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Many motile bacteria are able to swim towards certain chemicals and are repelled by others. This 

process is called chemotaxis and is intimately linked with growth and survival, as it directs bacteria 

towards favorable environmental conditions. The chemotactic process is mediated by bacterial 

chemoreceptor proteins, which fulfill two important functions: (i) detection of chemical cues 

(ligands), by their ligand binding domains (LBDs) and (ii) initiating an intracellular signaling 

cascade, which controls the swimming behavior. Ultimately, the repertoire of expressed bacterial 

chemoreceptors and their individual specificities control the chemotactic response of a bacterium. 

Thousands of bacterial chemoreceptor proteins exist within bacterial genomes, but despite their 

physiological importance, only a few have been characterized in detail and little is known about the 

underlying structure-function relationships, which determine their affinity and specificity. 

Therefore, the main goal of this work was to further our understanding of the affinity and 

specificity determining structure-function relationships within bacterial chemoreceptors. In 

addition, the modulation of chemoreceptor binding affinity by rational mutagenesis and directed 

evolution was explored. 

In Chapter 3 chemoreceptors with high degrees of amino acid sequence identity, but varying ligand 

binding capabilities were studied. Two of the chemoreceptors, PscC and McpC, had similar 

affinities for one ligand (L-proline), but markedly different binding affinities for another (GABA). 

Rational mutagenesis of the PscC chemoreceptor was carried out to identify residues critical for 

GABA binding. In part, the mutagenesis approach proved successful and a variant with ~ 7 fold 

reduced affinity for GABA was obtained. However, none of the rationally designed variants could 

completely explain the observed differences in ligand binding between PscC and McpC. 

In Chapter 4 a high-throughput screening platform for the directed evolution of bacterial 

chemoreceptor LBDs was developed. This novel screening platform relies on chimeric fusion 

proteins and a fluorescent reporter strain. Coupling of two high-throughput screens allows for the 

identification of promising variants and exclusion of constitutively-active variants. In addition, the 

use of fluorescence as reporter signal allows for the quantification of signal strength and the use of 

fluorescence activated cell sorting (FACS) to achieve a high-throughput screen. The screening 

platform was validated by screening an error-prone PCR library of PscH chemoreceptor variants 

and identifying a promising single point mutant (Ser99Gly) with improved malate binding affinity. 
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In Chapter 5 the newly established high-throughput screening platform was exploited to screen 

additional PscH variants and identify further promising mutations with effect on the malate binding 

affinity. An in silico analysis strategy was developed and employed to identify six promising single 

point mutations. Promising variants were examined using isothermal titration calorimetry (ITC). 

The best variant had a ~ 6 times lower dissociation constant for malate in comparison to the wild-

type PscH LBD. 

In this work, for the first time, both rational mutagenesis and random mutagenesis were explored 

side to side as techniques to alter the binding capabilities of bacterial chemoreceptors. In 

conclusion, the findings from both mutagenesis approaches suggest that the affinity of bacterial 

chemoreceptors is influenced by residues apart from the immediate environment of the ligand 

binding site. As these residues are hard to predict rationally, the random mutagenesis of 

chemoreceptors ultimately has the greater potential. In the future, the established high-throughput 

screening platform holds great promise for the mutagenesis of other chemoreceptor LBDs and the 

development of new sensory elements based on bacterial chemoreceptor proteins.  
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(v/v)    Volume per volume 

(w/v)    Weight per volume  

4-HB    4-helix bundle 

AIM    Auto-induction medium 

CFP    Cyan fluorescent protein   

CSA    Catalytic site atlas 

dCACHE   Double calcium channels and chemotaxis receptors 

ddH2O    Double distilled water 

dNTP    Deoxyribonucleotide triphosphate 

EDTA    Ethylendiamintetraacetic acid 

FACS    Fluorescence activated cell sorting 

FSC    Forward scatter 

FTS    Fluorescence thermal shift 

GABA    γ-Aminobutyric acid 

HAMP    Histidine kinase, adenylyl cyclase methyl-accepting 

chemotaxis proteins and phosphatase 

IPTG    Isopropyl β-D-1-thiogalactopyranoside 

ITC    Isothermal titration calorimetry 

LB    Lysogeny Broth 

LBD    Ligand binding domain 

MCP    Methyl-accepting chemotaxis protein 

N/A    Not applicable 

NIT    Nitrate- and nitrite-sensing 

NTA    Nitrilotriacetic acid 

OD/OD600   Optical density at 600 nm 

PAGE    Polyacrylamide gel electrophoresis 

PAS    Per-Arnt-Sim 

PCR    Polymerase chain reaction 
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Phyre2    Protein homology/analogy recognition engine, version 2.0 

PM    Phenotype Micro-Array 

POOL    Partial order optimum likelihood 

Psa    Pseudomonas syringae pv. actinidiae 

sCACHE   Single calcium channels and chemotaxis receptors 

SDS    Sodium dodecylsulfate 

SEC    Size exclusion chromatography 

SOE    Splicing by overlapping ends 

SSC    Side scatter 

TAE    Tris-acetate-EDTA 

TB    Terrific Broth    

TM    Melting temperature 

Tris    Tris(hydroxymethyl)aminomethane 

YFP    Yellow fluorescent protein 

 



  

   

 

 

Chemotaxis is an adaptive process used in many motile bacteria to direct their swimming 

behavior towards favorable environmental conditions. The discovery of chemotaxis dates 

back to 1883, when Wilhelm Pfeffer, a German botanist and plant physiologist, placed glass 

capillaries containing meat extract or asparagine in bacterial solutions and observed the 

directed swimming of the bacteria towards the capillaries. Pfeffer at the time already 

hypothesized this was due to the ability of the bacteria to use the presented chemical stimuli 

as nutrients [1]. 

In the 1960s Pfeffer’s findings were followed up on by Julius Adler, who began to 

systematically study bacterial chemotaxis in Escherichia coli [2]. In Adler’s early studies, in 

particular, the isolation and characterization of E. coli chemotaxis mutants played a crucial 

role [3, 4]. Genetic analyses of the chemotaxis mutants eventually led to the discovery of the 

major genes of the chemotaxis signaling cascade [5] and ultimately resulted in the 

identification of the first bacterial chemoreceptor, Tsr [6]. Adler also greatly contributed to 

the methodologies in the field by establishing optimized chemotaxis media [7] and 

developing new experimental techniques and assays [8, 9]. From today’s perspective, it is 

evident that Adler’s choice to start his chemotaxis studies in E. coli – which has a relatively 

simple chemotaxis system – facilitated rapid gains in our fundamental understanding of the 

process. 

Besides swimming in liquid medium, five other forms of motility have been described in 

bacteria [10]. Swarming, twitching, gliding, sliding and darting, in contrast to swimming, are 

all surface-based forms of motility [10] and only swimming and swarming rely on the use of 

flagella. For the scope of this work, the other forms of bacterial motility besides swimming 

are of minor importance and will therefore not be discussed in detail. 

 

 



  

   

 

As Pfeffer speculated in 1883, one of the most important physiological roles of bacterial 

chemotaxis is the acquisition of nutrients [1]. In many cases, compounds that are 

metabolizable nutrients, such as carbon [11] or nitrogen sources [12, 13] evoke attractant 

responses in bacteria. In contrast, toxins and other harmful substances often induce repellent 

responses [14]. However, besides nutrients and toxins, many other substances give rise to 

attraction or repulsion that neither are energy sources nor are harmful to the bacterium [14, 

15]. In some of these cases, motility and chemotaxis could be associated with particular 

physiological roles, such as host colonization [16, 17], virulence and pathogenicity [18-20], 

the formation of symbiotic relationships [21] and biofilm formation [22]. 

Motility and chemotaxis can play vital roles in the establishment and progression of 

infectious human diseases [20]. For instance, chemotaxis underpins the host interaction, 

virulence, and pathogenicity of Pseudomonas aeruginosa, Helicobacter pylori, Salmonella typhi 

(Typhoid fever) and members of the group of Spirochetes, such as Borrelia burgdorferi (Lyme 

disease) [18, 20]. Strains of P. aeruginosa with mutations in their chemotaxis signaling cascade, 

for example, possess drastically reduced virulence and pathogenicity in a mouse model [19]. 

Similarly, a virulent strain of B. burgdorferi could be turned into a strain which lost its 

chemotactic ability and its ability to sustain an infection in mice solely by inactivating a single 

signaling protein of the chemotaxis cascade [23]. In H. pylori, a prominent gastric pathogen, 

chemotaxis has been associated with the ability of the bacterium to navigate to its preferred 

niche of the neutral gastric mucosa [24]. 

Chemotaxis is also involved in quorum sensing and the formation of biofilms. E. coli, for 

instance, exhibits an attraction response towards the quorum sensing signaling molecule 

autoinducer-2 [22], which is perceived by the Tsr receptor. In other pathogenic bacteria, the 

formation of biofilms is intimately linked with the progression of diseases [25]. Besides its 

role in infectious human diseases, chemotaxis is also of great importance to plant-microbe 

interactions. First, chemotaxis plays a vital role in symbiotic plant-microbe interactions [21]. 

Second, plant pathogenic bacteria rely upon chemotaxis to identify and infect their hosts 

[26, 27]. 

Chemotaxis mediates beneficial interactions between plants and microbes, such as the 

interactions between symbiotic nitrogen fixating bacteria and their hosts. Sinorhizobium 

meliloti and Azospirillum brasilense for example, both are nitrogen fixating bacteria, which either 



  

   

 

live in close proximity to roots (A. brasilense) or form nodules at the root site (S. meliloti) and 

the two bacteria show positive chemotaxis towards roots (S. meliloti) [28] or root exudates 

(A. brasilense) [29]. Since the roots and their biosphere provide advantageous environmental 

conditions for the bacteria, it is believed that chemotaxis here is directly linked with a 

selective advantage [30]. 

Besides symbiotic plant-microbe interactions, chemotaxis could be linked in multiple plant 

pathogenic bacteria with host identification [27], virulence [31] and pathogenicity [20, 32]. 

For instance, it was shown for the tomato plant pathogen Ralstonia solanacearum that 

functional flagella and chemotaxis are necessary to effectively infect its host [31]. 

Furthermore, R. solanacearum showed positive chemotaxis towards root exudates with a 

substantially stronger attraction response towards tomato root exudates rather than towards 

rice root exudates, indicating a role of chemotaxis in host identification and early stages of 

infection [27]. Similar findings were obtained for Pseudomonas syringae pv. tomato which was 

attracted to tomato intercellular fluid [33] and for Agrobacterium tumefaciens which showed a 

strong attraction response towards wheat shoot extracts and tobacco leaf homogenates [34]. 

In accordance with these findings, an average of 33 chemoreceptors per species was found 

in a subset of 28 highly important plant pathogenic bacteria [20]. This is substantially more 

than the 14 chemoreceptors found on average in bacteria [35] and suggests particular 

importance of the chemotaxis system in these pathovars and plant pathogens in general [20]. 

  



  

   

 

In bacteria, the chemotactic process consists of three important steps: signal input; 

intracellular signal transduction; and signal output. Specific sets of proteins exist for each of 

the steps. The signal input step requires transmembrane spanning chemoreceptor proteins, 

which bind extracellular stimuli, so-called ligands, before initiating an intracellular signaling 

cascade. The intracellular signal transduction consists of a kinase cascade and is mediated by 

Che proteins, which are also responsible for regulation and maintenance of the chemotaxis 

machinery (Figure 1.1). Finally, a change of flagella rotation represents the signal output 

step. The flagella rotation ultimately determines the observable swimming behavior and the 

bacterium either tumbles (= reorients and swims into new direction) or runs (= proceeds 

swimming into original direction). A large amount of variation exists between different 

bacteria at each of the steps of the chemosensory system. Therefore, the chemotactic process 

will be illustrated here on the basis of the model organism E. coli, which harbors one of the 

simplest and best understood chemosensory systems (Figure 1.1). 

In E. coli a decrease of attractant concentration or an increase of repellent concentration 

result in the autophosphorylation of the histidine autokinase CheA [36, 37]. Phosphorylated 

CheA, in turn, phosphorylates the response regulator CheY, which finally transmits the 

signal to the flagellar apparatus and increases the frequency of clockwise rotation. In E. coli 

an increase of clockwise flagella rotation leads to a break up of the flagella bundle and 

induces tumbling of the bacterium [38] (Figure 1.1).  

Besides the central CheA-CheY two-component system, E. coli also harbors a CheB-CheR 

dependent adaptation system (Figure 1.1). The function of the adaptation system consists 

of the methylation and demethylation of specific glutamate residues in the bacterial 

chemoreceptor and is responsible for fine-tuning the basal chemoreceptor activity. The 

methylation of bacterial chemoreceptors is also the reason why bacterial chemoreceptors are 

often referred to as methyl-accepting chemotaxis proteins (MCPs) [6]. 



  

   

 

 

 

 

As mentioned above, a substantial amount of variation exists between different bacteria with 

regard to their chemosensory systems and in particular regarding their Che proteins and 

chemoreceptors. E. coli possesses the Che proteins CheA, CheW, CheY, CheB, CheR, and 

CheZ. Genome analysis of 450 prokaryotic genomes determined that five of these Che 

proteins (CheA, CheW, CheY, CheB, and CheR) are present in around 90 % of the 

compared genomes and belong to a core set of Che proteins [39]. In contrast, the specific 



  

   

 

phosphatase CheZ belongs to a group of Che proteins which are represented in a smaller 

number of the compared genomes (around 60%)  [39]. Similar to CheZ, various other 

phosphatases, a deamidase and a docking protein have been identified in other bacteria 

which can be found only in some organisms and not in others [39, 40]. Some bacteria have 

been found to possess more than one set of Che proteins [41, 42] with the corresponding 

che genes typically being organized in distinct operons and having distinct sensing profiles 

[41]. Finally, there are differences in the operation of the Che proteins. In E. coli, for example, 

the CheA autophosphorylation is inhibited by attractants, while in Bacillus subtilis it is 

activated by attractants [43]. 

Despite the substantial amount of variation among the components of the signaling cascade, 

the amount of variation found at the chemoreceptor level is far greater. The chemoreceptors 

are of utmost importance for chemotaxis, as it is the repertoire of expressed chemoreceptors 

that determines what a bacterium reacts to. Also, the specificity and sensitivity of each 

receptor determine the intensity of the reaction to a given stimulus. 

  



  

   

 

Bacterial chemoreceptors are responsible for the binding of ligands and the transduction of 

the signal to the intracellular signaling components. They vary greatly, in particular with 

regard to their topology [35], sensing profiles [44], solubility [35, 45], localisation [45] and 

expression patterns [46].  

 

The E. coli chemoreceptors are organized into three distinct domains: (i) the ligand binding 

domain (LBD), (ii) the histidine kinase, adenylyl cyclase methyl-accepting chemotaxis 

proteins and phosphatase (HAMP) domain and (iii) the signaling domain (Figure 1.1).  

In the E. coli chemoreceptors, the LBD is localized extracellularly at the N-terminus of the 

protein and is flanked by two transmembrane helices. Its main purpose is ligand detection 

through direct or indirect (with periplasmic binding proteins) binding of chemical stimuli. 

Therefore, the LBD of a chemoreceptor determines its specificity.  

The HAMP domain adjoins the LBD intracellularly and acts as a signaling relay controlling 

input-output states. It is attached to the second transmembrane helix of the LBD and 

transfers signals from it to the last domain, the signaling domain. 

The signaling domain finally, controls the CheA kinase activity and therefore activates the 

intracellular signaling cascade (Figure 1.1). It is also the signaling domain, which contains 

the glutamate residues that can be methylated and demethylated by CheR and CheB to 

modulate the basal receptor activity. Of particular importance is the chemoreceptor tip 

region which is essential for contacts to other proteins such as CheW, CheA and other 

chemoreceptors [37]. 

The topology of the E. coli chemoreceptors with three separate domains and two 

transmembrane regions is by far the most abundant topology found for bacterial 

chemoreceptors [35]. However, a detailed in silico analysis of 3388 bacterial protein sequences 

with methyl-accepting domains predicted five other membrane topologies for bacterial 

chemoreceptors (Figure 1.2) [35]. A total of 70% of the sequences were predicted to adopt 

the Ia topology, similar to the E. coli chemoreceptors. Besides this topology, soluble 

chemoreceptors with (IVa) and without an LBD (IVb), as well as chemoreceptors with a 



  

   

 

single transmembrane domain (Ib), an intracellular LBD (II) or no LBD, but 1-8 

transmembrane regions (III) were predicted [35]. All chemoreceptors used in this work were 

predicted to adopt the Ia topology. Therefore, the other topologies will here not be discussed 

in detail. 

 

 

The diversity of chemotactic signals that can be processed by different types of bacteria is 

determined by three factors: (i) the number of chemoreceptor genes present in the genome 

of a bacterium; (ii) the expression level of a specific chemoreceptor at a specific point of 

time; and (iii) the specificity of a given chemoreceptor, which is determined by its LBD. 

 

A bioinformatics study examining the prevalence of chemoreceptors in 244 bacterial 

genomes found that bacteria on average possess 14 chemoreceptors, which is dramatically 

more than the five chemoreceptors of E. coli [35]. The amount of chemoreceptors present 

in a bacterium is only weakly associated with its genome size but correlates strongly with its 



  

   

 

lifestyle. For example, bacteria living in defined ecological niches (e.g. methanotrophs or 

obligate pathogens) contain a low number of chemoreceptors in their genome (typically ≤ 

5). However, bacteria that live in rapidly changing environments, such as soil or aquatic 

environments, or where nutrients are scarce and competition for carbon sources is rigorous, 

possess a relatively high amount of chemoreceptors (typically around 15-20). The bacteria 

with the highest number of chemoreceptors encoded in their genome are those that live in 

complex relationships with other organisms, such as symbiotic bacteria of the rhizosphere 

(typically ˃ 20). [35] 

 

Besides the total number of chemoreceptors encoded in the genome, the relative expression 

levels of each chemoreceptor are important. In E. coli for example, the two high abundance 

chemoreceptors, Tsr and Tar, have expression rates which are roughly ten times that of its 

two low abundance chemoreceptors Trg and Tap [47-49]. Similarly, in B. subtilis, which has 

ten chemoreceptors, there is a 40-fold difference in the expression levels of the highest- and 

lowest expressed chemoreceptors [50]. However, it would be misleading to assume the 

chemoreceptor expression rates within a bacterium are constant. This was clearly 

demonstrated by a recent study which examined the expression levels of 27 Pseudomonas 

putida chemoreceptors in the presence of different growth conditions and chemoeffectors 

[46]. It revealed that the growth medium, growth phase and presence of ligands all influence 

the expression levels of chemoreceptors. Therefore, the level of chemoreceptor expression 

and the abundance of individual chemoreceptors are controlled by multiple factors which 

have to be taken into account when studying chemotaxis in vivo. [46] 

Finally, the chemotactic response of a bacterium is determined by the individual specificity 

of each expressed chemoreceptor. In accordance with this, the specificity determining LBDs 

represent the most variable part of a chemoreceptor and often share a very limited amount 

of sequence identity [51]. The LBDs of transmembrane chemoreceptors can be grouped 

into two clusters according to their size (Figure 1.3). Cluster I encompasses LBDs with a 

size of 120-210 amino acids, while cluster II contains LBDs with a size of 220-299 amino 

acids [35]. In bacteria, LBDs of cluster I are predominant. Structural analyses of the LBDs 

suggest that cluster I LBDs consist of a single structural module, while the LBDs 

encompassed in cluster II are typically arranged in a bimodular fashion [52, 53]. In total, five 

commonly found domain structures for LBDs have been identified in bacteria (Figure 1.3): 

4-helix bundles (4-HB); single calcium channels and chemotaxis receptors (sCACHE) 



  

   

 

domains; helical bimodular (HBM) domains, double CACHE (dCACHE) domains; and the 

nitrate- and nitrite-sensing (NIT) domains [54]. The HBM domain consists of two structural 

modules with high structural similarity to 4-HBs [52], while the dCACHE domain was 

named dCACHE as it is composed of two modules with structural similarity to sCACHE 

domains [53]. The NIT domain was first characterized in the NasR protein of Klebsiella 

oxytoca [55] and was predicted as a structural module in various other species [56]. 

