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Abstract 
 
Motile bacteria use membrane-embedded chemoreceptor molecules to detect the 

chemical environment and mediate chemotaxis. Specific compounds are detected at the 

N-terminal and extracellular ligand-binding domain (LBD), and this information is 

transduced to the cells motility machinery by the intracellular C-terminal signaling 

domain. This signaling process allows individual cells to bias their swimming behavior 

towards potential energy sources and away from toxins. This study used biophysical 

assays to determine the ligand specificity of LBDs.  

 

The current techniques used to determine the binding repertoires of LBDs are slow and 

laborious. This work utilized a high throughput screening approach to show that the E. 

coli Tap chemoreceptor does not bind pyrimidine molecules directly, and to identify 

three ligands for a novel chemoreceptor of the global kiwifruit pathogen Pseudomonas 

syringae pv. actinidiae (Psa). Chemotaxis assays revealed that this receptor, Psa_14525, 

mediates chemotaxis towards each of the three ligands bound by its LBD. Homology 

modeling of the Psa_14525-LBD and the homologous Pseudomonas aeruginosa PctA-

LBD predicted a single variant residue in the predicted binding site of Psa_14525-LBD 

caused the two proteins to exhibit entirely different ligand-binding specificities. 

Crystallography trials were conducted to try and understand the molecular details of the 

specificity of Psa_14525-LBD. 

 

The results provide insights into the role that LBD sequence variation plays in ligand 

detection via the use of a high-throughput screen for protein-ligand interactions.  
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Chapter 1 
 

Introduction 
 
 





 1 
 

1.1 Bacterial Chemotaxis 
 
Chemotaxis is the directional movement towards a chemical gradient (Adler, 1966). 

Motile bacteria respond to changes in the chemical environment by exhibiting 

chemotaxis in response to gradients of specific compounds (Wadhams & Armitage, 

2004). Chemotaxis is mediated by clusters of chemoreceptors at the cell poles that 

collaboratively relay information about the concentration of specific molecules to the 

flagella machinery via two-component signaling systems (Hazelbauer et al., 2008), 

(Ames et al., 2002). This process affects the spatial position of a cell so that it moves 

towards potential energy sources such as amino acids and sugars (attractants) and away 

from toxins such as phenols (repellants) (Tso & Adler, 1974) (Porter et al., 2011).  

 

Chemotaxis is essential for the virulence of various bacterial pathogens. For example, 

Campylobacter jejuni and Vibrio cholerae require motility to colonize the gut in cases of 

gastroenteritis and cholera (Rahman et al., 2014), (Nishiyama et al., 2012); and many 

plant pathogens are specifically attracted to amino acids and sugars, which are often in 

plant exudates (de Weert et al., 2002b). By understanding how chemotaxis functions to 

guide bacterial cells to new niches, it might be possible to disrupt this process and 

prevent detrimental invasions.  

1.2  Bacterial Chemoreceptors 
 
Chemoreceptors are membrane-bound signaling proteins that bind molecules with 

incredible specificity at the N-terminal ligand-binding domain (LBD), and transduce 

this binding signal through the C-terminal signaling domain (Krell, 2015). In some 

instances, individual chemoreceptors have been identified as virulence factors, such as 

the TlpD receptor of Helicobacter pylori in the invasion of murine stomach tissue, (Rolig 

et al., 2012). In most cases, however, the particular chemoreceptors that mediate host 

invasion are undetermined.  

 

The LBD is able to distinguish between closely related compounds, and is highly 

variable in both protein sequence and protein fold (Zhulin, 2001), (Wadhams & 
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Armitage, 2004). The LBD solely determines the specificity of a chemotactic response, 

and the LBD and signaling domains are modular (Krikos et al., 1985). The ability to 

distinguish between closely related molecules makes chemoreceptors useful tools for 

biotechnology, where they could be used to either guide a cell to specific compounds 

such as environmental toxins; or to detect novel chemicals when expressed as 

recombinant proteins (Bi et al., 2013).  

1.2.1 Chemoreceptor Topology 
 
The E. coli chemoreceptors are some of the best-understood examples of bacterial 

transmembrane signal transducer proteins (Fig 1.1) (Wadhams & Armitage, 2004). The 

basic domain topology is conserved among most bacterial chemoreceptors, however 

individual components such as the amount of sequence diversity vary (Wuichet & 

Zhulin, 2003). E. coli encodes four chemoreceptors, which all share the same 4-helix 

bundle LBD but exhibit different ligand specificities (Ulrich & Zhulin, 2005), 

(Wadhams & Armitage, 2004).  

 
In addition to the extracellular N-terminal LBD, most bacterial chemoreceptors contain 

an anchoring transmembrane domain, and an intracellular C-terminal domain (Krikos 

et al., 1985), (Ames & Parkinson, 1988). In contrast to the highly variable LBD, the 

intracellular domain is highly conserved and comprised of two sections that are used to 

identify chemoreceptor gene sequences (Wadhams & Armitage, 2004), (Zhulin, 2001). 

Closest to the membrane is the HAMP-linker domain (histidine kinases, adenylyl 

cyclases, methyl-accepting chemotaxis proteins and phosphatases) (Elliott et al., 2009). 

Distal to the membrane is the signaling domain, which interacts with the chemotaxis 

machinery via an intracellular signaling pathway (Neumann et al., 2010).  
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1.2.2 The E. coli Chemoreceptors 
 

The four chemoreceptors of E. coli are classed as minor or major chemoreceptors based 

on their abundance on the cell surface and ability to transduce binding signals to the 

flagella machinery (Wadhams & Armitage, 2004), (Underbakke & Kiessling, 2010). The 

major chemoreceptors are Tsr and Tar, which bind L-serine and L-aspartate respectively 

via the LBD, and outnumber the minor chemoreceptors by 5-10 fold at the cell surface 

(Tajima et al., 2011), (Weerasuriya et al., 1998). The two minor chemoreceptors are Trg 

and Tap, which detect galactose and proline-leucine dipeptides respectively via an 

indirect binding mechanism mediated by binding proteins (Strange & Koshland, 1976), 

(Liu & Parales, 2008). All four receptors function as dimers (Wadhams & Armitage, 

2004). 

 

Figure 1.1. Schematic representation of an E. coli chemoreceptor. The labels on the left of 
the figure depict the extracellular and intracellular portions of the receptor. The α-helices of the 
LBD are shown as blue boxes connected by loops. The TM domain helices are represented as 
red boxes, one of which is at the N-terminus, which is also indicated. The brown box represents 
the HAMP linker domain, and the green box represents the signaling domain. 
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Crystallography experiments have revealed that the major chemoreceptors Tar and Tsr 

bind L-aspartate and L-serine respectively at the interface between two monomers 

(Tajima et al., 2011), (Manson, 2008). Far less is understood of the two minor 

chemoreceptors, however it is clear that for each example of ligand detection, both the 

receptor and the binding protein are essential for chemotaxis (Kondoh et al., 1979), 

(Manson et al., 1986).  

 

Additionally, the minor chemoreceptors of E. coli lack a C-terminal pentapeptide motif 

that interacts with the signaling pathway (Bollinger et al., 1984). The major 

chemoreceptors both possess this motif. Therefore to transduce binding information 

and effectively mediate chemotaxis, the minor chemoreceptors require a major 

chemoreceptor to be in close proximity (Li & Hazelbauer, 2005). The direct binding of 

amino acids to Tsr and Tar stimulates E. coli chemotaxis to these compounds over a 

broader concentration range of ligand than the indirect binding mechanisms of Trg and 

Tap, however the minor chemoreceptors are able to better control sensitivity (Neumann 

et al., 2010).  

1.2.3 Complex Microbes Have Complex LBDs 
 
The chemoreceptors of free-living bacteria exhibit a diverse range of protein folds (Fig 

1.2) (Sourjik & Berg, 2004), (Wuichet & Zhulin, 2003), (Wuichet et al., 2007). This 

variation in LBD allows free-living bacteria to respond to a wide range of compounds, as 

the LBD is known to confer specificity (Lacal et al., 2011) (Krikos et al., 1985). Little is 

known about the LBDs of free-living microbes, however the few receptors that have 

been characterized are known to bind a variety of different compounds at a range of 

binding sites (Rico-Jimenez et al., 2013), (Glekas et al., 2012). 

 

Some of these LBDs function as monomers and others function as dimers. In the known 

cases where LBDs function as dimers, each monomer contained ligand-binding sites 

(Sweeney et al., 2012). Studies with protein crystallography have revealed the structures 

of a variety of LBD folds. Examples include the single PDC domain of the TlpB-LBD 

from Helicobacter pylori in complex with urea (Fig 1.2, C) (Sweeney et al., 2012); the 

double-PDC domain of the McpN-LBD from Vibrio cholera bound to L-alanine (Fig 
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1.2, E) (unpublished, PDB entry 3C8C); and the helical bimodular domain of the McpS-

LBD from Pseudomonas putida bound to acetate and malate (Fig 1.2, B) (Pineda-

Molina et al., 2012).  

Figure 1.2. Examples of different LBD folds. (A), Structure of the Tsr-LBD 
four-helix bundle fold bound to L-serine (PDB ID 3ATP). (B), Structure of the 
McpS-LBD helical bimodular fold bound to acetate and malate (PDB ID 
2YFA). (C), Structure of the TlpB-LBD PDC fold (PDB ID 3UB6). (D), Homology 
model of a NIT domain. (E), Structure of the McpN-LBD Double-PDC fold 
bound to alanine (PDB ID 3C8C). 
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Studies have also been conducted using biophysical techniques other than 

crystallography to unveil new LBD-ligand interactions Examples include the three 

amino acid receptors of Pseudomonas aeruginosa: PctA, PctB and PctC, which were 

shown to bind a range of ligands directly at single sites (Rico-Jimenez et al., 2013); and 

the amino acid receptors of Bacillus subtilis: McpB and McpC, which were shown to 

bind ligands at two different sites (Glekas et al., 2012). In both cases, inferences of the 

protein structure were made using homology modeling. 

 

Comparison of genetic sequences has revealed that many free-living bacteria contain 

between 20-60 chemoreceptor genes (Lacal et al., 2010b). This massive increase in the 

number of chemoreceptors compared to E. coli allows free-living microbes to respond 

to a wider range of compounds, and thus occupy more-diverse niches (Krell et al., 

2011). There is a positive correlation between number of chemoreceptor genes and 

complexity of lifestyle, suggesting that the ability to detect a variety of compounds has 

evolved in bacteria exposed to a complex chemical environment (Lacal et al., 2010b). 

1.2.4 Some LBDs Use Multiple Binding Modes 
 
Studies of the E. coli Trg receptor has revealed that the Trg-LBD binds to D-ribose and 

D-galactose in complex with separate periplasmic binding proteins (Kondoh et al., 

1979). These binding proteins are thought to compete for the same binding site on the 

Trg-LBD (Park & Hazelbauer, 1986). The only example so far of a major chemoreceptor 

binding compounds with two different mechanisms is the binding of maltose to Tar-

LBD (Gardina et al., 1997).  

 
In addition to binding L-aspartate directly, the Tar-LBD also binds maltose in complex 

with maltose binding protein. The stoichiometry of this interaction is 2:1, where the 

maltose binding protein binds to both subunits of the Tar dimer simultaneously 

(Gardina et al., 1997). Interestingly, the Tar-LBD dimer is able to bind both L-aspartate 

and maltose binding protein in an additive manner, meaning that more binding signal is 

transduced to the intracellular signaling components when the receptor binds both 

ligands than when binding either ligand alone (Mowbray & Koshland, 1987).  
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Fewer examples of indirect ligand binding have been discovered in free-living bacteria. 

One example is the McpC-LBD of Bacillus subtilis, which interacts with three other 

proteins that were suggested to mediate chemotaxis towards amino acids (Glekas et al., 

2012).  

1.3 Intracellular Signaling 
 
Chemoreceptors transmit their binding information to the flagella via two-component 

systems (Krell et al., 2010). A two-component system is a regulatory mechanism used by 

bacteria to respond to changes in the environment; where the first component detects 

the change, and the second component (known as a response regulator) signals to 

produce an appropriate physiological response (Herrera Seitz et al., 2012). 

 

In the case of bacterial chemotaxis, a system of intracellular histidine kinases and 

response regulators transduces binding information from groups of chemoreceptors to 

the flagella (Wadhams & Armitage, 2004). The basic aspects of this pathway are 

conserved among all motile bacteria (Porter et al., 2011), however differences include 

the number of signaling components (Krell et al., 2011), and the signaling properties of 

individual chemoreceptors (Zhulin, 2001), (Alexander & Zhulin, 2007). The signaling 

component of chemotaxis is well understood in E. coli and therefore this organism 

provides a good model for bacterial chemotaxis (Wadhams & Armitage, 2004). 

 

When the C-terminal domain of an E. coli chemoreceptor transduces a binding signal, 

the intracellular CheA histidine kinase dimer is unable to autophosphorylate (Fig 1.3). 

The response regulator CheY mediates a change in flagella rotational direction from 

clockwise to anticlockwise, stimulating directional movement instead of random 

tumbling (Wadhams & Armitage, 2004), (Turner et al., 2000), (Porter et al., 2011).  
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An important aspect of this system is a mechanism called adaptation (Fig 1.4). 

Adaptation affects whether the binding information from the N-terminal sensory 

domain is transduced to the flagella (Alon et al., 1999). The C-terminal intracellular 

domain contains conserved glutamate residues that are subject to methylation (Li & 

Hazelbauer, 2005). Two enzymes interact antagonistically to methylate/demethylate 

these residues: CheB is a methylesterase that is activated by the phosphorylated response 

regulator CheY (Fig 1.3), and CheR is a methyltransferase. 

Figure 1.3 Schematic of the molecular events distinguishing tumbling and directional 
swimming behavior in E. coli. (A). In the presence of a repellant or the absence of any ligand, 
autophosphorylation of the CheA dimer results in phosphorylation of the response regulator 
CheY, and consequently the cell tumbles. (B). In the presence of an attractant ligand, the CheA 
dimer does not autophosphorylate and therefore neither does CheY, resulting in directional 
swimming. This figure was generated using GraphPad Prism. 
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In the absence of receptor stimulation, CheA autophosphorylates and consequently 

CheB is stimulated to demethylate the glutamate residues (red boxes on Fig 1.4). This 

provides competition for the constitutively active CheR methyltransferase and therefore 

the level of receptor methylation remains low. Conversely, when a receptor is 

stimulated, CheB is not phosphorylated and the CheR methyltransferase enzyme is able 

to methylate the glutamate residues. If all glutamate residues are methylated, the cell 

switches from directional motion back to random tumbling, which resets the signaling 

system back to tumbling. This mechanism allows bacteria to only exhibit chemotaxis in 

the direction of a chemical gradient, towards higher concentrations of attractants. 

 

 
 
 
  

Figure 1.4 The mechanism of adaptation. In the presence of chemoattractants (when the cell is 
swimming directionally), the CheR molecule methylates the glutamate residues (E) because the 
CheA molecule is inactivated and therefore unable to stimulate the CheY molecule. In the absence 
of chemoattractants (when the cell is tumbling), the CheB molecule antagonistically removes methyl 
groups from the glutamate residues. This figure was generated using GraphPad Prism. 
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1.4 Engineering LBDs With New Specificities 
 
The availability of genome sequences has provided a massive number of completely 

uncharacterized chemoreceptor LBDs. Of the few studies on chemoreceptors of free-

living microbes that have been published thus far, multiple ligand binding mechanisms 

and specificities have been identified (McKellar et al., 2015), (Rico-Jimenez et al., 2013), 

(Pineda-Molina et al., 2012). As chemotaxis is such a vital behavior for the adaptation of 

many microorganisms, and the number of chemoreceptors in an organism is roughly 

proportional to the complexity of the environment (Krell et al., 2010), it is likely that a 

vast range of protein folds exhibit a vast range of specificities.  

 

The broad variety of ligand detection mechanisms exhibited by the LBDs of free-living 

bacteria could provide a rich source of novel binding proteins, which would be useful 

for the design of biosensors. The low-throughput and laborious processes required to 

study protein-ligand interactions currently limit the characterization of these 

interactions (Krell, 2015). In this thesis, a high-throughput screening technique to 

determine the binding repertoire of proteins is described using an uncharacterized 

chemoreceptor as an example. 

 

By understanding the mechanisms by which LBDs bind ligands, it is possible to alter the 

binding specificity. For example, the Tar-LBD was altered so that it was able to detect L-

arginine (Bi et al., 2013). Knowledge of the structure of Tar-LBD bound to L-aspartate 

was important for this work, as different binding sites were shown to correspond to 

different levels of signal transduction (Bi et al., 2013). Design of a novel biosensor does 

not need to begin with a chemical structure, as small changes to the primary sequence 

result in large changes to binding specificity (McKellar et al., 2015), however knowledge 

of the chemistry underlying a new interaction would be very useful for understanding 

the relationship between sequence variation and binding specificity.  



 

 

 
 
 

Chapter 2 
 

Materials & Methods 
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2.1 Materials 
 
Chemicals, unless stated otherwise, were purchased from Sigma Aldrich (St. Louis, MO, 

USA). Water was deionized and filtered by a Milli-Q Integral Water Purification System 

(EMD Millipore, Billerica, MA, USA). Solutions and media, unless otherwise stated, 

were sterilized by autoclaving (≤ 121°C, 100 kPa for 20 min).  

2.2 Molecular Biology Techniques 
 
All microbiology experiments were conducted with the strains presented in Table 5.1. 

Plasmids are described in Table 5.2.  

 

Strain Purpose Genotype Source 

E. coli MC1061 General cloning strain F- hsdR(rk-, mk+) araD139 ∆(araABC-
leu)7679 galU galK ∆lacX74 rpsL thi mcrB  Invitrogen 

E. coli BL21-
Gold(DE3) Protein expression B F– ompT hsdS(rB

– m B
–) dcm+ TcR gal 

λ(DE3) endA Hte Agilent 

E. coli C41 
(DE3) Protein expression F- ompT hsdS(rB

- mB
-) gal dcm+ λ (DE3) Lucigen 

E. coli C43 
(DE3) Protein expression F- ompT hsdS(rB

- mB
-) gal dcm+ λ (DE3) Lucigen 

E. coli Rosetta 
(DE3) Protein expression F- ompT hsdSB(rB

- mB
-) gal dcm+ λ(DE3) 

pRARE (CamR) Novagen 

P. syringae pv. 
actinidae (Psa) Chemotaxis assays Wild-type strain NZ-V13, isolated from 

Actinidia deliciosa ‘Hayward’ 

(McCann 
et al., 
2013) 

Psa ∆14525 Chemotaxis assays Psa with Psa_14525 deletion 
(McKellar 
et al., 
2015) 

E. coli RP437 Chemotaxis assays F- thi thr leu his met eda rpsL 
(Parkinson 
& Houts, 
1982) 

E. coli UU2612 Chemotaxis assays E. coli RP437 with ∆aer-1 ∆(tar-tap)4530 
∆tsr-5547 ∆trg-4543 

(Zhou et 
al., 2011) 

 
  

Table 2.1. Bacterial strains used in this study 
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2.2.1 Media 
 
Agar, pre-formulated Luria-Bertani (LB) broth (25 g L-1); terrific broth (TB) (46 g L-1) 

and tryptone (10 g L-1), (ForMedium, Huntstanton, UK) were prepared in water and 

sterilized by autoclaving. When making agar plates, antibiotics and supplements were 

added to the media (including 1.5% agar) after media had cooled to ~55°C. Petri dishes 

were filled with ~25 mL of molten agar using aseptic technique. Once plates had 

solidified and dried, cells were applied via streaking or spreading, and incubated at the 

appropriate temperature.  

 
The antibiotics used in this study were as follows: ampicillin and carbenicillin (100 µg 

mL-1), kanamycin (30 µg mL-1), chloramphenicol (34 µg mL-1). Concentrated stocks 

(1000x) were prepared in water from powder. Solutions were sterilized with a syringe-

driven 0.22 µm filter (Jet Bio-Filtration Co., Guangzhou, China), or in the case of 

chloramphenicol, suspension in 95% ethanol. Stocks were stored at -20°C. 

2.2.2 Overnight Cell Cultures 
 
Overnight cultures were typically 5 mL of the appropriate media with antibiotics if 

required. Cultures for protein expression experiments were grown in LB at 37°C, and 

cultures for chemotaxis assays were grown in tryptone broth (10 g L-1 tryptone and 0.5 g 

L-1 NaCl) at 28°C. All cultures were inoculated using sterile technique from either a 

Plasmid 
Resistance marker 

Use Source  

pJEX401  Kanamycin Expression of E. coli Tap26-186 DNA 2.0 

pET28a Kanamycin Expression of E. coli Tap33-186, E. coli 
Tar31-191, Psa_14525-LBD Novagen 

pRR49  Ampicillin  Chemotaxis assays with Psa_14525-
Tsr Sandy Parkinson 

pGro7 Chloramphenicol Expression of GroEL/ES chaperone 
molecule to aid expression of Tap26-186 Takara 

pSNARE Chloramphenicol Expression of GroEL/ES chaperone 
molecule to aid expression of Tap26-186 Novagen 

Table 2.2. Plasmids used in this study 
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freezer stock or from a single colony on an agar plate. Liquid cultures were aerated by 

shaking at 180 rpm.  

2.2.3 Freezer Stocks 
 
All cell lines used in this work were permanently stored at -80°C. Stocks were generated 

from overnight cultures mixed 1:1 with sterile 50% v/v glycerol, and stored in 1.2 mL 

cryogenic vials (Corning Life Sciences, Tewksbury, MA, USA). Stocks were used as 

inoculum for liquid media or for streaking plates.  

2.2.4 Electrocompetent Cells 
 
300 mL cultures of cells were grown in LB until the optical density (absorbance detected 

at 600 nm, hereafter OD600) reached 0.35-0.4. Cells were then chilled on ice for 30-60 

min before being sedimented by centrifugation at 4°C and 2000 g. The cells were washed 

in ice cold 10% glycerol 3-4 times. The cells were concentrated to an OD600 of 100 and 

stored in 50 µL aliquots at -80°C.  

2.2.5 Transformation 
 
Plasmid DNA (~10 ng or ~25 ng ligation mixture) was added to a thawed aliquot of 

electrocompetent cells using sterile technique in a 0.2 mm MicroPulser electroporation 

cuvette (Bio-Rad, Hercules, CA, USA). The cells were electroporated with a 2.5 kV 

electric pulse for 3 ms in the BioRad MicroPulser (Bio-Rad), after which 500 µL SOC 

media (20 g L-1 tryptone, 5 g L-1 yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 

10 mM MgSO4 and 20 mM glucose) was added immediately. The cells were recovered 

for ~1 h at 37°C and then aliquots were spread on agar plates which were incubated 

overnight. 

 

Successful transformation was confirmed with colony PCR and/or gene sequencing. For 

colony PCR, a single colony was picked and mixed with 20 µL sterile water. 1 µL of this 

suspension was used in place of DNA in a standard PCR protocol (primers were specific 

to the plasmid, see 2.3.1 and Table 2.5). The remainder of the cell suspension was used 
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to inoculate a 5 mL LB culture including appropriate antibiotics; which, if confirmed to 

have the correct sequence was used to make a freezer stock. Gene sequences were 

verified via Sanger sequencing (Otago Genetic Analysis Services). Sequencing results 

were analyzed with MacVector software (version 12.7.5). 

2.2.6 Chemotaxis Assays 
 
2.2.6.1 Preparation of Motile Cells 
 
Cultures of Psa were grown to early stationary phase in tryptone broth. The cultures 

were harvested by centrifugation at 700 g before the pellets were washed gently in 

chemotaxis buffer (10 mM potassium phosphate, 1 mM MgCl2, 0.1 M 

ethylenediaminetetraacetic acid (EDTA), pH 7.0). Pellets were resuspended in the same 

buffer to an OD600 of ~0.1. Cells became motile after suspensions were incubated at 

room temperature for 1 h. Cell motility was assayed by light microscopy before each 

chemotaxis assay was set up. Light microscopy was conducted using 40x magnification 

using a Nikon Eclipse E200 light microscope (Chiyoda, Tokyo, Japan). 

 
2.2.6.2 Capillary Chemotaxis Assays 
 
One microliter capillary tubes (Drummond Scientific, Broomall, PA, USA) were sealed 

at one end using a flame, and filled with chemotaxis buffer alone or a solution of the 

appropriate ligand in buffer (or tryptone broth). For qualitative chemotaxis assays, 

molten agarose was added to the buffer to a final concentration of 2% w/v. When 

cooled, the open capillary tip was placed into a 200 µL aliquot of the bacterial 

suspension described in 2.2.6.1 and incubated at 18°C for 30 min.  

 
2.2.6.3 Qualitative Assays 
 
For qualitative capillary assays, the agarose plug at the open end of the capillary tube 

was visualized within the cell suspension at 40x magnification. A dark field filter was 

used to generate photographs of cells exhibiting chemotaxis towards the agarose plug.  

