sterilized through a 0.2 µm filter (or a 0.45 µm filter) and warmed for approximately 5 

min in a 55°C water bath. Plates were then poured aseptically.  
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