Nevertheless, it remains one of the least characterized LBDs. The LBDs of the four E. coli 

chemoreceptors Tar, Tsr, Tap and Trg all belong to cluster I and have 4-HB domain 

structure. To date, indirect binding of chemoeffectors via periplasmic binding proteins, has 

been confirmed for 4-HB domains [57, 58] and HBM domains [59] and has also been 

proposed for dCACHE domains [54, 60]. HBM domains were found to bind ligands either 

in the membrane distal, or membrane proximal module [52], while the dCACHE domains 

typically bind ligands in their membrane distal module [53, 54, 61]. 

 

 

One of the most complex characteristics of bacterial chemoreceptors is the process of signal 

integration at the membrane. Ultimately, the vast amount of diversity at the level of the 

chemoreceptor proteins is opposed by a binary signal output with the bacterium either 

running (anti-clockwise flagellar rotation) or tumbling (clockwise flagellar rotation). 

Therefore, the environmental information gained by the chemoreceptors needs to be 

integrated before the bacterium either tumbles or runs. It is yet to be understood how the 



  

   

 

signal integration takes place in detail, however to date it appears that the process takes place 

at the membrane by cooperative coupling of individual chemoreceptors [62].  

In the E. coli membrane, the chemoreceptors form heterotrimers of homodimers by pairing 

with other chemoreceptors [63, 64]. The heterotrimers in turn associate with CheW and 

CheA and the formation of heterotrimers allows for the pairing of low abundance receptors, 

such as Trg and Tap, with high abundance receptors, such as Tsr and Tar [63, 64]. Most 

likely the heterotrimer formation is granted by interactions between the tip residues of the 

homodimers [65, 66]. 

The core complex is defined as the structure composed of the smallest amount of 

chemotaxis proteins which still possesses all chemotactic functions such as efficient control 

of the autophosphorylation activity. It was revealed by experiments in artificial membranes 

that the core complex is composed of two chemoreceptor heterotrimers and two CheW and 

CheA adaptor proteins [67]. For the formation of the core complex, three molecular bridges 

are formed between the two heterotrimers by the intracellularly associated CheA and CheW 

proteins [37]. Figure 1.4 gives an overview of the core complex and the formed molecular 

bridges. In the bacterial membrane finally, multiple core complexes form large hexagonal 

arrays through additional interactions of their respective adaptor proteins (Figure 1.4) [68]. 

This cooperative organisation of chemoreceptors in hexagonal arrays and recent findings 

regarding the signal transmission within individual chemoreceptor homodimers, led to the 

speculation that the binding of ligands to chemoreceptors leads to a change in the bundle 

packing dynamic of the individual chemoreceptors which is passed on and amplified 

throughout the hexagonal arrays [62]. This interaction between the chemoreceptors is 

supposed to result in a strong activation or inhibition of the phosphorylation cascade and 

an “all-on/all-off-situation”. However, due to the extreme diversity at the chemoreceptor 

level, the exact nature of the signal integration at this point is still under investigation. 



  

   

 

 

 

  



  

   

 

Since Adler began his studies on E. coli, great efforts have been undertaken to develop 

techniques and assays to study bacterial chemotaxis and the functionalities of individual 

bacterial chemoreceptors, equally [42]. Despite these novel tools, two of the assays that Adler 

developed [8] still represent some of the most widely used assays for studying the 

chemotactic responses of motile bacteria [42]. The qualitative and quantitative “capillary 

assays” are used to confirm the existence of a chemoattraction response in a bacterium 

(qualitative) as well as to quantify the effect (quantitative). In short, capillary assays are 

conducted by placing a capillary, containing a potential chemoattractant solution, in a 

suspension of motile bacteria. Next, the chemoattraction response of bacteria towards the 

capillary opening is either observed under a microscope (qualitative) (Figure 1.5) or the 

number of bacteria that swim into the capillary within a set amount of time is determined 

(quantitative). 



  

   

 

 

 

While the capillary assays proved useful to determine the chemotactic response of bacteria 

towards individual chemoattractants, they are a time-consuming technique and are limited 

with regard to throughput. To overcome these limitations, and owed to advances in micro-

engineering, more modern techniques were developed in recent years, such as “microfluidic 

devices”. 

Microfluidic devices used for assessing bacterial chemotaxis typically consist of glass or 

polydimethylsiloxane and are engineered with standard methods of photolithography and 

etching. Microfluidic devices designed for examining chemotactic responses of bacteria 

contain small channels and/or wells in the size of nanometers to millimeters in which the 

bacteria can move. Of particular use for the examination of bacterial chemotaxis are some 

of the special physical properties that fluids have on the microscale. For example, parallel 



  

   

 

fluid streams on the microscale do not mix with one another, but flow in parallel, while small 

chemicals and bacteria can diffuse and swim between the streams [69, 70]. 

In general, two types of microfluidic devices exist for the examination of bacterial 

chemotaxis. First, “static” microfluidic devices exist, which in a first step are loaded and then 

rely on the formation of chemical gradients by diffusion [71]. Second, microfluidic devices 

exist that employ parallel streams and require the slow pumping of chemoeffectors and 

bacteria through the device [69, 70, 72]. In recent years, a great number of microfluidic 

devices with different designs for different purposes have been developed [70-73]. 

Another technique to assess the chemotactic response of a bacterium is the use of swim agar 

plates [2, 42]. Swim agar plates contain a low concentration of agarose (typically between 

0.2-0.35% (w/v)) and are supplemented with either a potential chemoattractant or 1% 

tryptone. A prerequisite for swim agar plates is that the presented chemical can serve as a 

nutrient for the tested bacteria [42]. Next, the swim agar plates are inoculated in the center 

and the bacteria metabolize the available nutrients. Bacteria, which are attracted by the 

presented chemical stimulus/nutrient migrate from the inoculation point outwards, leading 

to the formation of a ring in the agar plate. The low agarose content thereby allows for the 

swimming of bacteria in small liquid-filled channels within the agar. So far, swim agar plates 

have in particular been used for the identification and characterization of chemotaxis 

deficient mutants [74-76]. 

 

The chemotactic response of a bacterium is determined by the specificities and sensitivities 

of all of its expressed chemoreceptors [44, 46]. Therefore, the elucidation of the ligand 

binding profiles and binding parameters of individual bacterial chemoreceptors represents 

another major challenge in the field. Various techniques and assays have been developed 

over the years to elucidate the ligand binding profiles and sensitivity of individual 

chemoreceptors. In general, it is possible to differentiate between in vivo techniques (e.g. 

knock-out experiments [12], fluorescence resonance energy transfer studies [77] and 

construction of chimeric chemoreceptor fusion proteins [78]) and in vitro approaches (e.g. 

fluorescence thermal shift assays (FTS assay) [79] and isothermal titration calorimetry (ITC) 

[80]). Here only two of the most prominent in vitro approaches (FTS assays and ITC) will be 



  

   

 

discussed in detail, while the construction of chimeric fusion proteins as an important in vivo 

technique is discussed in section 1.5.2. 

In vitro assays have to be carried out with purified protein. However, the vast majority of 

bacterial chemoreceptors possess transmembrane regions [35] and are therefore challenging 

to purify as full-length proteins. Instead, it is common practice to rely on the domain 

structure of bacterial chemoreceptors, purify the LBD and assess its ligand binding profile 

and sensitivity [79, 81, 82]. A commonly used assay for determining the ligand binding 

profile of a bacterial chemoreceptor LBD are FTS assays [79, 81, 83, 84]. FTS assay samples 

contain a fluorescent dye which interacts with hydrophobic amino acids, a purified and 

folded LBD as well as a potential ligand [79]. A thermal gradient is run to denature the 

protein and the corresponding fluorescence signal is measured [79]. Typically, a sigmoidal 

denaturation curve is obtained, as the fluorescence increases while the protein exposes its 

hydrophobic core during the denaturation process and the fluorescent dye binds to the 

exposed hydrophobic amino acids. From the fluorescence curve, the melting temperature 

can be determined, which is represented by the point of inflection (50% denaturation). 

Ligands typically have a stabilizing effect, as the binding leads to the formation of additional 

hydrogen bonds [79, 81, 82]. Therefore, a quantifiable shift of the melting temperature can 

be observed in the presence of ligands (Figure 1.6). In this work, FTS assays were carried 

out in a high-throughput manner by using Biolog (Hayward, CA, USA) Phenotype Micro-

Array (PM) plates (off-label use), which contain 95 potential ligands, as well as an empty 

water control well (see also section 2.2.20 and Appendix 8.5) [79].  
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The gold standard to assess the sensitivity of a bacterial chemoreceptor LBD for its cognate 

ligands is ITC. ITC is a technique to assess chemical and physical processes which result in 

a net loss or gain of heat [80]. Typically, interactions between two components are assessed, 

such as the interaction between two small molecules, a small molecule and a protein or two 

proteins. During an ITC experiment, the first component (Purified LBD) is kept in solution 

in a temperature controlled adiabatic well, while the second component (Potential ligand) is 

titrated into the well [80]. The resulting interaction between the two components leads to 

the generation or consumption of heat and compensation heaters have to be powered to 

keep the temperature in the adiabatic well stable. The energy consumed by the compensation 

heaters is a direct reflection of the consumed or produced heat and ultimately allows for the 

determination of important binding parameters, such as the dissociation constant (KD), 

enthalpy (ΔH), entropy (ΔS) and stoichiometry (n) [80] (Figure 1.7). ITC under optimal 

conditions, therefore, allows for the determination of the chemoreceptor LBD affinity and 

a detailed analysis of the thermodynamic parameters of the binding process. Figure 1.7 

shows a schematic illustration of an ITC result and how the most important binding 

parameters can be determined from it. 
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The efficient sensing of small chemical compounds is of great interest for various 

biotechnological and biomedical applications. For example, efficient bioremediation 

processes, in vivo and in vitro based biosensors as well as some bioconversion processes all 

require the sensitive perception of small chemicals to establish an economically valuable 

process. So far, in particular, the periplasmic binding proteins of E. coli have been extensively 

engineered for potential applications as sensory elements [85]. For example, the 

glucose/galactose binding protein has been studied in detail to develop highly sensitive 

glucose sensors usable in a biomedical context (e.g. diagnostic tools for diabetes) [86]. In 

contrast to bacterial chemoreceptors and their LBDs, periplasmic binding proteins typically 

share a highly conserved tertiary structure [87] and are incapable of signaling to intracellular 

response regulators on their own. Therefore, bacterial chemoreceptors and their LBDs 

represent promising new scaffolds for engineering novel biological sensory elements, which 

are usable in vivo and in vitro. However, while bacterial chemoreceptors and their LBDs 

exhibit an extraordinary amount of diversity it is often required to slightly change sensitivity 

and/or specificity of the chemoreceptors before using them in biotechnological or 

biomedical applications. So far, three major strategies have been explored to change the 

binding profile or signaling properties of chemoreceptors. Those are (i) rational design of 

chemoreceptors (ii) directed evolution based approaches and (iii) creation of fusion proteins 

[44]. 

 

The rational design of chemoreceptors towards new functions is perhaps the most 

challenging approach, due to the limited knowledge available about the signaling steps from 

the LBD towards the signaling domain and the limited knowledge about LBDs with non-4-

HB domain structure in general. Nevertheless, Bi et al. for the first time proved, that it is 

possible to design the E. coli chemoreceptor Tar rationally towards L-arginine binding by 

introducing two point mutations (Arg69Glu and Arg73Glu) [71]. Initially, Bi et al. compared 

the binding of attractants and antagonists to the Tar chemoreceptor and identified two 

separate regions within the Tar chemoreceptor binding pocket which are responsible for 

ligand recognition on the one hand and ligand recognition and signal generation on the other 



  

   

 

hand. The chemoreceptor was then rationally designed so that the key interactions in the 

signal generating region were retained, while the residues in the ligand recognizing region 

were altered to allow for L-arginine binding [71]. The functionality of the new Tar variant 

was demonstrated in vivo and E. coli cells carrying the altered chemoreceptor were attracted 

towards L-arginine [71]. 

The second method used to change the sensing capabilities of chemoreceptors is directed 

evolution. In contrast to rational design, this strategy has the advantage that no prior 

knowledge about the structure of the protein is required. Furthermore, it is possible with 

directed evolution to also identify mutations associated with functional changes that are 

localized away from the binding site, and would not be targeted in a rational design approach. 

However, the major disadvantage of this technique is the necessity to generate and screen 

large libraries containing multiple hundreds of thousands or even millions of variants. 

Therefore, a sensitive high-throughput screening system must be in place to allow for the 

isolation of variants with altered binding capabilities. So far only two directed evolution 

attempts of bacterial chemoreceptors have been carried out [88, 89]. Both of these focused 

on the Tar chemoreceptor and used a simple in vivo screening system relying on swim agar 

plates and an E. coli knock-out strain devoid of all chemoreceptors apart from the introduced 

Tar variants [88, 89]. In the first study from 2006, a combination of error-prone PCR and in 

vivo screening was used to generate variants of Tar with the ability to detect new ligands (i.e. 

phenylalanine and cysteic acid) [88]. In a follow-up study, Tar mutants were identified which 

can bind phenylacetic acid, the product derived from hydrolyzation of phenylacetylglycine 

through penicillin acylase [89]. 

Besides rational mutagenesis and directed evolution, the construction of bacterial 

chemoreceptor fusion proteins represents an alternative technique to alter the sensing or 

signaling properties of bacterial chemoreceptors.  

 

Chemoreceptor fusion proteins are an important way to combine the specificity of one 

receptor with the signaling properties of another. Historically, fusion proteins have been 

widely used to study the specificity and signaling properties of individual chemoreceptor 

proteins. In essence, the construction of fusion proteins exploits the high degree of 

modularity in bacterial chemoreceptors and the fact that chemoreceptors are composed of 



  

   

 

three distinct domains with distinct physiological functions. In contrast to rational design 

and directed evolution, the construction of fusion proteins limits the changes in the 

chemoreceptor binding profile to pre-existing binding profiles, since it does not artificially 

alter or expand the binding profile of a chemoreceptor LBD. However, in particular, for the 

interspecies transfer of sensing capabilities, this technique has proven useful. For instance, 

fusion proteins allow the assessment of the specificity of LBDs from different organisms in 

the model organism E. coli and various fusions between the E. coli chemoreceptors have 

been constructed, such as Tar-Tsr [90], Tar-Tsr [90, 91], Tap-Tar, Tar-Tap [92] and Tsr-Trg 

[49]. One of the most difficult parameters when aiming to construct chemoreceptor fusion 

proteins is the choice of the fusion point. A more recent study successfully fused LBDs of 

each type (4-HB, sCACHE, HBM, dCACHE and NIT) with the signaling portion of the 

Tar receptor [77]. Dependent on the type of LBD (4-HB, sCACHE, HBM, dCACHE, NIT) 

different fusion points between the LBD part and Tar signaling domain proved optimal [77]. 

In particular, fusions above the two transmembrane helices (at the beginning and end of an 

individual LBD (double crossover)), within transmembrane helix 2 or in/after the HAMP 

domain proved functional [77]. Bi et al. also showed that the activity of a fusion protein can 

be further enhanced by using a five amino acid linker at the fusion site [77]. However, the 

best linker from a random library of linker sequences has to be selected. Bi et al. used for 

this selection a similar swim agar selection as Derr et al. in their directed evolution experiment 

of the Tar chemoreceptor [77, 88]. 

Besides fusions between different chemoreceptors, fusions between chemoreceptors and 

sensor kinases from other two-component signaling pathways have also been successful. In 

particular, fusions with the osmosensor protein EnvZ are of great importance. The 

osmosensor protein EnvZ has minimal sequence identity with the E. coli chemoreceptors 

(Tar-EnvZ-identity around 23%) but shares the overall organization into three domains. No 

specific ligand is known for EnvZ, but EnvZ has been shown to be involved in the 

osmoregulation of E. coli by regulating the expression levels of the outer membrane porins 

OmpC and OmpF [93]. The response regulator associated with EnvZ is OmpR, which in 

its phosphorylated form, activates the transcription of genes encoded under the ompC 

promotor and represses the expression of genes under the ompF promotor [93]. Since EnvZ 

activation changes the transcription state of genes rather than altering the swimming 

behavior of E. coli, fusion proteins between chemoreceptor LBDs and the EnvZ protein 

represent a first major step in the development of whole cell biosensors, as it became 

possible to link the sensing profiles of chemoreceptor LBDs with the expression of genes. 



  

   

 

The LBDs of Tar and Trg were both successfully fused with the sensor kinase EnvZ of E. 

coli [94-97] and the resulting Tar- and Trg-EnvZ fusions, named Taz1 and Trz1 proved their 

functionality in a blue-white screen based on β-galactosidase expression. Historically, these 

fusions between the E. coli chemoreceptor LBDs of Tar/Trg with EnvZ were in particular 

used to assess the function of specific residues and domain fragments to elucidate the exact 

nature of chemoreceptor signal transduction [97]. 

  



  

   

 

Pseudomonas are Gram-negative gamma proteobacteria. The species of the genus can survive 

in various environments [98]. Among the best studied Pseudomonas species are Pseudomonas 

aeruginosa, Pseudomonas putida, and Pseudomonas syringae. Pseudomonas aeruginosa is particularly well 

studied owed to its role as a prominent human pathogen [99], while Pseudomonas putida 

proved to be a reliable host for the implementation of biotechnological production 

processes [100]. Finally, the strains of Pseudomonas syringae are of great scientific and economic 

interest as they represent important plant pathogens which pose a serious threat to various 

crops worldwide [101]. 

Pseudomonas syringae pv. actinidiae (Psa) emerged as a pathogen for yellow- and green-fleshed 

kiwifruits in Japan and China 1989 [102, 103]. Since then, Psa has spread not only in Asian 

countries such as China, Japan, and Korea [104] but also in European countries, such as 

Italy [105], France [106] and Portugal [107]. In New Zealand, the first major Psa outbreak 

dates back to 2010 [108].  

Psa infects plants through natural openings like stomata as well as through wounds in the 

leaves or the stem. Typically, infected kiwifruit plants develop characteristic symptoms, such 

as flower necrosis, brown leaf spots, wilting of leaves and twigs and cankers [108]. 

Eventually, the Psa infection leads to the death of the plant. Streptomycin injections and 

copper sulfate treatment can slow the progression of the disease, but these treatments also 

cause substantial phytotoxicity [109]. For New Zealand, it was estimated that alone in the 

first five years after the appearance of Psa in New Zealand the financial loss due to Psa 

infections and subsequently lost exports may sum up to 930 million dollars [110]. 

 

In various plant pathogenic bacteria and Pseudomonas syringae pathovars, chemotaxis has been 

shown to be crucial for infection, host identification, virulence, and pathogenicity (see 

section 1.1.2) [20]. Therefore, the chemotaxis system of Psa has become a new research field. 

Similar to other plant pathogens, Psa was predicted to possess a large number of 

chemoreceptors (43 in total). Four of these have been functionally annotated by high-

throughput FTS assays and ITC [83, 84]. PscA, PscB, and PscC, all have dCACHE LBDs 

and sense different subsets of amino acids [84], while PscD (sCACHE) is specific for C2 and 

C3 carboxylic acids [83].  



  

   

 

Bacterial chemoreceptors represent a central component of the bacterial chemotaxis system. 

Ultimately, the number and type of expressed chemoreceptors control what a bacterium can 

sense. In turn, bacterial chemotaxis is directly linked with various, economically relevant 

physiological processes, such as the infection and progression of diseases in plants and 

humans, equally. Therefore, a better understanding of bacterial chemotaxis and the sensing 

profiles of individual chemoreceptors is highly desirable, to allow the development of new 

therapeutic approaches and preventive measures. Despite this apparent importance, the 

knowledge about bacterial chemoreceptors and chemotaxis systems apart from the E. coli 

system is limited. In part, this is owed to the large diversity of bacterial chemoreceptors and 

their LBDs. The sensitivity and specificity determining -, typically extracellular LBDs of 

bacterial chemoreceptors, represent the most variable part of a chemoreceptor and are of 

utmost importance for ligand recognition. On the one hand, the LBD diversity renders it 

challenging to obtain a deeper understanding of chemotaxis in bacteria and prevents the 

creation of new therapeutics. On the other hand, it also poses an opportunity for the 

development of new sensory elements on the basis of bacterial chemoreceptor LBDs. 