2.2.6.4 Quantitative Assays 
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Quantitative capillary assays were carried out as described previously, with slight 

modifications (Rico-Jimenez et al., 2013). After incubation, capillaries were removed 

from the cell suspension and washed with sterile water. Capillary contents were expelled 

into 1 mL of chemotaxis buffer (a 1:1000 dilution), and 10 µL of each experimental 

condition was spread on an LB agar plate. 

 

2.2.6.5 Calculating Relative Cell Counts 
 
The number of colonies on each LB agar plate was dilution-corrected to generate a value 

corresponding to the number of cells within each capillary. Technical triplicate assays 

were conducted for each of ≥3 biological replicate assays for each condition. Mean cell 

count values were generated for each ligand by subtracting the average buffer control 

cell count from the average ligand cell count. The propagated errors were calculated for 

each ligand-buffer data set, which were used to generate the error margins indicated on 

each figure.  

2.3 Bioinformatics  

2.3.1 DNA Bioinformatics 
 
MacVector version 12.7.5 was used to generate primer sequences, identify restriction 

sites and align DNA sequencing results to reference sequences. SnapGene version 2.6.2 

was used to generate plasmid maps. 

2.3.2 Protein Bioinformatics 
 
2.3.2.1 Protein Sequence Alignment 
 
Gene sequences were translated into protein sequences using MacVector (2.3.1), and 

protein sequences were aligned using the MUSCLE alignment software via Geneious 

version 7.0.6. 
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2.3.2.2 Design of Truncations 
 
LBD sequences were identified using the online membrane topology prediction web 

server TOPCONS (Bernsel et al., 2009). The chemoreceptor protein sequences were 

submitted to the server, which predicted residues that were expected to comprise the 

transmembrane domains. 

 

2.3.2.3 Homology Modeling  
 
LBD sequences were submitted to the Phyre2 web server (Kelley et al., 2015), which 

made structural predictions based on previously determined structural coordinates of 

similar proteins.  

2.4 DNA techniques 
 
Plasmids required for transformation were purified from overnight cultures with the 

E.N.Z.A. Plasmid Mini Kit I (OMEGA Bio-Tek, Norcross, GA, USA) according to the 

manufacturers instructions. Restriction endonuclease recognition sites were identified 

within DNA sequence using MacVector (version 12.7.5). 

 
Plasmid DNA and PCR products were digested using restriction endonucleases. 

Enzymes and buffers were from New England Biolabs (Ipswich, MA, USA) and were 

used according to the manufacturer’s instructions. Digest reactions typically contained 

~1 µg of DNA, 0.5 µL of enzyme (~10 U), 1x ligation buffer, and were incubated at 37°C 

for 1 h.  Reactions were terminated by heat-inactivation for 10 min at 65°C. The 

digested products were visualized by gel electrophoresis and bands of interest were 

isolated using gel-extraction (2.4.2).  

 
DNA fragments with cohesive ends were cloned into plasmids using ligation. Ligation 

reactions contained an insert to plasmid ratio of 3:1, ~200 U of DNA T4 ligase (New 

England Biolabs) and 1x reaction buffer. Reactions were incubated at room temperature 

(~25°C) for at least 1 h before being terminated by heat inactivation for 10 min at 65°C.  
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DNA was quantified via absorbance measurements at 260 nm in a BioPhotometer 

machine (Eppendorf, Hamburg, Germany). 

2.4.1 Polymerase Chain Reaction (PCR) 
 
PCR was used to generate fragments for cloning, and to ensure ligations and 

transformations were successful. The enzymes and reagents were typically from KAPA 

Biosystems (Wilmington, MA, USA). Reagents included KAPA HiFi polymerase (high-

fidelity polymerase used for accurate cloning), dNTPs, reaction buffers and KAPA Taq 

ReadyMix (used for confirmation of cloning reactions). Oligonucleotides were from 

Integrated DNA Technologies (Coralville, IA, USA). The reaction volume was brought 

up to 20 µL using nuclease-free water (Ambion®, subdivision of Life Technologies, 

Carlsbad, CA).  

 
The annealing temperature and extension time was optimized for each reaction 

according to the calculated melting temperature of the oligonucleotides, and the length 

of product to be amplified. Reactions were conducted in an MJ Mini Thermocycler 

(Bio-Rad). Table 2.3 and Table 2.4 represent a typical PCR. 

 
 
 
 
 
 
 
 

 
 

 
 
 

   

PCR Reaction  
2 x KAPA Taq ReadyMix 10 µL 
Forward Primer 1 µL 
Reverse Primer 1 µL 
Template DNA ~1 µg 
Nuclease-free water Up to 20 µL 
Total 20 µL 

Temperature Time 
  
95°C 60 seconds 
  
95°C 30 seconds 
55°C *1 30 seconds 
72°C 30 seconds 1kb-1 *2 
  
72°C  

Table 2.3. Typical PCR reaction parameters 

Table 2.4 Typical PCR reaction times and temperatures 

*1: Temperature dependent upon primer pairs. *2: Time dependent upon predicted amplicon length. 

Repeat 30x 
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2.4.2 DNA Agarose Gels 
 
DNA obtained from PCR was separated based on mass via gel electrophoresis. A 1% 

(w/v) agarose gel was made with 1x TAE buffer (400 mM tris-acetate pH 8.4, 1 mM 

EDTA, 20 mM acetic acid), containing 500 ng mL-1 ethidium bromide (Bio-Rad). DNA 

samples were mixed with loading dye (KAPA Biosystems) to reach a final concentration 

of 1x. A DNA size marker, 1 kb+ Universal ladder (KAPA Biosystems), was loaded on 

the gel in parallel to samples. Gels were electrophoresed in 1x TAE for 15-130 min at 

100 V. Gels were visualized under UV light. 

 

Primer name Sequence (5´ – 3´) Purpose 

Tap26-186 Forward 

 

cagGGATCCAGTAACGGCATGTCTTTTTGG 

 

To amplify Tap26-186 

Tap26-186 Reverse cagAAGCTTTTACTGATAGTTACGCTGGCTTTG To amplify Tap26-186 

Tap33-186 C-terminal 
His6 tag Forward 

 

cagCCATGGCATTTCGCGACGATTTGCAACGAC 

 

To amplify Tap33-186 
for cloning into 

pJEX401 with the 
His6 tag at the C-

terminus 

Tap33-186 C-terminal 
His6 tag Reverse 

 

cagtCTCGAGCTGATAGTTACGCTGGCTTTGC 

 

To amplify Tap33-186 
for cloning into 

pJEX401 with the 
His6 tag at the C-

terminus 

Tap33-186 N-terminal 
His6 tag Forward 

 

cagCATATGGCATTTCGCGACGATTTGCAACGAC 

 

To amplify Tap33-186 
for cloning into 

pJEX401 with the 
His6 tag at the N-

terminus 

Tap33-186 N-terminal 
His6 tag Reverse 

 

cagtCTCGAGTTACTGATAGTTACGCTGGCTTTGC 

 

To amplify Tap33-186 
for cloning into 

pJEX401 with the 
His6 tag at the N-

terminus 

Table 2.5. PCR primers used in this study. Non-specific primer sequence is in lower case. 
Restriction sites are underlined.  
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In the case of DNA fragments generated from restriction digests, DNA was separated in 

a gel containing SYBR Safe dye (Life Technologies). Gels were visualized using blue light 

rather than UV light (Safe Imager 2.0 from Invitrogen, now Life Technologies), and 

relevant bands were excised using a razor blade. DNA was purified with the E.Z.N.A Gel 

Extraction Kit (OMEGA Bio-Tek), according to the manufacturer’s instructions.  

2.4.3 Use of E. coli MC1061 As a Cloning Strain 
 
Plasmids that were generated by ligation reactions were used to transform the E. coli 

cloning strain MC1061. Resulting strains were grown and the plasmids purified as 

described in section 2.4. This step was included for the generation of Tap26-186 and both 

N-terminally His6-tagged Tap33-186 and C-terminally His6-tagged Tap33-186.  

2.5 Protein Techniques 

2.5.1 Protein Expression 
 
Protein overexpression experiments were performed using ~400 mL of TB 

(ForMedium) in baffled 2 L Erlenmyer flasks supplemented with the appropriate 

antibiotics and inoculated (1:100) with a saturated overnight culture. Flasks were 

incubated by shaking at 37°C until the cultures had reached mid-log phase (OD600 ~0.5). 

Flasks were cooled for 20 min on ice prior to induction with 1 mM isopropyl-β-D-1-

thiogalactopyranoside (IPTG). Following induction, cultures were shifted to an 18°C 

shaking incubator for 24 h for protein overexpression. After induction, cells were 

harvested by 10 min of centrifugation at 7,000 g, and the pellets were stored at -20°C. 

 

In the case of expression trials to optimize expression conditions, 50 mL samples of LB 

in 200 mL Erlenmyer flasks were inoculated with a 1:100 dilution of an overnight 

culture and grown to mid-log phase. After addition of IPTG, the cultures were shifted to 

18°C for 24 h, and 1 mL samples were then collected at the appropriate time points. 
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2.5.2 Protein Buffers 
 
All buffers were made in Milli-Q water and pH-adjusted with HCl or NaOH. Buffers 

used in this study are listed below. 

 
• Lysis buffer: Immobilized metal affinity chromatography (IMAC) 

purifications (2.4.4) were conducted with a buffer of 300mM NaCl, 50mM 

KH2PO4/K2HPO4 buffer, pH 7.0. Lysis buffer used in Psa_14525-LBD IMAC 

experiments contained 10% (w/v) glycerol. 

• Elution buffer: Elution steps of IMAC (2.4.4) were conducted with lysis buffer 

plus 200 mM imidazole. 

• Tap33-186 storage buffer: After IMAC, Tap33-186 protein was exchanged into 50 

mM MOPS, 50 mM NaCl, pH 7.0. 

• Tar31-191 and Psa_14525-LBD storage buffer: After IMAC, both proteins were 

exchanged into 50 mM KH2PO4/K2HPO4, 200 mM NaCl, 10% glycerol at pH 7.5. 

• Crystallography buffer: Gel-filtration purifications of Psa_14525-LBD for 

crystallography experiments exchanged the protein from storage buffer into 30 

mM HEPES, 200 mM NaCl at pH 7.0.  

2.5.3 Expression Trials 
 
The OD600 absorbance values were recorded for each sample. Samples were pelleted at 

20,000 g and resuspended in 50x the optical density (in mL) of 1x BugBuster reagent (a 

protein extraction reagent) (Merck, Darmstadt, Germany). Reactions were incubated at 

~25°C for 20 min after which 10 µL samples of the total lysate fraction were collected. 

The remaining samples were centrifuged at 20,000 g and 10 µL samples of the clarified 

supernatant were collected. Representative samples were then analyzed by SDS-PAGE 

(2.5.7). 

2.5.4 IMAC Protein Purification  
 
Following protein expression, cell pellets were suspended in lysis buffer. For cell lysis, 

0.5 mg mL-1 lysozyme, ~100 U benzonase nuclease (Life Technologies) and protease 
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inhibitor cocktail (Sigma-Aldrich) were added and resulting suspensions were gently 

rotated at 4°C for 15-30 min. The lysis was completed by sonication on ice: ten 10 s 

pulses at 28% amplitude interspersed by 30 s pauses (Vibra-Cell VCX500-750. Sonics & 

Materials, Inc., Newtown, CT, USA). Total samples were collected after sonication, and 

the soluble lysate was separated by centrifugation at 17,000 g for 15 min. The resultant 

supernatant was further clarified through a 0.45 µm syringe-driven filter (Jet Biofil, 

Elgin, IL).  

 

Equilibration of TALON™ metal-affinity resin (Clontech, Mountain View, CA, USA) 

was achieved by washing resin three times in ten bed volumes of lysis buffer. Bed 

volumes of resin were typically 1 mL per 10 mg predicted protein yield.  

 

Clarified cell lysate and equilibrated TALON resin were combined and gently agitated at 

4°C for ~60 min to allow the His6-tagged proteins to bind. The resin was recovered by 

centrifugation at 700 g for 5 min and the unbound fraction (supernatant) was collected 

and stored on ice for analysis with SDS-PAGE. Beads were washed three times in 10 bed 

volumes of lysis buffer with gentle agitation at 4°C for 15 min.  

 

After washing steps, beads were resuspended in lysis buffer and transferred to a 

disposable, plastic Poly-Prep Chromatography column (Bio-Rad) and allowed to settle. 

The lysis buffer which beads were suspended in was allowed to flow through the beads 

by the force of gravity and was collected. Low-imidazole wash steps were completed by 

addition of firstly 2 mL of lysis buffer with 5 mM imidazole and secondly 2 mL of lysis 

buffer with 10 mM imidazole. These steps served to remove non-specific interactions 

and therefore increase the purity of purifications; all flow-though fractions were 

collected. Elution was completed by addition of 10 mL high-imidazole elution buffer to 

the top of the column. The flow through was collected in 2 mL fractions. All fractions 

that were collected during IMAC were analyzed by SDS-PAGE (2.5.7). Fractions 

containing the purest protein were pooled and exchanged into storage buffer (2.5.6). 
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2.5.5 Size Exclusion Chromatography: 
 
The AKTA Prime (GE Healthcare life Sciences, Piscataway, NJ, USA) lines were washed 

with degassed water and then a HiLoad 16/600 SuperDex 200 pg gel column (GE 

Healthcare Life Sciences) was connected according to the manufacturer’s instructions. 

Chromatography was completed at 4°C due to the instability of Psa_14525-LBD protein 

in crystallography buffer. The column and lines were equilibrated with the 

crystallography buffer at a flow rate of 0.5 mL min-1. Samples of Psa_14525-LBD protein 

in storage buffer from IMAC experiments were defrosted and centrifuged at 31,000 g to 

pellet any insoluble debris before being loaded onto the column using a 1 mL loop (GE 

Healthcare Life Sciences). An automated protocol with a pressure limit of 0.3 mPa and a 

flow rate of 1 mL min-1 was used to elute Psa_14525-LBD in 3 mL fractions.  

2.5.6 Storage of Protein Samples 
 
2.5.6.1 Buffer Exchange and Protein Concentration 
 
Chromatography fractions containing pure proteins were pooled and exchanged into 

the appropriate buffer by centrifugation at 4500 g in 10 kDa molecular cut-off Amicon 

ultra centrifugal filter units (Merck Millipore, Darmstadt, Germany). For non-

crystallographic experiments, samples were washed three times in the storage buffer 

before being concentrated to ~3 mg mL-1 as determined by (2.5.6.2) and 500 µL aliquots 

of proteins were snap-frozen and stored at -80°C. For crystallography experiments, 

fractions containing protein were pooled and concentrated to ~3.5 mg mL-1. 

 
2.5.6.2 Quantification of Purified Proteins 
 
Protein concentration was determined by measuring the absorbance between 200 and 

300 nm using a Cary UV-Vis spectrophotometer (Aglient Technologies, Santa Clara, 

CA, USA) using an 80 µL glass cuvette (Varian, Aglient). A blank measurement of 

storage buffer at 280 nm was subtracted from the absorbance of a 1:10 dilution of the 

protein sample at the same wavelength. Absorbances were converted to protein 

concentrations according to Beer’s law using each proteins predicted molecular weight 
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and extinction coefficient (calculated in Protparam (Gasteiger et al., 2003); see 

Appendix I) 

 
2.5.6.3 Protein Dialysis 
 
Protein samples for isothermal titration calorimetry (ITC) experiments were dialysed 

against 1 L of storage buffer stirring at 4°C for 10-12 h. The final dialysis buffer was used 

to prepare ligand solutions and to dilute protein solutions for ITC experiments.  

2.5.7 SDS-PAGE 
 
 SDS-PAGE (sodium dodecyl-sulfate polyacrylamide gel electrophoresis) was used to 

visualize proteins and to estimate their molecular weights by comparison to a molecular 

marker (Precision Plus Protein pre-stained standard, Bio-Rad). The following recipe 

instructs how to make four of these denaturing gels. 

 

 

 

 

 

 

 

 

 

 

 

  

 Resolving gel (12%) Stacking gel (5%) 

1.5 M Tris pH 8.8 5 mL - 

0.5 M Tris pH 6.8 - 2.5 mL 

Water 8.7 mL 3.2 mL 

SDS (10% w/v) 200 µL 50 µL 

Acrylamide/Bis (40% w/v)1 6 mL 500 µL 

APS (10% w/v) 100 µL 25 µL 

Tetramethylethylenediamide 20 µL 5 µL 

140% solution of 29:1 monomeric acrylamide:bis-acrylamide. 

Table 2.6 SDS-PAGE gel recipe 
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2.5.7.1 Pouring SDS-PAGE Gels 
 
Ammonium persulfate (APS), acrylamide/bis (40% solution, 29:1 acrylamide:-bis-

acrylamide) and Tris solutions were from Bio-Rad. Gels were prepared between two 

Mini Protean 3 system glass plates (Bio-Rad). The plates were carefully arranged so that 

they were aligned and were held together in a plastic bracket. The resolving gel was 

poured between plates until the solution was approximately 2 cm from the top, then 

70% v/v ethanol was overlain to prevent dehydration, and to level the top of the 

resolving gels. Polymerization took about 1 h, after which the ethanol was rinsed off 

with distilled H2O. The stacking gel solution was poured atop the polymerized resolving 

gel, and a comb was inserted into the unpolymerized solution between the two glass 

plates. The gels were again allowed to polymerize before either being used or stored at 

4°C in a dampened paper towel. 

 

2.5.7.2 Electrophoresis of Samples 
 
Protein samples were diluted 1:1 in 2 x SDS-PAGE loading dye (100 mM Tris-Cl, pH 

6.8, 4% (w/v) SDS, 20% glycerol, 0.2% (w/v) bromophenol blue, 200 mM β-

mercaptoethanol) and denatured by heat at 95°C for ten min in a heated-lid 

thermocycler. The gel was loaded with ~10 µL samples and 5 µL of the molecular 

marker (Bio-Rad). Electrophoresis was conducted in a Mini-PROTEAN tetra cell 

system (Bio-Rad) at 200 V for 45 min in SDS-PAGE running buffer (25 mM Tris pH 

8.3, 250 mM glycine, 0.1% (w/v) SDS). Proteins were visualized by staining with 

Coomassie stain (1.5 M Coomassie R250, 50% (v/v) methanol, 10% (v/v) acetic acid) for 

~30 min while gently shaking, and then were transferred into destain solution (30% 

(v/v) methanol, 10% (v/v) acetic acid) until sufficiently destained.  
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2.6 Biophysical Techniques 

2.6.1 Fluorescence Thermal Shift (FTS) Assays 
 
2.6.1.1 Experimental Parameters 
 
All FTS assays were conducted using a Roche LightCycler 480 Real-Time PCR 

instrument. Samples were heated from 20°C to 80°C at a ramp rate of 1.2°C min-1 as 

depicted in Table 2.7. Protein unfolding was monitored by detecting changes in SYPRO 

Orange fluorescence (Sigma-Aldrich). The first derivative values (-dF/dt) from the raw 

fluorescent data were used to determine the temperature at midpoint of unfolding (TM).  

 

 

 

2.6.1.2 Buffer Screens  
 
Proteins were submitted to FTS assays in the presence of 36 different buffer conditions. 

All conditions are included in Appendix II. Each 20 µL reaction contained 10 µM 

protein, and SYPRO dye was used at 5x concentration. Reactions were conducted in 

duplicate, and four controls were included: water only, no dye, no protein, and a 

lysozyme positive control. Differences in TM were calculated from subtracting the TM of 

proteins in each buffer from the TM of the water control.  

  

Temperature (°C) Data Acquisition Hold Time (min) Ramp Rate (°C s-1) 

20 None 2.5 4.8 

20-80 Continuous No hold 0.02 

20 None 2.5 2.5 

Table 2.7. FTS assay reaction parameters. 
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2.6.1.3 Individual Ligand Screens 
 
To test the thermostability of proteins in the presence of different amino acids, 20 µL 

reactions were set up to contain 10 µM protein, 5x SYPRO dye and 2 µL of compound 

in the appropriate solvent (water or DMSO). Stock solutions for each compound were 

made at 10 x the final concentration (i.e for 1 mM final concentration, 2 µL of 10 mM 

compound was added). Reactions were each conducted in technical triplicate. 

 
2.6.1.4 Biolog PM3b Screens  
 
Biolog phenotype microarray screens were from Biolog (Hayward, CA, USA). Ligands 

were prepared by dissolving compounds in 50 µL of water to obtain a final 

concentration of 10-20 mM. Each screen contained 95 different compounds, and a no 

ligand control. Plate contents are included in Appendix II. Reactions were set up in 96 

well plates, where each well contained a 20 µL reaction of 10 µM protein, 5x SYPRO and 

2 µL of each resuspended BIOLOG compound (to produce a final concentration of 1-2 

mM). Relative TM values were calculated by subtraction of the water control TM from 

each reaction TM.  
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2.6.2 Isothermal Titration Calorimetry (ITC) 
 
2.6.2.1 Experimental Parameters 
 
All experiments were conducted using a VP-ITC MicroCalorimeter (Malvern 

Instruments Ltd., Worcestershire, England, UK). Reactions were all conducted at 25°C 

with 120 µM of protein and 1 mM ligands dissolved in dialysate (2.5.6.3). Experimental 

parameters were as follows: injections were each 10 µL, the reference power was 15 

µcal.sec-1, the stirring speed was 307, the initial delay was 600 seconds, the spacing 

between injections was 320 seconds, and the duration of each injection was 20 seconds.  

 
The evolved heats were integrated and normalized for protein concentration to generate 

binding isotherms for each titration. The resulting isotherms were baseline-corrected by 

subtraction of data from control experiments where 1 mM of ligand was titrated into 

buffer from dialysis (2.5.6.3). The titration of thymine into Tap33-186 protein was only 

conducted once, as no binding was observed, however titrations of ligands into 

Psa_14525-LBD protein were each conducted in biological triplicate. 

 
2.6.2.1 Fitting of Data 
 
The baseline-corrected data were fitted to appropriate binding models using Origin2000 

software (provided by MicroCal). Starting parameters were entered based on 

observations of the raw ITC data, which helped the programme effectively fit data to the 

prescribed binding curves and minimize errors. The software calculated binding 

constants as KA values, which were retrospectively converted into KD values. The 

standard error for each reaction was converted between KA and KD values as a 

percentage of the mean.  
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2.7 Crystallography Methods 
 
All chemicals used for crystallography were kept sterile by handling with aseptic 

technique. Solutions were pH-adjusted using a calibrated pH-meter before being 

sterilized through a 0.22 µm syringe driven filter (Jet Bio-Fil). Sterile 50 % (w/v) PEG6000 

(polyethylene-glycol with a molecular weight of 6000 Da) was from Molecular 

Dimensions (Suffolk, UK).  

2.7.1 Dynamic Light Scattering (DLS) 
 
A DLS machine (Protein Solutions LLC, Joplin, MO, USA) was used to measure the 

monodispersity of protein samples. 15 µL samples were centrifuged at 30,000 g at 4°C 

for 3 min. 10 µL of supernatant was pipetted into a 12 µL glass cuvette (Protein 

Solutions LLC), and the light-scattering properties of solutions were measured thirty 

times between 12 second intervals. Inferences about the molecular properties (such as 

the monodispersity) of each solution were made from these data.  

2.7.2 Sparse Matrix Screens 
 
Crystal I & II (Hampton Research, Aliso Viejo, CA, USA), Wizard I & II (Emerald 

Biosystems, Bainbridge Island, WA, USA) and PACT (Hampton Research) were used to 

identify chemical conditions that allowed the crystallization of Psa_14525-LBD. Screens 

were set up using a Mosquito Crystal robot (TPP Labtech Ltd., Hertfordshire, UK).  

2.7.3 Fine Screens 
 
Trays with 24 wells each of 22 mm diameter were used to host hanging drop reactions 

(Hampton Research). Drops were pipetted onto 22 mm square microscope slides 

(Hampton Research), which were held in place with high vacuum grease (Dow Corning, 

Midland, MI, USA).  
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2.7.3.1 Seeding Trials 
 
24-well trays were set up as per (2.7.3). Once drops began to precipitate, the microscope 

slide encasing each hanging drop was pried open with a razorblade. 3 µL of each 

dilution of seed stock (made from ground crystal in MgCl2 buffer) was injected into 

drops with a pipette. Reactions were re-sealed and incubated at the original 

temperature. 

2.7.4 Diffraction Trials 
 
2.7.4.1 Isolation of Crystals 
 
Hanging drops were analyzed by light microscopy for the growth of crystals. Wells that 

contained crystals were pried open with a razorblade. 1 µL of mother liquor was 

pipetted atop the exposed drop to dissolve the film surrounding drops. Individual 

crystals were collected in a 0.2 mm nylon loop (Hampton Research). In the case of room 

temperature diffractions trials, the loop was exposed to x-ray radiation immediately. In 

the case of cryogenic studies, crystals were transferred to an airtight reservoir containing 

cryoprotectant solution and were soaked for 5 min before being collected in a 0.2 mm 

nylon loop. 