Numerous biotechnological applications (e.g. biosensors, bioremediation processes, whole 

cell catalysts) require the efficient sensing of small chemicals and the LBDs of bacterial 

chemoreceptors represent promising new scaffolds for engineering these. While most LBDs 

exhibit impressive sensitivity and specificity for their cognate ligands, it is often still required 

to tweak ligand binding capabilities for a particular biotechnological application. Therefore, 

rational mutagenesis and directed evolution of bacterial chemoreceptor LBDs are of 

outstanding importance. So far it has only been attempted to alter the binding capabilities 

of the Tar chemoreceptor in E. coli and no widely applicable systems or guidelines for 

rational mutagenesis or directed evolution of bacterial chemoreceptor LBDs exist. 

Therefore, the major aims of this work were: 

1. To further the understanding about the structure-function relationships within 

bacterial chemoreceptor LBDs by exploring the diversity of bacterial 

chemoreceptors and investigate the differences between three bacterial 

chemoreceptor LBDs with a high degree of sequence identity, but varying binding 

profiles. 



  

   

 

2. To develop and validate a generally applicable high-throughput screening platform 

for the directed evolution of chemoreceptor LBDs, by exploiting the domain 

structure of bacterial chemoreceptors, constructing a functional LBD-EnvZ fusion 

protein and relying on fluorescence-based screening. 

3. To screen a library of chemoreceptor LBD-EnvZ fusion protein variants and isolate 

variants with improved sensitivity for malate by employing the newly established 

high-throughput screening platform. 

Ultimately, this work aimed to further the general understanding of bacterial chemoreceptor 

LBDs and explore rational mutagenesis and directed evolution as potential techniques to 

alter the binding capabilities of bacterial chemoreceptors in a side by side comparison. 

  



  

   

 

 

Growth media, such as Lysogeny Broth (LB)-medium, auto-induction medium (AIM), 

Tryptone Broth and Terrific Broth (TB)-medium were from Formedium (Hunstanton, UK). 

All other used chemicals used in this work were of laboratory or reagent grade purity and 

were from established suppliers, such as Sigma-Aldrich (St Louis, MO, USA) and Thermo 

Scientific (Waltham, MA, USA). 

 

A detailed list of the buffer and media recipes used in this work can be found in Appendix 

8.1. 

 

All restriction endonucleases used in this work (Table 2.1) were from New England Biolabs 

(NEB) (Ipswich, Ma, USA). 



  

   

 

  

All primers used in this work (Table 2.2) were from Macrogen Inc. (Seoul, South Korea). 

Primers were received as lyophilized pellets. Primer stock solutions with a concentration of 

100 µM were prepared in Tris-EDTA-buffer and were stored at -20 °C. Next, primer 

working stocks were prepared as 10 µM concentrated solutions with double distilled water 

and were stored at 4 °C.  



  

   

 

 

In this work, three vector backbones were used for various applications. First, the 

pET28a(+) vector was used for the high-level expression of bacterial chemoreceptor LBDs 

for subsequent protein purification. Second, the pRR49 vector was used for the low-level 

expression of bacterial chemoreceptor LBD-EnvZ fusion proteins in the fluorescent 

reporter strain (EPB30). Third, the pK18mobsacB vector was used for the construction of 

a chemoreceptor knock-out and knock-in strain of wild-type Psa. Table 2.3 gives an 

overview of the most important features of the used vector backbones and a detailed list of 

all the vectors used during the course of this work and their purpose can be found in 

Appendix 8.2. 



  

   

 

 

 

Table 2.4 gives an overview of the bacterial strains used in the course of this work.  

F- mcrA Δ(mrr-hsdRMS-mcrBC) 

endA1 recA1 Φ80dlacZΔM15 

ΔlacX74 araD139 Δ(ara,leu)7697 

galU galK rpsL (StrR) nupG λ- 

tonA 

E. coli B F- dcm+ Hte ompT 

hsdSB(rB
- mB

-) gal λ (DE3[lacI 

lacUV5-T7p07 ind1 sam7 nin5]) 

endA Tetr 

E. coli B F– ompT hsdSB(rB
– mB

–) 

dcm+ Tetr galλ(DE3) endA Hte 

[argU ileY leuW Camr] 

E. coli K-12 F– λ– ilvG– rfb-50 rph-

1 Φ(ompF+-yfp+) Φ(ompC+-cfp+) 

envz::kan 

F- mcrB mrr hsdS20(rB
- mB

-) 

recA13 leuB6 ara-14 proA2 lacY1 



  

   

 

galK2 xyl-5 mtl-1 rpsL20(SmR) 

glnV44 λ- 

wild-type isolate 

 

  



  

   

 

In this work, PCRs were carried out as the first step in various cloning procedures. In 

addition, multiple alterations of standard PCRs were performed which exploit specific 

characteristics of PCRs to allow for the introduction of mutations in either a directed or 

random way. Standard PCRs were prepared as 50 µL reactions. All standard PCRs were 

supplemented with dimethyl sulfoxide in a final concentration of 3% (v/v). Table 2.5 gives 

an overview of the standard PCR reaction mixture used in this work using the thermostable 

Phusion High-Fidelity DNA polymerase from New England Biolabs (Ipswich, MA, USA).  

 

Once prepared, the reaction mixture was placed in a PCR thermocycler and a PCR program 

was run on the machine (Table 2.6). Time and temperature required for each step of the 

program were carefully adapted to allow for the successful amplification of the desired target 

fragment. For Phusion High-Fidelity DNA polymerase the denaturation temperature was 

set to 98 °C and the initial denaturation was carried out for 60 s for all plasmid-based 

templates. In cases where the template was genomic DNA the initial denaturation time was 

set to 5 min. The elongation time was calculated based on the desired fragment length. An 

amplification rate of 2 kb/min was assumed for Phusion High-Fidelity DNA polymerase. 

After completion of the PCR, the amplified sequences were recovered using agarose gel 

electrophoresis and subsequent gel extraction or the NucleoSpin® Gel and PCR Clean-up 

kit by Macherey-Nagel (Düren, Germany). 



  

   

 

 

SOE-PCRs can be used to generate fusions of PCR products with complementary ends by 

relying on two sequential rounds of standard PCRs. In this work, SOE-PCRs were used in 

cases were Gibson assembly reactions or QuikChange mutagenesis PCRs did not yield the 

desired product and were unsuccessful. In the first standard PCR round, two fragments were 

produced which possess complementary sequences at one end. As the primers used in both 

Gibson assembly and QuikChange mutagenesis rely on complementary ends, they can be 

used in this first PCR round in combination with additional outer primers. The obtained 

fragments were isolated from SYBR safe stained agarose gels, before being isolated using 

the NucleoSpin® Gel and PCR Clean-up kit. In the second round of standard PCR, the two 

obtained PCR fragments from the first round were used as templates together with the outer 

primers. In this work, typically, the same amount of each fragment was used for the second 

PCR. Due to the complementary ends of the fragments, they align with one another and the 

outer primers are capable to amplify the full-length fragment, which can be recovered by 

agarose gel electrophoresis and subsequent gel extraction. 

 

The GeneMorph II Random Mutagenesis Kit by Agilent Technologies (Santa Clara, CA, 

USA) was used to generate a library of target sequences with randomly introduced point 

mutations. Table 2.7 shows the composition of the corresponding 50 µL error-prone PCR 

reaction mixture. 



  

   

 

 

After preparation of the reaction mixture, the tube was placed in a thermocycler and a PCR 

specific melting cycle was designed according to the manufacturer’s instructions (Table 2.8). 

As the amount of template DNA in interaction with the number of PCR cycles performed, 

determine the frequency of acquired mutations, both parameters were carefully assessed and 

a total of 18 ng target DNA (corresponding to a total of 122 ng plasmid) in combination 

with 30 PCR cycles was chosen for the error-prone PCR to obtain a medium to high error 

rate of 4.5-16 mutations per kb. After completion of the PCR, the reaction mixture was 

stored and the amplified sequences were recovered using the NucleoSpin® Gel and PCR 

Clean-up kit. 

 

 

 

 



  

   

 

QuikChange mutagenesis was carried out to introduce single point mutations into LBD-

EnvZ constructs and to design new LBD variants. The QuikChange mutagenesis primers 

were designed so that the mismatched base pair for the introduction of a mutation was 

distanced between 6 to 9 bp from the 5´ end of the primer. Therefore, QuikChange 

mutagenesis primers exhibited a short, 13 to 16 bp encompassing, complementary sequence 

at their respective 5´ ends. For the amplification of the template sequence, a standard PCR 

with a reduced cycle number of 21–25 cycles was carried out to ensure the error-free 

amplification of entire plasmid and to prevent the exhaustion of the dNTPs during PCR. 

After successful amplification, a DpnI digest was performed to remove the methylated 

template sequence and the amplified sequences were recovered using the PCR Clean-up kit. 

Finally, electrocompetent E. coli cells of the strain E. cloni 10G were transformed with the 

nicked, amplified sequences. 

 

Colony PCRs were used to amplify the desired target sequence from a bacterial colony 

without previous purification of the DNA from the bacterial cells. In this work, colony PCRs 

were mostly carried out to assess the transformation status of recovered bacterial cells after 

transformation. 

For a colony PCR, a bacterial colony was picked from an agar plate using the tip of a sterile 

yellow 200 µL pipette tip, before resuspending it in 50 µL double distilled water. Next 5 µL 

of the resuspension were transferred into a clean tube and were incubated at 95 °C for 10 

min. After incubation the tube was cooled down to room temperature, before 3 µL double 

distilled water, 10 µL KAPA Taq ReadyMix from KAPA Biosystems (Wilmington, MA, 

USA) or Quick-Load® Taq 2× Master Mix from New England Biolabs (Ipswich, MA, USA), 

1 µL of the forward primer (final concentration of 0.5 µM) and 1 µL of the reverse primer 

(final concentration of 0.5 µM) were added. The 20 µL reaction mixture was carefully mixed 

by pipetting before the strip tube was placed in a thermocycler and the PCR was carried out 

in similar fashion as a standard PCR. As the KAPA Taq ReadyMix and Quick-Load® Taq 

2× Master Mix contain Taq polymerase as the heat stable enzyme the denaturation steps 

were carried out at 95 °C instead of 98 °C and an amplification rate of 1 kb/min was used 



  

   

 

(Table 2.9). After completion, the samples were run on an agarose gel stained with ethidium 

bromide, to visualize the amplified fragments under ultraviolet light. 

 

Restriction endonuclease digests were set up as 50 µL reaction mixtures (Table 2.10) and 

were incubated at 37 °C for 3-4 h. Restriction enzyme (30 U) were added to a reaction 

mixture, while up to 2 µg of plasmid DNA were digested at once. Where appropriate, the 

enzymes were heat inactivated after incubation and the digested DNA templates were 

recovered using agarose gel electrophoresis and subsequent gel extraction or the 

NucleoSpin® Gel and PCR Clean-up kit. 

 

 

 



  

   

 

Linearized vectors used in cloning were treated with Antarctic phosphatase from New 

England Biolabs (Ipswich, MA, USA) to cleave the 5´ phosphate group from the template 

and prevent re-ligation of vectors during the subsequent ligation reactions. To set up a 

phosphatase reaction the re-isolated, linearized vector was mixed with 5 µL Antarctic 

phosphatase reaction buffer, 2.5 µL Antarctic phosphatase (final concentration of 

0.25 U/µL) and double distilled water to a final volume of 50 µL. The reaction mixture was 

incubated for 3-4 h at 37 °C before the phosphatase was heat inactivated by incubation at 

80 °C for 10 min. Finally, the phosphatase-treated linearized vector was re-isolated using the 

NucleoSpin® Gel and PCR Clean-up kit and used in subsequent ligation reactions. 

 

Ligation reactions were used to fuse linearized vectors and inserts that were obtained by 

restriction endonuclease cleavage and possessed complementary sticky ends. In this work, 

T4 DNA ligase from New England Biolabs (Ipswich, MA, USA) was used to generate the 

phosphodiester bonds between neighboring 5´ and 3´ ends of aligned DNA strands. Before 

ligation reactions were set up, the optimal amount of insert to be used in a reaction mixture 

was calculated using: 

Insert amount [ng]= 
Vector amount [ng] × Insert length [bp]

Vector length [bp]
 × Molar insert-vector-ratio 

Typically, vector amounts of 20-50 ng were used and a molar insert-vector ratio of 3:1 was 

used. After calculation, the reaction mixtures were set up as 20 µL reactions (Table 2.11) 

and were placed in a thermocycler. The ligation mixture was incubated for 14-18 h using a 

repetitive two-step thermocycling program (10 °C for 30 s followed by 30 °C for 30 s). 

Finally, the T4 DNA ligase was heat inactivated by incubating the mixture for 20 min at 

65 °C, before the ligation reactions were stored at -20 °C for subsequent transformation 

reactions. 

 



  

   

 

 

Gibson assembly was used for the assembly of multiple DNA fragments in a single reaction. 

The Gibson assembly procedure consists of two steps which are i) the preparation of the 

DNA fragments and ii.) the Gibson assembly reaction. 

For the preparation of the DNA fragments, the desired insert(s) and vector backbone were 

amplified using a standard PCR. Specific Gibson assembly primers were used to ensure that 

the insert(s) and vector backbone possess 20-30 bp sequence identity at their respective 5´ 

and 3´ ends. Agarose gel electrophoresis and subsequent gel extraction were carried out to 

re-isolate the amplified insert(s). In the case of the vector backbone, additional DpnI 

treatment was carried out before agarose gel electrophoresis to fully remove the parental, 

template plasmid. 

For the Gibson assembly reaction, the insert(s) and vector backbone were mixed with 5 µL 

Gibson Assembly® Master Mix from New England Biolabs (Ipswich, MA, USA) and 

double distilled water to a total reaction volume of 10 µL. The amount of each insert to be 

used was calculated in the same fashion as for ligation reactions using: 

Insert amount [ng]= 
Vector amount [ng] × Insert length [bp]

Vector length [bp]
 × Molar insert-vector-ratio 

Around 50-100 ng of vector backbone were used and a molar insert-vector ratio of 3:1 was 

used for the assembly of up to three fragments (including the vector). For the assembly of 

four fragments, equimolar amounts were used. After preparation, the Gibson assembly 

reaction was incubated for 3-4 h at 50 °C, before being stored at -20 °C for subsequent 

transformation reactions. 



  

   

 

Agarose gel electrophoresis was carried out to separate DNA fragments and vectors 

according to their respective sizes in an electric field using 1% agarose gels (w/v). All gels 

were supplemented with a DNA intercalating dye, such as ethidium bromide (final 

concentration of 1 µg/mL) or SYBRsafe (final concentration of 1×) to allow for the later 

visualization of DNA using ultraviolet (Ethidium bromide) or blue light (SYBRsafe). Gels 

were prepared by microwaving 0.35 g agarose in 35 mL TAE-buffer. Once the agarose was 

completely dissolved the desired dye was added, before the solution was mixed and poured 

into a gel tray to be cooled down. A comb was inserted into the liquid gel to form pockets. 

After settling the gel was transferred into a gel tank and was submerged in TAE-buffer. 

Samples to be analyzed were supplemented with 6× KAPA Taq loading dye (final 

concentration 1×) and were loaded into the pockets formed after removal of the comb. 

Also, 5 µL KAPA Universal Ladder were loaded into one well on the gel to later estimate 

the size and quantity of individual fragments and plasmids. Once all samples were 

transferred to the gel the lid of the gel tank was closed and an electric charge (110 V) was 

applied to the tank. After 25 min, the gel electrophoresis was stopped and the agarose gel 

was recovered from the gel tank. To visualize DNA fragments, pictures under ultraviolet 

light were taken. If the fragments or vectors were used in subsequent cloning steps, the gels 

were not exposed to ultraviolet light, which can lead to radiation damage of DNA, but were 

cut out under blue light using a scalpel and were re-isolated from the gel using the 

NucleoSpin® Gel and PCR Clean-up kit. Ethidium bromide does not fluoresce under blue 

light, therefore, SYBRsafe had to be used for these applications. 

 

To create electrocompetent E. coli cells, the desired strain was streaked out on an LB-agar 

plate. A pre-culture consisting of 5 mL LB-medium in a sterile 15 mL glass tube was 

inoculated with a picked colony and was incubated at 37 °C and 200 rpm shaking overnight. 

After growth for 14-18 h, 4 mL of the pre-culture were used for inoculating 400 mL 

LB medium in a sterile 2 l non-baffled Erlenmeyer flask. This main-culture was incubated at 

37 °C and 200 rpm until an OD600 of 0.35-0.4 after about 3-4 h growth time was reached. 

Next, the main culture was distributed into eight 50 mL centrifuge tubes which had been 

pre-chilled on ice for 5 min. After 10 min on ice, the cells were harvested by 10 min 



  

   

 

centrifugation at 1,800 g and 4 °C, using a pre-chilled rotor and centrifuge. The supernatant 

was decanted before the pellets of every two centrifuge tubes were resuspended in 50 mL 

chilled, double distilled water (4 °C). The four 50 mL resuspensions were again centrifuged 

at 1,800 g and 4 °C, using a pre-chilled rotor and centrifuge before the supernatant was 

decanted and the pellets of every two centrifuge tubes were resuspended in 50 mL chilled, 

double distilled water (4 °C). The two remaining tubes were again centrifuged (1,800 g; 4 

°C). Next, all cells were resuspended in 50 mL of chilled 10% glycerol (4 °C) and were 

centrifuged (1,800 g; 4 °C). The supernatant was decanted and the pellet was resuspended 

in 1.5-2 mL of chilled 10% glycerol. The OD600 of a 1:1,000 dilution of the resuspension was 

measured and 10% glycerol was added until the 1:1,000 dilution possessed an OD600 of 

around 0.1, which corresponds to about 3 × 1010 cells per mL. Finally, 50 µL fractions of 

the resuspension were aliquoted into chilled PCR tubes, which were snap frozen with liquid 

nitrogen and stored at -80 °C for up to 18 months. 

 

For the transformation of electrocompetent E. coli cells with newly constructed plasmids, a 

50 µL aliquot of electrocompetent cells was thawed on ice. Once completely thawed, 2-3 µL 

of a ligation reaction or Gibson assembly reaction mixture, containing the newly constructed 

plasmid, were added to the cells. The reaction mixture was resuspended by pipetting and 

was transferred into a pre-chilled electroporation cuvette. The outside of the cuvette was 

wiped dry and it was ensured that the cells were evenly distributed along the bottom of the 

cuvette. Next, the electroporation cuvette was placed in an electroporator from Bio-Rad 

(Hercules, CA, USA) and a pulse of 2.5 kV was sent through the cell solution. Immediately 

after electroporation, 600 µL super optimal broth with catabolite repression or LB medium 

were added to the cells and the cells were carefully resuspended by pipetting. All the above 

steps were carried out under a flame to ensure sterility. The cell solution was recovered and 

was transferred into a sterile 1.5 mL microcentrifuge tube before being incubated for 1 h at 

37 °C and 200 rpm.  

After incubation, 10, 50 and 200 µL fractions were taken from the solution containing the 

recovered, transformed cells and were plated on individual LB-agar plates supplemented 

with the respective antibiotic(s). The plates were dried under the flame before being 

incubated at 37 °C overnight or until individual colonies were recognizable with the naked 



  

   

 

eye. The transformation status of individual colonies was checked using colony PCR as well 

as sequencing of recovered plasmids. 

 

Freezer stocks were prepared for the long term storage of individual variants at -80 °C. 5 mL 

LB-medium supplemented with the respective antibiotic(s) were inoculated with an 

individual colony of the respective bacterial strain. The cultures were incubated overnight at 

200 rpm and 37 °C (E. coli) or 28 °C (Psa). On the next day, 500 µL of the culture were 

transferred into a 2 mL cryovial from Thermo Scientific and were mixed with 500 µL of 

50% glycerol. Finally, the cryovial was vortexed for 5 s before being placed at -80 °C for 

long term storage. 