 
2.7.4.2 Local Source X-ray Diffraction Trials 
 
Diffraction trials were conducted using equipment from Rigaku (Rigaku Corporation, 

Sendagaya-Shibuya-Ku, Tokyo, Japan). X-rays were generated using a 007HF Rigaku 

anode, X-rays were focused by an Osmic VariMax HR mirror system (Rigaku), and data 

was collected with an R-Axis IV++ large area detector (Rigaku). The software used to 

control the machinery and analyze diffraction data was CrystalClear version 1.3.5. In the 

case of cryogenic trials, the cryostream was generated from an X-Stream 2000 unit 

(Rigaku). All X-rays were of 50 kV and 0.8 mA energy, and samples were exposed for 2 

minutes at each angle.  



 

 

 
 
 

Chapter 3 
 

Does The E. coli Tap Chemoreceptor 
Bind Pyrimidines Directly? 
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3.1 Introduction 

3.1.1 Introduction to the Tap Receptor 
 
In E. coli, the Tap chemoreceptor mediates chemotaxis to dipeptides in complex with a 

periplasmic binding protein (encoded by dppA) (Manson et al., 1986, Abouhamad et al., 

1991). Knockout studies revealed that the dipeptide binding protein was essential for 

dipeptide chemotaxis (Manson et al., 1986). Studies with a Tap-Tsr chimera revealed 

that the N-terminal half of the Tap chemoreceptor senses a complex of the dipeptide 

protein and Pro-Leu dipeptides (Weerasuriya et al., 1998).  

3.1.2 Does the Tap Receptor Bind Pyrimidines Directly? 
 
In addition to mediating chemotaxis to dipeptides, recently Tap has also been shown to 

mediate chemotaxis towards pyrimidines (Liu & Parales, 2008). In this study, a strain 

wild type for chemotaxis (E. coli RP437) was shown to exhibit chemotaxis towards 

relatively high concentrations of thymine (10 mM) and uracil (20 mM) at 30°C (Liu & 

Parales, 2008). Individual deletions of the four E. coli chemoreceptors revealed 

chemotaxis towards pyrimidines was retained in the genotypes ∆tar, ∆tsr and 

∆trg::Tn10. In contrast, deletion of tap (E. coli strain RP3525) abolished chemotaxis 

towards pyrimidines. These results suggest the Tap receptor mediates chemotaxis 

towards pyrimidines. 

 

The dipeptide binding protein was unnecessary for the chemoattraction of E. coli RP437 

to pyrimidines, as deletion of this protein abolished chemotaxis towards Pro-Leu, whilst 

retaining wild type chemotaxis responses to thymine and uracil (Liu & Parales, 2008). 

Because the dipeptide binding protein is not implicated in pyrimidine chemotaxis, there 

are two possible mechanisms by which the Tap protein mediates chemotaxis towards 

pyrimidines. One explanation is that the Tap-LBD binds pyrimidines directly, and the 
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other is that another periplasmic binding protein mediates the interaction between Tap 

and pyrimidines.  

 

Other E. coli chemoreceptor LBDs are known to detect more than one compound 

(Gardina et al., 1997), (Strange & Koshland, 1976). The Tar-LBD exhibits two distinct 

mechanisms of ligand detection by binding L-aspartate directly (Milburn et al., 1991), 

and maltose via a maltose binding protein (Kossmann et al., 1988). In contrast, the Trg 

receptor binds to D-ribose and D-galactose each in complex with their respective 

binding proteins (Kondoh et al., 1979), (Strange & Koshland, 1976). Therefore, as E. coli 

chemoreceptors are known to exhibit both types of binding mechanism, it is unclear 

whether the detection of pyrimidines by the Tap-LBD is a result of indirect or direct 

binding. 

3.1.3 Using the Tap-LBD as a Scaffold for Protein Engineering  
 
In addition to mediating chemotaxis towards pyrimidines, the Tap receptor mediates E. 

coli chemotaxis towards the atrazine breakdown products N-isopropylammelide and 

cyanuric acid, but not towards atrazine (Liu & Parales, 2009). As pyrimidines are close 

structural analogues of s-triazines (Fig 3.1), it is likely that the Tap receptor detects both 

types of compound via the same mechanism. If direct binding is the mechanism by 

which Tap-LBD detects for both types of compounds, it might be possible to engineer 

the LBD to bind the atrazine.  

 

Directed evolution is the process of iterative protein randomization and screening or 

selection (Romero & Arnold, 2009). If the Tap-LBD was shown to bind pyrimidines via 

a direct binding mechanism, then directed evolution could be used to alter the binding 

specificity of Tap-LBD to generate an atrazine biosensor. In order to determine whether 

Tap bound pyrimidines directly, the Tap-LBD was expressed, purified and tested for 

binding to thymine and uracil.   
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Figure 3.1 Comparison of the molecular structures of a pyrimidine and s-triazines. The 
structural similarity of three compounds (thymine, cyanuric acid and N-isopropylammelide) 
that stimulate chemotaxis through the Tap receptor and the target for directed evolution, 
atrazine. 
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3.2 Results: 

3.2.1 Design of a Tap Truncation to Isolate the LBD 
 
A truncation of the Tap chemoreceptor was designed based on previous truncations of 

the Tsr and Tar proteins. All three truncations were designed to include the 

extracellular, and presumably soluble, LBD sequence whilst excluding the flanking 

transmembrane domains (Fig 3.2). Transmembrane domains function to embed 

chemoreceptors in the cell membrane and therefore contain a high proportion of 

hydrophobic residues. Inclusion of these residues in the truncation would have 

generated insoluble protein, which is harder to purify and use in binding experiments.  

 

The truncation design of Tap26-186 was based on previous successful crystallographic 
studies of Tsr-LBD and Tar-LBD (Tajima et al., 2011). The position of the N-terminal 
residue included in the previous Tar-LBD truncation and the position of the C-terminal 
residues of Tsr-LBD in the previous Tsr-LBD truncation study were used to generate 
Tap26-186 (Fig 3.2). 

Figure 3.2. Alignment of truncations to include Tsr, Tar, and Tap-LBDs. Black boxes, gray 
boxes and white boxes represent amino acid conservation values within the ranges of 80-100%, 
50-80% and 0-50% respectively. Red numbers at each terminus depict which residues the 
truncations start and end at. 
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3.2.2 Cloning of the Tap-LBD Expression Construct 
 
Tap26-186 was amplified using PCR. The predicted size of the amplified product was 481 

bp, which is shown to be present by the bright band in lane (A) just below the level of 

the 500 bp band in the ladder lane (L) (Fig 3.3). This amplicon was gel-extracted for 

sub-cloning. 

 

 

 

 

 

After gel extraction, the tap fragment was restriction endonuclease-digested and cloned 

into the expression vector pJEX401. The plasmid pJEX401 encodes a hexahistidine 

(His6) tag at the N-terminus of the tap fragment insert site, which was included in the 

resultant Tap26-186 protein to facilitate purification. Protein expression was from a T5 

promoter under repression by the lac repressor molecule, and the plasmid encoded a 

kanamycin resistance cassette. PCR and DNA sequencing confirmed the resulting 

construct.  

  

Figure 3.3.  PCR amplification of Tap residues 26-186. The reaction was separated in a 
1% agarose gel containing ethidium bromide stain at 1x final concentration. Lane (L), KAPA 
1kb Plus DNA ladder. Fragments in the ladder known to be 650 and 400 base pairs are 
indicated. Lane (A) shows the PCR reaction including an amplicon between 400 and 650 BP. 
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3.2.3 Expression and Purification of the Tap-LBD Protein 
 
3.2.3.1 Induction Trial of E. coli BL21 (DE3) 
 
The expression vector pJEX401-Tap26-186 transformed the protein expression strain E. 

coli BL21-Gold(DE3). IPTG was used to induce protein expression from the T5 

promoter at the mid-log phase of growth. Samples were collected before induction (0h), 

and at 4 and 24 hours post-induction, and all samples were separated into total (T) and 

soluble (S) fractions. SDS-PAGE analysis of each fraction revealed the absence of an 

overexpressed band near the expected molecular mass (~21.9 kDa) (Fig 3.4). These data 

suggested that E. coli BL21 (DE3) was unable to overexpress Tap-LBD26-186. 

  

Figure 3.4 Expression trial of (His)6-Tap26-186 .  Cells were induced to express pJEX401-
(His)6- Tap-LBD at 28°C.  Total and soluble fractions were collected at indicated time points. 
Samples were visualized with Coomassie blue after separation in a 12% SDS-PAGE gel. Lane 
L, molecular size marker (Bio-Rad precision plus; 75, 50, 25 and 20 kDa markers are 
indicated); Lane T, total cell extract; lane S, soluble cell extract. Time points when samples 
were collected are indicated. 0h samples were collected before IPTG was added to cultures. 
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3.2.3.2 Improving Tap26-186 Expression with Alternative Strains 
 
Four alternative E. coli protein BL21 expression strains were transformed with pJEX401-

Tap26-186 to try to improve the amount of protein expression: C41(DE3); C43(DE3); 

BL21(DE3) Rosetta(DE3); and BL21(DE3) pGro7. Each strain has different properties 

that can improve protein expression. The strains C41(DE3) and C43(DE3) each have 

uncharacterized genomic mutations that improve the expression of toxic proteins 

(Dumon-Seignovert et al., 2004). The pGro7 plasmid encodes the GroEL and GroES 

molecular chaperones to assist the folding of proteins (Ryabova et al., 2013). The 

Rosetta(DE3) strain hosts a plasmid to supplement tRNAs for codons that are rare in E. 

coli, and therefore is often used to improve eukaryotic protein expression. Rosetta(DE3) 

was included in the trial as tap26-286 encoded for two arginine codons that are rare in E. 

coli and would therefore reduce Tap26-186 expression levels. 

 

Figure 3.5 Expression trial of Tap26-186 in alternative E. coli BL21 strains.  Different E. coli host 
strains were induced to express pJEX401-(His)6- Tap26-186 at 28°C. (A) C41; (B) C43; (C); pGro7 (D): 
Rosetta. Total and soluble fractions were collected at indicated time points. Samples were 
visualized with Coomassie blue after separation in a 12% SDS-PAGE gel. Lane L, molecular size 
marker (Bio-Rad precision plus; 75, 50, 25 and 20 kDa markers are indicated); Lane T, total cell 
extract; lane S, soluble cell extract. Time points when samples were collected are indicated.  0 h 
samples were collected before IPTG was added to cultures.  



 39  

The expression trials (Fig 3.5) indicate that three of the host cell strains assayed for 

Tap26-186 protein expression were able to overexpress a protein near the predicted 20.9 

kDa molecular mass in the total fractions but not in the soluble fractions. Rosetta cells 

(D) expressed the highest amount of Tap26-186 protein compared to the other two E. coli 

strains that expressed Tap26-186 protein: C43(DE3) (B) and BL21(DE3) pGro7 (C). In 

contrast, E. coli C41(DE3) cells (A) did not express any Tap26-186 protein. The 

experiment also revealed that induction for 24 hours provided the highest yield of 

insoluble Tap26-186
 protein. 

 
3.2.3.3 Design of a New tap Truncation Using TOPCONS 
 
An alternative truncation was designed to try to improve the yield of soluble protein, as 

insoluble protein was of little use for ligand-binding studies. The entire Tap protein 

sequence was submitted to TOPCONS: an online membrane topology prediction server 

(Bernsel et al., 2009). TOPCONS predicted which residues were likely to comprise the 

transmembrane domains of the Tap receptor (Fig 3.6). 

 

The TOPCONS output informed the design of a new truncation: Tap33-186 (Fig 3.6). The 

blue line represents residues 33-186, which was predicted to comprise the soluble LBD. 

The LBD-flanking transmembrane domains are shown as gray boxes, and represent 

protein sequence that was avoided in the design of Tap33-186. To determine which 

terminus of Tap33-186 tolerated the addition of a (His)6 tag, two constructs containing 

Figure 3.6. TOPCONS prediction of the Tap protein topology. Gray boxes represent regions 
of protein sequence predicted to comprise transmembrane domains. The blue line represents 
predicted extracellular protein domain (the LBD), and the red line represents predicted 
intracellular sequence.  
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either an N or a C-terminal (His)6 tag were designed and assembled in the expression 

vector pET28a. The pET28a plasmid contained similar features to pJEX401, including 

the kanamycin resistance cassette, however the pET28a plasmid included a T7 promoter 

(rather than T5). The T7 promoter utilized the DE3 feature of the E. coli expression 

(DE3) strains, where IPTG stimulated expression of the T7 bacteriophage polymerase 

molecule from the genome.  

 
3.2.3.4 Expression Trials of Both (His)6-tagged Tap33-186 Constructs 
 
Each pET28a expression construct transformed E. coli Rosetta(DE3) to investigate the 

effect of (His)6 tag position on Tap33-186 expression levels (Fig 3.7). Cultures were 

induced with IPTG at the mid-log phase of growth, and samples were collected at 

various time points. The induction trial revealed that the addition of an N-terminal 

(His)6-tag to Tap33-186 allowed total (T) and soluble (S) protein expression near the 

expected molecular mass (19.7 kDa), whereas addition of the C-terminal (His)6 tag to 

Tap33-186 caused a lack of protein expression. Though in comparison to the molecular 

size marker, Tap33-186 appears to be <20 kDa, mass-spectrometry confirmed the presence 

of full-length Tap33-186 in the soluble fraction of the N-terminally (His)6-tagged 

construct.  

  

Figure 3.7. Expression trials of Tap33-186 with either C or N-terminal (His)6 tag. Induction 
trials were conducted in E. coli Rosetta(DE3) at 28°C. Total (T) and soluble (S) fractions from each 
strain were collected 4 and 24 hours post-induction and were visualized with Coomassie blue 
after separation in a 12% SDS-PAGE gel. Lane L, molecular size marker (Bio-Rad precision plus; 
75, 50, 37, 25, 20 and 15 kDa markers are indicated). 
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3.2.3.4 Purification of Tap33-186 
 
In order to study the ligand-binding capacity of Tap-LBD, E. coli Rosetta(DE3)-pET28a-

Tap33-186 was induced to express N-terminally (His)6-tagged soluble Tap33-186 protein in 

TB. The recombinant protein was purified from the soluble cell lysate using IMAC. The 

overall protein yield was approximately 2 mg of purified Tap33-186 per litre of bacterial 

culture. SDS-PAGE showed that elution fractions 1-6 (E1-E6) contained a protein close 

to the expected molecular mass with an estimated >90% purity (Fig 3.8). 

 

 

 

3.2.4 Expression and Purification of the Tar-LBD  
 
The Tar-LBD binds L-aspartate directly (Wadhams & Armitage, 2004). For this reason, 

residues 31-191 of the Tar protein were expressed and purified for use as a positive 

control with the biophysical experiments used to study the binding repertoire of Tap33-

186. A truncation encoding Tar31-191 was previously designed using TOPCONS and was 

cloned into pET28a with an N-terminal (His)6 tag by Dr. Monica Gerth. The plasmid 

Figure 3.8 Purification of (His)6-Tap33-186. The protein was purified using IMAC and 
visualized with Coomassie blue after separation in a 12% SDS-PAGE gel. Lane L, molecular 
size marker (Bio-Rad precision plus; 75, 50, 25 and 20 kDa markers are indicated); Lanes E1-
E6 are elution Fractions eluted with 200 mM imidazole in lysis buffer.  
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was used to transform E. coli BL21(DE3), and cultures were induced with IPTG at the 

mid-log phase of growth. The recombinant and soluble protein was purified from the 

cell lysate using IMAC, and the overall yield was found to be 20 mg of purified Tar31-191 

per litre of bacterial culture. SDS-PAGE showed a protein near the predicted molecular 

mass (~20 kDa) in the elution fractions with an estimated >95% purity (Fig 3.9). 

 

3.2.5 Determining Protein Stability with the FTS Assay 
 
Fluorescent thermal shift (FTS) assays are a high-throughput method of determining 

protein stability under different conditions (Niesen et al., 2007). The assay involves 

combining a protein with SYPRO Orange and gradually increasing the reaction 

temperature using a real-time PCR machine. SYPRO Orange is a hydrophobic dye, 

which emits fluorescence at 570 nm in the presence of denatured protein. Therefore, a 

gradual increase in the reaction temperature produced changes in fluorescence, which 

was monitored and used to produce a curve corresponding to protein denaturation. The 

Figure 3.9. Purification of (His)6-Tar31-191. The protein was purified using IMAC and visualized 
with Coomassie blue after separation in a 12% SDS-PAGE gel. Lane L, molecular size marker (Bio-
Rad precision plus; 75, 50, 37, 25, 20 and 15 kDa markers are indicated). Lane T, total cell lysate 
fraction; Lane S, soluble cell lysate fraction; lane Ub, unbound fraction; Wash lanes, 0, 5 and 10 
mM imidazole elution fractions; Elution lanes, six solution fractions eluted with 150 mM 
imidazole in lysis buffer. 
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temperature at midpoint of unfolding (TM) was calculated from each curve, which could 

be used to compare relative protein stability between samples. This assay was used to 

study Tap33-186 and Tar31-191 in a range of different chemical backgrounds.  

 

3.2.5.1 Optimizing the FTS assay  
 
FTS assays were used to determine the optimal protein and SYPRO dye concentrations 

for resolution of protein melting. Fig 3.10 shows a comparison of the fluorescent traces 

from each experiment. Protein concentrations used were at either 3 µM or 10 µM, and 

SYPRO dye was used at a final concentration of either 5x or 20x. The green trace (A) 

was generated using 10 µM protein and 5x SYPRO dye. This combination of reactants 

produced a clear sigmoidal fluorescent trace from which the temperature at midpoint of 

unfolding (TM) of protein could be calculated and was used in all further FTS assays. 

 
 

20 40 60

0

10

20

30

40

Temperature (˚C)

Flu
ore

sce
nce

B

D

A

C

Figure 3.10. The effects of protein and dye concentrations on FTS assay reaction 
fluorescence. Each line represents a fluorescent traces from a combination of different protein 
and dye concentrations. (A), green trace, 10 µM protein and 5x dye; (B), blue trace, 3 µM protein 
and 5x dye; (C), purple trace, 10 µM protein and 20x dye; (D), red trace, 3 µM protein and 20x dye. 
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3.2.5.2 Combining the FTS Assay with a Buffer Screen 
 
The optimal buffer for storage of each LBD was determined by comparison between the 

TM of a water control and the TM the protein in 36 different buffer conditions-listed in 

Appendix II (Fig 3.11 and Fig 3.12). The experiment was duplicated for each buffer 

condition and the data were used to generate error bars. Tar31-191 protein was most stable 

in a buffer containing potassium phosphate, sodium chloride and glycerol at pH 7.5 (Fig 

3.11, 1). This buffer was used as a storage buffer for Tar31-191 protein for all further 

experiments due to the stabilizing properties and the relatively neutral pH.  

 

 

  

Figure 3.11. Variations in Tar31-191 TM in 36 different buffer conditions. Each bar on the graph 
represents the relative difference in TM in one buffer condition when compared to water to TM of 
Tar31-191 in water. All buffer conditions were duplicated. The blue bar (1) represents 50 mM 
potassium phosphate, 200 mM NaCl, pH 7.5, with 10% glycerol. 
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Tap33-186 protein was found to be most stable in a buffer containing 3-N-(morpholino)-

propanesulfonic acid (MOPS) and sodium chloride at pH 7.0 (Fig 3.12, 1). The second-

best buffer was the same phosphate buffer that stabilized Tar31-191 (2). The potassium 

phosphate buffer was used for all further experiments with Tap33-186. 

 

 

The experiments of Fig 3.11 and 3.12 revealed that the same buffers affected the 

proteins differently. In the case of Tar31-191 protein (Fig 3.11), most buffers improved the 

stability compared to water, however the other buffers that caused the highest TM values 

were all of low pH except the buffer shown by (1). In comparison, most buffers included 

in the screen destabilized the Tap33-186 protein compared to the water control (Fig 3.11). 

Interestingly, the buffer condition that produced the second-highest TM value for Tap33-

186 protein was the buffer identified as stabilizing the Tar31-191 protein the most (2). A list 

of all buffers is included in appendix II. 

  

Figure 3.12. Variations in Tap33-186 TM in 36 different buffer conditions. Each bar on the 
graph represents the relative difference in TM in one buffer condition when compared to 
water to TM of Tap33-186 in water. All buffer conditions were duplicated. The blue bar (1) 
represent 50 mM MOPS, 50 mM NaCl, pH 7.0. The red bar (2) represents 50 mM potassium 
phosphate, 200 mM NaCl, pH 7.5, with 10% glycerol. 
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3.2.6 Identification of Ligands for the E. coli LBDs 
 
The FTS assay was conducted with both Tar31-191 and Tap33-186 in the presence of 

increasing ligand concentrations. Experiments with L-aspartate and L-alanine were 

conducted as positive controls because the Tar-LBD is known to bind L-aspartate and 

not alanine (Wadhams & Armitage, 2004). Increases in protein stability are known to be 

proportional to increases in ligand concentration (Niesen et al., 2007). The assay 

successfully detected the binding of Tar31-191 to L-aspartate (Fig 3.13). 

  

Figure 3.13. FTS assay of Tar31-191 in the presence of L-alanine and L-aspartate. (A.) Fluorescent 
traces from reactions with 10 mM L-alanine (red line), buffer only (black line) and 10 mM L-
aspartate (blue line). (B.) The differences in Tar31-191 TM in the presence of ligands compared to the 
buffer only control; red bars indicate assays with L-alanine and blue bars indicate assays with L-
aspartate. The ligand concentration range used in all assays (in mM) is indicated on the x-axis 
below the L-aspartate bars.  
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The FTS assay was also conducted with Tap33-186 in the presence of uracil, atrazine and 

thymine (Fig 3.14). Uracil and atrazine destabilized Tap33-186 protein in a concentration-

dependent manner, which strongly suggested that Tap33-186 does not bind these two 

ligands. Thymine increased Tap33-186 protein TM by <0.5°C when included at 1 mM. 

Unfortunately higher concentrations of thymine could not be used with this assay due 

to the fact that thymine required dimethysulfoxide to dissolve in buffer, and the assay of 

1 mM thymine included the maximum DMSO content for FTS assays (2%) (Niesen et 

al., 2007).  

  

Figure 3.14. FTS assay of Tap33-186 in the presence of pyrimidines. (A.) Fluorescent traces from 
reactions with 1 mM uracil (red line), buffer only (black line) and 1 mM thymine (blue line). (B.) The 
differences in Tap33-186 TM in the presence of ligands compared to the buffer only control.  Blue bars 
indicate assays with thymine, red bars indicate assays with thymine, and green bars indicate 
assays with atrazine. The ligand concentration range included in all assays (in mM) is indicated on 
the x-axis below the red uracil bars. Each experiment was conducted in technical triplicate. 
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The assay of Tar31-191 binding to L-aspartate (Fig 3.13) indicates that direct binding 

events between ligands and LBDs can be identified using the FTS assay. The assay also 

revealed that the FTS assay reports binding interactions in a concentration dependent 

manner. The FTS assay with Tap33-186 shown in Fig 3.14 suggests that Tap33-186 does not 

bind uracil or atrazine; in fact these two ligands destabilized the protein in a 

concentration dependent manner. The interaction between thymine and Tap33-186 

remained unclear, however, as the FTS assay with 1mM thymine caused a very slight 

increase in protein TM. Therefore a more sensitive technique was used to measure the 

interaction between Tap33-186 and thymine. 

3.2.7 ITC of Tap-LBD with Thymine 
 
Isothermal titration calorimetry (ITC) was used to measure the changes in reaction 

temperature when 1 mM thymine was titrated into (A) buffer and (B) 120 µM Tap33-186 

(Fig 3.15). No changes in reaction temperature were detected when Tap33-186 was titrated 

with thymine, which strongly suggests that Tap33-186 does not bind thymine directly.  

  

Figure 3.15. Tap33-186 does not bind to thymine. The upper panels of both (A) and (B) show the 
raw energy changes for the titration of 1 mM thymine into (A) buffer or (B) 120 µM Tap33-186 protein 
The lower panels represent the concentration-normalized peak areas of the titration raw data. 
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3.3 Discussion 

3.3.1 Improving the Expression of Tap-LBD Protein 
 
TOPCONS was used to design a truncation of Tap that produced soluble protein (Fig 

3.6). Two expression constructs were made to test the effect of (His)6 tag placement on 

protein expression and/or solubility.  Interestingly, the position of the (His)6 tag was 

found to be very important, where addition of the tag to the C-terminus resulted in no 

protein expression, but addition of an N-terminal (His)6 tag produced soluble protein 

(Fig 3.7). This result highlights the importance of exploring multiple constructs for 

recombinant protein expression (Graslund et al., 2008).  