 

For the heterologous expression of recombinant proteins, E. coli expression strains 

BL21-Gold (DE3) or LOBSTR-BL21 (DE3)-RIL were used. All proteins purified and tested 

in this work were expressed from pET28a (+) plasmids and were tagged with a 6× His-Tag 

at their respective N-terminus. 

For the protein expression, a 50 mL LB pre-culture was set up in a sterile, non-baffled 

300 mL Erlenmeyer flasks. The pre-culture was supplemented with kanamycin in a final 

concentration of 30 mg/mL and was inoculated from the respective freezer stock before 

being incubated overnight at 37 °C and 200 rpm. On the next day, the main cultures were 

prepared. The main cultures consisted of 400 mL auto-induction medium (AIM) or Terrific 

Broth (TB) medium in a non-baffled 2 l Erlenmeyer flask and were supplemented with 

kanamycin in a final concentration of 30 mg/mL. Each main culture was inoculated with 

4 mL of the pre-culture before being incubated at 37 °C and 200 rpm until an OD600 of 

0.6-0.8 was achieved. Next, the TB cultures were supplemented with the inducer isopropyl 

β-D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 mM before being 

transferred to 18 °C and incubated under 200 rpm shaking for 24-27 h. The AIM cultures 

were not supplemented with inducer and were directly transferred to 18 °C before being 

incubated in the same fashion as TB cultures. Finally, the cultures were harvested by 20 min 



  

   

 

centrifugation at 4 °C and 6,000 g. The supernatant was decanted and the cell pellets were 

recovered, transferred into sterile 50 mL centrifuge tubes and stored at -20 °C. 

 

Recombinant proteins were purified from E. coli cell pellets using either batch purifications 

and cobalt resin or an Äkta device and nickel affinity chromatography. Batch purifications 

have the advantage of being faster, as well as the possibility to purify multiple proteins in 

parallel while the use of an Äkta machine allows for automation and the purification of one 

protein without the necessity for continuous oversight of the experiment. Furthermore, Äkta 

machines possess a detector for continuous monitoring of the 280 nm absorption and 

conductivity of a sample. This allows for the rapid identification of protein containing 

fractions based on the visualized 280 nm absorption trace. If feasible, all protein 

purifications were carried out in a cold room at 4 °C. 

 

For the batch purification of proteins, the recovered cell pellets from an expression culture 

were weighed and placed on ice in a 50 mL centrifuge tube. Per gram cell pellet, 2-4 mL lysis 

buffer were prepared, which typically resulted in a total volume of ~ 40 mL. The lysis buffer 

was supplemented with lysozyme from Gold Biotechnology (St. Louis, MO, USA) in a final 

concentration of 0.5 mg/mL. In addition, 0.2 µL Benzonase® nuclease (stock 25 U/µL) 

from Sigma Aldrich and 20 µL protease inhibitor cocktail from Sigma Aldrich were added 

per gram cell pellet. The supplemented lysis buffer was added to the cell pellet and the cell 

pellet was thawed and resuspended by intermittent vortexing and incubation on ice. Once 

the cell pellet was completely dissolved and no major clumps remained the cells were lysed 

using sonication. 

For the sonication, a VibraCellTM sonicator (VCX 500) from Sonics & Materials, Inc. 

(Newtown, CT, USA) was used equipped with a 5 mm tapered micro tip from John Morris 

Scientific (Sydney, Australia). The 50 mL centrifuge tube containing the bacterial solution 

was placed on ice and the sonotrode was submerged in the solution. Next, the cells were 

lysed for 3.5 min using repetitive cycles of 30 s pulse and 30 s pause at an amplitude of 30%. 



  

   

 

To separate the soluble proteins from insoluble cell debris, the solution containing the lysed 

cells was centrifuged at 4 °C and 30,000 g for 45 min. Next, the supernatant was decanted 

and was filtered through a filter with 20 µm pore size to remove all carried over debris. 

For batch purifications, Co2+ metal affinity resin from Clontech Laboratories (Mountain 

View, CA, USA) was used. Cobalt metal affinity resin binds His tagged proteins with high 

specificity. Before the filtered supernatant was added to the resin, the resin was equilibrated 

using a protocol adapted from Clontech. In short, 750 µL resin were transferred into a 15 

ml centrifuge tube from a 50% slurry with 20% ethanol and pelleted by centrifugation at 700 

g for 2 min. The supernatant was discarded before 10-bed volumes (7.5 mL) of lysis buffer 

were added to pre-equilibrate the resin. The resin was centrifuged once more (700 g, 2 min) 

and the pre-equilibration step and centrifugation step were repeated. Per cell pellet from 400 

mL expression culture, 750 µL resin were used to provide sufficient free binding sites and 

purify most of the heterologously-expressed protein. After pre-equilibration of the resin, the 

filtered supernatant was added and the mixture was incubated at 4 °C under slight agitation 

for 1 h to allow for the binding of the His-tagged proteins to the resin. The resin was pelleted 

by centrifugation at 4 °C and 700 g for 5 min. The supernatant was carefully removed and 

the resin was washed twice with 10-bed volumes of lysis buffer. For each wash, the resin 

was resuspended in 7.5 mL lysis buffer and the mixture was incubated at 4 °C for 10 min 

under slight agitation before subsequently being centrifuged (4 °C, 700 g, 5 min). The resin 

pellet was resuspended in 750 µL lysis buffer and the mixture was transferred into a gravity 

flow column from Bio-Rad with its end-cap in place. The resin was allowed to settle out of 

suspension and any excess buffer was drained by removal of the end-cap so that the resin 

was barely covered by the lysis buffer. The resin was washed twice, once with 5-bed volumes 

(3.75 mL) of lysis buffer and once with 5-bed volumes (3.75 mL) of wash buffer 1 (lysis 

buffer supplemented with 10 mM imidazole; pH = 7.0). Finally, the bound His-tagged 

proteins were eluted by addition of 5-bed volumes of elution buffer 1 (lysis buffer 

supplemented with 250 mM imidazole; pH = 7.0) and 1-bed volume of elution buffer 2 (lysis 

buffer supplemented with 500 mM imidazole; pH = 7.0). Individual fractions with a volume 

of 0.5 mL were collected manually in 1.5 mL microcentrifuge tubes during elution. The 

fractions were analyzed using polyacrylamide gel electrophoresis and fractions containing 

the protein of interest in sufficient purity and concentration were pooled for subsequent 

desalting. 

To remove the excess imidazole from the purification steps and to buffer exchange the 

purified proteins, the pooled fractions were desalted. A 53 mL desalting column from GE 



  

   

 

Healthcare (Chicago, IL, USA) was attached to an Äkta Prime or Äkta Pure 25 system and 

was equilibrated with a minimum of 106 mL of storage buffer. Next, the pooled fractions 

were loaded with a syringe into a 15 mL injection loop, attached to the Äkta system. The 

protein solution was injected onto the equilibrated desalting column using the Äkta control 

software. By monitoring the 280 nm absorption at the exit port, the protein containing 

fractions were identified and collected as 1.8 mL fractions. For the fraction collection, the 

automated fraction collector and Äkta control software were used. Typically, the profile of 

a desalting run showed three distinct peaks which are a broad peak in the 280 nm absorption 

channel, representing the purified protein, followed by a second sharp peak in the 

conductivity channel, representing the excess salts from the elution buffer and a third smaller 

peak in the 280 nm absorption channel, representing the excess imidazole. 

The collected protein containing fractions after desalting were pooled and concentrated 

according to the manufacturers manual using 50 mL centrifugal filtration units from Merck 

(Burlington, MA, USA) with a 10 kDa exclusion size. Multiple 20 min centrifugation steps 

(4,000 g; 4 °C; swing bucket rotor) were carried out until the protein solution was 

concentrated to a volume of 0.5-1 mL. Finally, the purified protein sample was carefully 

mixed by pipetting before being aliquoted into 50 µL fractions in PCR tubes, which were 

snap frozen using liquid nitrogen, before being stored at -80 °C for further experiments. 

 

For Äkta based protein purifications the cell pellets from an expression culture were treated 

in the same fashion as for batch purifications. In short, the pellets were resuspended in 

supplemented lysis buffer, before being lysed by sonication and being centrifuged (see 

section 2.2.15.1). The protein containing supernatant was sterile filtered through a filter with 

20 µm pore size and was loaded into a 50 mL super loop attached to an Äkta prime (GE 

Healthcare) or Äkta pure 25 (GE Healthcare). Pre-packed 1 or 5 mL HisTrap Ni-

nitrilotriacetic acid (NTA) columns from GE Healthcare were used for Äkta based 

purifications. The HisTrap columns were equilibrated with 10 column volumes of double 

distilled water, followed by 10 column volumes of elution buffer 2 and 10 column volumes 

of lysis buffer. The filtrated supernatant was loaded onto the column using the Äkta control 

software. Once the 280 nm absorption trace reached baseline levels the injector valve was 

closed and the column was washed with wash buffer 2 (lysis buffer supplemented with 20 

mM imidazole). After the 280 nm absorption trace reached baseline levels the proteins 



  

   

 

bound to the HisTrap column were eluted using elution buffer 1 (lysis buffer supplemented 

with 250 mM imidazole) until the 280 nm absorption reached baseline levels and then 

elution buffer 2 (lysis buffer supplemented with 500 mM imidazole) until the 280 nm 

absorption reached baseline levels. The corresponding elution fractions were collected as 1.8 

mL fractions using the automated fraction collector system and were analyzed by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Fractions containing the 

protein of interest in sufficient quantity and purity were desalted, concentrated and stored 

in the same fashion as samples from batch purifications.  

 

In this work, SEC was used to remove contaminating proteins or degraded proteins from 

protein samples after successful Ni-NTA or cobalt purification and to receive homogeneous 

protein solutions. For SEC, a SuperdexTM 200 Increase column (GE Healthcare) was 

attached to an Äkta pure 25 (GE Healthcare) or Äkta prime (GE Healthcare) and was 

equilibrated with 2-bed volumes (48 mL) storage buffer, before a maximum of 500 µL 

protein sample were injected onto the column. 500 µL fractions were collected using the 

automated fraction collector and protein containing fractions were identified using the 280 

nm absorption trace, before being analyzed using SDS-PAGE. Fractions containing the 

protein of interest were pooled and concentrated using AmiconR Ultra – 0.5 mL Centrifugal 

filters (Merck) with an exclusion size of 10 kDa. Next, the protein samples were either 

immediately used in subsequent ITC experiments or they were aliquoted into 50 µL fractions 

in PCR tubes, snap frozen using liquid nitrogen and stored at -80 °C for later use. 

 

Protein concentrations in solutions were measured using a Cary 100 UV-Vis 

spectrophotometer (Agilent Technologies) 100 µL of the respective storage buffer were 

transferred air bubble free into an 80 µL quartz cuvette from Hellma (Plainview, NY, USA). 

The cuvette was placed in the spectrophotometer and an ultraviolet-visible-light-spectrum 

from 300 to 200 nm was recorded. Next, 1-5 µL of the protein sample were thoroughly 

mixed into the 100 µL storage buffer. The cuvette was placed back into the machine and a 

300 to 200 nm ultraviolet-visible-light-spectrum was recorded. The buffer normalized 



  

   

 

absorption at 280 nm was calculated by subtracting the 280 nm absorption measured in the 

storage buffer from the 280 nm absorption measured in the protein containing sample. The 

extinction coefficient for a given protein which is based on the primary structure of the 

expressed protein was calculated using the ExPASy ProtParamter bioinformatics tool [112, 

113] (see section 2.2.27.1). Finally, the protein concentration in the sample was calculated 

using Lambert-Beer’s law: 

(F) × c  = 
A

ε × d
 

  A = buffer normalized absorption at 280 nm 

  c = protein concentration [mol/L] 

  d = cuvette thickness [cm] (for 80 µL quartz cuvettes = 1 cm) 

  ε = protein specific extinction coefficient [l/mol·cm] 

  F = dilution factor (for the measurement described above = 21-101) 

 

A multi-gel caster was used for the preparation of up to 12 SDS gels for subsequent SDS-

PAGE. All SDS gels used in this work were composed of stacking and resolving gels. 

Table 2.12 shows the composition of the stacking and resolving gel. 

 



  

   

 

Initially, the individual glass plates for the gels were assembled in the multi-gel caster. Next, 

the resolving gel solution was prepared in a 50 mL centrifuge tube and equally distributed 

among the plates. Each resolving gel was covered with 2 mL of isopropanol to ensure an 

even separation line between resolving and stacking gel. After polymerization, the 

isopropanol was tipped off and the residual liquid was removed using a stream of 

compressed air. The stacking gel solution was prepared in a 50 mL centrifuge tube and all 

resolving gels were covered with a stacking gel of around 2 cm thickness. Combs with 15 or 

8 wells were inserted into the stacking gels before they polymerized. Finally, the finished gels 

were removed from the multi-gel caster, individually wrapped with wet paper towels and 

stored in an airtight bag at 4 °C until required. 

 

SDS-PAGE with subsequent Coomassie Brilliant Blue staining was used to analyze protein 

containing fractions during protein purification or SEC. For SDS-PAGE, 10 µL of a fraction 

to be analyzed were transferred into a sterile PCR tube before 10 µL 2× SDS loading dye 

were added and the sample was incubated at 95 °C for 10 min to unfold all proteins and 

break apart potential di-sulfide bonds. During incubation, pre-made SDS gels were attached 

to a Mini-Protean® Tetra Vertical Electrophoresis Cell (Bio-Rad) and submerged in 1× 

Running Buffer.  The cooked SDS samples were cooled to room temperature, before 2 µL 

(for fractions containing the total or all soluble proteins), 5 µL (for individual fractions 

during SEC or protein purification) or 5-10 µL (for fractions from column wash steps with 

reduced imidazole concentration) of a sample were loaded into a well on the SDS gel. To 

estimate the size or quantity of proteins on the SDS gel, 5 µL Precision Plus Protein All Blue 

Standards were loaded into one well of the SDS gel. A voltage of 200 V was applied for 45 

min to the electrophoresis cell to allow for complete electrophoresis and separation of 

proteins according to their molecular mass. 

To visualize the proteins in the resolving gel, the gels were removed from the electrophoresis 

cell, then the stacking gel was separated from the resolving gel using a scalpel or spatula, and 

was discarded. The resolving gel containing the proteins, separated according to their size, 

was submerged in a staining solution containing Coomassie Brilliant Blue G-250, which 

binds to basic amino acids in the denatured proteins on the gel. After 30 min incubation 

under slight agitation, the gels were removed from the staining solution, washed with 



  

   

 

distilled water and submerged in de-staining solution, which removes all dye from the gel 

that is not protein-associated. After 1-2 h incubation under slight agitation, the de-stained 

resolving gels were transferred into a box with fresh distilled water, before being 

photographed. 

 

FTS assays were carried out to examine the binding of small molecules to purified LBDs 

and rapidly identify new potential ligands. FTS assays were performed with the contents of 

Phenotype Micro-Array (PM) plates from Biolog (Hayward, CA, USA). Biolog PM plates 

contain various common small molecules, e.g. amino acids, sugars and nutrient sources that 

often represent ligands of bacterial chemoreceptors. To resuspend the contents of Biolog 

PM plates, 50 µL double distilled water were added to each well and thoroughly mixed. 

Three to four PCR tubes containing the heterologously-expressed, purified LBD of interest, 

were thawed on ice, their contents were pooled in a fresh tube and thoroughly mixed by 

pipetting. The concentration of the protein solution was determined using a Cary 100 UV-

Vis spectrophotometer from Agilent Technologies (Santa Clara, CA, USA). Next, 2 mL of 

a 10 µM protein-SYPRO working solution were prepared using storage buffer and a 5000× 

SYPRO orange stock. Table 2.13 gives an overview for the preparation of a 10 µM FTS 

assay working solution from a 100 µM protein stock. 

 

18 µL of the 10 µM working solution were transferred into each well of a white, 96 well 

LightCycler 480 Multiwell Plate. Next, 2 µL from each well of the resuspended Biolog PM 

plate were transferred into the corresponding well on the LightCycler 480 Multiwell Plate 

and the mixture was thoroughly mixed by pipetting. The prepared LightCycler 480 Multiwell 

Plate was covered with a clear LightCycler 480 Sealing Foil, centrifuged at 1,000 g for 2 min 



  

   

 

and placed in a LightCycler 480 from Roche (Basel, Switzerland). Next, a thermal melt 

program was run on the LightCycler to denature the proteins (Table 2.14). As the 

hydrophobic core of the protein is exposed during denaturation and as SYPRO Orange 

reacts with hydrophobic protein residues, the fluorescence continuously increases during the 

experiment. To have an optimal detection of fluorescence the excitation: 483 nm/emission: 

568 nm filter combination on the LightCycler was used for FTS assays.   

° ° °

 

Once the run was completed, the individual melting temperatures were determined using 

the LightCycler 480 software. For each well, the measured 568 nm emission data, as well as 

the negative of the first derivative (-dF/dT), were plotted against the temperature. In the 

568 nm emission data, the protein melting point corresponds to the point of inflection, while 

it is characterized as a local minimum in the negative of the first derivative. The raw data 

and called melting temperatures were exported as ASCII files for further analysis in Excel 

or Prism. For each well on the 96 well plates, ΔTM was calculated by subtracting the measured 

melting temperature in the protein-buffer-only control (well A1 on all Biolog PM plates) 

from the melting temperature measured in a well containing a potential ligand. Typically, 

ΔTMs of more than 2 °C were regarded as potential ligands, which in promising cases were 

followed up on using more sensitive techniques, such as ITC. A book chapter regarding the 

screening of chemoreceptor-ligand interactions by high-throughput thermal shift assays has 

been written and published during the course of this work (Appendix 8.5) [79]. 

 

ITC was carried out to assess the binding of small molecules to purified LBDs and determine 

the parameters of binding. ITC experiments were carried out with collected fractions after 

SEC as well as purified protein aliquots. To ensure the acquisition of meaningful data, the 

protein purity before ITC was assessed by SDS-PAGE and an estimated purity of ~ 90% 



  

   

 

was considered to be sufficient for ITC. Two types of ITC instruments were used in this 

work. On the one hand, the MICROCAL VP iTC from Malvern Panalytical (Malvern, UK) 

was used, which requires 2 mL samples for the adiabatic well, and on the other hand, the 

NanoITC from TA Instruments (New Castle, DE, USA) was used, which requires 300 µL 

sample in the adiabatic well. Freshly collected SEC fractions were concentrated to the 

required volume using AmiconR Ultra – 0.5 mL centrifugal filters with an exclusion size of 

10 kDa, whereas thawed, purified protein aliquots were diluted with storage buffer to reach 

the required volume. Purified protein fractions that had undergone a freeze-thaw cycle were 

spun down for 3 min at 16,000-17,000 g and filtered through a 0.22 µm filter to ensure the 

removal of any protein aggregates. Finally, the protein concentration in the ready to use ITC 

samples was determined using a UV-Vis-spectrophotometer (Agilent Technologies) and the 

ligand solution in suitable concentration was prepared. The ligand to be tested was dissolved 

in storage buffer, and the pH of the ligand solution was adjusted to the pH of the used 

buffer. Great care was taken to ensure that the buffers in the ligand solution and the protein 

containing solution were matched as tightly as possible. 

Both the VP iTC, as well as the NanoITC sample chamber,  were thoroughly cleaned 

between runs using 500 mL double distilled water, 200-500 mL 2% Decon 90 followed by 

an additional wash step with 500 mL double distilled water. Finally, the sample cells were 

equilibrated multiple times with storage buffer. The injector syringe was cleaned similarly 

with ~ 10 mL double distilled water, ~ 10 mL 2% Decon 90, followed by ~ 10 mL double 

distilled water. The injector syringe on the VP iTC was at the end flushed with ~ 10 mL 

methanol and 5 min of air. To prevent the introduction of air bubbles into the ITC 

machinery, both the protein-containing solution as well as the ligand solution, were degassed 

under vacuum and stirring for 10-20 min in a temperature controlled set up. The protein-

containing solution was loaded air bubble free into the adiabatic well, while the ligand 

solution was transferred into the injector apparatus. Next, the ITC parameters for the 

individual experiment were set and the ITC was started. For ITC runs carried out on the 

VP iTC, a conserved set of parameters was used, while the parameters for the NanoITC 

were slightly varied between experiments (Table 2.15). 