 

Soluble protein was successfully overexpressed and purified from E. coli Rosetta(DE3) 

(Fig 3.8). The Rosetta(DE3) expression strain harbors a plasmid, pRARE, which 

encodes tRNA molecules to decode codons that are highly represented in human genes 

and seldom present in E. coli. Therefore Rosetta(DE3) is usually used for recombinant 

expression of human proteins. However, the portion of tap encoding the LBD contains 

two arginine codons at positions 39 and 115 that are considered rare for E. coli. The 

presence of rare codons can affect protein expression levels (Gustafsson et al., 2004). 

 

The intracellular protein translation machinery is often affected by codon bias (Fang et 

al., 2014). Different species exhibit bias towards different codons, which correlates with 

which types of tRNA molecules are encoded. Hence, there is a lower rate of protein 

translation for a gene with rare codons compared to a gene with common codons due to 

the relative availability of tRNA molecules for each codon (Gouy & Gautier, 1982). This 

phenomenon can be utilized to regulate mRNA translation: for example, the rate of 

protein synthesis for metabolic enzymes of amino acid biosynthesis pathways is often 

regulated by the availability of charged tRNA molecules for specific codons (Yanofsky et 

al., 1981). 

 

The entire tap gene contains five rare arginine codons, which is probably related to the 

fact that the Tap receptor is a minor receptor and is therefore present at a far lower 

concentration in the cell membrane than the major receptors Tsr and Tar (Ames et al., 
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2002). The pSNARE plasmid in E. coli Rosetta (DE3) supplied the correct tRNA 

molecules to decode the two rare arginine codons present in Tap26-186 and Tap33-186, 

which explains why this strain produced the highest level of Tap26-186 protein (Fig 3.5). 

3.3.2 Determining Whether Tap-LBD Binds Pyrimidines 
Directly 
 
The Tar31-191 protein was shown to bind L-aspartate in a concentration-dependent 

manner (Fig 3.13), which is characteristic of protein-ligand interactions (Niesen et al., 

2007). Importantly, the addition of L-alanine (which is not a binding partner of Tar-

LBD) did not stabilize the protein. These data indicated that the FTS assay was able to 

detect binding events between E. coli LBDs and ligands.  

 

When FTS assays were conducted with Tap33-186 protein, no stabilization of Tap26-186 in 

the presence of uracil was observed, suggesting that Tap26-186 does not bind uracil (Fig 

3.14). The negative control atrazine was included in this experiment, as Tap was shown 

not to mediate chemotaxis towards atrazine (Liu & Parales, 2009). Interestingly, while 

lower concentrations of thymine (0.01 mM and 0.5 mM) destabilized the protein, 1 mM 

slightly increased the Tap33-186 TM. 

 

The increase in Tap33-186 TM in 1 mM thymine was ~0.2°C, whereas the increase in Tar31-

191 TM in the presence of 1 mM L-aspartate was ~0.8°C. This marginal increase in protein 

TM might have corresponded to a very weak LBD-ligand interaction; however in order 

to reveal whether the protein bound thymine, further assays in higher concentrations of 

thymine needed to be conducted. Unfortunately, as the addition of 1 mM thymine 

caused the DMSO content of the reaction to reach the maximum final concentration of 

2% (Niesen et al., 2007), the interaction of 1 mM thymine and Tap33-186 remained 

unclear. 

 

To further investigate whether Tap33-186
 bound thymine, an ITC experiment was 

conducted to measure the thermal parameters of titration of thymine into Tap-LBD 

protein (Fig 3.15). ITC is an extremely sensitive biophysical technique that measures 

extremely slight variations in reaction temperature (Velazquez-Campoy & Freire, 2006). 
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If thymine bound the Tap-LBD, heat would have either been released or absorbed from 

the reaction cell, depending on the nature of the interaction. The experiment revealed 

no such variations in reaction temperature as thymine was titrated into Tap33-186 protein, 

and the small fluctuations in temperature matched those of the buffer control reaction 

(Fig 3.15). Together these data suggest that the Tap-LBD does not bind thymine 

directly. 

 

It is possible that the Tap-LBD binds pyrimidine molecules very weakly, which would 

mean that higher concentrations of ligand would be required to observe binding 

interactions via the techniques used in this study. The highest possible concentrations of 

uracil and thymine were included in FTS assays with Tap33-186 due to limitations with 

pyrimidine solubility, and these reactions did not reveal a characteristic direct binding 

interaction with either ligand (Fig 3.14).  

 

120 µM Tap33-186 protein was titrated with 1 mM thymine. These concentration values 

were predicted as sufficient to report interactions with binding constants (KD values) 

between 1-100 mM, which is within the sensitivity range of ITC (Velazquez-Campoy & 

Freire, 2006). Other chemoreceptor ligand-binding studies revealed KD values (Rico-

Jimenez et al., 2013) (Lacal et al., 2010a). While it is possible that Tap-LBD binds 

thymine very weakly, an interaction weaker than 100 µM KD is unlikely compared to 

previous LBD-ligand interactions. ITC is able to detect interactions with KD values in 

the mM range therefore the lack of binding to the Tap LBD strongly suggests that the 

Tap chemoreceptor does not detect pyrimidine molecules directly; instead, this 

interaction is most likely mediated by an unknown periplasmic binding protein.  

 

Comparison of the DppA dipeptide binding protein sequence to the E. coli K12 

MG1655 reference genome with the E. coli database EcoCyc (Keseler et al., 2013) 

revealed a multitude of characterized and uncharacterized proteins that exhibited 

various levels of homology to the dipeptide binding protein. The other E. coli minor 

chemoreceptor, Trg, has so far been shown to bind two different types of sugars in 

complex with two different binding proteins (Kondoh et al., 1979). Therefore, it is 
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possible that Tap also uses two different binding proteins, to recognize both dipeptides 

and pyrimidines. 

 

Overall, the results presented in this chapter suggest that Tap does not detect 

pyrimidines via direct binding. This lack of direct binding interaction meant that the 

Tap-LBD was an unsuitable scaffold for the directed evolution of an atrazine biosensor. 

Therefore, this LBD was not explored further.   

 



 

 

 
 
 

Chapter 4 
 

Characterization of a Novel 
Chemoreceptor from Pseudomonas 

syringae pv. actinidiae 
 
 

The results described in this chapter represent the author’s contributions to the 
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Pseudomonas syringae pv. actinidiae. Molecular Microbiology, 96(4): 694-707. 
  
 1Joint first-authors.  
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otherwise. 
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4.1 Introduction 
 
There are many more chemoreceptors in the world besides the four from E. coli, 

however most of them are uncharacterized. In this chapter, a high-throughput screen 

for identifying the ligands detected by chemoreceptor LBDs was developed. This screen 

was used to characterize a novel chemoreceptor from Pseudomonas syringae pv. 

actinidiae (Psa).  

4.1.1 Psa is a Pathogen for Kiwifruit 
 
Psa is a major pathogen of Actinidia deliciosa (kiwifruit), and is responsible for severe 

economic losses in Italy and New Zealand due to the disease it causes in crops 

(Scortichini et al., 2012). Psa invades kiwifruit plants through lesions and openings on 

the plant surface, causing cankers and wilting (Scortichini et al., 2012). This suggests 

that chemotaxis is a virulence factor for the pathogenicity of Psa. Many free-living 

bacteria are specifically attracted to plant exudates such as sugars and amino acids (Yao 

& Allen, 2006), for example Pseudomonas fluorescens exhibits chemotaxis towards 

toward tomato root tips (de Weert et al., 2002a). Numerous studies have shown that 

chemoreceptors bind and mediate chemotaxis towards these classes of compounds 

(Wadhams & Armitage, 2004), (Rico-Jimenez et al., 2013), (Glekas et al., 2012). 

 

The genome sequence of a virulent strain of Psa isolated in New Zealand (strain NZ-

V13) (McCann et al., 2013) was analyzed and predicted to contain 43 predicted 

chemoreceptor genes. While this number of chemoreceptors seems large compared to E. 

coli (4), or even Pseudomonas aeruginosa (Pae) (26), the large number of predicted 

chemoreceptors is concordant with many other Pseudomonas syringae strains. For 

example, P. syringae pv. phaseolicola 1448A has 44 predicted mcp genes, and P. syringae 

pv. tomato str. DC3000 has 46 predicted mcp genes (Kato, 2008); (Winsor et al., 2011); 

(Parales et al., 2013). These large numbers of chemoreceptors are proportional to the 

complex environments these organisms inhabit (Lacal et al., 2010b). 
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Comparison of the sequences of the predicted chemoreceptor genes in the Psa genome 

revealed that 33 of the 43 had identifiable LBDs; that is, they contain a periplasmic 

region flanked by transmembrane helices, and they have identifiable HAMP and 

signaling domains. Chemoreceptors with LBDs were of interest to this study because 

LBDS can be expressed and assayed for binding as soluble recombinant proteins 

(Chapter 3). One of the putative receptor genes (locus id Psa_14525) was homologous 

to the amino acid sensing chemoreceptor gene, pctA of Pae (61% identical and 79% 

similar). 

 

The Pae PctA receptor is known to bind most proteinogenic amino acids directly via the 

LBD (Rico-Jimenez et al., 2013). To investigate the extent to which sequence 

conservation was linked to LBD binding repertoire, the Psa_14525-LBD was 

recombinantly expressed, purified and tested for binding to a catalogue of biological 

compounds. The protein was shown to specifically bind three acidic amino acids, none 

of which were bound by the Pae PctA homologue. Interestingly, one of the amino acids 

bound by Psa_14525-LBD was shown to bind at two sites, a phenomenon that has not 

previously been observed in similar chemoreceptors.  

 

Homology modeling of the active sites of Psa_14525-LBD and Pae PctA-LBD suggested 

that a single variant residue mediated the differences in specificity. To further 

understand the molecular mechanisms by which Psa_14525-LBD bound acidic amino 

acids, crystallography trials were conducted in the presence and absence of ligands.  
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4.2 Results 

4.2.1 The pET28-(His)6-Psa_14525-LBD Expression Plasmid 
 
Dr. Monica Gerth previously designed a truncation encoding the Psa_14525 LBD using 

TOPCONS (Bernsel et al., 2009). This gene fragment was cloned into the expression 

vector pET28a to express residues 31-276 of Psa_14525 with an N-terminal (His)6-tag. 

IPTG induced protein expression from the pET28a plasmid was from the T7 promoter, 

which is IPTG-inducible as long as the plasmid is expressed in a host strain that is a 

lysogen of the bacteriophage λ polymerase molecule (DE3) (as described in Chapter 3). 

The pET28a plasmid also contained a kanamycin resistance cassette. Fig 4.1 depicts the 

key features of the pET28a-(His)6-Psa_14525-LBD plasmid. 

 

  

Figure 4.1. The PET28-(His)6-Psa-14525-LBD expression vector.  Translated products are 
shown as colored arrows. Promoter site and N-terminal (His)6 tag are indicated  
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4.2.2 Expression and Purification of Psa_14525-LBD 
 
The E. coli protein expression strain BL21(DE3) was transformed with the pET28a-

(His)6-Psa_14525-LBD plasmid. For protein expression, cells were cultured in Terrific 

Broth (TB). The recombinant protein was purified from the soluble cell lysate using 

IMAC. As shown in Fig 4.2, the protein was expressed to very high levels and was very 

soluble. The overall yield was typically 30 mg of purified LBD per litre of bacterial 

culture. SDS-PAGE showed the presence of a protein near the expected molecular mass 

(~29 kDa) with >95% purity (Fig 4.2). Mass spectrometry was used to confirm that the 

purified protein was of the correct molecular mass. 

 

 
  Figure 4.2 Purification of Psa_14525-LBD. The LBD was purified using IMAC and 

visualized with Coomassie blue after separation in a 12% SDS-PAGE gel. Lane L, 
molecular size marker (Bio-Rad precision plus; 75, 50, 25 and 20 kDa markers are 
indicated); Lane T, total cell extract; lane S, soluble cell extract; lane Ub, unbound 
fraction. Lanes labeled Washes indicate 0, 5 and 10 mM imidazole washes from left to 
right. Elution Fractions were generated by washing with lysis buffer containing 150 mM 
imidazole  
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4.2.3 Fluorescence Thermal Shift Assays 
 
4.2.3.1 Determination of the Best Buffer for Psa_14525-LBD 
 
The optimal storage buffer conditions were determined for Psa_14525-LBD using the 

same buffer screen used in Chapter 3 with the E. coli LBDs (Fig 4.3). The temperature 

at midpoint of unfolding (TM) was measured for the Psa_14525-LBD protein in 36 

different buffer conditions. Bars represent the average TM from duplicate experiments 

for each buffer compared to the TM of Psa_14525-LBD in water. Fig 4.3 shows that the 

protein was most stable in a buffer containing 50 mM potassium phosphate, 200 mM 

NaCl, 10% glycerol and pH 7.5 (1). This buffer was used as the storage buffer for the 

Psa_14525-LBD protein after IMAC purifications for all experiments described in this 

chapter.  

 

  

Figure 4.3. Comparison of Psa_14525-LBD thermostability in different buffer conditions.  
Each bar represents the relative TM of the Psa_14525-LBD protein in different buffer conditions as 
compared to a water-only control. (1, blue bars) indicates the buffer that caused the largest 
increases in TM according to duplicate experiments. This buffer was 50 mM potassium phosphate 
and 200 mM NaCl, with 10% w/v glycerol at pH 7.5.  
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4.2.3.2 Identification of Ligands for Psa_14525-LBD:  
 
Homology between the Pae PctA amino acid sensor and Psa_14525 suggested that the 

Psa_14525-LBD might also bind amino acids. FTS assays were used to screen 

Psa_14525-LBD against the compounds in a Biolog Phenotype Microarray (PM) plate. 

PM plates are a commercially available library of potential metabolic substrates (carbon, 

nitrogen, phosphorus and sulfur sources) (Bochner et al., 2001). Each 96-well plate 

contains 95 compounds and a water control. The PM3b screen was used in this study 

because it includes all proteinogenic (and many non-proteinogenic) amino acids. The 

use of the PM plates as a library of potential ligands in FTS assays was previously 

validated using the Pae PctA-LBD. Each compound was used in the assay at a final 

concentration of 1-2 mM.  

 

The FTS assay showing Tar-LBD binding to L-aspartate in a concentration dependent 

manner revealed that an increase in protein TM very close to 1°C was observed when 

LBD protein at 10 µM directly bound to ligand at 1 mM (Fig 3.13). Conversely, ligands 

that were known to not bind the LBD did not stabilize the protein when included in the 

experiment at 1 mM. As the Biolog PM3b plate compounds were resuspended to a final 

concentration of 1-2 mM, a minimum increase in protein TM of 1°C was used as a 

threshold for a positive binding interaction. Compounds identified as ligands for 

Psa_14525-LBD in this assay were further tested for binding with compound titration 

and ITC.  

 

The Psa_14525-LBD was found to be specific for acidic amino acids (Fig 4.4). In the 

absence of ligands, Psa_14525-LBD had a Tm of 44.0 ± 0.1 ºC. Of the 95 potential ligands 

that were screened, L-aspartate, L-glutamate and D-aspartate resulted in dramatic 

stabilizations of the protein, with ∆Tm values of 11.2 ºC, 8.5 ºC and 10.4 ºC, respectively. 

These values were generated from the fluorescence data of each reaction (A) and are 

presented as increases in the protein TM compared to the control (B). This specificity for 

acidic and D-amino acids was unexpected, as the homologous amino acid 

chemoreceptor from Pae is not able to recognize any of these ligands (Rico-Jimenez et 

al., 2013). 
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Figure 4.4. Thermostability of Psa_14525-LBD in the presence of different ligands. (A). 
Fluorescent traces used to calculate the protein TM. The black trace is from Psa_14525-LBD in 
water, and colored traces represent the melting curves of Psa_14525-LBD in the presence of L-
aspartate (red), L-glutamate (blue), and D-aspartate (green). (B). Differences in TM of Psa_14525-
LBD in the presence of each compound of the BIOLOG PM3B screen compared to the water-only 
control. Coloured bars match the ligands depicted in (A): L-aspartate (1), L-glutamate (2), and D-
aspartate (3). Compounds 1-96 are ordered from left to right. 
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The three ligands identified as binding partners for Psa_14525-LBD indicate that the 

ability to detect amino acids is conserved between the homologous Pae PctA and 

Psa_14525 receptors. In addition to identifying 3 compounds as ligands for Psa_14525-

LBD, the BIOLOG PM3b screen identified 92 compounds that did not bind the protein.  

 
4.2.3.3 FTS assays with increasing ligand concentration: 
 
Increases in protein thermostability are proportional to the concentration of ligand 

bound by the protein (Niesen et al., 2007). To investigate if the binding of Psa_14525-

LBD to D-aspartic acid was concentration-dependent, FTS assays were conducted with 

increasing concentrations of ligand. No D-amino acids were known to bind the Pae 

PctA protein; therefore this experiment was conducted to further validate the 

interaction observed in Fig 4.4. The assay validated the observation that D-aspartate was 

a ligand for Psa_14525-LBD because the increase in protein TM was dependent on the 

ligand concentration (Fig 4.5). 

Figure 4.5. Compound titration of Psa_14525-LBD with D-aspartate. Increases in the 
concentration of D-aspartate in FTS reactions using Psa_14525-LBD stabilize the protein 
proportionately. Data were collected in technical triplicate, which are represented by error bars 
on the graph.  
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4.2.4 Quantifying the Binding of Psa_14525-LBD to Each 
Ligand 
 
4.2.4.1 ITC of Psa_14525-LBD Binding to Each Ligand 
 
Isothermal Titration Calorimetry (ITC) was used to quantify the binding affinities of 

Psa_14525-LBD protein for L-aspartate, L-glutamate and D-aspartate. ITC measures the 

changes in reaction temperature when each ligand is titrated into both buffer and a 

solution of protein (e.g. Psa_14525-LBD). Buffer controls were included in all 

experiments to ensure that the observed changes in reaction temperature were due to 

binding rather than dilution of ligand into buffer. Titrated ligands were dissolved in 

dialysate from protein dialysis to reduce changes in heat from dilution. The results of 

ITC experiments with L-aspartate, L-glutamate and D-aspartate are shown in Fig 4.6, 

Fig 4.7 and Fig 4.8 respectively. 

 
The injection traces in the top panels of each buffer experiment (A) were subtracted 

from the injection traces in the top panels of each ligand experiment (B) to correct for 

the small heats of dilution in all cases. The corrected data for titration of Psa_14525-

LBD with L-aspartate and L-glutamate were successfully fitted to a single mode of 

binding model using MicroCal 2000 software (Fig. 4.6 and Fig 4.7). In contrast, 

titration of Psa_14525-LBD protein with D-aspartate generated data that were fitted to a 

two-mode of binding model (Fig 4.8). The calculated data revealed the presence of a 

low-affinity binding site and a high-affinity binding site. This was unexpected given the 

single modes of binding observed from titrations with the other two ligands, and the 

single mode of amino acid binding exhibited by Pae PctA-LBD (Rico-Jimenez et al., 

2013).  

 
The calculated dissociation constant (KD) values for Psa_14525-LBD binding to L-

aspartate, L-glutamate and were 6.1 ± 0.9 µM and 27.3 ± 6.0 µM respectively (Tables 4.1 

and 4.2). The dissociation constants for binding to D-aspartate were 1.8 ± 1.3 µM for the 

high affinity site, and 13.5 ± 3.9 µM for the lower-affinity site. Each experiment was 

conducted in biological triplicate, which enabled the generation of mean KD values for 

the binding of Psa_14525-LBD to all three ligands. 
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 KD (µM) Std. Dev. 

1 5.75 0.71 

2 6.94 0.69 

3 5.68 1.25 

Average 6.1 0.9 

Table 4.1. ITC data fits for titration of L-aspartate into Psa_14525-LBD. Data are from 
biological triplicates (1, 2, and 3). Data were calculated from KA values using MicroCal2000 
software. 

Figure 4.6. Binding of L-aspartate to Psa_14525-LBD. The upper panels of both (A) and (B) 
show the raw energy changes for the titration of 1 mM L-aspartate into buffer (A) and 120 µM 
Psa_14525-LBD (B). The lower panels represent the integrated, dilution-corrected and 
concentration-normalized peak areas of titration raw data. Non-linear regression of the data 
allowed the data to be fit to a curve, which yielded the thermodynamic parameters listed in Table 
4.1. 
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 KD (µM) Std. Dev. 

1 28.2 6.57 

2 28.3 6.59 

3 25.5 4.79 

Average 27.3 6.0 

Table 4.2. ITC data fits for titration of L-glutamate into Psa_14525-LBD. Data are from 
biological triplicates (1, 2, and 3). Data were calculated from KA values using MicroCal2000 
software. 

Figure 4.7. Binding of L-glutamate to Psa_14525-LBD. The upper panels of both (A) and (B) 
show the raw energy changes for the titration of 1 mM L-glutamate into buffer (A) and 120 µM 
Psa_14525-LBD (B). The lower panels represent the integrated, dilution-corrected and 
concentration-normalized peak areas of titration raw data. Non-linear regression of the data 
allowed the data to be fit to a curve, which yielded the thermodynamic parameters listed in 
Table 4.2. 
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 KD 1 (µM) Std. Dev. KD 2 (µM) Std. Dev. 

1 2.03 1.46 13.79 3.99 

2 1.55 1.24 12.7 4.58 

3 1.99 1.37 13.92 3.20 

Average 1.8 1.3 13.5 3.9 

Figure 4.8. Binding of D-aspartate to Psa_14525-LBD. The upper panels of both (A) and (B) 
show the raw energy changes for the titration of 1 mM D-aspartate into buffer (A) and 120 µM 
Psa_14525-LBD (B). The lower panel presents the integrated, dilution-corrected and 
concentration-normalized peak areas of titration raw data. Non-linear regression of the data 
allowed the data to be fitted to a curve, which yielded the thermodynamic parameters listed in 
Table 4.3 
 
  

Table 4.3. ITC data fits for titration of D-aspartate into Psa_14525-LBD. Data are from 
biological triplicates (1, 2, and 3). Data were calculated from KA values using MicroCal2000 
software. The table presents the calculated KD values and standard deviations for each binding 
site as well as the combined mean and standard deviations for each site. 
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4.2.5 Prediction of the Psa_14525-LBD Structure 
 
4.2.5.1 Homology Modeling Using the Phyre2 Server 
 
The Psa_14525-LBD protein sequence was submitted to the Phyre2 protein structure 

prediction server to predict the proteins structure (Kelley et al., 2015). The best model of 

Psa_14525-LBD (Fig 4.9, A) was based on the crystal structure of an uncharacterized 

Vibrio cholerae chemoreceptor LBD, McpN-LBD, bound to L-alanine (PDB ID 3C8C). 

The Pae PctA-LBD sequence (Fig 4.9, B) was previously modeled based on the same 

crystal structure and was submitted to the server as a positive control (Rico-Jimenez et 

al., 2013). The models predicted that both proteins contained a mixed α/β double PDC 

(PhoQ/DcuS/CitA) fold, which further reflects the similarity between the two amino 

acid-binding receptors. This protein fold contains two distinct modules, which are 

defined by their proximity to the cell membrane (Fig 4.9).  

  

Figure 4.9. Homology models of Psa-14525-LBD (A) and Pae PctA-LBD (B).  Both protein 
models were based on the same crystal structure of McpN-LBD. Two distinct modules were 
identified in each protein. Images were generated using PyMOL. 
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4.2.5.2 Which Residues Determine the Binding Specificity? 
 
Studies of the Bacillus subtilis McpB and McpC amino acid sensing LBDs with the same 

predicted double PDC fold revealed that only the distal module was involved in ligand 

binding (Glekas et al., 2010), (Glekas et al., 2012). Similarly, mutational studies were 

used to show the Pae PctA-LBD only bound amino acids through the distal module 

(Rico-Jimenez et al., 2013). Further, six residues in the distal module were identified as 

coordinating the L-alanine ligand in the McpN-LBD structure (Fig 4.10, A). Alignment 

of the three sequences revealed that the equivalent residues in five of the six positions 

were conserved in both Psa_14525-LBD (B) and Pae PctA-LBD (C) distal modules. 

 

Homology models of both Psa_14525-LBD and Pae PctA-LBD predicted that a variant 

residue in the LBD of Psa _14525 would mediate the difference in ligand binding 

specificity between the two receptors. An aspartate occupies this position in both V. 

cholera McpN-LBD and Pae PctA-LBD, whereas the equivalent position contains an 

alanine in Psa_14525-LBD (Fig 4.10). The McpN-LBD structure (A) revealed that the 

side chain carboxyl group of the aspartate is involved in hydrogen bonding with the 

amino group of the alanine ligand. Crystallography trials were conducted to investigate 

the role of the alanine residue in Psa_14525-LBD in ligand binding. A structure of 

Psa_14525-LBD would also reveal whether both modules of Psa_14525-LBD contained 

binding pockets, as D-aspartate was shown to occupy two binding sites (Fig 4.8).  