 

 

 



  

   

 

 

Obtained ITC data were analyzed using specialized programs. For ITC data obtained from 

the VP iTC, the data were imported into NITPIC to determine the integrated heats upon 

injection [114, 115]. Next, the analyzed data from NITPIC were fitted in SEDPHAT and 

the final figures were prepared using GUSSI [116, 117] (see section 2.2.27.2). For ITC data 

obtained from NanoITC, the data analysis was carried out using “NanoAnalyze” from TA 

Instruments (see section 2.2.27.2).  

 

For the construction of the error-prone PCR library, the pscH LBD was amplified as 

specified in section 2.2.3. In parallel to the amplification of the pscH LBD, the pRR49 vector 

backbone, encoding for the transmembrane domains of the PscH chemoreceptor, the upper 

part of the PscH HAMP domain, as well as the EnvZ fragment, was amplified in a standard 

PCR using the primers pRR49_PscHep_for and pRR49_PscHep_rev. The vector and the 

pscH-LBD fragment were run on an SYBR safe gel, re-isolated using the PCR Clean-up kit, 

DpnI treated and quantified on an ethidium bromide gel. Next, three Gibson assembly 

reactions with a total volume of 30 µL were carried out to ligate the constructs. After ligation, 

the Gibson assembly reactions were cleaned up using the PCR Clean-up kit and fresh 

electrocompetent cells of strain EPB 30 were prepared and transformed with the cleaned up 

Gibson assembly reaction mixtures. A total of 14 transformations were carried out. Each 

transformation consisted of 50 µL electrocompetent EPB30 cells and was transformed with 

2.5 µL of the cleaned up Gibson assembly reactions. The transformations were recovered 

with 600 µL super optimal broth with catabolite repression medium before being pooled 



  

   

 

into a sterile 15 mL centrifuge tube. Next, the pooled transformation reactions were 

incubated at 37 °C for 1 h. 

Three large square agar plates (24.5 cm × 24.5 cm) were poured with 250 mL LB agar 

supplemented with carbenicillin in a final concentration of 100 µg/mL. The transformation 

reaction mixture was divided between the three large agar plates (2.6 mL/plate) and was 

plated. The plates were incubated at 28 °C overnight. On the next day, the grown 

transformants were scraped off by the addition of 4 mL LB medium and use of a spreader. 

The LB medium was pipetted off the plate and transferred into a sterile 50 mL centrifuge 

tube. In total, the scraping off procedure was repeated three times to ensure all colonies had 

been scraped off. The cells were pelleted by centrifugation (6,000 g, 20 min)  and were 

resuspended in 2 mL LB medium supplemented with 100 µg/mL carbenicillin. Finally, the 

mixture was aliquoted into 500 µL fractions, which were supplemented with 500 µL 50% 

glycerol and were stored at -80 °C for long term storage. 

 

All flow cytometry experiments were conducted under the supervision of experienced flow 

cytometry technicians. Michelle Wilson assisted with the flow cytometry experiments carried 

out on a BD LSR Fortessa cell analyzer from Becton Dickinson (San Jose, CA, USA) and 

operated the BD FACSAria IIU cell sorter from Becton Dickinson (San Jose, CA, USA) for 

fluorescence-activated cell sorting (FACS) of EPB30 cultures. Alfonso Schmidt operated 

the FACS BD INFLUX cell sorter from Becton Dickinson (San Jose, CA, USA) for FACS 

of EPB30 cultures. Prior to each flow cytometry experiment, quality control of the BD LSR 

Fortessa and the BD FACSAria IIU was performed using BD FACSDiva CS&T beads, and 

the drop delay for cell sorting on the BD FACSAria IIU was determined using BD accudrop 

beads. The optimal signal and alignment condition of the FACS BD INFLUX was 

monitored by Alfonso Schmidt using ultrabright rainbow spherotech beads and accudrop 

beads were used to identify the drop delay parameter. 

For all flow cytometry experiments, a pre-culture of the desired strain was prepared. For the 

pre-culture, 50 mL M9 medium supplemented with 10 µM IPTG and 50 µg/mL ampicillin 

were inoculated either with a scratch from a freezer stock, a single colony or 300 µL of a 

thawed library containing freezer stock. The pre-culture was incubated at 37 °C and 200 rpm 

in a non-baffled 300 mL Erlenmeyer flask overnight. The following day, the FACS cultures 



  

   

 

were prepared by supplementing 7.5 mL M9 medium with 10 µM IPTG and 50 µg/mL 

ampicillin. The FACS cultures were inoculated with 75 µL of the pre-culture and incubated 

in a sterile 15 mL test tube at 37 °C and 200 rpm. To test the effect of ligands on the fusion 

protein-mediated expression of CFP and YFP in EPB30, 20 mM stock solution of the 

desired ligands in M9 medium were prepared, the pH of the stock solutions was calibrated 

to match the pH of the M9 medium and the solution was sterile filtered through a 20 µm 

filter. Next, the desired concentration of ligand was prepared by dilution with sterile M9 

medium and 7.5 mL of the ligand-containing M9 medium were supplemented with IPTG in 

a final concentration of 10 µM and ampicillin in a final concentration of 50 µg/mL before 

being inoculated with 75 µL of the pre-culture. Once the FACS cultures had reached an 

OD600 of 0.3 after 6-7.5 h of growth, the cultures were harvested by centrifugation at 6,000g 

for 5 min and the cell pellet was resuspended by vortexing in 5 mL 1× phosphate buffered 

saline. Finally, single cell fluorimetry and FACS were carried out.  

 

A BD LSR Fortessa cell analyzer, fitted with a blue 488 nm laser, a green 561 nm laser, a red 

640 nm laser and a violet 405 nm laser, was used for analysis. For the excitation and emission 

detection of CFP fluorescence, the violet 405 nm laser in combination with the V525/50 

detector were used. The blue 488 nm laser in combination with B530/30 were used for the 

excitation and emission detection of YFP fluorescence. Before the analysis of differently 

fluorescent E. coli cultures, Michelle Wilson calibrated the instrument. In short, the FSC and 

SSC parameter were set to log scale to allow for the detection of bacteria, before the forward 

scatter (FSC) A (area) and side scatter (SSC) A voltages were adjusted to visualize the E. coli 

population in the FSC/SSC dot plot. The FSC and SSC H (height), A (area) and W (width) 

parameters were used for gating out doublets and debris, thus visualizing the E. coli singlet 

population. Next, the optimal voltages for the CFP and YFP detectors were determined on 

the basis of fluorescence negative and positive controls. For this, an EPB30 culture 

transformed with an empty pRR48 plasmid (negative control) and the fluorescence of 

EPB30 cultures expressing a fusion protein in the presence or absence of various ligands 

were used. 

 

 



  

   

 

FACS was carried out on a BD FACSAria IIU cell sorter equipped with a 70 µm nozzle run 

at 20 psi and fitted with a 488 nm laser, a red 633 nm laser and a violet 405 nm laser. For 

the excitation and emission detection of CFP fluorescence, the violet 405 nm laser in 

combination with the V530/30 detector were used. The blue 488 nm laser in combination 

with B530/30 were used for the excitation and emission detection of YFP fluorescence. The 

setting of voltages for FSC, SSC and CFP and YFP detectors, as well as the gating of single 

fluorescent E. coli cells, was carried out as described above for the BD LSR Fortessa cell 

analyzer. 

The fluorescence values of PscH_EnvZ expressing EPB30 cells in the presence and absence 

of ligand were used to set the collection gate. Around 9,000 cells were collected in a 15 mL 

centrifuge tube containing 2 mL sterile LB medium supplemented with 100 µg/mL 

ampicillin. After sorting, the tube was incubated at 37 °C and 200 rpm for 24 h. A 1:105 and 

1:106 dilution in sterile LB medium were prepared and 50 µL of the dilutions were plated on 

fresh LB agar plates supplemented with ampicillin in a final concentration of 100 µg/mL. 

Finally, 96 individual colonies were picked from the agar plates and were analyzed in a 96 

well plate format standard fluorescence growth assay. 

 

FACS was carried out on a FACS BD INFLUX equipped with a 70 µm nozzle with a sheath 

fluid pressure of 33 psi and nozzle vibration of 71.2 kHz. During the sorting process, a 200 

mW blue 488 nm solid state laser and 100 mW blue/violet 455 nm solid state laser were 

used. For the detection of YFP emission, the 520/30 filter was used and for the detection 

of CFP, the 504/12 filter was used. Morphometric parameters (FSC and SSC) were used to 

select the desired singlet E. coli cell population. A threshold was applied to the SSC detector 

to discard noise and unwanted particles. The sorting was carried out under an index sort and 

individual cells within the chosen sort gate were isolated in the individual wells of six 96 well 

plates. 

The wells of the 96 well plates (Thermo Scientific) had been filled before sorting with 200 µL 

sterile LB medium supplemented with IPTG in a final concentration of 10 µM and ampicillin 

in a final concentration of 50 µg/mL. After FACS, the plates were covered with a lid and 



  

   

 

were incubated overnight at 37 °C either under 400 rpm shaking in an IncuMix from Select 

BioProducts (Edison, NJ, USA) plate shaker or under 150 rpm shaking in an Innova 44 

incubator from New Brunswick Scientific (Edison, NJ, USA). After the medium turned 

opaque with growth in the majority of the wells after 17-20 h of growth, 100 µL of 50% 

glycerol were added to each well and the suspension was mixed through pipetting. Finally, 

the FACS sort plates were frozen at -80 °C and stored for later high-throughput fluorescence 

growth assays. 

 

The fluorescence growth assays developed in this work were carried out to assess the 

functionality of individual chemoreceptor LBD-EnvZ fusion proteins, expressed from a 

pRR49 vector, in the context of the reporter strain EPB30. EPB30 possesses transcriptional 

fusions between ompC and the cfp gene encoding for CFP (cyan fluorescent protein) as well 

as ompF and the yfp gene encoding for YFP (yellow fluorescent protein) (see section 1.5.2). 

Therefore, EnvZ fusion proteins expressed in this strain lead to an upregulation of CFP 

expression levels and a downregulation of YFP expression levels provided they are 

functional and can be activated. The OD600 normalized CFP-YFP-ratio for a given LBD-

EnvZ variant expressed in EPB30 reflects the activity level of this variant in the context of 

the used medium. By altering the medium composition or adding potential ligand(s) the 

fluorescence output changes and variants can be compared with regard to their OD600 

normalized CFP-YFP-ratios. 

Fluorescence growth assays were carried out in a standard and high-throughput fashion. 

Typically, fluorescence growth assays were performed to compare different LBD-EnvZ 

fusions in vivo and were carried out after FACS sorting to remove constitutively-active 

variants, re-screen selected variants in a more sensitive fashion and identify the variants with 

the highest relative activity. 

 

Standard fluorescence growth assays were performed to verify the functionality or in vivo 

activity of individual LBD-EnvZ constructs. To perform standard fluorescence growth 

assays, a pre-culture of 5 mL M9 medium supplemented with ampicillin (final c = 50 µg/mL) 



  

   

 

and IPTG (final c = 10 µM) was inoculated either with a freezer stock or an individually 

picked bacterial colony and was incubated overnight at 37 °C and 200 rpm. On the next day, 

the fluorescence growth assay was performed in a 24 well or 96 well format. For both 

formats, the ligands to be tested were dissolved in M9 medium supplemented with ampicillin 

(final c = 50 µg/mL) and IPTG (final c = 10 µM) and the pH of the ligand solutions was 

altered to the pH of the M9 medium. COSTAR® 24 well plates from Corning (Kennebunk, 

ME, USA) were used for the 24 well format fluorescence growth assay and each well was 

filled with 1 mL of ligand-containing M9 medium before being inoculated with 10 µL of the 

respective pre-culture. For the 96 well plate format, black 96 well plates with clear optical 

bottom from Nunc (Roskilde, Denmark) were used. Each well was filled with 200 µL of 

ligand-containing M9 medium and was inoculated with 2 µL of the respective pre-culture. 

Prepared plates were covered with an optically clear lid and transferred into a CLARIOstar® 

plate reader from BMG Labtech (Ortenberg, Germany). A script was programmed and 

carried out every 30 min for 17 to 24 h to measure the CFP and YFP fluorescence as well 

as OD600 while the plates were incubated at 37 °C and 600 rpm double orbital shaking. CFP 

levels were measured using an excitation wavelength of 430 nm with an excitation bandwidth 

of 20 nm and an emission wavelength of 480 nm with an emission bandwidth of 20 nm. 

YFP levels were measured using an excitation wavelength of 497 nm with an excitation 

bandwidth of 15 nm and an emission wavelength of 540 nm with an emission bandwidth of 

20 nm. For the detection of both CFP and YFP, the gain was set to 1,500. The focal height 

was set to 11 mm and the number of flashes per well was set to 40. Before each reading, a 

settling time of 1 s was programmed and the wells were read in a bidirectional manner from 

left to right and top to bottom. The CFP values for each well were measured first, next the 

YFP values were determined and finally, the OD600 values were measured. 

 

High-throughput fluorescence growth assays were developed in the course of this work as 

an optimized test for the in vivo screening of a large number of chemoreceptor LBD-EnvZ 

fusion protein variants in rapid succession. The assays described here were performed after 

FACS to rescreen the isolated variants in a more sensitive fashion and to identify 

constitutively-active as well as the most promising variants, equally. For the high-throughput 

fluorescence growth assays, black 96 well plates with clear optical bottom from Nunc were 

used and each well was filled with 200 µL medium. M9 medium supplemented with 



  

   

 

ampicillin (final c = 50 µg/mL) and IPTG (final c = 10 µM) was used as the standard 

medium and was supplemented with malate or tartrate in 0, 5 or 10 mM concentrations. The 

pH of ligand supplemented M9 medium was altered to match the pH of pure M9 medium, 

before being filter sterilized. For the inoculation of the wells on the assay plate, a 96 well 

plate pin replicator from Boekel Scientific (Pennsylvania Blvd, PA, USA) was used, while a 

frozen FACS sort plate served as the template. The FACS sort plate containing the re-grown, 

isolated, variants after FACS was taken out of the -80 °C freezer, while the pin replicator 

was sterilized using 70% ethanol and the flame. Each well on the FACS sort plate was 

stabbed with one spike of the pin replicator and some cells from each well were transferred 

into the respective well on the Nunc assay plate. To ensure that each well was properly 

inoculated, the inoculation procedure was performed twice and it was ensured that each well 

on the FACS sort plate showed scratch marks. Finally, the FACS sort plates were transferred 

back into long term storage at -80 °C, while the assay plates were covered with an optically 

clear lid and placed in a CLARIOstar® plate reader. The same script and data analysis as for 

the standard fluorescence growth assays was performed. 

 

For the analysis of fluorescence growth assays, the data collected on the CLARIOstar® were 

combined and exported into an Excel spreadsheet and the CFP and YFP values for each 

well at each collected time point were normalized to the respective, measured OD600. The 

OD600 normalized CFP-YFP-ratio for each well at each time point was determined by 

dividing the OD normalized CFP fluorescence values by the OD normalized YFP values. 

Comparing the OD normalized CFP-YFP-ratio between individual variants it was found 

that the difference in the OD normalized CFP-YFP-ratio is at its maximum when the 

cultures possess an OD600 of around 0.3. Therefore, the OD normalized CFP-YFP-ratios at 

an OD600 of around 0.3 was defined as the marker ratio of a culture. The comparison of 

marker ratios allowed a fast evaluation of the effect of different medium conditions. For the 

analysis of individual variants in high-throughput fluorescence growth assays in chapter 5, 

the relative activity of a variant was calculated. The relative activity of a variant was defined 

as the percentage change in the marker ratios from ligand-free to ligand-containing medium 

and variants with higher relative activity show a stronger upregulation of the marker ratio 

from ligand-free to ligand-containing medium. The relative activity of a variant was 

calculated using: 

(
Marker ratio ligand-containing medium

Marker ratio ligand-free medium
×100) -100 



  

   

 

Tri-parental mating was performed to construct a ΔpscH knock-out strain and a pscH::p4d2 

knock-in strain of wild-type Psa strain 18884. For the tri-parental mating procedure, first a 

pK18mobsacB_ΔPscH plasmid as well as a pK18mobsacB_PscH::P4D2 plasmid were 

constructed using PCRs and subsequent Gibson assembly.  

For the construction of the pK18mobsacB_ΔPscH plasmid, three PCRs were carried out. 

The pK18mobsacB vector was amplified from a previously constructed 

pK18mobsacB_Δ27745 vector using the primers pK18Δ_for and pK18Δ_rev. The 786 bp 

large region upstream of the pscH chemoreceptor was amplified from genomic DNA of 

strain Psa strain 18884 using the primers Up_PscH_for and Up_PscH_rev, while the 

downstream fragment (795 bp) was amplified from genomic DNA using Dwn_PscH_for 

and Dwn_PscH_rev. 

For the pK18mobsacB_PscH::P4D2 vector four PCRs were carried out, as an additional 

fragment, representing the mutated LBD of variant P4D2, had to be amplified. The 

pK18mobsacB vector for the knock-in was amplified from pK18mobsacB_Δ27745 using 

pK18_KI_for and pK18Δ_rev. In addition, the upstream and downstream fragment were 

amplified using the primer pairs Up_PscH_for, Up_PscH_KI_rev and Dwn_PscH_KI_for, 

Dwn_PscH_KI_rev. The pscH LBD of variant P4D2 was PCR amplified from the re-

isolated pRR49_P4D2_EnvZ plasmid using PscH_LBD_KI_for and PscH_LBD_KI_rev.  

All PCR fragments were re-isolated from a SYBR safe gel, and the LBD fragment and the 

pK18mobsacB fragments were treated with DpnI to prevent any carryover of the template 

plasmids. Finally, all fragments were quantified on an ethidium bromide gel and the knock-

out and knock-in plasmid were constructed using Gibson assembly. After the successful 

construction of the plasmids had been confirmed by sequencing, the tri-parental mating 

procedure was carried out to introduce a gene deletion/replacement into the genome of Psa 

strain 18884. 

Overnight cultures of the donor strains (E. coli strain E. cloni 10G transformed with either 

the pK18mobsacB_ΔPscH or pK18mobsacB_PscH::P4D2 plasmid), the helper strain (E. 

coli strain HB101 transformed with the pRK2013 plasmid) and the recipient strain (Psa strain 

18884) were grown. Each overnight culture was grown in 5 mL LB medium in a 15 mL 

sterile glass tube at 37 °C and 200 rpm. For the donor strain and helper strain, the 



  

   

 

LB-medium was supplemented with kanamycin in a final concentration of 30 µg/mL. After 

24 h growth, 300 µL of the donor strain and helper strain containing cultures were pelleted 

in a sterile 2 mL microcentrifuge tube by centrifugation at 16,000 g for 1 min at room 

temperature. Similarly, 2 mL of the recipient strain containing culture were centrifuged at 

16,000 g for 1 min at room temperature. The supernatant was decanted and all pellets were 

resuspended through pipetting in 1 mL sterile LB medium before being centrifuged again at 

16,000 g for 1 min at room temperature. The supernatant was decanted and each pellet was 

resuspended in 300 µL sterile LB medium. Next, the resuspension of the donor strain, the 

helper strain, and recipient strain were mixed by pipetting and the 900 µL suspension was 

centrifuged at 16,000 g for 1 min at room temperature. After the supernatant was decanted, 

the final pellet was resuspended in 100 µL sterile LB medium and the solution was dispensed 

as one spot in the center of a sterile LB agar plate. Finally, the solution was spread into a 

spot with a diameter of 2-3 cm on the LB agar plate using an inoculation loop. Once the 

spot was nearly completely dried the plate was sealed with parafilm and incubated overnight 

at 28 °C. 

After cell growth, the cells from the spot were recovered by scraping with an inoculation 

loop and the cells were resuspended in 300 µL LB medium. Next, 30 µL, 60 µL and 200 µL 

of the resuspension were plated onto three separate LB agar plates supplemented with 

30 µg/mL kanamycin and 100 µg/mL nitrofurantoin. The plates were incubated at 28 °C 

for two to four days before individual colonies were picked and re-streaked onto fresh LB 

agar plates supplemented with 30 µg/mL kanamycin and 100 µg/mL nitrofurantoin. Once 

the fresh colonies had grown, two to four colonies were picked and resuspended together 

in 5 mL LB medium. The culture was incubated in a sterile 15 mL glass tube at 28 °C for 

24-48 h. Once the medium turned opaque from growth, 10 µL, 25 µL, 50 µL, 75 µL and 

100 µL of the culture were plated on LB agar plates supplemented with sucrose to a final 

concentration of 10% (w/v). The plates were incubated at 28 °C for two to three days before 

individual colonies were picked and tested with regard to their kanamycin resistance. Colony 

PCRs were carried out with kanamycin sensitive variants and the colony PCR products were 

sequenced to confirm the successful construction of the knock-out and knock-in strains. 

 

 

 



  

   

 

Qualitative chemotaxis assays were carried out to assess the chemotactic responses of wild-

type Psa strain 18884 in comparison to the pscH knock-out and knock-in strain. For the 

qualitative chemotaxis assays, the respective Psa strain was streaked out on an LB agar plate, 

which was then incubated for two days at 28 °C. Once visible colonies had formed, one 

colony was picked with the sterile tip of a yellow pipette tip and a swim agar plate was 

stabbed in its center. Swim agar plates were prepared from tryptone swim agar. The stabbed 

swim agar plate was incubated for two to three days at 22 °C with the agar on the bottom 

of the plate (not upside down as the agar is semi-solid) to allow the swimming of bacterial 

cells towards the edge of the agar plate. 50 mL tryptone broth were inoculated with a 

stabbing from the outer bacterial ring that had formed on the swim agar plate. The culture 

was incubated in a 300 mL non-baffled Erlenmeyer flask at 22 °C and 200 rpm. Once an 

OD600 of 0.35 (around 24 h of growth) had been reached, 5 mL of the culture were 

centrifuged at 3,300 g for 10 min at room temperature. The supernatant was decanted and 

the cell pellet was resuspended in chemotaxis buffer to an OD600 of 0.2. The cells were 

incubated for 2 h under slight agitation. During the incubation time, the capillaries for the 

qualitative chemotaxis assay were prepared. 

After the starvation of the cells for 2 h, a U-shaped glass tube was put on top of an objective 

slide and was covered with a coverslip. Around 200 µL of the cell solution were pipetted 

underneath the coverslip until the formed U-shaped well was filled to the top. Next, a 

capillary containing the chemoattractant to be tested was taken out of the solidified low 

melting point agarose. The outside of the capillary was wiped carefully with a tissue and it 

was ensured that no protruding head was visible from the capillary opening. Next, the open 

end of the capillary was placed in the cell solution under the coverslip. Using a CKX53 

microscope from Olympus Corporation (Tokyo, Japan) at a magnification of 40×, the 

opening of the capillary was observed and a picture of the capillary opening was taken 

immediately after the capillary had been placed in the cell solution as well as after 10 min 

incubation. If motile bacteria are available, and if the presented chemical acts as a 

chemoattractant, a clear chemoattraction response towards the capillary opening can be 

observed, which manifests as the formation of a bright spot at the capillary opening. In all 

experiments, the motility of the cells was confirmed by using casamino acids as a strong 



  

   

 

attractant at a final concentration of 2% (w/v). Furthermore, capillaries containing no ligand, 

but only chemotaxis buffer were tested to ensure that no attraction towards the buffer exists. 

 

For the preparation of capillaries, the potential chemoattractant was prepared in 2 times the 

concentration to be ultimately tested in chemotaxis buffer. The pH of the solution was 

assessed and if necessary was altered to match the pH of the used chemotaxis buffer (pH = 

7.0). Using chemotaxis buffer 4% (w/v) low melting point agarose was prepared in a 50 mL 

centrifuge tube. The agarose was heated to 70 °C until it was completely dissolved. Next, 

250 µL of the 2× chemoattractant solution were transferred into a fresh 1.5 mL 

microcentrifuge tube and the tube was heated to 40 °C. Similarly, the low melting point 

agarose was cooled down to 40 °C. Next, 250 µL of the low melting point agarose were 

added to the chemoattractant containing 1.5 mL microcentrifuge tube and the tube was 

briefly vortexed for 10 s. This diluted the low melting point agarose and the chemoattractant 

solution to the final concentrations of 2% low melting point agarose and the final 

chemoattractant concentration to be tested. The end of a 1 µL glass capillary was melted 

shut using the blue flame of the Bunsen burner and the capillary was plunged into the 1.5 mL 

microcentrifuge tube. During the cooling of the capillary, the chemoattractant containing 

low melting point agarose solution is sucked into the capillary and solidifies within it. Finally, 

the capillaries were stored for later use at 4 °C under aluminum foil. 

 

In this study various web servers were used for different purposes. Here a brief description 

of the used web servers, their purpose, underlying working principles and details about their 

use are given. An in depth description of the underlying bioinformatics algorithms as well 

as detailed descriptions of the working principles can be found in the corresponding 

literature. 

 



  

   

 

The first bioinformatics portal used in the course of this work was ExPASy [112, 113], which 

is operated by the Swiss Institute of Bioinformatics (https://www.expasy.org/). The 

ExPASy portal contains various tools for the in silico analysis of amino acid and DNA 

sequences. The first tool used within the ExPASy portal was the translate tool to translate a 

given DNA sequence into its corresponding amino acid sequence on the basis of the used 

open reading frame and the genetic code. To use ExPASy’s translate tool the tool was 

opened in a web browser (https://web.expasy.org/translate/) and the nucleotide sequence 

to be translated was copied into the translation field, before the “TRANSLATE!” button 

was clicked. The second tool in the ExPASy portal, which was used during the course of 

this work was the ProtParam tool, which allows the in silico prediction of various protein 

associated parameters on the basis of a provided amino acid sequence. During the course of 

this work the ProtParam tool was in particularly used to predict the extinction coefficient of 

a protein, its molecular weight, as well as its theoretical isoelectric point. The protein 

parameters calculated by ProtParam in turn were used for the spectroscopic determination 

of protein concentrations, the assessment of protein purifications by SDS gels, as well as the 

choice of optimized pH-values for protein purification buffers. To use ExPASy’s ProtParam 

tool the tool was opened in the browser (https://web.expasy.org/protparam/) and the 

amino acid sequence corresponding to the protein of interest was copied into the input box, 

before the “Compute parameters” button was clicked. 

 

The second web server used during the course of this work was TOPCONS [118] 

(http://topcons.cbr.su.se/). TOPCONS is a web server for the topology prediction of 

proteins. During the course of this work TOPCONS was used for the prediction of the 

transmembrane domains within bacterial chemoreceptors and the subsequent identification 

of the extracellular LBDs of bacterial chemoreceptors, which are typically flanked by two 

transmembrane domains. For its predictions TOPCONS combines the topology predictions 

of five sub-methods (OCTOPUS, Philius, PolyPhobius, SCAMPI and SPOCTOPUS) in a 

hidden Markov model, before generating a final output, which highlights the predicted 

borders of transmembrane regions, as well as intra- and extracellular regions. To use 

TOPCONS the web server was opened in the browser (http://topcons.cbr.su.se/) the 

amino acid sequence of the protein of interest was copied into the input field in FAST-All 

(FASTA) format, before the job name was defined and an e-mail address was provided to 

receive the results of the TOPCONS prediction. Finally, the “Submit” button was clicked. 



  

   

 

 

The third web server used during the course of this work was the Phyre2 – Protein Fold 

Recognition Server [119] (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). 

Phyre2 serves the prediction of 3D structures of proteins in cases where no protein crystal 

structures are available and represents one of the most widely used tools for this purpose. 

In this work Phyre2 was used to model the PscC chemoreceptor LBD. The Phyre2 web 

server uses a template-based modelling approach, which means that it enriches a given input 

sequence (the input for Phyre2 consists solely of an amino acid sequence) with selected 

information, before carrying out the modelling attempt. In the case of Phyre2 this 

information is typically evolutionary based information derived from multiple sequence 

alignments. To model a given protein the Phyre2 web server carries out a variety of distinct 

operations. Initially Phyre2 carries out a multiple sequence alignment with the given input 

sequence, to identify homologues and specific evolutionary patterns. Next, this information 

is used to create a secondary structure prediction of the given protein and both, the 

information from the multiple sequence alignment as well as the secondary structure 

prediction, are fed into a hidden Markov model. In the next step the output from this hidden 

Markov model is compared with the output from hidden Markov models saved in a 

database, which were created in similar fashion from proteins with known structure. This 

step is known as “fold library scanning” and allows the crude backbone modelling of the 

protein of interest on the basis of the best scoring hits in the hidden Markov model library. 

Finally, loop regions are modelled and the amino acid side chains are put in place by specific 

algorithms. The output of Phyre2 consists of a 3D structural model as well as information 

about the best scoring template structures, which were used for modelling. Furthermore, 

Phyre2 provides a very large amount of information about the quality of the obtained model, 

which has to be judged on a case to case basis. A detailed description of the manifold 

individual parameters applicable for judging the quality of an obtained model is omitted at 

this point, due to the limited scope of this thesis. However, a detailed description of these 

parameters, as well as additional information about the Phyre2 algorithms and the different 

modi operandi of Phyre2 can be found in a previously published Nature Protocol [119]. The 

published protocol [119] also served as basis for the creation and analysis of the PscC 

structural model created in the course of this work. 

 



  

   

 

The fourth web server used during the course of this work was a 

variation of the T-COFFEE web server [120, 121] - the PSI/TM-COFFEE web server [122] 

(http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee). T-COFFEE and its variations are web 

servers used for the creation of multiple sequence alignments. The PSI/TM-COFFEE web 

server used during the course of this work is a T-COFFEE variation specifically designed 

for the fast, but accurate alignment of distantly related proteins, as well as transmembrane 

proteins, such as bacterial chemoreceptors [122]. PSI/TM-COFFEE uses a template-based 

approach and similarly to Phyre2 includes evolutionary information during the creation of 

the multiple sequence alignments. Owed to the incorporation of the evolutionary 

information it could be shown that these types of multiple sequence alignments are more 

robust than traditional alignments and allow for a comparatively accurate alignment of 

distantly related protein sequences. The working principle of PSI/TM-COFFEE consists of 

multiple steps [122]. Initially, the web server uses homology extension to identify 

homologous sequences for each of the input sequences in specifically chosen libraries 

(UniRef50, UniRef90 or UniRef100). For this purpose the basic local alignment search tool 

(BLAST) is used. Based on defined thresholds a certain number of BLAST hits for each 

input sequence are kept and aligned with the input sequence generating a first sequence 

alignment. Next, these information are used to generate input sequence specific profiles 

which are compared with one another using hidden Markov models. Finally, PSI/TM-

COFFEE uses a heuristic method, which aims to yield the multiple sequence alignment with 

the highest degree of consistency with the library. In this work T-COFFEE was used to 

generate multiple sequence alignments between various bacterial chemoreceptors. A more 

detailed description of the working principles and algorithms of PSI/TM-COFFEE can be 

found in [122]. 

 

The last web server used during the course of this work was the Partial Order Optimum 

Likelihood (POOL) web server [123, 124] (www.pool.neu.edu). POOL is a web server used 

to predict function associated residues within a protein on the basis of the provided crystal 

structure of the protein. For the prediction of function associated residues POOL uses 

electrostatic features in combination with information about the surface geometry of the 

protein. In short POOL first differentiates between residues, which are involved in 

catalysis/recognition and residues which are not involved in catalysis/recognition on the 

basis of the different physicochemical properties of these residues, which are represented by 

different electrostatic features. Second, POOL analyses the surface geometry of a protein to 



  

   

 

identify clefts and pockets, which are likely to represent catalytic/binding sites. For the 

combined analysis of electrostatic features and the protein geometry POOL relies on two 

previously published mathematical prediction algorithms named THEMATICS 

(electrostatic features) [125] and ConCavity (surface features) [126]. An in detail description 

of the underlying mathematical principles and algorithms encoded in POOL [123], 

THEMATICS [125] and ConCavity [126] can be found in corresponding, cited articles. In 

the course of this work POOL was used to predict function associated residues in the crystal 

structure of the McpN chemoreceptor LBD. 

 

Basic software suites used during the course of this work were the Microsoft Office 

programmes Word, Excel and PowerPoint. In addition, the also widely used FlowJo and 

PyMOL program for the analysis and visualisation of single cell fluorimetry data and the 

analysis and visualisation of 3D structures of proteins, respectively, were used. Finally, 

multiple specialized software suites were used during the course of this work for data analysis 

and the creation of high quality figures. This section gives an overview of these specialized 

software suites, their purpose, as well as any pertinent details about their use. 

The first specialized software tools, which were used in combination  

during the course of this work were NITPIC [115], SEDPHAT [116] and GUSSI [127].  

NITPIC, SEDPHAT and GUSSI represent three independent, powerful  

software suites for the analysis of ITC data derived from VP iTC. All three software 

suites are freely available (http://biophysics.swmed.edu/MBR/software.html and 

http://www.analyticalultracentrifugation.com/sedphat/download.htm) and can be used 

independently as well as in combination. The major advantages of the combined use of the 

three software suites is the possibility to perform a global fit analysis of two or more 

biological replicates in a standardized fashion as well as a rigorous propagation of error. 

NITPIC was the first software used during the analysis of VP iTC data. NITPIC is used for 

the autonomous, robust peak integration of individual heat peaks derived from an ITC 

experiment and allows a manual inspection of individual injection points [115, 127]. During 

the integration process of individual injection peaks NITPIC takes various parameters (e.g. 

fluctuations in the baseline) of the experiment into account to perform an optimal 

integration of the individual heat peaks. Furthermore, NITPIC calculates a first estimate of 

the dissociation constant, which can be used as a starting point for the subsequent fitting 



  

   

 

process and NITPIC generates error bars for each injection point, which represent the range 

within which the heat signal is predicted to reside. 

SEDPHAT was used for the analysis of the integrated heat peaks derived from NITPIC and 

for fitting the obtained data to a mathematical model [116, 127]. SEDPHAT has the ability 

to incorporate multiple biological replicates into one fit analysis and perform a global fit 

analysis, which in turn improves the quality of the fit. After fitting the data to a mathematical 

model SEDPHAT also calculates the dissociation constant KD, and the most important 

thermodynamic parameters of the ITC experiment (e.g. the enthalpy ΔH, the entropy ΔS as 

well as the Gibbs free energy ΔG) in combination with user defined confidence intervals. 

Finally, the obtained data derived from NITPIC and SEDPHAT were visualized by GUSSI, 

which is a software for the preparation of high resolution figures [127]. VP iTC data obtained 

during the course of this work were analysed using NITPIC, SEDPHAT and GUSSI as 

described in detail in [127]. Similarly, the calculation of thermodynamic parameters and the 

setting of individual parameters during the fitting process was conducted according to the 

published Nature protocol [127]. 

 

For the analysis of ITC data derived from nanoITC the freely available TA  

NanoAnalyze program (https://www.tainstruments.com/support/software-downloads-

support/downloads/) from TA-Instruments was used. During an analysis of various 

published methods for fitting ITC data TA NanoAnalyze has been shown to possess 

significantly improved accuracy over other published methods [128]. Therefore, TA 

NanoAnalyze was used for fitting where suitable. However, in comparison to the data 

analysis approach by NITPIC, SEDPHAT and GUSSI the TA NanoAnalyze program has 

two major limitations. First, it is not possible to carry out a global fit analysis with multiple 

biological replicates in TA NanoAnalyze. Second, TA NanoAnalyze can only be used for 

the analysis of ITC data derived from nanoITC machines, while data from VPiTC cannot 

be analyzed in TA NanoAnalyze. To analyze ITC data in TA NanoAnalyze the data from an 

ITC experiment conducted on a nanoITC machine were opened in the program. Next, the 

baseline was subtracted and the heat peaks were integrated. The initial, blank injection was 

excluded from the data analysis, before the integrated heats were fitted to an independent 

(= one site) binding model. Finally, the 95% confidence intervals for the dissociation 

constant were calculated using the statistics tool in TA NanoAnalyze.  



  

   

 

 

One of the aims of this project was to explore the diversity of bacterial chemoreceptors to 

further our general understanding of the relationships among affinity, specificity, and 

structure of bacterial chemoreceptors. To explore these relationships, the LBDs of three 

bacterial chemoreceptors, which exhibit a high degree of sequence identity, but differ greatly 

with regard to their ligand binding repertoires, were chosen for study. The three LBDs 

examined in the course of this work were derived from: (1) the PscC chemoreceptor from 

Pseudomonas syringae pv. actinidiae [84]; (2) the McpC chemoreceptor from Pseudomonas putida 

[12] and (3) the PacC chemoreceptor from Pseudomonas sp. strain ADP.  

All three chosen chemoreceptors possess dCACHE type LBDs. dCACHE domains are the 

second most commonly found domains in bacterial chemoreceptors [61]. They are 

composed of a long α-helix, which connects a membrane distal and a membrane proximal 

PAS-like module [53]. The most common mode of binding found at dCACHE domains is 

the direct binding of ligands to the membrane distal PAS-like module [53]. The crystal 

structures available so far suggest that dCACHE domains, while naturally dimeric, are 

capable of binding ligands as monomers in their membrane distal PAS-like module [129]. 

Figure 3.1 shows the crystal structure of the McpN chemoreceptor LBD from Vibrio 

cholerae, which was chosen by the Phyre2 web server [119] 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id= index) as the best scaffold for 

modeling PscC, McpC, and PacC in silico. Phyre2 predicts the three dimensional structures 

of proteins with unknown structure on the basis of the provided amino acid sequence and 

uses evolutionary information to identify the most promising scaffold for modelling (see 

section 2.2.27.1). 
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In comparison to their abundance, only a comparatively small number of dCACHE domains 

have been characterized [12, 17, 60, 84, 129-137]. Most of the characterized chemoreceptors 

are amino acid sensors [61]. For example, the PctA, PctB and PctC chemoreceptor of P. 

aeruginosa [129, 131], the McpB [138] and McpC [60] chemoreceptor of Bacillus subtilis, the 

TlpA chemoreceptor of H. pylori [139] as well as the CcaA (Tlp1) [17] and CcmL (Tlp3) [132] 

chemoreceptor of Campylobacter jejuni all adopt this fold and detect specific subsets of amino 

acids. However, the sequence/structural features that dictate the specificity of dCACHE 

domains are largely unknown. 

PscC and McpC possess a sequence identity of 61% with regard to their LBDs. Despite this 

high sequence identity, the two chemoreceptors were predicted to possess very different 

specificities. The PscC chemoreceptor had previously been characterized by a research 

assistant in the Gerth lab and was predicted to bind the amino acids L-proline and L-

isoleucine as well as the amino acid derivative γ-aminobutyric acid (GABA) [84].  McpC, in 

contrast, was characterized by another research group using knock-out experiments in 



  

   

 

combination with gene transfer studies and was found to be involved in the sensing of the 

nucleobase cytosine [12].  For both chemoreceptors, the identification of their ligands was 

based on preliminary assays (e.g. high-throughput screening of the PscC LBD and gene 

deletion/phenotypic studies for McpC) [12, 84]. Therefore, additional studies were required 

to confirm and quantify their ligand binding affinities. 

In addition to PscC and McpC, a third dCACHE LBD was chosen for characterization. The 

PacC chemoreceptor LBD, derived from Pseudomonas sp. strain ADP, represents a completely 

uncharacterized chemoreceptor LBD and was included in the study due to its high sequence 

identity with PscC and McpC. The PacC LBD has an amino acid sequence identity of 61% 

and 62% with the McpC and PscC LBD, respectively. PacC represents a yet completely 

uncharacterized chemoreceptor but possesses the same predicted binding site residues as 

PscC and McpC. In this chapter, the nature of ligand binding in these three dCACHE LBDs 

was explored further to gain new insights into the underlying sequence-structure-function 

relationships, which determine the ligand binding capabilities of bacterial chemoreceptors. 