  

Figure 4.10. The active sites of McpN-LBD, PctA-LBD and Psa_14525-LBD. (A). McpN-LBD crystal 
structure. (B). Homology model of Pae PctA. (C). Homology model of Psa_14525-LBD. Conserved 
residues predicted to mediate ligand binding are shown in green. The only non-conserved residue, 
which is an aspartate in (A) and (B), but an alanine in (C), is shown in red (represented by *). Images 
were generated using PyMOL. 
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4.2.6 Crystallography Trials of Psa_14525-LBD 
 
4.2.6.1 Size Exclusion Chromatography of Psa_14525-LBD 
 
To prepare Psa-14525-LBD protein for crystal trials, the IMAC purified protein was 

buffer-exchanged from storage buffer into crystallography buffer (30 mM HEPES, 200 

mM NaCl, pH 7.0) using size exclusion chromatography (Fig 4.11). This buffer was 

used for two reasons. Firstly, it did not contain phosphate ions, which can produce 

inorganic crystals (Benvenuti & Mangani, 2007). Secondly, the buffer screen in 4.2.3.1 

revealed that of the buffers suitable for crystallography, a similar buffer (50 mM HEPES 

rather than 30 mM) stabilized Psa_14525-LBD protein the most. This buffer only 

decreased the protein TM by 2°C compared to the potassium phosphate-based storage 

buffer (Fig 4.3). 

 

Size exclusion chromatography also provided a ‘polishing’ step, further purifying the 

protein of interest away from any contaminating or aggregated proteins, prior to 

crystallization trials. The fractions corresponding to the blue peak (fractions 11-17) were 

collected and determined to contain a protein near the expected molecular mass of 

Psa_14525-LBD (~29.0 kDa) of >95% purity (Fig 4.12). Fractions 12-14 typically 

contained 6 mg of pure protein and were pooled together for crystallography 

experiments.  

 

Figure 4.11 Size exclusion chromatography of Psa_14525-LBD. Protein was eluted into 
crystallography buffer in one clear peak (indicated by the blue trace). The retention volume was 
the same whenever this purification was conducted, however the mA units fluctuated depending 
on the concentration and volume of sample loaded.  
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4.2.6.2 Preparation of Psa_14525-LBD for Crystal Trials 
 
To maximize the chance of observing protein crystallization in sparse matrix trials, 

samples are preferred to be as pure and as concentrated as possible (Edwards et al., 

2000). It is therefore desirable to reduce the additives in protein buffer to the bare 

minimum. To investigate the importance of NaCl in crystallography buffer, Psa_14525-

LBD protein was buffer-exchanged into 30 mM HEPES buffer without NaCl. The 

protein precipitated immediately; therefore crystallography buffer was used for all 

further crystallography experiments.  

 

To determine the optimal protein concentration, fractions 12-14 from size exclusion 

chromatography were concentrated by centrifugation. Dynamic light scattering (DLS) 

was used to monitor the monodispersity of the solution as the protein concentration 

increased. The experiment revealed that Psa_14525-LBD protein was soluble and 

monodisperse at ~3.5 mg mL-1, but if the protein concentration reached 5 mg mL-1, 

soluble aggregation and visible precipitation occurred (Fig 4.13). Therefore, for 

subsequent crystallization trials, the protein was concentrated to ~3.5 mg.mL-1. 

 

Figure 4.12 SDS-PAGE analysis of size exclusion chromatography fractions. Fractions 11-17 
were collected and visualized with Coomassie blue after separation in a 12% SDS-PAGE gel. 
Lane L, molecular size marker (Bio-Rad precision plus; 75, 50, 25 and 20 kDa markers are 
indicated). Fraction numbers are indicated along the top of the figure. 
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SDS-PAGE analysis of aliquots of protein at ~3.5 mg mL-1 stored at either 4°C or -80°C 

for twelve hours revealed the protein was unstable at 4°C (Fig 4.14). A sample that was 

stored at -4°C for four h after defrosting from -80°C (A) further indicated that the 

protein was unable to be stored on ice (4°C). Therefore, all crystal trials were performed 

immediately after gel filtration (Fig 4.11). 

 

 
 

 

 

Figure 4.13. DLS analysis of Psa_14525-LBD protein at different concentrations. (A). 
Psa_14525-LBD protein at the concentration of 3.5 mg mL-1. The narrow peak indicates the 
sample is monodisperse and within the expected size range of a soluble protein. (B). 
Psa_14525-LBD protein at the concentration of 5 mg mL-1. The presence of two peaks 
indicates that the solution contains two different types of molecule. The wideness of both 
peaks indicates each type of molecule is represented by a variety of sizes. 

Figure 4.14. Storage temperature trials of Psa_14525-LBD. Samples that had been stored at 
either 4°C or -80°C were visualized with Coomassie blue after separation in a 12% SDS-PAGE gel. 
Lane L, molecular size marker (Bio-Rad precision plus; 75, 50, 25, 20 and 15 kDa are indicated). 
Samples containing 10, 7.5, 5, 2.5, 1 and 0.5 µg (from left to right) from both 4 °C and -80°C are 
shown. (A). Protein stored at 4°C for 4 hours after being defrosted from -80°C. 
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4.2.6.3 Sparse Matrix Crystal Trials 
 
Vapor-diffusion hanging drop crystal trials were conducted with five commercially 

available sparse matrix crystallography screens: Wizard I & II, Crystal I & II and PACT. 

The Mosquito crystallography robot was used to set up all trials, which were conducted 

in the presence and absence of D-aspartate. Two buffer conditions from the PACT 

screen were shown to promote crystallization both with and without ligand.  

 

The first condition contained 0.2 M NH4Cl, 0.1 M 2-(N-morpholino)-ethanesulfonic 

acid (MES) and 20% PEG6000 at pH 6.0 (Fig 4.15). Visualization through a polarizing 

filter and diffraction trials at room temperature revealed the crystal was protein (and not 

salt). However, fine screens were unable to replicate protein crystallization with this 

buffer, and therefore this condition was not pursued further. The second condition 

contained 0.15 M MgCl2, 0.1 M HEPES, 20% PEG6000 at pH 7.0. Crystal growth in this 

condition was reproducible, and was therefore this buffer used for the remainder of the 

crystallography experiments described in this chapter. 

 

Figure 4.15. The first crystal of Psa_14525-LBD.  The drop shown was comprised of 0.1 µL of 
Psa_14525-LBD in crystallography at 3.5 mg/mL, 1mM D-aspartate, and 0.2 µL the 
crystallography buffer (0.2 M ammonium chloride, 0.1 M MES buffer and 20% w/v PEG6000, pH 
6.0). 
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4.2.6.4 Fine Crystal Screens with Magnesium Buffer 
 
The 0.15 M MgCl2, 0.1 M HEPES, 20% PEG6000 at pH 7.0 buffer condition from the 

PACT screen was scaled up and replicated in 24-well trays using the vapor diffusion 

technique (hanging drops). Each sealed well containing a 1 mL reservoir and two drops 

of either 1:1 or 2:1 (µL) buffer mixed with ~3.5 mg mL-1 Psa_14525-LBD protein. A 

variety of crystal morphologies were observed in both the absence and presence of D-

aspartate (Fig 4.16).  

 

 

  

Figure 4.16. Psa_14525-LBD crystals grown in magnesium buffer with or without D-
aspartate. (A) & (B). Protein crystals grown in the presence of 1 mM D-aspartate. (C) & (D). 
Protein crystals grown in the absence of ligand. Images were collected using a stereoscopic 
light microscope. 
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4.2.6.5 Fine Crystal Screens with an Additive 
 
An additive screen revealed that Tris (2-carboxyethyl) phosphine (TCEP) increased the 

size of Psa_14525-LBD crystals. The experiment outlined in 4.2.6.4 was repeated except 

TCEP was added to each well between 1-12 mM. Crystallisation occurred in a range of 

TCEP concentrations, and the gross morphology of crystals varied greatly between 

technical and biological replicates (Fig 4.17).  

 

 

 
  

Figure 4.17. Psa-14525-LBD crystals grown in magnesium buffer with TCEP. A range of TCEP 
concentrations produced protein crystals. (A). 6 mM TCEP (B). 5 mM TCEP (C). 3 mM TCEP and (D). 
7 mM TCEP. Images were collected using a stereoscopic light microscope. 
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4.2.6.6 Seeding Trials 
 
Experiments were set up as described in 2.6.4.4 except the drops were each 1:1 protein 

to buffer with a final volume of 15 µL and contained protein at a range of 

concentrations. Ground protein crystal was injected at extremely dilute concentrations 

(1 in 1000 to 1 in 10,000). The only crystals grown from this experiment were small and 

protruded from single points (Fig 4.18). 

 

4.2.6.7 Cryoprotectant Trials 
 
To determine an appropriate cryoprotectant for crystals grown in magnesium buffer, a 

range of increasing PEG6000 concentrations were added to magnesium buffer. Blank 

loops collected samples of each buffer before being immersed in liquid nitrogen and 

transferred to a nitrogen cryostream. Each loop was visualized within the cryostream 

and it was revealed that the addition of PEG6000 to a final concentration of 27.5% 

prevented magnesium buffer from freezing. Therefore, crystals were soaked for 5 

minutes in this buffer before being exposed to x-rays in diffraction trials.  

Figure 4.18. Psa_14525-LBD crystals grown in a seeding trial. Crystals were grown in a 
15 µL 1:1 ratio hanging drop. The protein concentration was 3 mg/mL, and the temperature 
of incubation was 16°C. 2 µL of ground mutant crystals diluted 1:1000 in MgCl2 buffer were 
injected into this drop after 2 days of incubation. 
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4.2.6.7 Diffraction Trials 
 
A range of crystals from both 4.2.6.4 and 4.2.6.5 were collected and tested for 

diffraction in cryogenic conditions. Most crystals did not produce diffraction patterns, 

although the cryoprotectant was generally successful in preventing ice crystals from 

forming. Some crystals did diffract: the diffraction pattern with the highest resolution 

was obtained under cryogenic conditions from a crystal of Psa_14525-LBD grown in 

0.15 M MgCl2, 0.1 M HEPES, 20% PEG6000 at pH 7.0 with D-aspartate and no TCEP (Fig 

4.19). Unfortunately this crystal was contaminated with ice crystals (the black ring in 

Fig 4.19). This crystal diffracted x-rays that represented structural information to a 

resolution of about 6-8 Å, however due to the ice crystal contamination and the low 

resolution, no structural data were collected.  

 

Figure 4.19. Diffraction pattern of a Psa_14525-LBD crystal. The crystal was isolated and 
collected in a nylon loop before being exposed to x-ray radiation at 50 kV, 0.8 mA for 2 
minutes. Red rings represent the resolution that diffraction corresponds to. The white bar in 
the center is where x-rays were not detected due the beam-stop. The black ring around the 
outside is diffraction due to contaminant ice crystals  
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4.2.7 Psa exhibits chemotaxis towards all three amino acids 
 
Having shown that L-glutamate, L-aspartate and D-aspartate were all ligands to the 

Psa_14525-LBD protein, we next wanted to assess the contribution of the Psa_14525-

LBD receptor in chemotaxis towards these ligands. The chemotactic response of Psa to 

all three ligands was investigated using both qualitative and quantitative chemotaxis 

assays. Both experimental set-ups were modified designs from a previous chemotaxis 

assay (Adler, 1966). Assays with chemotaxis buffer were included as negative controls in 

all experiments.  

 

In both experimental designs, a capillary tube was melted and sealed at one end. The 

partially sealed tube was then heated so that chemoattractant solutions were drawn into 

the open end of the capillary tube. The open end of the tube was placed in a bacterial 

suspension and the amount of cells attracted to the capillary tip was measured. The 

qualitative assay observed chemotaxis towards the exposed capillary tip with light 

microscopy, whereas the quantitative assay measured the number of cells that had been 

attracted to each capillary tube by incubating the capillary contents on agar plates.  

 

4.2.7.1 Qualitative Assay of Psa Chemotaxis: 
 
Chemoattractant solutions were mixed with low melting point agarose and drawn into 

the capillary to harden. As depicted in Fig. 4.20, the open end of the capillary tip was 

placed within a pool of motile bacterial cells so that the cells were exposed to the 

solidified agarose solution. Dark-field photographs were taken of the capillary tip in the 

viewing area depicting chemotaxis of Psa towards L-aspartate and L-glutamate (Fig 

4.21).  

Figure 4.20. Schematic of a qualitative chemotaxis assay. Dark-field microscopy was used to 
observe the chemotactic responses of bacterial cells to various ligands. The viewing area 
encompassing the capillary tip is shown as a red box.  
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The assay revealed that wild type Psa exhibited chemotaxis towards solutions of L-

aspartate and L-glutamate, however the relative amount of attraction to each ligand was 

difficult to quantify with such experiments.  

  

Figure 4.21. Dark-field microscope image of Psa exhibiting chemotaxis towards the 
exposed capillary tips. Photographs were taken at 40x magnification of tip of a 1 µL capillary 
tube exposed to motile Psa cells. Capillary tubes contained 2 % low melting point agarose and 
chemotaxis buffer (A), 10 mM L-aspartate (B) and 10 mM L-glutamate (C).    
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4.2.7.2 Quantifying Psa chemotaxis towards Psa_14525 ligands 
 

To determine the relative amount of Psa cells that exhibited chemotaxis towards each of 

the three molecules identified as ligands for Psa_14525-LBD, quantitative capillary 

assays were used. These assays were an adaptation of the experimental set up outlined in 

Fig 4.20. These experiments compared the number of Psa cells attracted to each ligand 

to the number of Psa cells attracted to chemotaxis buffer. Tryptone broth was included 

as a positive control for chemotaxis, and L-glycine was included as a negative control.  

 

The assay used attractant dissolved in buffer without agarose. Capillaries were sealed at 

one end and filled with attractant solutions. The open tip of the capillary was incubated 

in a suspension of motile cells for a designated period, after which the capillary contents 

were plated on agar. The number of cells attracted to each ligand was determined by 

counting colony-forming units from each experiment. Fig. 4.22 shows an example data 

set from an assay of Psa against 1 mM L-glutamate and a buffer control. 

 
Figure 4.22. Wild type Psa CFUs grown on agar plates from a typical quantitative 
chemotaxis assay experiment. Motile cultures of Psa were exposed to capillaries 
containing either chemotaxis buffer or 10 mM L-glutamate dissolved in chemotaxis 
buffer.  The CFUs were counted and relative amounts of chemotaxis were calculated 
after correction for plating volume and dilution factors. 
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The relative attraction of wild-type Psa strains to each ligand was quantified by 

subtraction of buffer experiment mean cell counts from each ligand assay mean cell 

count (Fig. 4.23). Quantitative chemotaxis assays were performed with all ligands and 

controls in biological triplicate 

 

The results presented in Fig. 4.23 illustrate that more Psa cells exhibit chemotaxis 

towards each ligand than towards buffer. The control experiments both worked as 

expected, with Psa exhibiting the most chemotaxis towards tryptone broth, and the least 

chemotaxis toward L-glycine. L-glycine was included as a negative control because none 

of the three amino acid sensors of Psa were found to bind L-glycine (preliminary data 

for the other two receptors not included).  

  

Figure 4.23. Relative mean cell counts for Psa chemotaxis towards acidic amino acids. 
Chemotaxis towards Tryptone broth (1), L-aspartate (2), L-glutamate (3), D-aspartate (4) and 
L-glycine (5) was quantified. Assays were conducted using 1 mM of each ligand (and 2% 
tryptone broth). Data are presented as the means of three independent biological replicate 
experiments. Error bars represent the propagated error values. 
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4.2.7.3 Chemotaxis assays of a Psa_14525-Tsr chimera  
 
The assays depicted in Fig 4.23 indicate that wild type Psa cells exhibit significantly 

more chemotaxis towards the three ligands than towards buffer, however the 

experiment was unable to show whether the Psa_14525 receptor is the sole receptor 

mediating this chemotactic response. To investigate the role played by Psa_14525 in 

chemotaxis towards these compounds, the N-terminal half of Psa_14525 (Met1 - His342) 

was fused to the C-terminal half of E. coli Tsr (Met249 – Phe551). The fusion was made at a 

conserved NdeI restriction site within the HAMP domain of each receptor. This fusion 

site has previously generated functional chimeras (Utsumi et al., 1989), (Liu & Parales, 

2008).  

 

Dr. Monica Gerth provided two plasmids: pRR49a-Psa_14525-Tsr and pRR49a with no 

inserted fragment. Each plasmid transformed the E. coli strain UU2612. This host strain 

contains deletions of each E. coli mcp gene, rendering the strain chemotaxis-deficient 

(Zhou et al., 2011). The hypotheses of this experiment were that no chemotaxis would 

be observed in the strain lacking the Psa_14525-Tsr chimera, and that the strain 

containing Psa_14525-Tsr would exhibit chemotaxis towards compounds detected by 

the Psa-14525-LBD.  

 

Quantitative capillary assays were conducted with both strains of E. coli UU2612 in the 

same manner as the experiments depicted in Fig 4.23. The strain hosting the 

Psa_14525-Tsr chimera produced higher mean cell counts than the strain lacking any 

receptors in experiments with L-aspartate and D-aspartate, but not with L-glutamate 

(Fig 4.24). The relative mean cell counts from assays of tryptone broth were similar 

between both strains. As the E. coli UU2612 strain is chemotaxis-deficient, there should 

be no chemotaxis observed in the absence of the chimera. This result meant the 

experiment could not be used to indicate that Psa_14525 mediated Psa chemotaxis 

towards the ligands it bound.  
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Figure 4.24. Relative mean cell counts for assays with E. coli UU2612 +/- Psa_14525-Tsr 
Chemotaxis towards tryptone broth (1), L-aspartate (2), L-glutamate (3) and D-aspartate (4) was 
quantified for E. coli UU2612 both in the presence and the absence of the Psa_14525-Tsr chimera. 
Assays were conducted using 1 mM of each ligand (and 2% tryptone broth). Data are presented as 
means of three independent biological replicate experiments. Error bars represent the propagated 
error. 
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4.2.7.3 ∆Psa_14525 Psa quantitative chemotaxis assays: 
 
Because the Psa_14525-Tsr chimera assays were unable to clearly show that Psa_14525 

receptor mediates chemotaxis towards the three amino acids bound by its LBD, 

qualitative chemotaxis assays were conducted using a strain of Psa lacking the 

Psa_14525 receptor (∆Psa_14525). Relative cell counts from these assays revealed that 

chemotaxis towards all three ligands was abolished in the absence of Psa_14525 (Fig. 

4.25). Interestingly, the relative cell count towards tryptone broth was more than twice 

as high for ∆Psa_14525 Psa compared to wild-type Psa.  

 

Figure 4.25. Relative mean cell counts for ∆Psa_14525 Psa chemotaxis towards acidic amino 
acids. Chemotaxis towards tryptone broth (1), L-aspartate (2), L-glutamate (3), and D-aspartate (4) 
was quantified. Assays were conducted using 1 mM ligand (and 2% tryptone broth). Data are 
presented as means of three independent experiments. Error bars represent the propagated error.  
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4.3 Discussion 
 
In Chapter 4, a range of biophysical techniques showed that an uncharacterized 

chemoreceptor, Psa_14525, detects L-aspartate, L-glutamate and D-aspartate by directly 

binding each ligand at the N-terminal LBD. Crystallography trials were conducted with 

Psa_14525-LBD protein to try and understand the structural basis of its ligand 

specificity. Chemotaxis assays revealed that Psa_14525 is essential for Psa chemotaxis 

towards all three ligands.  

4.3.1 Determining Which Ligands Psa_14525-LBD Detects 
 
The variation in sensory repertoire and expected binding pockets between the Pae PctA 

and Psa_14525 homologues revealed that predictions of which amino acids are bound 

by a chemoreceptor LBD cannot be made based on sequence alone. That is, in order to 

determine the specific binding catalogue of a chemoreceptor LBD, it must be isolated 

and studied with biophysical techniques in the presence of various ligands. The work in 

this chapter presents a high-throughput screening technique that is able to detect 

interactions between LBDs and their ligands. This screen indicated that Psa_14525-LBD 

bound three amino acids and did not bind 92 others.  

 

Previously, slow and thorough techniques such as ITC have been used to identify 

binding partners for chemoreceptor LBDs. These processes are laborious and present a 

rate-limiting step to the characterization of new LBD proteins (Krell, 2015). This work 

used the high-throughput FTS assay to identify potential targets for further 

investigation. This method massively increases the number of compounds that can be 

tested in parallel for binding to a LBD, and has been shown to be effective in the 

identification of new protein-ligand interactions (Lo et al., 2004), (Pantoliano et al., 

2001).  

 

It is important to use strict criteria when evaluating data from FTS assays to reduce false 

hits. In this work, a compound that caused an increase in the Psa_14525-LBD TM of at 

least 1°C was assumed to bind the LBD directly. This criterion was shown to be 

appropriate in the FTS assays using Tar-LBD protein in Chapter 3, where the Tar-LBD 
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protein was stabilized by around 1°C when L-aspartate was included in the reaction at 1-

2 mM (Fig 3.13). Another example where this strict criterion of a 1°C stabilization was 

useful is with the binding of Pae PctA-LBD to L-glutamine. ITC was used to shown that 

PctA did not bind to L-glutamine (Rico-Jimenez et al., 2013), however when PctA-LBD 

protein was used in a FTS assay with the BIOLOG PM3b screen, it was found that L-

glutamine stabilized the LBD by 1.0 ± 0.1°C. This stabilization corresponded to a weak 

interaction and was validated by ITC using higher ligand concentrations than the 

authors had previously used (Rico-Jimenez et al., 2013), (McKellar et al., 2015).  

 

To further validate the binding interaction between Psa_14525-LBD and D-aspartate, 

the FTS assay was conducted with Psa_14525-LBD in the presence of increasing 

concentrations of D-aspartate. The results confirmed that D-aspartate was a ligand for 

Psa_14525-LBD because the degree of protein stabilization was ligand-concentration 

dependent (Fig 4.6) (Niesen et al., 2007). This experiment was conducted because the 

Pae PctA-LBD had not been shown to detect any D-amino acids, and because the two-

mode of binding observed by ITC (Fig 4.8) was uncharacteristic of other amino acid-

sensing LBDs with the same predicted topology (Rico-Jimenez et al., 2013). 

4.3.2 How Does Psa_14525-LBD Bind D-aspartate? 
 
LBDs that contain two binding sites are occasionally but infrequently observed in 

bacterial chemoreceptors (Pineda-Molina et al., 2012). Homology models of both Pae 

PctA-LBD and Psa_14525-LBD revealed that both proteins are predicted to adopt a 

mixed α/β double PDC fold (Fig 4.9) (McKellar et al., 2015), (Rico-Jimenez et al., 2013). 

This fold is also observed in the LBDs of the other two Pae amino acid receptor LBDs 

PctB-LBD and PctC-LBD as well as in Bacillus subtilis amino acid chemoreceptors, 

McpB and McpC (Glekas et al., 2010), (Glekas et al., 2012).  

 

As illustrated in Fig 4.9, the double-PDC fold contains two modules: one that is distal to 

the membrane and another that is proximal to the membrane. Mutagenesis studies of 

both McpB-LBD and PctA-LBD revealed that the membrane-distal module was 

primarily involved in amino acid binding, as mutation of residues in the predicted distal 

module disrupted binding and chemotaxis towards ligands (Rico-Jimenez et al., 2013), 
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(Glekas et al., 2010). These data imply that LBDs exhibiting the double-PDC fold only 

binds ligands with the membrane-distal module, however the data showing Psa_14525-

LBD protein binding to two molecules of D-aspartate suggests both modules are 

involved (Fig 4.8).  

 

The ITC experiments suggest that Psa_14525-LBD binds D-aspartate at two sites with 

different affinities (Fig 4.8). Based on the homology model, and predicted double-PDC 

fold, it was hypothesized that Psa_14525-LBD binds the ligands with both modules. 

Two approaches that might further elucidate how Psa_14525-LBD binds D-aspartate are 

mutational studies and crystallography in the presence of D-aspartate. The successful 

solving of a crystal structure bound to D-aspartate would inform mutational studies, as 

these experiments would require the identification of a potential binding pocket.  

4.3.3 Crystallography Trials with Psa_14525-LBD 
 
To further understand the molecular mechanism of ligand recognition crystallography 

trials were conducted in the presence and absence of both L-aspartate and D-aspartate in 

the hope that a structure in complex with either ligand would explain the differences in 

ligand specificity compared to the PctA homologue. High-throughout screening 

identified one buffer that promoted the crystallization of Psa_14525-LBD, however 

crystallization was infrequent, which was probably due to the instability of the protein 

(4.2.6.2). 

 

When crystallization was successful, only a subset of these crystals was able to diffract 

X-rays under cryogenic conditions. The Psa_14525-LBD protein was shown to be 

unstable over time in crystallography buffer, even when stored at 4°C (Fig 4.14). 

Therefore, as crystal screens were often incubated at 16°C for periods up to three weeks, 

it is likely that the protein dissociated into two species. This suggests that the way to 

improve rates of crystallization is to improve the proteins stability in crystallography 

buffer (the buffer screen of 4.2.3.1 previously indicated that the HEPES crystallography 

buffer was the most suitable for this protein). 
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Potential ways to improve the crystallization process could be to try and change the 

truncation to see if increasing or decreasing protein length improved stability, or to test 

more sparse-matrix screens to identify new buffers that led to crystal formation.  

4.3.2 Psa_14525-LBD Mediates Chemotaxis Towards Acidic 
Amino Acids 
 

Of the 33 putative chemoreceptors with LBDs identified in the Psa genome, the protein 

with the highest sequence similarity to the Pae amino acid sensor PctA-LBD was 

Psa_14525-LBD. Binding assays showed Psa_14525-LBD is specific for acidic amino 

acids. This is in stark contrast to the Pae homologue PctA-LBD, which binds 19 

different amino acids, but not any of the acidic amino acids (Rico-Jimenez et al., 2013), 

(McKellar et al., 2015). Acidic amino acids are the dominant amino acids found in plant 

exudate (Sonawane et al., 2003). It may be that the Psa_14525 receptor contributes to 

the ability of Psa to detect and colonize kiwifruit plants, as Psa invades through wounds 

on the plant (Scortichini et al., 2012). 

 

Together, the quantitative assays in this chapter revealed that Psa_14525 is essential for 

Psa chemotaxis towards acidic amino acids. The mean cell count for ∆Psa_14525 Psa 

exposed to L-glutamate was slightly lower than the mean cell count for ∆Psa_14525 Psa 

to the buffer control, which might suggest that the absence of the Psa_14525 causes L-

glutamate to have a repellant effect on Psa cells (Fig 4.25). Conversely, the mean cell 

count for the tryptone broth positive control more than doubled in the knockout assays. 

The mean cell counts for the buffer controls in both instances were normal; therefore 

the differences in relative cell counts are consequences of the Psa_14525 deletion.  

 

Chemoreceptors cluster at the poles of cells in motile bacteria (Alley et al., 1992), 

(Sourjik & Berg, 2004). Groups of chemoreceptors interact to produce a combined 

signal in E. coli (Ames et al., 2002). It is likely that such collaborations are conserved 

among other bacteria. A potential explanation for the repellent response elicited by Psa 

∆Psa_14525 in response to 1 mM L-glutamate is that another receptor detects L-

glutamate as a repellant, but the signal is overridden by the attractant signal from 
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Psa_14525. This scenario would explain why in the absence of Psa_14525 the Psa cells 

were repelled by L-glutamate. 

 

The increase in chemotaxis towards the tryptone broth positive control could also be 

explained with the same rationale. In this scenario, Psa_14525 detects a component of 

tryptone broth as a repellant, while another chemoreceptor detects the same component 

of TB as an attractant; and a combination of signals from both receptors elicits an 

appropriate chemotaxis response. By this model, the absence of the Psa_14525 receptor 

would increase the attraction towards tryptone broth. Alternatively, the changes in 

mean cell count towards tryptone broth and L-glutamate are the result of experimental 

error. This explanation is possible but unlikely because biological triplicates were 

measured for each assay, as indicated by the standard error bars in Fig 4.24.  

 
The results of this chapter illustrate that slight variations in protein sequence can 

correlate with dramatic variations in protein function. The predicted binding pocket of 

Psa_14525 contains a single amino acid substitution compared to Pae PctA (Fig 4.10), 

however the specificity of ligand detection is completely different between these two 

proteins. Interestingly, mutation of this residue of Psa_14525 to the equivalent residue 

in PctA broadens the specificity of the LBD, conferring the ability to recognize 14 amino 

acids (McKellar et al., 2015). This sequence-function relationship could not have been 

determined from analysis of the protein sequence alone; therefore these data further 

indicate the power of a high-throughput assay of ligand binding.  





 

 
 
 
 

Chapter 5 
 

Discussion
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5.1 Significance Of This Work 
 
In this thesis, three LBDs were purified assayed for binding using FTS assays and ITC. 

Studies with the E. coli Tar and Tap-LBDs established methods to express and purify 

and study the binding of recombinant LBDs. The well characterized binding interaction 

between Tar-LBD and L-aspartate was used to validate the FTS assay as being able to 

detect direct LBD-ligand interactions (Tajima et al., 2011). These approaches revealed 

that the Tap-LBD did not bind pyrimidine molecules directly and was therefore an 

unsuitable template for the design of a novel binding specificity. 

 

The same techniques were then used to characterize the ligand binding profile of a novel 

chemoreceptor LBD of the kiwifruit pathogen Psa. Studying the binding repertoire of 

the Psa_14525-LBD protein provided an example of how subtle changes to amino acid 

sequence can result in dramatic changes to binding specificity (Zhulin, 2001). 

Psa_14525 was found to detect an entirely different range of ligands than its Pae 

homologue, PctA, although the predicted binding pockets were very similar. These 

observations indicate that the binding repertoires of LBD proteins are sensitive to 

variations in protein sequence and are therefore good targets for the development of 

novel biosensors. 

 

Both the Pae PctA receptor and Psa_14525 are amino acid sensors, however the 

specificities of binding were shown to be dramatically different. While the Psa_14525-

LBD protein was shown to selectively bind only acidic amino acids, the homologous Pae 

PctA-LBD binds all other proteinogenic acids (McKellar et al., 2015). The ability of a 

bacterium to detect and respond to the immediate chemical environment increases the 

chances of it locating useful carbon and energy sources. Therefore it is plausible that the 

binding repertoire of chemoreceptors is related to the niche that they inhabit. Psa infects 

a very narrow host range, selectively invading kiwifruit plants through wounds 

(Scortichini et al., 2012). In contrast, Pae is an almost-ubiquitous pathogen that causes a 

range of diseases in a range of hosts (Stover et al., 2000).  
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Acidic amino acids are overly represented in plant exudate, and can be utilized by many 

Pseudomonads as the primary carbon or nitrogen source (Sonawane et al., 2003). The 

Psa_14525 receptor was shown to bind and mediate chemotaxis towards these 

compounds, which implies that that the genetic locus encoding Psa_14525 or the 

equivalent PctA receptor is under selection to evolve new binding functions. 

Chemoreceptor LBDs exhibit very high sequence diversity, which suggests they evolve 

rapidly to acquire new functions (Zhulin, 2001), (Wuichet & Zhulin, 2003).  

 

Structures of LBDs binding their ligands are essential for understanding the molecular 

basis of ligand specificity. Homology models are useful for identifying aspects of LBDs 

such as the overall protein fold, or the predicted binding pocket-if they are made with 

high levels of confidence. A high-resolution structure of the protein is beneficial to 

understanding the specific chemical details of a binding interaction, as each study of a 

new LBD protein is likely to reveal different binding pocket conformations based on 

which ligand is bound. New structures also improve future homology models. The 

problem of determining ligand-binding sites from homology models can sometimes be 

circumnavigated with the use of bioinformatics tools such as molecular docking 

programs. This approach would be useful for explaining the unexpected two binding 

sites for D-aspartate on Psa_14525-LBD.  

 

The high-throughput screen used to determine the binding repertoire of Psa_14525 

represents a powerful tool for the characterization of novel LBDs. Previously, 

determining which compounds chemoreceptors bound has been a laborious process, 

taking many years to determine the specificity of single receptors. The methodology 

presented here allows rapid and thorough identification of binding capacities, and will 

revolutionize the way chemoreceptor LBDs are studied. Understanding the nature of 

LBD-ligand interactions has many applications, which are discussed below. 
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5.2. Manipulating Bacterial Chemotaxis 
 

Chemotaxis is the process by which microorganisms sense chemicals in their 

environment (e.g. food or toxins) and move towards favorable conditions. For example, 

chemotaxis guides beneficial microbes, such as nitrogen-fixing rhizobia, towards the 

roots of their host plants (Webb et al., 2014). Chemotaxis is a virulence factor for many 

pathogenic bacteria (Lux et al., 2000). In pathogenesis, many bacteria use chemotaxis to 

find suitable colonization sites: Agrobacterium tumefaciens navigates towards plant 

wounds (Subramoni et al., 2014); Ralstonia solanacearum invades the roots of tomato 

plants (Yao & Allen, 2006); and Helicobacter pylori uses chemotaxis to navigate towards 

its preferred niche within the human stomach (Aihara et al., 2014). 

 

Therefore, chemoreceptors are a good target for the prevention of disease (Josenhans & 

Suerbaum, 2002). By elucidating how chemoreceptors mediate bacterial chemotaxis 

toward host tissues, it could be possible to design inhibitor compounds to prevent 

chemotaxis. Antagonists were recently identified that compete with attractants for 

binding to Tar-LBD, but do not stimulate chemotaxis (Bi et al., 2013). Similarly, an 

antagonist was designed for the periplasmic galactose-binding protein used by Trg that 

prevents the binding protein from stimulating chemotaxis through Trg (Borrok et al., 

2009). 

 

The design of inhibitors for chemoreceptors is a novel therapeutic solution that could 

show promise for the prevention of disease (Bi & Lai, 2015). In the context of this thesis, 

an inhibitor of the Psa_14525 ligand-binding site could be applied to kiwifruit plants, 

therefore preventing Psa from exhibiting chemotaxis towards the acidic amino acids 

excreted by plant wounds.  

 

The use of specific chemicals to guide pathogenic bacteria away from their hosts also 

displays therapeutic promise for the prevention of disease. Many chemoreceptors bind 

repellent molecules and subsequently stimulate chemotaxis away from these 

compounds (Rahman et al., 2014) (Tso & Adler, 1974). Depending on the toxicity, 

compounds that repel pathogens from their hosts could be applied to crops in a spray. 
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Similarly, molecules that produce the greatest attractive responses could be conceived as 

being able to draw pathogens away from their hosts.  

 

A factor that could complicate such therapeutic approaches is that chemoreceptors 

often exhibit functional redundancy, meaning that many bacteria possess multiple 

receptors to detect the same ligand. This phenomenon was suggested to explain the 

repellant response of Psa ∆14525 to L-glutamate observed in 4.2.7.3. A potential way to 

overcome this problem would be to target a receptor that did not exhibit functional 

redundancy. A combination of the bioinformatic tools used to identify putative LBDs 

and the FTS assay presented in this work would assist the rapid characterization of the 

chemoreceptor repertoire for a given organism.  

5.3 Generation of new LBD specificities 
 

Molecules that can specifically discriminate between closely related compounds and 

produce a measurable output have many potential uses for biotechnology and 

bioengineering (Bi & Lai, 2015), (Salis et al., 2009). Examples include the development 

of tests for markers of diseases such as cancer, the detection of drugs or explosives, or 

the stimulation of downstream biological processes (Mishler et al., 2010), (Moe et al., 

1989). Both rational design and directed evolution approaches have been used 

successfully to design LBDs with novel affinities (Bi et al., 2013), (Goldberg et al., 2009). 

Additionally, the high sequence diversity of LBDs suggests that new binding functions 

can easily arise. Therefore, characterization of organisms that can metabolize 

compounds of interest could reveal the presence of LBDs able to bind such compounds.  

5.3.1 Rational Design of LBDs 
 
Rational approaches to the design of a novel biosensor generally require previous 

knowledge of the protein structure and native function (Bornscheuer & Pohl, 2001). An 

example where this approach has been successful is the design of E. coli Tar-LBD to 

bind and mediate chemotaxis towards L-arginine- a molecule that is not a native ligand 

for Tar (Bi et al., 2013). This work was based on decades of research, utilizing previous 
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data such as a high-resolution structure of Tar and a thorough understanding of the 

native ligand binding mechanisms.  

5.3.2 Directed Evolution of LBDs 
 
As described in Chapter 3, directed evolution is a powerful way to generate novel 

protein functions (Romero & Arnold, 2009). This process does not require prior 

knowledge of the protein structure and therefore could be used to generate novel 

specificities from less-characterized LBDs. Directed evolution experiments require 

sequence randomization, which can be achieved with methods such as error-prone PCR 

(Hanson-Manful & Patrick, 2013). They also require a sound and thorough method of 

selecting variants with novel specificity traits, which can often be the limiting factor in a 

directed evolution experiment. Directed evolution was used to design a Tar variant that 

detected phenylalanine and cysteic acid (Derr et al., 2006). Similarly, directed evolution 

experiments revealed a Tar variant able to mediate E. coli chemotaxis towards 

phenylacetic acid (Goldberg et al., 2009).  

5.3.3 Isolating novel LBDs from nature 
 
The ability to metabolize a compound is often coupled to the chemotaxis towards it 

(Lacal et al., 2011), (Parales & Harwood, 2002). Examples include the chemotaxis of 

Pseudomonas putida DOT-T1E towards aromatic hydrocarbons, the attraction of 

Pseudomonas putida PRS2000 to aromatic acids, and the chemotaxis of both 

Pseudomonas sp. Strain ADP and E. coli towards s-triazines (Lacal et al., 2011), (Parales, 

2004), (Liu & Parales, 2009). In some cases, specific chemoreceptors have been 

identified as mediators of these chemotactic responses. This suggests that the isolation 

of a microbe that grows in the presence of a compound of interest could yield a LBD 

able to detect that compound. This is another example where the high throughput FTS 

screen could be used to identify ligands for a novel LBD.  
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5.3.4 Measuring the Binding Signal of Novel LBDs 
 
Hybrid chemoreceptors are able to report binding events depending on which LBD is 

present (Krikos et al., 1985). The construction of a hybrid receptor involves the fusion 

of the LBD of one receptor or histidine kinase to a foreign signaling domain (Salis et al., 

2009). Fusions are not limited to chemoreceptors: successful hybrids have been 

constructed between chemoreceptors and other two-component systems (Ward et al., 

2002). Examples include the fusion of the Tar and Trg-LBDs to the signaling portion of 

the osmosensing EnvZ molecule (Utsumi et al., 1989), (Baumgartner et al., 1994); and 

the fusion of Tar-LBD to the cytoplasmic portion of the human insulin receptor (Moe et 

al., 1989). Such technologies could be used to stimulate changes in gene expression, or 

to guide bacteria to specific environments for applications like bioremediation.  

5.4 Conclusions and Future Work 
 
The work described in this thesis used biophysical assays to measure the binding 

repertoires of chemoreceptor LBDs from both E. coli and Psa. The hypothesis that the 

Tap chemoreceptor detects pyrimidines was not supported, meaning that E. coli 

probably exhibits chemotaxis towards pyrimidine molecules via a periplasmic binding 

protein. This finding meant that the Tap-LBD protein was an unsuitable target for the 

directed evolution of an atrazine biosensor.  

 

The work with E. coli chemoreceptor LBDs established the screening techniques that 

were subsequently used to characterize a novel chemoreceptor from the kiwifruit 

pathogen Psa. This receptor, Psa_14525, was shown to be essential for Psa chemotaxis 

towards the three ligands bound at its LBD: L-aspartate, L-glutamate and D-aspartate. 

Sequence alignment and molecular modeling of Psa_14525 and the homologous Pae 

protein revealed subtle differences in the protein sequence caused the broad differences 

in ligand binding specificity.  

 

The binding of Psa_14525-LBD to D-aspartate at two binding sites poses an interesting 

question whether both modules of the double-PDC protein fold can bind ligands. One 

method to investigate this would be to superimpose the two modules and see if the same 
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residues predicted to coordinate ligand binding at the distal module existed at the 

proximal module. The generation of a high-resolution molecular structure through 

crystallography in the presence of D-aspartate would also elucidate this mechanism. 

 

Another future direction for this work is to use the methods described in this thesis to 

characterize the entire chemoreceptor repertoire of Psa. The high-throughput ligand 

screen presented here represents a powerful technique that is able to screen hundreds of 

compounds for binding at once. Only one Biolog PM plate was used in the work of this 

thesis, however there are other Biolog PM plates, which could undoubtedly be used to 

reveal numerous novel interactions. Understanding the entire chemosensory capacity of 

Psa could be extremely useful for the treatment and prevention of disease in kiwifruit 

crops, and the work could be translated to characterize the chemotaxis of other 

pathogens.  
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Appendix I: Protein Sequences 

Expressed Protein Sequences 
 
Sequences are N à C in FASTA format. Start codons, (His)6 tags and linker sequence 

are underlined.  

Tap26-186 

 
MGHHHHHHDYDIPTTENLYFQGSSNGMSFWAFRDDLQRLNQVEQSNQQRAALAQTRAVM

LQASTALNKAGTLTALSYPADDIKTLMTTARASLTQSTTLFKSFMAMTAGNEHVRGLQKETEK

SFARWHNDLEHQATWLESNQLSDFLTAPVQGSQNAFDVNFEAWQLEINHVLEAASAQSQR

NYQ 

 
Parameters: 
 Amino acids: 185 
 MW: 20941.0 Da 
 ε: 27960 
 Theoretical pI: 5.88 
 

Tap33-186 -N-terminal (His)6 
 
MGSSHHHHHHSSGLVPRGSHMAFRDDLQRLNQVEQSNQQRAALAQTRAVMLQASTALNK

AGTLTALSYPADDIKTLMTTARASLTQSTTLFKSFMAMTAGNEHVRGLQKETEKSFARWHND

LEHQATWLESNQLSDFLTAPVQGSQNAFDVNFEAWQLEINHVLEAASAQSQRNYQ* 

 
Parameters: 

Amino acids: 176 
MW: 19669.7 Da 
ε: 19480 
Theoretical pI: 6.58 

  



 

Tar31-191  
 
MGSSHHHHHHSSGLVPRGSHMSSLHHSQKSFVVSNQLREQQGELTSTWDLMLQTRINLSRS

AVRMMMDSSNQQSNAKVELLDSARKTLAQAATHYKKFKSMAPLPEMVATSRNIDEKYKNYY

TALTELIDYLDYGNTGAYFAQPTQGMQNAMGEAFAQYALSSEKLYRDIVTDNADDYRFAQ* 

 
Parameters 

Length: 182 amino acids 
MW: 20642.0 Da 
ε: 20400 
Theoretical pI: 7.17 

 

Psa_14525-LBD 
 
MGSSHHHHHHSSGLVPRGSHMYRQRQSLKSSVKSELQQLGTLTTQNIQTWLESRIQLLQSMS

QQVAVDGKELPQLQRAIGLPTYSDNFQLSYFGSTEGVMFSVPAGNRPADYDPRARGWYKAA

QNAPGTIVTEPYIAASSGKLVMTIATPVKIQNQLAGVAGADISLDSVSKIINSLNFDGHGYAFLV

SAEGKILVHPDSKLVLKNINEAYPVNTPKIATGVTEIDSGKQPEIISFTPVQGVATANWYVALVLE

QDSAYAMLTEFRT 

 
• A : alanine 146- variant residue in the predicted ligand binding pocked of 

Psa_14525-LBD (Fig 4.10). 

Parameters 
Length: 267 

 MW: 29065.8 
 ε: 31400 
 Theoretical pI: 7.14 
 
  



 

Appendix II: Buffer Screen 
 1: 50 mM sodium acetate-acetic acid, 50 mM NaCl, pH 5.0 

 2: 50 mM sodium acetate-acetic acid, 200 mM NaCl, pH 5.0 

 3: 50 mM MES, 50 mM NaCl, pH 5.5 

 4: 50 mM MES, 200 mM NaCl, pH 5.5 

 5: 50 mM sodium MES, 50 mM NaCl, pH 6.0 

 6: 50 mM sodium MES, 200 mM NaCl, pH 6.0 

 7: 50 mM citrate-citric acid, 50 mM NaCl, pH 6.0 

 8: 50 mM citrate-citric acid, 200 mM NaCl, pH 6.0 

 9: 50 mM bis-tris-chloride, 50 mM NaCl, pH 6.5 

10: 50 mM bis-tris-chloride, 200 mM NaCl, pH 6.5 

 11: 50 mM ADA, 50 mM NaCl, pH 6.5 

 12: 50 mM ADA, 200 mM NaCl, pH 6.5 

 13: 50 mM imidazole, 50 mM NaCl, pH 7.0 

 14: 50 mM imidazole, 200 mM NaCl, pH 7.0 

 15: 50 mM sodium MOPS, 50 mM NaCl, pH 7.0  

 16: 50 mM sodium MOPS, 200 mM NaCl, pH 7.0 

 17: 50 mM sodium HEPES, 50 mM NaCl, pH 7.0 

 18: 50 mM sodium HEPES, 200 mM NaCl, pH 7.0 

 19: 50 mM Na2H/KH2 phosphate, 50 mM NaCl, pH 7.0 

 20: 50 mM Na2H/KH2 phosphate, 200 mM NaCl, pH 7.0 

 21: 50 mM sodium HEPES, 50 mM NaCl, pH 7.5 

 22: 50 mM sodium HEPES, 2000 mM NaCl, pH 7.5 

 23: 50 mM Na2H/KH2 phosphate, 50 mM NaCl, pH 7.5 

 24: 50 mM Na2H/KH2 phosphate, 200 mM NaCl, pH 7.7 

 25: 50 mM Na2H/KH2 phosphate, 50 mM NaCl, pH 7.5 + 10 % w/v glycerol 

 26: 50 mM Na2H/KH2 phosphate, 200 mM NaCl, pH 7.5 + 10 % w/v glycerol 

 27: 50 mM Tris chloride, 50 mM NaCl, pH 8.0 

 28: 50 mM Tris chloride, 200 mM NaCl, pH 8.0 

 29: 50 mM Na2H/KH2 phosphate, 50 mM NaCl, pH 8.0 

 30: 50 mM Na2H/KH2 phosphate, 200 mM NaCl, pH 8.0 

 31: 50 mM Na2H/KH2 phosphate, 50 mM NaCl, pH 7.5 + 2 mM DTT 

 32: 50 mM Na2H/KH2 phosphate, 200 mM NaCl, pH 7.5 + 2 mM DTT 

 33: 50 mM glycyl-glycine, 50 mM NaCl, pH 8.5 

 34: 50 mM glycyl-glycine, 200 mM NaCl, pH 8.5 

 35: 50 mM CHES, 50 mM NaCl, pH 9.0 

 36: 50 mM CHES, 200 mM NaCl, pH 9.0 
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A high-throughput screen for ligand binding reveals the
specificities of three amino acid chemoreceptors from
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Summary

Chemoreceptors play a central role in chemotaxis,
allowing bacteria to detect chemical gradients and
bias their swimming behavior in order to navigate
toward favorable environments. The genome of the
kiwifruit pathogen, Pseudomonas syringae pv. actini-
diae (Psa) strain NZ-V13 encodes 43 predicted chemo-
receptors, none of which has been characterized.
We developed a high-throughput fluorescence-based
thermal shift assay for identifying the signal molecules
that are recognized by a given chemoreceptor ligand
binding domain (LBD). Using this assay, we character-
ized the ligand binding profiles of three Psa homologs
of the P. aeruginosa PAO1 amino acid chemorecep-
tors PctA, PctB and PctC. Each recombinant LBD was
screened against 95 potential ligands. The three Psa
homologs, named pscA, pscB and pscC (Psa chemo-
receptors A, B and C) bound 3, 10 and 3 amino acids
respectively. In each case, their binding profiles were
distinct from their P. aeruginosa PAO1 homologs.
Notably, Psa PscA-LBD only bound the acidic
amino acids L-aspartate, D-aspartate and L-glutamate,
whereas P. aeruginosa PctA-LBD binds all of the
L-proteinogenic amino acids except for L-aspartate
and L-glutamate. A combination of homology mod-
eling, site-directed mutagenesis and functional
screening identified a single amino acid residue in the
Psa PscA-LBD (Ala146) that is critically important for
determining its narrow specificity.

Introduction

Chemotaxis allows motile bacteria to sense changes in
their chemical environment and navigate toward favorable

conditions (Adler, 1966). The major components of bacte-
rial chemotaxis systems include methyl-accepting chemo-
taxis proteins (MCPs), the sensor histidine kinase CheA
and the response regulator CheY (Hazelbauer et al.,
2008). MCPs, also called chemoreceptors, are the key
sensory components in the chemotaxis signaling pathway.
Chemoreceptors bind specific extracellular chemicals,
which can be either attractants or repellants for the bacte-
rium (Adler, 1969; Tso and Adler, 1974; Rahman et al.,
2014). Upon ligand binding, chemoreceptors transduce a
signal through the CheAY two-component system, which
ultimately controls flagellar rotation and bacterial motility
(Hazelbauer et al., 2008).

Historically, the chemotaxis system of Escherichia coli
has been the primary framework for understanding chemo-
receptor structure and function [reviewed in Wadhams and
Armitage (2004)]. E. coli has four chemoreceptors (Tar, Tsr,
Trg and Tap) that mediate chemotaxis primarily in
response to specific amino acids, dipeptides, sugars and
pyrimidines. Each chemoreceptor has three distinct struc-
tural and functional modules: a ligand binding domain
(LBD), a HAMP (histidine kinases, adenylyl cyclases,
methyl-accepting chemotaxis proteins and phosphatases)
domain and a signaling domain. The N-terminal LBD is
responsible for sensing environmental stimuli, either
directly or via an additional periplasmic binding protein.
The HAMP domain acts as the signal relay, and the sign-
aling domain transmits the signal to the chemotactic
machinery. For a given chemotactic bacterium, the reper-
toire and specificities of its chemoreceptor proteins deter-
mine the molecules to which it responds.