  



  

   

 

Initially, the ligand binding properties of the PscC, PacC and McpC chemoreceptor were 

determined. To do so, the specificity determining LBDs of the three chemoreceptors were 

examined with regard to their ligand binding profiles. The boundaries of the McpC and PacC 

LBDs were predicted in silico using the TOPCONS (http://topcons.cbr.su.se/) consensus 

prediction server [118] (see section 2.2.27.1 and Figure 3.5). TOPCONS is a web server for 

the topology prediction of proteins and it predicts extracellular, intracellular and 

transmembrane domains of a given protein based on the amino acid sequence [118] (see 

section 2.2.27.1). In chemoreceptors, the extracellular parts typically represent the LBD [44, 

61]. Next, the genetic regions encoding the predicted extracellular parts of the McpC and 

PacC chemoreceptor (see Figure 3.5) were ordered as gBlocks and cloned into pET28a(+) 

using restriction endonuclease digestion and T4 DNA ligation (see Appendix 8.4 for the 

gBlock sequences). The success of the cloning procedure was confirmed by sequencing. The 

pscC LBD had already been cloned into pET28a(+) during previous work [84]. 

The pET28a(+) vector was used for all protein expressions carried out in this work. In 

pET28a(+), a negative inducible T7 promotor system is used and the expression of proteins 

can be induced by the addition of lactose or the non metabolizable lactose mimic IPTG. All 

genes expressed in this work were cloned in-frame with six N-terminal histidine residues 

(His6-tag) and a thrombin cleavage site. 

Initially, the three LBDs were expressed using TB medium in combination with the BL21-

Gold (DE3) expression strain and the protein expression was induced by the addition of 

IPTG. However, for the purification of the McpC LBD, the initial expression conditions 

resulted in reduced yields in comparison to PscC and PacC. Therefore, lactose-containing 

auto-induction medium (AIM) in combination with the LOBSTR-BL21 (DE3)-RIL 

expression strain [140] was tested as an alternative to the initial expression conditions. The 

purification of McpC improved slightly using a combination of AIM and LOBSTR-BL21 

(DE3)-RIL cells as determined by visual comparison from the initially obtained SDS gels. 

In contrast, the initial expression conditions seemed to be better for PscC, while PacC was 

strongly expressed under both expression conditions. Therefore, the three LBDs were 

expressed under their respective optimal expression conditions, before being purified using 



  

   

 

nickel affinity chromatography on an Äkta-prime system. The success of the protein 

purification was assessed using SDS-PAGE (Figure 3.2). 

 

 

As shown in Figure 3.2, PscC and PacC could be readily purified using the original 

purification procedure. McpC however, even under the new expression conditions, was 

purified in substantially reduced amounts (Figure 3.2 A). In comparison to PscC and PacC, 

McpC was less soluble and exhibited more contaminating proteins in the initial elution 

fractions (Figure 3.2 A). Therefore, only the last seven to eight fractions were used for 

subsequent assays. In contrast to PscC and PacC, which could be completely eluted using 



  

   

 

250 mM imidazole, the McpC LBD required 500 mM imidazole for complete elution from 

the Ni-NTA column (last four lanes in Figure 3.2 A). After purification, the proteins were 

desalted, concentrated and snap frozen in liquid nitrogen before storage at -80 °C. 

 

To investigate the binding profiles of PscC, PacC, and McpC, high-throughput fluorescence 

thermal shift (FTS) assays with potential ligands were carried out. FTS assays are based on 

fluorescence and serve to identify compounds that increase the melting point of a protein 

by stabilizing it. Stabilizing effects are predominantly caused by the binding of compounds 

and thus indicate potential ligands [79, 141]. As an initial screen, Phenotype Micro-Array 

(PM) plates from Biolog were used. Each PM plate contained 95 different chemicals and an 

empty control well. PscC, McpC, and PacC were screened against PM 1-3 containing 

naturally occurring, commonly found, carbon and nitrogen sources. To quantify the shift in 

the melting point for each LBD-chemical combination, the ΔTM values were calculated and 

sorted according to their magnitude. Compounds causing ΔTM values of at least 2 °C 

represent potential ligands and are listed in Table 3.1. The threshold of 2 °C was set based 

on previous observations with FTS assays of bacterial chemoreceptor LBDs [79]. 
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As shown in Table 3.1 all three LBDs were stabilized by L-proline. However, the magnitude 

of the stabilizing effect varied hugely. PscC and McpC showed strong stabilization by L-

proline with average ΔTM values of 7.2 and 8.3 °C, respectively. PacC was comparatively 

weakly stabilized with an average ΔTM of 2.9 °C. For PacC no other compounds apart from 

L-proline led to a ΔTM value of more than 2 °C. 

 

Both PscC and McpC were also stabilized by L-homoserine, hydroxy-L-proline, L-isoleucine, 

and L-valine, though the average ΔTM observed with L-valine and McpC was only 1.8 °C, 

which is below the set threshold for potential ligands (2 °C). Not only did PscC and McpC 

show a similar binding profile, but also the order in which the compounds stabilized the 

LBDs was conserved (Table 3.1). Overall, the FTS assays suggest that both proteins bind 

L-homoserine, hydroxy-L-proline, L-isoleucine, and L-valine with decreasing affinities.  

Despite the overall similarity of the PscC and McpC binding profiles, a striking difference 

was observed regarding the stabilizing effect of GABA. While GABA was found to stabilize 

the PscC LBD (average ΔTM of 6.3 °C), the average ΔTM value observed with McpC was 

less than 1 °C. This indicates strong binding of GABA by PscC, but negligible binding by 

McpC.  

Cytosine has been described in the literature to be sensed by the McpC chemoreceptor [12]. 

Surprisingly, however, cytosine did not have a stabilizing effect on McpC or any of the other 

tested LBDs. 

 

Based on the FTS assays, PscC and McpC appeared to share very similar binding profiles. 

The only exception was GABA, which stabilized PscC but not McpC. To verify these 

findings from the FTS assays, ITC experiments were carried out. ITC was chosen, as it is a 

sensitive technique, which allows the elucidation of binding parameters. L-proline and 

GABA binding to PscC and McpC were examined. L-proline was chosen to be investigated 

in addition to GABA as it exhibited the strongest stabilizing effects for both LBDs. Figure 

3.3 shows the ITC traces for the binding of L-proline and GABA to PscC. 



  

   

 

 



  

   

 

Figure 3.3 shows that PscC binds L-proline as well as GABA. The control titrations (lower 

panels in A and B) demonstrate that the heats of dilution were negligible for both ligands. 

For the calculation of binding parameters, two biological replicates for each ligand-protein-

combination were analyzed using a global fit analysis in SEDPHAT. The fitted traces 

(Figure 3.3) show a sigmoidal shape in all cases and match closely with the individual data 

points. To further analyze the quality of the global fit, residuals plots were prepared 

(Figure 3.3, panel 3). The residuals plots exhibit comparatively small residuals with a 

random distribution around zero indicating a high correspondence between individual data 

points and the fit traces. 

The binding parameters for L-proline and GABA binding to PscC were calculated using the 

data from the global fit and are shown in Table 3.2. For the dissociation constant the 

apparent KD value under the experimental conditions, as well as a 95% confidence interval, 

was determined. 
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Table 3.2 shows that L-proline and GABA have binding constants of 5.0 and 6.5 µM, 

respectively. This finding is in accordance with the results from the FTS assays in which 

PscC was stabilized by L-proline and GABA. 

The binding of L-proline and GABA to PscC is clearly enthalpy driven with ΔH values 

of -13.8 (L-proline) and -14.9 kcal/mol (GABA). In addition, the change in Gibbs-free 

energy (ΔG), which reflects the work carried out by the system, is nearly identical for both 

protein-ligand combinations and amounts to -7.2 to -7.1 kcal/mol. 

Next, McpC was examined to validate the previous findings that McpC does not bind GABA 

but does bind L-proline. Estimates of the KD values were determined and overall the 

previous findings could be confirmed. 



  

   

 

L-proline was found to bind to McpC in two independent experiments. Using an 

independent binding model in NanoAnalyze, KD values of 26 µM (CI95 ± 8 µM) 

(Figure 3.4 A) and 22 µM (CI95 ± 11 µM) (Figure 3.4 B) could be determined for the 

binding of L-proline to McpC. No global fit analysis could be carried out since the ITC 

experiments resulted in uneven traces and the integrated heats did not correlate tightly with 

the determined fit traces (Figure 3.4 B). The range of the 95% confidence intervals indicates 

that the dissociation constant for L-proline binding to McpC is likely to reside between 11-

34 µM. Therefore, the binding of L-proline to McpC is substantially less tight than the 

binding to PscC, but still within the low micromolar range. GABA was found in the ITC 

experiments to bind extremely weakly to McpC and an estimated KD value of 900 µM 

(Figure 3.4 C) was determined. An accurate determination of the dissociation constant and 

thermodynamic parameters for GABA binding was not possible due to the extremely weak 

binding in combination with the difficult protein purification procedure and outliers in the 

measured heats. Figure 3.4 shows the ITC traces obtained for the binding of L-proline and 

GABA to McpC. 

 



  

   

 

 

To identify amino acid residues that are responsible for the observed differences in the ligand 

binding affinity of PscC and McpC, a computational approach was used. The computational 

prediction method was required as no obvious differences in the amino acid sequences of 

PscC and McpC exist that would explain the observed differences in GABA binding. A 

multiple sequence alignment of PscC, McpC, PacC and the McpN chemoreceptor 

demonstrated that the predicted ligand binding site residues, as well as the majority of the 

residues of the ligand binding pocket, are completely conserved between PscC and McpC 

(Figure 3.5). Therefore, the partial order optimum likelihood (POOL) web server [123, 124] 

was used as a tool to predict residues that are potentially associated with function and may 

affect GABA binding in PscC and McpC. 



  

   

 

 

 



  

   

 

POOL is a machine learning algorithm which uses the structural data of a given protein to 

predict the residues most likely associated with function. POOL takes into account 

electrostatic features and pocket features and proved superior to many other available 

prediction software [124, 142] (see section 2.2.27.1). The output from POOL consists of a 

list of all amino acids of a given protein sorted according to the likeliness that they are 

associated with function.  

As mentioned before, no structural information was available for McpC and PscC, so the 

crystal structure data of the McpN LBD from Vibrio cholerae (protein database code 3C8C) 

was used as input for the POOL web server. McpN possesses a dCACHE domain structure 

and its LBD shares ~ 30% sequence identity with the PscC LBD. With regard to the 

available crystal structures of dCACHE domains, McpN represented the best template to 

model the PscC and McpC LBD in silico. The top 24 predicted POOL residues were assessed 

as they represented 10% of the submitted McpN LBD sequence (Figure 3.5). This cut off 

was chosen for three reasons. First, it has been demonstrated in a Catalytic Site Atlas (CSA)-

100 set (defined set of 100 enzymes with annotated catalytic side residues) that the top 10% 

of the POOL residues correctly predicted the catalytic side in 96% of the cases [142]. Second, 

the top 10% of the predicted POOL residues contained five of the six McpN binding site 

residues, suggesting that most of the residues associated with function are contained within 

these 24 amino acid residues. Third, a rather lenient cut off was chosen due to the high 

sequence identity between PscC and McpC. The top 24 residues predicted by POOL to be 

associated with function are shown in Table 3.3 and Figure 3.5. The corresponding 

residues in PscC and McpC (Table 3.3) were identified using multiple sequence alignments 

in the PSI/TM-COFFEE server [120] (Figure 3.5). The PSI/TM-COFFEE server is a 

specialized web server which allows the accurate alignment of multiple protein sequences, 

which show little sequence identity or are derived from transmembrane proteins (see section 

2.2.27.1). 

  



  

   

 

 

 

 



  

   

 

POOL identified five of the six binding site residues of McpN as functionally important 

residues. This reflects the accuracy of the POOL algorithm as those residues are proven to 

form hydrogen bonds with the ligand and are intimately associated with ligand recognition 

and binding. 

Of the top 24 POOL ranked residues, 19 are conserved between McpC and PscC and 7 

residues are conserved among all three LBDs (Table 3.3). The five predicted residues that 

differ between PscC and McpC are Ser113, Ser157, Gly43, Asn164, and Asp158 (PscC 

numbering). In the Phyre2 homology model of PscC, all of these residues, apart from Gly43, 

are localized in close proximity to the binding site (Figure 3.6 A). In addition, Ser157, 

Asp158, and Asn164 are part of a larger region, which was predicted by POOL to be 

important for function. This region consists of the amino acid residues Arg156 to Val170 

and contains the predicted PscC binding site residues Tyr160, Trp162 and Ala163 (Figure 

3.6 B). 13 of the 15 residues residing between Arg156 and Val170 were part of the top 24 

residues predicted by POOL, representing more than 50% of the list in Table 3.3. 

Figure 3.6 shows the Phyre2 structural model of PscC with the predicted binding site 

residues, the localization of the five predicted POOL residues differing between PscC and 

McpC, as well as the loop region containing 13 of the predicted top 24  POOL residues. 

 



  

   

 

 

 

To further explore why PscC and McpC exhibit different binding capabilities, four of the 

predicted potentially promising residues were mutagenized. It was hypothesized that the 

four POOL residues, which vary between PscC and McpC and are located in close proximity 

to the ligand binding site contribute to the different ligand binding capabilities of the two 

LBDs. To examine this, two PscC mutants were constructed with the goal to lower the 

affinity of PscC for GABA. The first mutant carried the mutations Ser157Thr, Asp158Gly, 

and Asn164Ala, while the second one carried the additional mutation Ser113Ala. PscC 

mutant 1 represents a “loop exchange mutant” composed of the PscC backbone and the 15 

amino acid “loop” of the McpC LBD (Arg156 – Val170 in the PscC LBD replaced with 

Arg157 – Val171 in the McpC LBD). The second mutant was examined since Ser113 in the 

Phyre2 structural model is placed in close proximity to the ligand binding pocket (see 



  

   

 

Figure 3.6). This localization suggests that Ser113 contributes to binding in direct or indirect 

fashion and makes it a promising target for mutagenesis. The last residue, which varies 

between PscC and McpC and was predicted by POOL to be associated with function, is 

Gly43. Mutagenesis of Gly43 was omitted due to its localization at the lower end of the long 

dimerization helix (see Figure 3.6). The far distance from the binding pocket, as well as the 

localization in the dimerization helix of the LBD, makes it improbable that Gly43 influences 

binding and rather suggests an involvement of Gly43 in the dimerization of LBDs or signal 

transduction. 

For the creation of the two pscC mutants, two overlap extension PCRs were carried out and 

the two mutants were cloned into pET28 using restriction endonuclease digest and 

subsequent T4 DNA ligation. The final pET28 expression plasmids were sequenced to 

verify the success of the cloning procedure. 

For the expression of the two PscC mutants, E. coli cells of the LOBSTR-BL21 (DE3)-RIL 

or BL21-Gold (DE3) strain were transformed and the LBDs were expressed in AIM (used 

with LOBSTR-BL21 (DE3)-RIL) or TB medium (used with BL21-Gold (DE3)), 

respectively. The mutant LBDs were purified in the same fashion as the wild-type PscC 

LBD. The outcome of the purification procedure was analyzed using SDS gels (Figure 3.7). 

 

 

 

 



  

   

 

As seen in Figure 3.7, the PscC mutants exhibited a purification profile very similar to the 

native PscC LBD. Both mutants could be readily purified and were concentrated before 

being snap frozen. ITC experiments were carried out to assess the binding parameters for 

L-proline and GABA binding to the two mutants (Figure 3.8). The data shown in 

Figure 3.8 were analyzed and fitted using NITPIC and SEDPHAT and a one site binding 

model. NITPIC and SEDPHAT are specialized software suites for the analysis of ITC data 

derived from VP iTC and are described in detail in section 2.2.27.2. 

 



  

   

 

 

Both mutants were found to bind L-proline as well as GABA. Most of the fits showed a 

sigmoidal curve and the corresponding residuals in the residuals plots are small and show a 

near-random distribution around zero. This indicates a close correspondence between the 

fit traces and individual data points. The binding parameters for the binding of L-proline 

and GABA to the PscC mutants were calculated using the data from Figure 3.8 (Table 3.4). 
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Table 3.4 shows that the mutagenesis indeed affected the binding capabilities of PscC. 

Exchanging the loop region Arg156 – Val170 in PscC against the loop region of McpC 

(Arg157 – Val171) and thereby introducing the point mutations Ser157Thr, Asp158Gly and 

Asn164Ala as expected lowered the KD value for GABA binding from 6.5 µM to 46 µM. 

However, not only the GABA binding capability of PscC was significantly altered, but also 

the affinity for L-proline was significantly reduced. A drop in KD from 5.0 µM to 46 µM 

reflects this. The mode of binding in PscC mutant 1 is still enthalpy driven with ΔH values 



  

   

 

of -20.5 and -15.2 kcal/mol for L-proline and GABA, respectively. The amount of the 

entropic term -T×ΔS increased to 14.6 and 9.3 kcal/mol, respectively, resulting in an overall 

increased change in Gibbs free energy. As the entropic term increased more than the 

enthalpy reduced it can be concluded, that the relative amount of van der Waals forces, 

hydrogen bonding events, and interactions between charged groups that contribute to the 

binding has reduced in comparison to the wild-type PscC. 

Introducing the additional mutation Ser113Ala had an unexpected effect, as it did not alter 

the binding affinity for GABA binding (KD = 41 µM), but improved the affinity for 

L-proline, by lowering the KD value to 23 µM from 46 µM. The mode of binding remained 

enthalpy driven and the Gibbs free energy changed slightly to -6.3 kcal/mol for L-proline 

and -6.0 kcal/mol for GABA. 

  



  

   

 

In this work, three bacterial chemoreceptor LBDs were compared with regard to their ligand 

binding capabilities. FTS assays and ITC experiments revealed that two of these three 

chemoreceptor LBDs, McpC and PscC, bind L-proline, but have different affinities for 

GABA. The function-associated residues of PscC and McpC were predicted using the 

POOL web server and a PSI/TM-COFFEE alignment with McpN to identify the 

underlying amino acids responsible for the observed differences in ligand binding. Five of 

the top 10% of the POOL ranked residues varied between PscC and McpC and the function 

of 4 of the residues was examined by constructing two mutants of the PscC chemoreceptor. 

The rational mutagenesis approach revealed that Ser157, Asp158, Asn164, and Ser113 

indeed play an important role during ligand recognition and binding. However, neither the 

exchange of the loop region nor the additional exchange of Ser113 could completely explain 

the observed differences in GABA binding between PscC and McpC. Instead, it seems that 

a multitude of amino acid residues in McpC are responsible for preserving the tight affinity 

for L-proline, while at the same time preventing the binding of GABA. 

 

To examine and compare the ligand binding profiles of the PscC, McpC and PacC 

chemoreceptor, the LBDs of each were expressed and purified. PscC and PacC could be 

readily purified using the established protocol, while McpC was difficult to purify in 

sufficient quantity and purity for subsequent experiments. McpC is strongly overexpressed 

in the expression cultures, but the SDS gel of the McpC purification indicates that a major 

proportion of the expressed protein is insoluble. Currently, it is yet unclear if the McpC LBD 

is already insoluble during the initial protein expression within the cell, or becomes insoluble 

due to cell lysis by sonication and subsequent exposure to the lysis buffer. 

In the future, it may be worth optimizing the protein expression and purification procedure 

of the McpC LBD. A plethora of alterations to the existing expression and purification 

conditions are sensible for this purpose. First, a chaperone system such as the GroEL-

GroES system of E. coli [143] may be co-expressed with the McpC LBD to aid with the 

correct folding and solubility of McpC. Second, the expression rate may be lowered. For this 



  

   

 

purpose, a lowered expression temperature, reduced concentration of inducer, a low copy 

number plasmid or a weaker promoter may be used. Finally, short truncations of the McpC 

LBD may be constructed and purified instead of the full-length LBD. The sequence of the 

expressed McpC LBD was determined by predicting the extracellular part of the full-length 

chemoreceptor, using TOPCONS [118]. Therefore, short McpC LBD truncations are a 

viable option to improve the solubility of the McpC LBD as they may remove hydrophobic 

amino acids right at the end or start of the transmembrane domains.      