In contrast to E. coli and other related enterobacteria,
the chemotaxis systems of soil and aquatic microorgan-
isms are poorly understood. Genome sequencing has
revealed that environmental bacteria typically have
complex chemosensory systems, with 20–60 mcp genes
per genome (Lacal et al., 2010b). Although most bacterial
chemoreceptors (∼74%) appear to share the same overall
three-domain topology as the E. coli proteins, the
sequence diversity of their LBDs is extremely high
(Wuichet and Zhulin, 2003; Lacal et al., 2010b).As a result,
most of what they bind is not known. For example, even in
the relatively well-studied pathogen Pseudomonas aerugi-
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nosa PAO1, only 13 of its 26 putative MCPs have been
characterized (Alvarez-Ortega and Harwood, 2007; Kato
et al., 2008; Rico-Jimenez et al., 2013). A recent in-depth
study of the amino acid chemoreceptors from P. aerugi-
nosa PAO1 emphasized that the basis of chemosensing in
Pseudomonads can be drastically different from that of the
enterobacteria (Rico-Jimenez et al., 2013). Both E. coli
and P. aeruginosa PAO1 possess chemoreceptors for
sensing amino acids; however, the LBDs that mediate this
response are completely unrelated. The periplasmic LBDs
of E. coli chemoreceptors (Tar and Tsr) consist of anti-
parallel four-helix bundles of approximately 160 amino
acids (Tajima et al., 2011). The LBDs of the amino acid
receptors from P. aeruginosa (PctA, PctB and PctC) are
larger (approximately 250 amino acids) and are predicted
to adopt a mixed α/β, double PDC (PhoQ/DcuS/CitA) fold.
This appears to be a case of parallel evolution, where
different receptor types have evolved to mediate chemot-
axis to the same class of compounds (i.e. amino acids).

It remains a major challenge to understand how a bac-
terium senses (and thus responds to) its environmental
niche. A related, methodological question is: how might
we identify the signal molecules that are recognized by a
given chemoreceptor? For bacteria with large numbers of
chemoreceptors, functional redundancy and masking by
other behaviors (such as aerotaxis) have hampered
attempts to link individual chemoreceptor proteins to their
cognate ligands.

We are interested in defining the ligand binding profiles
of chemoreceptors from the plant pathogen, Pseu-
domonas syringae pv. actinidiae (Psa). Psa is a major
global pathogen of kiwifruit, causing severe economic
losses in countries such as Italy and New Zealand, where
kiwifruit is a major crop (Scortichini et al., 2012). Psa
invades plant tissues through natural openings and
lesions on the plant surface, resulting in wilting, cankers
and plant death (Scortichini et al., 2012). It is known that
chemotaxis is critical for many pathogenic species to
colonize and invade a host. For example, many plant-
associated microbes are specifically attracted to host
plant exudates such as amino acids, organic acids and
sugars (de Weert et al., 2002; Yao and Allen, 2006).
However, the chemoreceptors that mediate this behavior
are largely unknown. Genome sequencing of a virulent
strain of Psa isolated in New Zealand (strain NZ-V13)
encodes 43 predicted MCPs (McCann et al., 2013).
Although this is significantly more than the number of
MCPs found in the better characterized chemosensory
systems of P. aeruginosa (26 predicted MCPs) or
P. putida (27 predicted MCPs), it is similar to that of other
P. syringae strains such as P. syringae pv. phaseolicola
1448A (44 predicted MCPs) or P. syringae pv. tomato str.
DC3000 (46 predicted MCPs) (Kato et al., 2008; Winsor
et al., 2011; Parales et al., 2013).

In order to shed light on the function of its chemorecep-
tors, and how they may differ from the receptors of other
Pseudomonas species, we have begun to characterize the
Psa chemoreceptor repertoire. We have developed and
validated a new and generalizable high-throughput
method for rapidly screening recombinant LBDs against a
library of potential ligands. Using this assay, we have
characterized the ligand binding profiles of three Psa LBDs
that are homologous to the P. aeruginosa PAO1 amino acid
sensors, PctA, PctB and PctC. Each of the homologous
Psa LBDs was found to bind a distinct subset of amino
acids and unexpectedly, their binding profiles were also
distinct from their P. aeruginosa PAO1 homologs. Further
investigation using a combination of homology modeling,
site-directed mutagenesis and isothermal titration calorim-
etry identified a key residue involved in determining the
ligand specificity of Psa PscA.

Results

Validation of a high-throughput, fluorescence-based
thermal shift assay to detect ligand binding

Fluorescence-based thermal shift (FTS) assays have been
used for more than a decade to characterize the ligand
binding specificities of a variety of proteins (Pantoliano
et al., 2001; Lo et al., 2004; Niesen et al., 2007; Giuliani
et al., 2008). FTS assays are based on the principle that
most ligands stabilize proteins upon binding, causing an
increase in the melting temperature of the protein (Niesen
et al., 2007; Cimmperman et al., 2008). The melting tem-
perature is measured by an increase in the fluorescence of
a dye with affinity for hydrophobic parts of the protein (e.g.
SYPRO Orange), which are exposed as the protein
unfolds. FTS assays can be performed in 96-well format
using readily available real-time PCR instrumentation.
Though not all proteins are amenable to FTS measure-
ments (e.g. large multi-domain proteins tend not to exhibit
distinct phase transitions during thermal denaturation; and
some ligands may bind primarily to the unfolded state of the
protein), the overall simplicity and general applicability of
FTS assays make this technique a powerful tool for iden-
tifying protein–ligand interactions. Here, we have devel-
oped an FTS assay for rapid screening of chemoreceptor
LBDs against hundreds of different potential ligands.

We have used FTS assays to screen recombinantly
produced LBDs against the compounds in Biolog Pheno-
type Microarray (PM) plates. PM plates are a commercially
available library of potential metabolic substrates (e.g.
various carbon, nitrogen, phosphorus and sulfur sources)
(Bochner et al., 2001). Each 96-well PM plate contains 95
different chemicals and an empty control well. PM plates
are designed to be used in conjunction with a tetrazolium
indicator dye to characterize the metabolic capabilities of
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microbial species and strains. However, for use in our FTS
assays, the compounds were resuspended in water, gen-
erating a library of potential ligands for high-throughput
screening. Aliquots of each ligand solution could then be
added to the purified LBD and SYPRO Orange dye, dis-
tributed in the wells of a 96-well polymerase chain reaction
(PCR) plate. Fluorescence intensity was measured as the
temperature was raised. The ability of a molecule to stabi-
lize the protein during its thermal unfolding could be quan-
tified by its thermal shift (ΔTm): the difference in the protein
unfolding temperature in the presence and absence of
ligand.

To validate this method, we first screened the PctA-LBD
from P. aeruginosa PAO1 (Pae PctA-LBD), which is a
well-characterized amino acid LBD. Previous work using
isothermal titration calorimetry (ITC) showed that Pae
PctA-LBD directly binds 17 amino acids in vitro; no binding
was detected for L-aspartate, L-glutamate or L-glutamine
(Rico-Jimenez et al., 2013). For comparison with these
data, we performed FTS assays of the purified Pae PctA-
LBD with the Biolog PM3B microplate, which includes
all 20 proteinogenic L-amino acids. The LBD domain of
Pae PctA (residues Asn30-Ala278) was expressed with
an N-terminal His6 tag, as described previously (Rico-
Jimenez et al., 2013). The Pae-PctA-LBD was overex-
pressed, purified using immobilized metal affinity chroma-
tography and subjected to FTS assays.

Overall, the ligand binding profile of the Pae PctA-LBD
obtained by our FTS assay was consistent with the previ-
ously published ITC data. In the absence of ligand, Pae
PctA-LBD displayed a temperature midpoint of unfolding
(Tm) of 62.0 ± 0.2°C. Of the amino acids known to bind Pae
PctA-LBD directly, 15 resulted in temperature shifts (ΔTm

values) of > 2°C, whereas two (L-cysteine and L-histidine)
produced smaller temperature shifts of 1.7°C ± 0.01 and
1.2 ± 0.3°C respectively (Fig. 1A). On the other hand, the
three amino acids that Pae PctA-LBD had previously
been reported not to bind (L-aspartate, L-glutamate
and L-glutamine) yielded ΔTm values of 0.15 ± 0.07°C,
0.19 ± 0.16°C and 1.0 ± 0.11°C (Fig. 1A). Furthermore,
Biolog plate PM3B contains D-alanine, D-glutamate,
putrescine and the dipeptides L-ala-L-gln and L-ala-L-gly, all
of which had previously been shown not to be ligands of
Pae PctA-LBD (Rico-Jimenez et al., 2013). Our screen
confirmed these results while also identifying another 66
compounds that do not stabilize Pae PctA-LBD (Table S1).
Our thermal shift assays also revealed an additional six
nonproteinogenic amino acids that are ligands of Pae
PctA-LBD: L-citrulline; L-homoserine; L-ornithine; D,L-α-
amino-N-butyric acid; D,L-α-amino-caprylic acid and α-
amino-N-valeric acid (Table S1). We confirmed that PctA is
the sole chemoreceptor responsible for chemoattraction to
four of these ligands (L-citrulline L-ornithine, D,L-α-amino-
caprylic acid and α-amino-N-valeric acid) using quantita-

tive capillary chemotaxis assays to compare P. aeruginosa
PAO1 with an unmarked pctA deletion strain, P. aerugi-
nosa PAO1 ΔpctA (Fig. S1).

The thermal stability of a protein is proportional to the
concentration of the ligand that it binds (Niesen et al.,
2007). In order to resolve the ambiguity around LBD:li-
gand pairs that gave small but significant ΔTm values, we
rescreened Pae PctA-LBD with increasing concentrations
of selected ligands (Fig. 1B). As predicted, L-histidine,
which is known to bind Pae PctA-LBD with a dissociation
constant (KD) of 28 μM (Rico-Jimenez et al., 2013), stabi-
lized the protein in a concentration dependent manner.
Conversely, L-aspartate and L-glutamate did not bind Pae
PctA-LBD in previously conducted ITC experiments
(Rico-Jimenez et al., 2013), and increasing the concen-
trations of these compounds did not significantly increase

Fig. 1. A. Fluorescence-based thermal shift assays of Pae
PctA-LBD with the 20 proteinogenic L-amino acids. Each histogram
indicates the ΔTm, calculated as the Tm in the presence of ligand
minus the Tm in the absence of ligand. A positive ΔTm indicates
stabilization of the protein in the presence of the ligand. B.
Rescreening Pae PctA-LBD with increasing concentrations of
binding and nonbinding ligands. L-histidine, a cognate ligand of Pae
PctA-LBD, stabilizes the protein in a concentration dependent
manner. In contrast, increasing concentrations of a nonbinding
compound (L-glutamate or L-aspartate) does not have a stabilizing
effect. Data in (A) and (B) are the means and standard deviations
from three experiments. If not visible, the error bars are contained
within the symbol.
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the thermal stability of the protein in our assay (Fig. 1B).
In the case of L-glutamine, our FTS screen showed a
marginal increase in Tm (1.0 ± 0.1°C). It has been reported
that L-glutamine is not a ligand of Pae PctA-LBD
(Rico-Jimenez et al., 2013). However, the unfolding tem-
perature of the protein was shifted to higher temperatures
with increasing concentrations of L-glutamine (Fig. 1B),
suggesting that L-glutamine may indeed be recognized by
Pae PctA-LBD. To investigate these conflicting results, we
used ITC to quantitatively assess binding. Microcalorimet-
ric titration of Pae PctA-LBD with L-glutamine resulted in
exothermic heat signals that dissipated into heats of dilu-
tion (Fig. S2). The affinity derived from the binding curve
yielded a KD of 90 ± 8 μM. Although the affinity of Pae
PctA-LBD for L-glutamine was weak, the value is within
the range reported for other bacterial chemoreceptor–
ligand interactions (Lacal et al., 2010a; Rico-Jimenez
et al., 2013; Webb et al., 2014). Thus, our ITC results
confirmed the high-throughput FTS assay and demon-
strated the direct binding of L-glutamine to Pae PctA-LBD.

Together, these experiments established the tractability
of using Biolog PM plates as compound libraries for high-
throughput FTS assays. Based on the results of our proof-
of-principle study with the Pae PctA-LBD, in subsequent
analyses, we considered a chemical to be a binding ligand
if it yielded an average ΔTm of 2°C or greater under our
standard assay conditions. This is a similar threshold to
those used in previous FTS studies (Giuliani et al., 2008;
Krishna et al., 2013). For compounds with stabilizing
effects in the range of 1–2°C, LBDs were rescreened in
the presence of increasing concentrations of the potential
ligand to confirm binding. An average ΔTm of < 1°C was
considered to represent no ligand binding by the LBD that
was under consideration.

Predicted chemoreceptor periplasmic sensory domains
of Psa

The Psa NZ-V13 genome (McCann et al., 2013) is pre-
dicted to encode 43 methyl-accepting chemotaxis pro-
teins. We analyzed the sequence of each putative Psa
chemoreceptor to determine its predicted membrane
topology using TOPCONS (Bernsel et al., 2009) and to
identify any conserved domains using CD-Search
(Marchler-Bauer and Bryant, 2004). Based on this analy-
sis, 33 of the 43 putative chemoreceptors had identifiable
LBDs; that is, they contain a periplasmic region flanked by
transmembrane helices, and they have identifiable HAMP
and signaling domains (Table 1). Chemoreceptor LBDs
typically fall into one of two distinct clusters: cluster I
receptors of approximately 150 amino acids; or cluster II
receptors of approximately 250 amino acids (Lacal et al.,
2010b). The LBDs of Psa follow this trend, with 32 of the 33
predicted LBDs identified as belonging to either cluster I or

II; one predicted LBD has an unusually small LBD of only
29 amino acids (Table 1). The structure of each LBD was
also predicted using the Phyre2 protein fold recognition
server (Kelley and Sternberg, 2009). The results are shown
in Table 1. Four-helix bundles were predicted to be the
most prevalent LBDs in Psa, accounting for 12 of the 33
predicted structures. In contrast, six of the LBDs were so
dissimilar to any protein of solved structure that Phyre2
was unable to model them at all. None of the predicted Psa
chemoreceptors have been previously studied.

Pseudomonas aeruginosa PAO1 contains three amino
acid sensing chemoreceptors (PctA, PctB and PctC). The
pairwise amino acid sequence identities between the LBDs
of these three proteins are 68% (PctA and PctB), 54%
(PctA and PctC) and 45% (PctB and PctC). The P. aerugi-
nosa PAO1 PctA, PctB and PctC-LBDs all display quite
different ligand binding specificities. As discussed above,
PctA binds 18 proteinogenic amino acids. On the other
hand, PctB binds five (L-glutamine tightly, and L-arginine,
L-lysine, L-alanine and L-methionine more weakly), and
PctC binds only three (L-histidine, L-proline and γ-
aminobutyrate). In general, the low sequence conservation
among the LBDs of chemoreceptors makes it difficult to
identify ligand-specific signatures. However, when we
used each of the three P. aeruginosa PAO1 pct genes to
query the Psa NZ-V13 genome using BLAST, we got the
same hits in all three searches: Psa loci Psa_14525,
Psa_08785 and Psa_18055. The LBDs encoded by these
Psa genes follow a similar pattern of sequence identities as
their P. aeruginosa homologs, with the products of
Psa_14525 and Psa_08785 being more closely related to
each other (41% amino acid identity) than they are to
Psa_18055 (19% and 23% identity respectively). Each of
the three Psa LBDs was also predicted to adopt a double
PDC-like fold (Table 1), modeled on an uncharacterized
chemoreceptor LBD from Vibrio cholerae, which had
L-alanine bound (PDB ID 3C8C). This is the same structure
that was used previously to generate a model of Pae
PctA-LBD (Rico-Jimenez et al., 2013). Thus, based on our
bioinformatics analysis, we hypothesized that Psa senses
amino acids using three chemoreceptors that are function-
ally equivalent to P. aeruginosa: PctA, PctB and PctC.
However, based on sequence alone, it is not possible to
predict the ligand specificities of the three Psa chemore-
ceptors, therefore high-throughput FTS assays were
conducted.

Ligand binding profiles of Psa_14525, Psa_08785 and
Psa_18055

We used our high-throughput FTS assay to characterize
the ligand specificities of the putative PctA, PctB and PctC
homologs from Psa. The three predicted LBDs were
cloned, expressed and purified. Yields of the purified
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LBDs were typically 20–30 mg per liter of culture medium.
The proteins were > 95% pure and migrated as expected
based on their respective subunit masses on SDS-PAGE
gels (Fig. S3). To determine their ligand binding profiles,
each recombinant LBD was screened against the com-
pounds in Biolog plate PM3. The results of these assays
are shown in Fig. 2. Potential ligands that resulted in
marginal stabilizing effects (ΔTm values of 1–2°C) were
rescreened using FTS assays with increasing ligand con-
centration, to verify binding (Fig. S4).

The Psa_14525-LBD was found to be specific for
acidic amino acids (Fig. 2A). In the absence of ligands,
Psa_14525-LBD had a Tm of 44.0 ± 0.1°C. Of the 95
potential ligands that were screened, L-aspartate, L-
glutamate and D-aspartate resulted in dramatic stabiliza-
tion of the protein, with ΔTm values of 11.2°C, 8.5°C and
10.4°C respectively. This specificity for acidic and D-amino
acids was unexpected, as none of the homologous amino

acid chemoreceptors from P. aeruginosa PAO1 are able to
recognize any of these ligands (Rico-Jimenez et al., 2013).

For the LBD encoded by the open reading frame (ORF)
Psa_08785, the unfolding temperature of the protein
without ligand was 42.3 ± 0.1°C. In comparison with the
Psa_14525-LBD, this LBD had a broader ligand binding
profile (Figs 2B and S4A). The FTS screens yielded 10
ligands with significant ΔTm values. The largest shifts were
with the polar uncharged amino acids L-glutamine and
L-asparagine (both ΔTms > 7°C). The Psa 08785-LBD
was also stabilized, albeit to a lesser extent, by
binding L-alanine, L-isoleucine, L-leucine, L-methionine, L-
phenylalanine, L-serine, L-tryptophan and the non-
proteinogenic amino acid L-homoserine (Fig. 2B). Psa
08785-LBD specifically bound L-amino acids. We were
unable to detect an increase in the Tm with any of the
D-amino acids that were screened, including the D-forms
of asparagine, alanine and serine. This confirmed our

Table 1. Identification of putative chemoreceptor LBDs from Psa NZ-V13 and the prediction of their structures.

Locus tag
Sensor
domaina Cluster

Conserved
domains

Top
PDB hitb

%
Identity

%
Coveragec Predicted structure

Psa_14495 44–73 – None identified No hit – – –
Psa_04165 33–190 I 4HB_MCP_1 3VA9 12 75 Four-helix bundle
Psa_06330 38–195 I 4HB_MCP_1 2ASR 13 61 Four-helix bundle
Psa_07150 31–189 I 4HB_MCP_1 3VA9 13 76 Four-helix bundle
Psa_08120 34–190 I 4HB_MCP_1 3VA9 9 75 Four-helix bundle
Psa_08545 32–190 I 4HB_MCP_1 No hit – – –
Psa_08575 34–194 I 4HB_MCP_1 No hit – – –
Psa_08870 33–188 I 4HB_MCP_1 3VA9 14 76 Four-helix bundle
Psa_13100 31–188 I Cache_2 4K08 43 91 PAS-like
Psa_13805 35–141 I None identified No hit – – –
Psa_16920 32–188 I 4HB_MCP_1 3VA9 16 77 Four-helix bundle
Psa_19595 33–190 I 4HB_MCP_1 3VA9 18 75 Four-helix bundle
Psa_19640 23–172 I 4HB_MCP_1 3VA9 13 81 Four-helix bundle
Psa_20080 31–206 I Cache_2 3UB9 22 93 PAS-like
Psa_20455 33–191 I 4HB_MCP_1 3VA9 11 74 Four-helix bundle
Psa_20470 34–195 I 4HB_MCP_1 1VLT 15 53 Four-helix bundle
Psa_23495 33–188 I 4HB_MCP_1 3VA9 13 78 Four-helix bundle
Psa_26265 33–190 I 4HB_MCP_1 3VA9 12 77 Four-helix bundle
Psa_00575 33–308 II Cache_3 3C8C 13 84 Double PDC-like
Psa_08780 35–289 II None identified 2YFA 44 92 HBM domain
Psa_08785 30–273 II Cache_1 3C8C 28 96 Double PDC-like
Psa_08985 42–332 II None identified 4AKK 16 90 NIT domain
Psa_13180 36–291 II None identified 2YFA 17 89 HBM domain
Psa_14525 31–276 II Cache_1 3C8C 26 96 Double PDC-like
Psa_17695 37–283 II 4HB_MCP_1 2YFA 25 92 HBM domain
Psa_17955 28–310 II None identified 3I9Y 11 71 TorS-like
Psa_18055 28–293 II Cache_1 3C8C 21 89 Double PDC-like
Psa_19395 32–311 II Cache_1 3LIB 15 93 Double PDC-like
Psa_24210 26–280 II None identified No hit – – –
Psa_24710 37–309 II None identified No hit – – –
Psa_25320 39–286 II PilJ 2YFA 25 92 HBM domain
Psa_25325 39–295 II None identified 2YFA 22 90 HBM domain
Psa_27745 41–323 II None identified 4AKK 13 92 NIT domain

The three sensor domains characterized in this work are shown in bold font.
a. Numbers given are the amino acid residues that comprise the sensor domain, which were identified as the regions between predicted
transmembrane segments using TOPCONS.
b. It was considered as no hit when the coverage of the top Phyre2 model was below 60%.
c. Coverage is the percentage of sequence modeled with > 97% confidence by the single highest scoring template.
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assignment of Psa_08785 as the homolog of P. aerugi-
nosa PctB, because Pae PctB is the sole chemoreceptor
for L-glutamine and it binds this amino acid with high
affinity while it is also capable of binding four other amino
acids (the Psa_08785 ligands L-methionine and L-alanine,
as well as L-arginine and L-lysine) with significantly lower
affinities (Rico-Jimenez et al., 2013).

The Tm of the Psa 18055-LBD in the absence of ligand
was similar to the other LBDs (40.1 ± 0.1°C). As shown in

Fig. 2C, large Tm shifts, indicative of ligand binding, were
observed with L-proline (ΔTm 5.5 ± 0.2°C) and the nonpro-
teogenic amino acid γ-aminobutyrate (GABA) (ΔTm

4.4 ± 0.2°C). The Psa 18055-LBD is also stabilized by
L-isoleucine (Fig. S4B). Overall, this binding profile is
similar to that of PctC from P. aeruginosa PAO1, which
recognizes L-proline, L-histidine and GABA (Rico-Jimenez
et al., 2013).

Based on their sequences and ligand binding profiles,
the Psa_14525, Psa_08785 and Psa_18055 proteins
were designated PscA, PscB and PscC (Psa chemore-
ceptors A, B and C) respectively.

The affinities of Psa PscA-LBD for acidic and
D-amino acids

The difference between the ligand binding profiles of
Psa PscA-LBD and its homolog from P. aeruginosa
PAO1 is striking. Psa PscA-LBD is extremely specific –
only binding aspartate (L- and D-stereoisomers) and

L-glutamate – while Pae PctA-LBD binds all of the protei-
nogenic L-amino acids except for aspartate and glutamate.
To enable comparison with the previously characterized
PctA-LBD from P. aeruginosa PAO1 (Rico-Jimenez et al.,
2013), isothermal titration calorimetry was used to quantify
the affinities of Psa PscA-LBD for its ligands. As shown in
Fig. 3, titration of Psa PscA-LBD with either L-aspartate or
L-glutamate resulted in large exothermic heat signals. Psa
PscA-LBD showed the highest affinity for L-aspartate, with
a KD value of 6.1 ± 0.9 μM. It bound L-glutamate with
a lower affinity (KD = 27 ± 6 μM). The direct binding of
D-aspartate to Psa PscA-LBD was also confirmed by ITC
(Fig. 3C and Fig. S5); however, the binding did not fit to the
one-site model. Instead, the isotherms fit best to a two-site
binding model. The two-site model predicts a high affinity
site with a KD of 2.3 ± 1.0 μM and a low affinity site with a KD

of 19 ± 6 μM.

Psa PscA is the sole receptor that detects L-aspartate,
L-glutamate and D-aspartate

The above studies show that Psa PscA-LBD binds three
ligands in vitro. We next wanted to assess the contribution
of the Psa PscA receptor in chemotaxis toward these
ligands. We used quantitative capillary assays to measure
the chemotactic response of both the wild-type Psa and
Psa ΔpscA strains toward L-aspartate, L-glutamate and
D-aspartate. The wild-type Psa strain showed a clear
chemotactic response toward each of these amino acids
(Fig. 4). In contrast, no significant chemoattraction was
observed for the Psa ΔpscA strain (Fig. 4). These results
suggest that PscA is the only Psa chemoreceptor for
chemoattraction toward L-aspartate, L-glutamate and
D-aspartate.

Fig. 2. The ligand binding profiles of the Psa (A) PscA, (B) PscB,
and (C) PscC LBDs. Each LBD was screened against Biolog plate
PM3B. The histograms indicate the Tm shifts between the no ligand
control and 95 potential ligands. The ligands that bind and
significantly stabilize the respective LBDs are labeled. All amino
acids are the L-form unless otherwise indicated. Values shown are
the mean ± SD (n = 3).
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The role of residue 146 in the ligand specificity of Psa
PscA-LBD

To identify residues that contribute to the unexpected
ligand specificity of the Psa PscA-LBD, we submitted the
LBD sequence to the Phyre2 protein structure prediction
server (Kelley and Sternberg, 2009). The best model was
based on the structure of an LBD from an uncharacterized
V. cholerae chemoreceptor (McpN, residues 63–300,
PDB code 3C8C) (Fig. 5A). Phyre2 could use the V. chol-
erae LBD to model 96% of the residues in the Psa PscA-
LBD at > 99% confidence. The V. cholerae McpN-LBD
crystallizes as a homodimer, where each monomer has a

double PDC fold (Fig. 5A). In each monomer, there are six
key amino acid residues that comprise the ligand binding
pocket and make direct contacts with the L-alanine ligand
(Fig. 5A and B). A structure-based alignment showed that
the equivalent residues in five of these six positions are
identical in the Pae PctA and Psa PscA-LBDs (Fig. S6);
the only position in the ligand binding sites of the Pae
PctA and Psa PscA-LBDs that differs is residue 146. It is
an alanine in the Psa PscA-LBD (Fig. 5C), whereas it is
an aspartate in the P. aeruginosa (and V. cholerae) LBD.
In the V. cholerae structure, the side chain carboxyl group
of this aspartate residue forms a hydrogen bond with the
amino group of the alanine ligand (Fig. 5B). In the homol-
ogy model of Psa PscA-LBD (Fig. 5C), this hydrogen
bond is abolished.

The potential role of residue 146 in the ligand specificity
of Psa PscA-LBD was not clear based on the homology
model; therefore, to explore the role of this residue
further we used site-directed mutagenesis to produce an
Ala146Asp variant of Psa PscA-LBD. The recombinant
LBD was purified (Fig. S3), and we then performed FTS
assays against the compounds in Biolog plate PM3B. In
the absence of ligand, the A146D variant displayed an
increased stability (Tm = 50.0 ± 0.1°C) compared with the
wild-type protein (Tm = 44.0 ± 0.1°C). The A146D variant
also displayed a dramatically broadened ligand binding
profile, with significant ΔTm values detected for 15 amino
acids: L-alanine, L-aspartate, L-cysteine, L-glutamine,
L-isoleucine, L-leucine, L-methionine, L-phenylalanine,
L-serine, L-threonine, L-tryptophan, L-valine and the non-

Fig. 3. Representative isothermal titration calorimetry data of Psa PscA-LBD with (A) L-aspartate, (B) L-glutamate and (C) D-aspartate. The
upper panels show raw titration data; the lower panels are the integrated and dilution corrected peak areas of the titration data. For the
titrations Psa PscA-LBD was at 120 μM, and the ligands were at 1 mM.

Fig. 4. Quantitative capillary chemotaxis assay of wild-type Psa
and Psa ΔpscA to L-aspartate, D-aspartate and L-glutamate (each
at 1 mM). The data have been normalized to a buffer only control
by subtracting the average number of cells that accumulated in
capillaries containing only the chemotaxis buffer. Also shown is the
positive control response to tryptone broth (TB). The results are the
means of at least three independent experiments, and error bars
indicate standard errors.
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proteinogenic amino acids D,L-α-amino-N-butyric acid, D,L-
α-amino-caprylic acid and α-amino-N-valeric acid (Fig. 6
and Fig. S4C). The A146D variant retained the ability to
bind L-aspartate; however, the ability to bind L-glutamate
was abolished. The A146D mutation also conferred a new
ability to bind amino acids with hydrophobic side chains.

Next, we performed ITC measurements to quantify the
affinities of theA146D variant for L-aspartate and two of the
new, hydrophobic amino acid ligands (L-leucine and

L-methionine). The A146D-LBD was also titrated against
L-glutamate to confirm the absence of binding. The results
of the titrations are shown in Fig. 7. Compared with the
wild-type Psa PscA-LBD, the binding of L-aspartate was
characterized by a fivefold lower affinity (KD = 170 ±
10 μM). The affinity of the A146D mutant for L-methionine
was similar to L-aspartate, with a KD = 210 ± 40 μM. The
microcalorimetric titrations confirmed that the A146D
variant does also bind L-leucine, but the affinity for this
ligand is weak, with a KD of 470 ± 110 μM. Interestingly, the
binding was exothermic for L-aspartate but endothermic for
the more hydrophobic amino acids, L-methionine and
L-leucine. In general, a positive enthalpy (endothermic
process) suggests that hydrophobic effects play a substan-
tial role in binding, whereas a negative enthalpy (exother-
mic process) indicates an interaction based primarily on
hydrogen bonding. Therefore, our ITC results suggest that
the ligands may bind via different mechanisms.

Discussion

Genome sequencing has revealed an enormous diversity
of LBDs in bacterial chemotaxis systems (Krell et al.,
2011). Despite the abundance of chemoreceptors, rela-
tively little is known regarding the sensory specificity of
LBDs, or the contributions of individual chemoreceptors to
the lifestyles of bacteria. Traditional genetic approaches
are hampered by two problems, particularly in bacteria
that possess large numbers of chemoreceptors. First, it
can be difficult to obtain mutants that are deficient in
chemotaxis to a specific compound because of functional
redundancy; that is, many bacteria possess multiple
chemoreceptors that mediate responses to the same

Fig. 5. Identification of PscA residues involved in ligand binding, using the structure of V. cholerae McpN (PDB ID 3C8C) as a model.
A. The structure of the V. cholerae McpN-LBD dimer. Each monomer adopts a double PDC-like fold. The alanine ligand is shown as sticks
with blue backbone. The residues predicted to interact with the alanine ligand are shown as sticks with green backbone.
B. A close up view of the McpN ligand binding pocket. Six residues make contact with the alanine ligand: R152, W154, Y170, D172, S173 and
D201. The residue D172, which corresponds to A146 in Psa PscA, is shown in yellow.
C. A homology model of Psa PscA-LBD, based on the V. cholerae McpN structure, generated using Phyre2. Residues predicted to interact
with the ligand are shown as sticks (green backbone), except for the residue targeted for mutagenesis (A146), which is shown in yellow.

Fig. 6. The A146D mutation broadens the amino acid binding
range of Psa PscA-LBD. Results from fluorescence-based thermal
shift assays of the wild-type Psa PscA-LBD and the A146D mutant
with the ligands from the Biolog PM3B plate. For clarity, only the
histograms for the proteinogenic L-amino acid ligands, and the
other ligands from the PM3B plate that stabilize the respective
LBDs are shown. ABA = D, L-α-amino-N-butyric acid; ACA = D,
L-α-amino-caprylic acid and AVA = α-amino-N-valeric acid. Values
shown are the mean ± SD (n = 3).
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Fig. 7. Representative isothermal titration calorimetry of the Psa PscA A146D-LBD with different ligands. The upper panels show raw titration
data; the lower panels are the integrated and dilution corrected peak areas of the titration data. Titration of: (A) 120 μM Psa PscA A146D-LBD
with 1 mM L-aspartate; (B) 60 μM Psa PscA A146D-LBD with 0.5 mM L-glutamate; (C) 60 μM Psa PscA A146D-LBD with 2 mM L-methionine;
and (D) 120 μM Psa PscA A146D-LBD with 10 mM L-leucine.
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ligand. Second, aerotaxis can mask a chemotaxis pheno-
type. In addition, the potential range of environmental and
metabolic molecules that a bacterium may respond to is
enormous, which adds combinatorial complexity to the
problem of understanding chemosensory systems from
environmental bacteria such as Pseudomonas.

In the first part of this study, we evaluated the utility of
FTS assays for determining the ligand binding profiles of
chemoreceptor LBDs. The strength of FTS assays is the
ability to rapidly survey large numbers of potential ligands
against an LBD of unknown function. A purified LBD can
be screened against 95 potential ligands in less than 2 h.
To simplify and standardize our screen, we used Biolog
PM plates as the sources of our ligands.

To begin, we tested our assay with a well-characterized
LBD from P. aeruginosa PAO1. Overall, we observed an
excellent correlation with the previous ligand binding
assignments of the Pae PctA-LBD. All 17 of the previously
identified ligands produced significant Tm shifts in our
assays (Fig. 1A). However, in contrast to previous work
(Rico-Jimenez et al., 2013), our FTS assay also identified
L-glutamine as a potential ligand for Pae PctA-LBD. We
confirmed this response using both compound titration
(Fig. 1B) and ITC (Fig. S2). Although this result is surpris-
ing, it is not inconsistent with the known chemotactic
responses of P. aeruginosa PAO1 to L-glutamine (Taguchi
et al., 1997; Rico-Jimenez et al., 2013). Rico-Jimenez
et al. showed clearly that PctB – and not PctA – is the sole
chemoreceptor for the attractant response of P. aerugi-
nosa PAO1 to L-glutamine; however, they also observed a
repellent response to L-glutamine that was independent of
PctB (Rico-Jimenez et al., 2013). They suggested that
an additional, unknown chemoreceptor mediates this
response. Our results suggest that PctA is the chemore-
ceptor that mediates the repellent response of P. aerugi-
nosa PAO1 to L-glutamine, although further studies will be
required to confirm this hypothesis.

We anticipate that our high-throughput screen will be of
general utility for revealing the ligands detected by any
chemoreceptor LBD that can be heterologously expressed
and purified. Though it is possible that a recombinant LBD
may not exhibit the same binding properties as the full-
length protein, it has been shown previously that molecular
determinants for ligand recognition typically reside in the
LBD and that full-length MCPs and recombinant LBDs can
bind with similar affinities and stoichiometries (Glekas
et al., 2010; 2012; Tajima et al., 2011). Although we have
validated our screen with the PM3B microplate, the full set
of PM plates 1–10 contains ∼900 different chemicals,
including known bacterial carbon, nitrogen, phosphorus
and sulfur sources. PM plates 11–20 contain another 240
chemicals that are common bacterial toxins (and therefore
potential chemorepellents), including antibiotics and
metals. Together, these provide a tractable, affordable and

quick way to gain qualitative data on molecules that are, or
are not, bound by a given LBD. However, quantitative
techniques such as ITC are still required to determine the
relative affinities of the ligands that are identified. Our data
suggest that FTS assays should not be used to rank
ligands, as ΔTm values are not always a reflection of
relative affinities. For example, L-leucine and L-methionine
resulted in similar thermal shifts (ΔTm values ∼8°C) with the
Pae PctA-LBD (Fig. 1), although their measured affinities
differ by over two orders of magnitude [KD values of 116 and
0.91 μM respectively; Rico-Jimenez et al. (2013)]. The
magnitude of the Tm shift observed when a compound
binds an LBD is dependent on the contributions of both
enthalpy and entropy; therefore, ligands with a range of
different affinities can give rise to the same change in Tm

(Niesen et al., 2007).
Our FTS assay allowed us to rapidly interrogate the

binding profiles of three predicted amino acid sensing
LBDs from Psa. Combined, the Psa PscA-LBD (encoded
at locus Psa_14525), the PscB-LBD (Psa_08785) and the
PscC-LBD (Psa_18055) proteins recognize 13 of the 20
proteinogenic L-amino acids. Each LBD detects a subset of
amino acids, and each has a ligand binding profile that is
different from its homolog in P. aeruginosa PAO1. A com-
parison of these results with previous studies of amino
acid chemoreceptors emphasizes that even homologous
chemoreceptors – such as the amino acid chemoreceptors
from P. aeruginosa PAO1, P. fluorescens Pf0-1 and Bacil-
lus subtilis – can have very different ligand binding profiles
(Glekas et al., 2012; Oku et al., 2012; Rico-Jimenez et al.,
2013). Together, this emphasizes the need for tractable
experimental approaches to assess LBD binding profiles,
rather than relying on inferences that are based on (com-
paratively low) levels of sequence identity.

Another important aspect of this study was the discovery
that the Psa PscA-LBD can detect aspartate (Fig. 2A and
Fig. 3). This is in stark contrast to any of the homologs from
P. aeruginosa PAO1 – none of which detect aspartate or
glutamate. The ability of a bacterium to detect and respond
to specific chemicals in the environment can increase its
chances of locating useful sources of carbon and energy.
Therefore, it is possible that these differences reflect the
different lifestyles of these Pseudomonas species. Psa has
a narrow host range, only infecting green-and yellow-
fleshed kiwifruit (Scortichini et al., 2012). In comparison,
P. aeruginosa PAO1 is an almost ubiquitous environmental
presence that can cause infections in a wide range of
animals and plants. Acidic amino acids are the predomi-
nant amino acids found in plant exudates and can be
utilized as a source of carbon, nitrogen and energy by
many Pseudomonads (Sonawane et al., 2003). Logically, it
follows that the ability to detect and navigate toward these
amino acids may contribute to the capacity of Psa to detect
and colonize its plant host. It will be interesting to explore
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the roles of the remaining 30 chemoreceptor proteins of
Psa, as this will provide important insights into how this
bacterium recognizes its host.

Finally, our results demonstrated that a single amino
acid mutation can dramatically alter the specificity of a
chemoreceptor. The A146D mutation in the Psa PscA-
LBD conferred the ability to recognize 14 new amino
acids. Inspection of our structure-based alignment (Fig.
S6) and comparison with other previously characterized
amino acid chemoreceptors (Glekas et al., 2012; Oku
et al., 2012; Rico-Jimenez et al., 2013) suggests that the
presence of an aspartate residue at this position pre-
cludes the binding of acidic ligands. In contrast, no
obvious predictions about specificity can be made based
on the presence of an alanine at this position. Currently,
there are no structural data available for any of the Pseu-
domonas amino acid LBDs. Structures of the PctA-LBD
from P. aeruginosa, and the PscA-LBD from Psa, will be
highly informative for elucidating the molecular basis of
their disparate specificities. Nevertheless, the results of
this mutagenesis study demonstrate that single mutations
can have large effects and provide direct experimental
support for the hypothesis that chemosensing is a highly
evolvable phenotype (Wuichet and Zhulin, 2003).

Experimental procedures

Materials

All enzymes for molecular biology were purchased from New
England Biolabs (Ipswich, MA, USA). Oligonucleotides were
from Integrated DNA Technologies (Coralville, IA, USA).
Growth media were from ForMedium (Hunstanton, Norfolk,
UK). Benzonase nuclease was from EMD Chemicals (San
Diego, CA, USA). Talon metal affinity resin was from Clontech
(Mountain View, CA, USA). Protease inhibitor cocktail,
chicken egg white lysozyme and chemicals were from Sigma
Chemical (St. Louis, MO, USA). Phenotype microarray plates
were from Biolog (Hayward, CA, USA). SYPRO Orange
protein dye was from Life Technologies (Carlsbad, CA, USA).

Strains, plasmids and culture conditions

Strains and plasmids used are shown in Table S2. E. coli and
P. aeruginosa PAO1 were grown at 37°C, whereas Psa was
grown at 28°C. Cultures were routinely propagated in Luria–
Bertani (LB) broth.

Bioinformatics

Periplasmic regions of membrane-bound proteins were
determined by predicting transmembrane regions using
TOPCONS (Bernsel et al., 2009). Functional domains of pro-
teins were predicted using the NCBI Conserved Domain
Search (Marchler-Bauer and Bryant, 2004) with default
parameters. Structural predictions of the LBDs were per-
formed using the Phyre2 server (Kelley and Sternberg,
2009).

Cloning and mutagenesis

All primers used are listed in Table S3. The DNA fragment of
P. aeruginosa PAO1 pctA (locus ID 4309) encoding amino
acids Asn30-Ala278 was amplified using Phusion polymer-
ase (Thermo Fisher Scientific, Waltham, MA, USA) and the
primers 806.for and 807.rev. The DNA fragment of the Psa
pscA gene (locus ID 14525), encoding amino acids Tyr31-
Thr276, was amplified from Psa strain ICMP 18884, using the
primers 776.for and 777.rev. Similarly, the DNA fragment of
Psa pscB (locus ID 08785), encoding PscB-LBD (Tyr30-
Ser273), was amplified using the primers 808.for and
809.rev; and the Psa pscC (locus ID 18055) fragment encod-
ing PscC-LBD (Val28-Trp293) was amplified using 810.for
and 811.rev. The resulting PCR products were each cloned
into the expression vector pET28(a+) using the appropriate
restriction enzymes. To generate the PscA-LBD A146D
mutant, the Quikchange II Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA) was used with the primers
814.QC1 and 815.QC2. All constructs were verified by DNA
sequencing. The resulting plasmids (pET28-Pae-PctA-LBD,
pET28-Psa-PscA-LBD, pET28-Psa-PscB-LBD, pET28-Psa-
PscC-LBD and pET28-Psa-PscA-A146D-LBD) were used to
transform the expression host, E. coli strain BL21 GOLD
(DE3).

Protein expression and purification

Cultures were grown at 37°C in phosphate buffered Terrific
Broth containing kanamycin (30 μg ml−1) to A600 ∼ 0.8. The
cultures were shifted to 18°C, protein expression was
induced by the addition of IPTG (1 mM) and the cultures were
incubated for an additional 20 h. Cells were harvested by
centrifugation, and the pellets were stored at −80°C. The cell
pellet (∼4.0 g wet cell weight from 400 ml culture) was resus-
pended in 10 ml of lysis buffer (50 mM potassium phosphate,
300 mM NaCl, pH 7.0). Protease inhibitor cocktail (80 μl),
Benzonase nuclease (0.4 μl at 25 U μl−1) and lysozyme
(0.5 mg ml−1, final concentration) were added. After 20 min
incubation at 4°C, cells were lysed by sonication on ice, and
the lysates were clarified by centrifugation (21,000× g, 4°C,
30 min). The clarified lysate was mixed with 800 μl Talon
metal affinity resin (50% w/v slurry), and the mixture was
gently agitated at 4°C for 60 min to allow the His6-tagged
protein to bind the resin. The resin was washed twice with 10
bed volumes of lysis buffer, before being transferred to a
gravity flow column. After two further washes with 5 bed
volumes of lysis buffer containing 5 mM imidazole and
10 mM imidazole, respectively, the purified protein was eluted
with elution buffer (50 mM potassium phosphate, 300 mM
NaCl, and 150 mM imidazole, pH 7.0). For proteins used in
thermal shift assays, Amicon Ultra centrifugal filter units
(10 kDa molecular weight cutoff; Millipore, Billerica, MA,
USA) were used to exchange the purified proteins into
storage buffer (50 mM potassium phosphate, 200 mM NaCl,
10% glycerol, pH 7.5), and aliquots were snap-frozen in liquid
nitrogen and stored at −80°C. For ITC experiments, the pro-
teins were dialyzed exhaustively against the same storage
buffer before snap-freezing; the final dialysis buffer was used
to prepare the ligand solution(s). Protein concentrations were
quantified by measuring A280, using extinction coefficients
calculated according to Pace et al. (1995).
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Thermal shift assays

Thermal shift assays were performed using a Roche Light-
Cycler 480 Real-Time PCR instrument. For high-throughput
screening, ligands were prepared by dissolving Biolog PM
compounds in 50 μl of water to obtain a final concentration of
around 10–20 mM. Screening was performed with plate
PM3B. Each plate contains 95 compounds and a water (no
ligand) control. The complete plate contents are listed in
Table S2.

Each 20 μl standard assay contained 10 μM protein and
SYPRO Orange at 5× concentration in a buffer containing
50 mM potassium phosphate, 200 mM NaCl 10% glycerol,
pH 7.5. Two microliters of the resuspended Biolog com-
pounds were added to each well. Samples were heat dena-
tured from 20°C to 80°C at a ramp rate of 1.2°C min−1. The
protein unfolding curves were monitored by detecting
changes in SYPRO Orange fluorescence. The first derivative
values (−dF/dt) from the raw fluorescence data were used to
determine the melting temperature (Tm). For compounds with
stabilizing effects in the range of 1–2°C, LBDs were
rescreened in the presence of 0, 1, 5 and 10 mM of each
potential ligand to confirm binding. The ligands were pre-
pared as 10× stocks, 2 μl were added to each well and the
experiments were conducted as described above. All experi-
ments were performed in triplicate.

Isothermal titration calorimetry

All experiments were carried out using a VP-microcalorimeter
(Microcal) at 25°C. Typically, 120 μM of protein was titrated
with 10 μl injections of 0.6–2 mM ligand solutions that were
prepared immediately before use in dialysis buffer. All meas-
urements were made in triplicate, from independently purified
batches of protein. The evolved heats were integrated and
normalized for protein concentration to generate binding iso-
therms. These were baseline corrected by subtraction of data
from control experiments where the same concentration of
ligand was titrated into buffer. The baseline-corrected data
were fitted by an equation for a single-site model (unless
otherwise noted) using Origin ITC software supplied by
Microcal.

Generation of P. aeruginosa ΔpctA

The unmarked gene deletion was constructed in P. aerugi-
nosa PAO1 using gene splicing by overlap extension (SOE)
PCR and two-step allelic exchange. First, a knockout con-
struct was made by amplifying ∼750 bp nucleotide regions
that flank the pctA gene using the primer pairs: 972.for,
973.rev; and 974.for, 975.rev (Table S3). A third PCR reaction
with primers 972.for and 975.rev was used to assemble the
flanking sequences. The resulting ∼1.6 kb deletion fragment
was TA-cloned into pCR8/GW/TOPO (Invitrogen), confirmed
by sequencing and then subcloned into the suicide vector
pUIC3 (Rainey, 1999) using BamHI and SpeI. The method for
introducing the resulting construct, pUIC3-ΔpctA, into P. aer-
uginosa PAO1, and then screening for colonies with the
markerless ΔpctA mutation, has been described previously
(Gerth et al., 2012). The deletion was confirmed by PCR and
DNA sequencing.

Generation of Psa ΔpscA

The unmarked gene deletion was constructed in Psa using
gene SOE PCR and allelic exchange by homologous recom-
bination. The deletion construct was made by amplifying
∼750 bp nucleotide regions that flank the pscA gene (locus ID
14525) using the primer pairs: 956.for, 957.rev; and 958.for,
959.rev (Table S3). A third PCR reaction with primers 956.for
and 959.rev was used to assemble the flanking sequences.
The resulting ∼1.6 kb deletion fragment was TA-cloned into
pCR8/GW/TOPO (Invitrogen) and confirmed by sequencing.
The fragment was then subcloned into pK18mobsacB
(Schafer et al., 1994) using Gibson assembly (Gibson et al.,
2009) with the following primers: 1055.rev and 1058.for;
1056.for and 1057.rev. The deletion construct, pK18mobsacB-
FR-Psa14525, was introduced into Psa by conjugation. The
recipient Psa strain was grown overnight at 28°C, then mixed
with E. coli DH5α carrying pK18mobsacB-FR-Psa14525
(donor strain) and E. coli carrying pRK2013 (helper strain).
Chromosomal integration of pK18mobsacB-FR-Psa14525 by
a single homologous recombination event was selected by
plating on LB agar containing kanamycin (30 μg ml−1) and
nitrofurantoin (100 μg ml−1). Nitrofurantoin was used to
counter-select the E. coli DH5α donor cells. In order to select
for recombinants that have excised the vector, suspensions of
KanR isolates were diluted and plated onto 10% (w/v) sucrose
plates. Sucrose-resistant colonies were then screened for Kan
sensitivity (indicating the expected loss of the pK18mobsacB-
based construct), as well PCR analysis using primers situated
outside the region of the locus where recombination occurred.
The deletion was confirmed by PCR analysis and DNA
sequencing.

Quantitative capillary chemotaxis assays. The quantitative
capillary chemotaxis assays were carried out as described
previously, with slight modifications (Rico-Jimenez et al.,
2013). Cultures of P. aeruginosa PAO1 were grown to early
stationary phase in LB at 37°C. Psa was cultured in tryptone
broth (1% tryptone and 0.5% NaCl) at 28°C. The cultures
were harvested by centrifugation; the pellets were washed
gently in chemotaxis buffer (10 mM potassium phosphate,
1 mM MgCl2, 0.1 mM EDTA, pH 7.0), and then resuspended
in the same buffer to an OD600 of ∼0.1. One microliter capillary
tubes (Drummond Scientific, Broomall, PA, USA) were sealed
at one end and filled with either chemotaxis buffer alone (as
a control), or chemotaxis buffer containing the indicated
ligand at 1 mM. When cooled, the capillary was placed into
the bacterial suspension and incubated. After the period of
incubation (10 min for P. aeruginosa cultures, or 30 min for
Psa cultures), the capillaries were removed from the cell
suspension and washed. The contents were expelled into
1 ml of chemotaxis buffer, and dilutions were plated for
colony counts on LB agar plates.
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