Besides the expression conditions, the purification procedure of the McpC LBD may be 

optimized. In particular, a different cell lysis protocol and a different buffer composition 

may be explored for this purpose. 

 

FTS assays showed clear differences in the ligand binding profiles of PscC, McpC, and PacC. 

In particular, the McpC and PscC LBDs demonstrated an unexpected ligand binding profile. 

On the one hand, the same compounds stabilized PscC and McpC and even the order of 

the stabilizing compounds was conserved. On the other hand, GABA, which had an 

substantial effect on the stability of the PscC LBD did not stabilize the McpC LBD. 

Furthermore, cytosine did not stabilize McpC in the FTS assays, even though cytosine had 

been proposed as a potential ligand of the McpC chemoreceptor [12]. 

The observation that cytosine did not lead to a thermal shift in the FTS assays with the 

McpC LBD may be explained by indirect binding of cytosine to the McpC LBD. Indirect 

binding requires a periplasmic binding protein, which in its substrate-loaded state binds to 

the chemoreceptor and evokes an intracellular signaling cascade. Multiple periplasmic 

binding partners have been identified for chemoreceptors with 4-HB domains [57, 144, 145]. 

In addition, indirect sensing has been confirmed for the CptL chemoreceptor of P. aeruginosa 

which possesses an HBM domain structure [59] and has been proposed for the McpC 

chemoreceptor of B. subtilis [60]. The McpC chemoreceptor of B. subtilis, similarly to the 

McpC chemoreceptor examined in the course of this work (P. putida), exhibits a dCACHE 

domain structure and the indirect binding mechanism was proposed for four amino acids 

[60]. It was found that the chemotaxis towards these amino acids in B. subtilis is mediated 

through McpC despite no direct interaction with the purified LBD during ITC experiments. 



  

   

 

Furthermore, mutagenesis experiments indicated a role of the membrane-proximal domain 

in the indirect binding of ligands [60]. 

The experiments carried out so far to validate the sensing of cytosine through the McpC 

chemoreceptor in P. putida do not unequivocally prove that McpC senses cytosine directly, 

but favor a direct sensing mechanism [12]. Especially, since complementation assays were 

carried out in which expression of the McpC chemoreceptor in P. aeruginosa (strain PAO1) 

led to a variant which, in contrast to wild-type P. aeruginosa (strain PAO1), showed positive 

attraction towards cytosine [12]. 

In the future, it would be interesting to examine if the ΔmcpC knock-out strains constructed 

by Liu et al. [12] also show reduced or no attraction towards the newly identified compounds 

that stabilized McpC during the FTS assays. In addition, experiments should be carried out 

to confirm the hypothesis of indirect cytosine binding by McpC. Therefore, protein pull-

down assays could be conducted in a similar fashion as they were performed for the CtpL 

chemoreceptor [59]. 

 

With regard to GABA binding, the McpC and PscC LBD have substantially different 

binding affinities. This difference was unexpected as the predicted binding site residues of 

the two proteins are completely conserved and as similar dissociation constants were 

determined for the binding of L-proline. 

To examine the binding of L-proline to the PscC LBD and solve the crystal structure of the 

protein, a collaboration with Dr. Jodie Johnston (UC Canterbury) was established during the 

course of this work. Recently, the crystal structure of the PscC chemoreceptor LBD could 

be solved by Dr. Johnston in its L-proline bound state (unpublished data). In contrast to the 

predicted binding site residues based on the sequence alignment with the McpN LBD, 

L-proline was found to be stabilized through hydrogen bonding to Tyr136, Arg141, Trp143, 

Tyr160 and Asp190 (Figure 3.9). In the crystal structure, the predicted ligand binding site 

residue Trp162 does not form hydrogen bonds to L-proline but contributed to the 

hydrophobic environment surrounding the ligand in the PscC LBD. Overall, the crystal 

structure allowed the identification of the actual ligand binding site residues in the PscC 

LBD but did not yield any obvious clues to why the PscC and McpC LBD bind GABA with 

different affinities. The newly identified ligand binding site residue Tyr136 is also conserved 

between PscC and McpC, and modeling carried out by Dr. Johnston suggested that the PscC 



  

   

 

binding pocket easily accommodates GABA in multiple conformations (Personal 

communication with Dr. Johnston). 

 

 

The solved crystal structure of PscC also allows for a judgement of the quality of the used 

PscC model derived from Phyre2 for determining the localization of the residues predicted 

by POOL to be associated with function. An alignment of the PscC model derived from 

Phyre2 with one of the LBDs from the PscC crystal structure yielded a root-mean-square-

deviation of ~ 2.1 Å over a total of 200 alpha carbon atoms (Cα) (Figure 3.10 A). This 

means that over 200 analyzed residues the backbone of the model deviated on average by 

about 2 Å from the solved crystal structure. Since a single C-C bond is ~ 1.5 Å in length and 

hydrogen bonds are ~ 1.5 – 2.5 Å in length this deviation is substantial and it would be 

difficult to make secured claims about the involvement of certain residues in ligand binding 

solely on the basis of the model. However, in this work the main purpose of the model was 

to confirm the localization of the most promising POOL residues close to the ligand binding 

site. Even despite the observed deviation this should still be possible. In fact, a comparison 

of the localization of the predicted POOL residues in the model and the structure shows 

that the Cα distances for Ser157 and D158 are comparatively small with 1.0 and 1.1 Å 



  

   

 

respectively (Figure 3.10 B). In contrast, the Cα distances for the two additional POOL 

residues Ser113 and Asn164 are large with 3.0 and 3.6 Å, respectively. This indicates that 

only certain parts of the protein have been modelled with high accuracy. In particular the 

ligand binding site residues of PscC, Tyr136, Arg141, Trp143, Tyr160 and Asp190 have been 

modelled by Phyre2 with high accuracy (Figure 3.10 C) and the Cα distances between the 

model and the crystal structure for these residues are 0.6, 1.1, 1.3, 1.0 and 0.8 Å, respectively. 

Overall the model generated by Phyre2 is suitable for the purpose that it was used for within 

the scope of this work. 

 

 

 



  

   

 

In comparison with PscC and McpC, the PacC LBD is only weakly stabilized by L-proline 

in the FTS assays and preliminary ITC experiments carried out with L-proline were 

inconclusive with regard to the L-proline binding capability of PacC. No further 

characterization was carried out with the PacC chemoreceptor LBD as it was decided to 

concentrate on the differences in GABA binding between PscC and McpC. In the future, 

however, it may be worth to characterize the PacC chemoreceptor LBD in detail, as it 

exhibited the most divergent binding profile from the three tested LBDs. 

 

Which amino acid residues or structural features are responsible for the differences in ligand 

binding between the PscC and McpC LBD? To answer this question potential function 

associated residues in both LBDs were predicted using the POOL web server and a sequence 

alignment with the McpN LBD. Based on their localization and variability between PscC 

and McpC four promising amino acid residues in PscC (Ser113, Ser157, Asp158, and 

Asn164) were identified. Two PscC LBD mutants were constructed to examine their effects 

on ligand binding. In comparison to the wild-type PscC LBD, PscC mutant 1 (Ser157Thr, 

Asp158Gly, and Asn164Ala) had ~ 10-fold reduced affinity for L-proline and ~ 7-fold 

reduced affinity for GABA. The introduction of the additional Ser113Ala mutation in PscC 

mutant 2 improved the binding affinity towards L-proline (~ 3-fold reduced affinity in 

comparison to wild-type PscC) but did not further impact the GABA binding affinity. 

Overall, these results highlight the complex relationship between amino acid sequence, 

structure, and function. Neither mutant exhibited a dramatically reduced affinity for GABA 

as it was observed in the McpC LBD. Instead, the amino acid exchanges led to a slight 

reduction in affinity for GABA binding. This suggests that additional residues in McpC play 

a crucial role. Since the first mutant lowered the affinity for both ligands, while the additional 

Ser113Ala mutation partially restored the L-proline affinity, it may be speculated that the 

altered ligand binding profile of the McpC chemoreceptor is due to slight conformational 

changes attributed to a multitude of amino acid exchanges, rather than one or two essential 

point mutations. An evolutionary scenario, which may explain these observations, would be 

one where one function of the protein is being conserved owed to existing selection 

pressure, while another function of the protein is being lost due to redundancy with a 

competing protein and subsequent genetic drift. In fact, an ultrasensitive and highly specific 



  

   

 

GABA chemoreceptor, McpG, has been identified in P. putida strain KT2440 [137]. McpG 

was found in ITC experiments to bind GABA with a KD value of 175 ± 20 nM and was 

found to be highly specific for GABA binding as it did not bind any of the tested 20 amino 

acids [137]. P. putida strain KT2440, which harbors the McpG chemoreceptor, and P. putida 

strain F1, which harbors the McpC chemoreceptor, share 25 of 27 orthologous 

chemoreceptors (Supplemental material of [146]). The McpG ortholog in P. putida strain F1 

(Locus tag in strain F1: Pput_4352) shares 99% amino acid sequence identity with McpG 

(supplemental material of [146]). Therefore, it is reasonable to extrapolate and assume that 

P. putida strain F1 possesses a highly sensitive GABA chemoreceptor capable of detecting 

the compound at very low concentrations [137, 146]. This supports the idea that the McpC 

chemoreceptor has lost its tight GABA binding capabilities due to genetic drift as the 

organism already evolved a highly sensitive, GABA specific McpG chemoreceptor. In the 

future, it would be interesting to test the effect of additional mutations onto the GABA 

binding capabilities of the PscC LBD. One interesting experiment, for instance, would be to 

stepwise replace regions of the PscC LBD against the corresponding regions of the McpC 

LBD. This semi-rational approach may allow the identification of the essential amino acid 

exchanges responsible for the diminished GABA binding capabilities in McpC, or help 

elucidate which regions of the McpC LBD have evolved to lower its affinity for GABA. 

In light of the recently solved crystal structure of the PscC LBD by Dr. Johnston, it is 

somewhat surprising that mutations at these positions had an effect on the binding 

capabilities of the PscC LBD. Of the four mutated residues only two residues, Ser113 and 

Ser157, form hydrogen bonds to other amino acids in the structure and only Ser157 forms 

a hydrogen bond with its free hydroxyl group to the peptide bond between Val170 and 

Ser171. The other two residues, Asp158 and Asn164, show only interactions with the 

surrounding water atoms and none of the four mutated residues exhibits any direct 

interactions with the ligand or ligand binding site residues. On the basis of these 

observations, the effects on the ligand binding capabilities of the PscC LBD are likely due 

to slight changes in the relative position of the ligand binding site residues and a potential 

destabilization of the binding site. This is also in accordance with the thermodynamic 

parameters calculated for ligand binding in the wild-type PscC LBD and PscC mutant 1. In 

PscC mutant 1 ligand binding was still enthalpy driven, but a relative increase of the entropic 

term could be measured in comparison to the wild-type PscC LBD and the measured change 

in Gibbs free energy was lowered. Very recently, it was described for another dCACHE 

LBD derived from V. cholera that its ligand binding affinity for amino acids can be influenced 



  

   

 

by the presence of Ca2+ ions [147]. In this work, the used buffer for all ITC experiments did 

not contain any divalent ions but contained sodium chloride and in the crystal structure, a 

chloride ion co-crystallized with one of the LBD monomers. Even though the Cl--ion 

crystallized in a different position than the Ca2+-ions in the recently published structures 

[147] for the future it would be interesting to test the effect of different ions/sodium chloride 

concentrations on the ligand binding affinities of PscC and McpC. 

 

A plethora of techniques and algorithms exist to predict function associated residues in 

proteins. In general, it is possible to discriminate between sequence-based prediction 

methods and structure-based prediction methods. Sequence-based prediction methods 

typically take into account the conservation of residues, the type of residue and other 

sequence-based features. Over the years various, sequence-based algorithms have been 

developed to predict functional residues in protein sequences, such as FRpred [148] or 

CLIPS-1D [149]. Structure-based prediction methods can be differentiated into template-

based prediction techniques, micro-environment based predictors, macro-environment 

based predictors and graph-based techniques, such as amino acid networks [150, 151]. 

In this work, the POOL web server was used to predict the residues that are most likely 

associated with function in the crystal structure of the McpN chemoreceptor LBD. The 

POOL web server is a structure based prediction algorithm. In detail it belongs to the group 

of microenvironment based prediction algorithms and uses a machine learning algorithm, 

taking into account electrostatic features as well as pocket features to predict function 

associated residues on the basis of a given protein structure. When given a task POOL can 

also take into account sequence alignment data and evolutionary information to further 

improve its predictions [123, 124]. 

In the future, it would be worth carrying out additional predictions of function associated 

residues based on the newly available crystal structure of the L-proline bound PscC LBD. In 

particular, it would be interesting to attempt other structure-based prediction methods, such 

as the amino acid networks in which the individual amino acids are modeled as nodes in 

connection with other amino acids [150, 151].  



  

   

 

 

Directed evolution is a powerful technique to alter the affinity, sensitivity and/or specificity 

of proteins for their respective substrates, co-factors or ligands. Directed evolution is carried 

out as an iterative process during which random mutations are introduced into the gene of 

interest. The constructed variants are then screened with regard to the desired function and 

the best variants are isolated before being used as starting scaffolds for subsequent rounds 

of mutagenesis. A crucial point for most directed evolution approaches is the availability of 

a sensitive, high-throughput screening system, which allows both for the screening of a large 

number of variants and isolation of the most promising mutants. 

Despite the appeal of directed evolution approaches, these techniques have been rarely 

applied to the engineering of bacterial chemoreceptors [88, 89]. A major limitation has been 

the lack of sensitive screening and selection systems. The two previous studies conducted 

so far have relied on a motility based screening system and used an E. coli strain which had 

all of the chemoreceptor genes deleted [88, 89]. While the screening system was successfully 

employed for the directed evolution of the Tar chemoreceptor [88, 89], it has major 

limitations with regard to the accuracy of isolating promising variants, throughput and the 

differentiation between variants. Furthermore, the chosen screening and selection approach 

was time-consuming and labor-intensive [88]. 

The main focus of this chapter was to develop a widely applicable high-throughput screening 

platform to permit the directed evolution of endogenous and non-endogenous bacterial 

chemoreceptor LBDs. Three major features were incorporated into the high-throughput 



  

   

 

platform: (i) a functional chemoreceptor EnvZ fusion protein was constructed to allow the 

mutagenesis of non-endogenous LBDs; (ii) a fluorescence-based reporter strain (EPB30 

[111]) was used to allow the quantification of individual responses and differentiate between 

mutants; (iii) FACS was employed to achieve a high-throughput approach. 

 

Chimeric chemoreceptor fusion proteins have been widely used to elucidate both binding 

capabilities and signaling mechanisms [77, 92, 94-97, 152]. Of particular importance are 

chemoreceptor LBD-EnvZ fusion proteins, such as Taz1 [94] and Trz1 [95], as they link 

ligand binding to the chemoreceptor LBD with the transcription of genes rather than 

swimming behavior (see section 1.5.2). Recently, Taz1 was used in combination with the E. 

coli based reporter strain EPB30 [111]. EPB30 is capable of translating ligand binding to a 

functional chemoreceptor LBD-EnvZ fusion protein into fluorescence signals. To fulfill this 

function, EPB30 has three important genomic alterations: (i) a replacement of the native 

envZ gene by a kan resistance gene; (ii) a fusion of the ompC promotor and the cfp gene, 

encoding for cyan fluorescent protein (CFP); (iii) a fusion of the ompF promoter and the yfp 

gene, encoding for yellow fluorescent protein (YFP). This genetic background allows the 

assessment of novel EnvZ fusion proteins in EPB30, as the activation of EnvZ is reflected 

by the expression level of CFP and YFP, respectively (Figure 4.1). The activation of EnvZ 

results in the upregulation of expression from the ompC promotor and the downregulation 

of expression from the ompF promotor. Using this system Lehning et al. quantified EnvZ 

activation by calculating the OD-normalized CFP-YFP-ratio rather than comparing 

individual fluorescence values [111]. This improved the robustness of comparison [111]. 

Furthermore, the use of fluorescence as a reporter signal allows the application of single cell 

fluorimetry and FACS, and Lehning et al. reported matching results when comparing their 

spectroscopy and flow cytometry data [111]. Overall, this system, therefore, provides a great 

option for the development of a high-throughput screening platform for engineering 

chemoreceptor LBDs. 



  

   

 

 

 

In order to establish a high-throughput screening platform for directed evolution, a target 

protein had to be selected. In this work, the LBD of the PscH chemoreceptor derived from 

Psa was chosen. The PscH LBD has been examined previously in the Gerth laboratory 

(unpublished data) and is predicted to possess a helical bimodular (HBM) LBD. 

Experiments by former PhD student Shereen Murugayah demonstrated that the PscH LBD 

can be successfully purified using nickel affinity chromatography and the standard 

purification protocol (see section 2.2.15.2). High-throughput FTS assays identified malate as 

a potential ligand of PscH, and ITC experiments confirmed that the PscH LBD binds malate 

with low affinity and a KD value of ~ 450 µM. As a test of the screening platform, we aimed 

to improve the affinity of PscH for malate. 

 

HBM domains are bimodular domains composed of a membrane proximal and a membrane 

distal 4 helix bundle module, which are connected by linker helices (Figure 4.2) [52, 61]. 

Only a handful of HBM domains have been characterized to date [146, 153-155] and only 

one crystal structure is available (Figure 4.2) [52]. In most cases, HBM domains were found 

to be involved in the recognition of intermediates of the tricarboxylic acid cycle, such as 

malate, citrate, fumarate, succinate, and isocitrate [61]. 



  

   

 

 

 

With regard to the mode of binding, HBM domains differ greatly from the similarly 

bimodular dCACHE domains (see section 3.1.1). In contrast to dCACHE domains, HBM 

domains bind ligands in the membrane proximal, as well as membrane distal module [52]. 

For instance, McpS was found to bind malate and succinate in its membrane-proximal 

module, whereas acetate bound to the membrane distal module of McpS (Figure 4.2) [52]. 

The binding of ligands in the different modules was found to be additive and independent 

from one another [52]. HBM domains also bind ligands in a dimeric rather than monomeric 

state and a stabilization of the homodimeric state upon ligand binding could be confirmed 

for both McpS [156] and McpQ [154]. 



  

   

 

Overall, the major goals of this chapter were, therefore: (i) development of a novel, widely 

applicable high-throughput screening platform for the directed evolution of bacterial 

chemoreceptor LBDs and (ii) validation of the screening platform by engineering the PscH 

chemoreceptor LBD (HBM domain) towards improved affinity for malate. 

  



  

   

 

To establish a high-throughput screening platform for the selection of chemoreceptor LBD 

variants with altered binding capabilities, the E. coli strain EPB30 was assessed with regard 

to its suitability as reporter strain. The main requirements to be fulfilled by the reporter strain 

were: (i) efficient translation of ligand binding into fluorescence signals; (ii) discrimination 

between different stimuli and concentrations (mimics LBDs with different affinity); (iii) 

preservation of sensing/signaling on single cell level (applicability of FACS). First, the 

previously described Taz1 protein [94] was expressed in the reporter strain to verify the 

findings of Lehning et al. [111] and confirm the suitability of EPB30 as reporter strain. Taz1 

represents a functional Tar_EnvZ fusion protein, which was found previously to react to 

increased aspartate concentrations with an upregulation of OmpC expression levels [94]. A 

standard fluorescence growth assay in a 24 well plate format was carried out with the Taz1 

expressing reporter strain to assess its fluorescence in the presence/absence of aspartate 

(Figure 4.3). 

 

 

At first, the reporter strain (EPB30) was examined with regard to its capability to translate 

ligand binding into fluorescence signals. Therefore, two ligand-free (0 mM Asp) and two 



  

   

 

ligand-containing cultures (2 mM Asp) were compared with regard to their fluorescence 

signals by calculating the OD normalized CFP-YFP-ratio (similar to Lehning et al. [111]) and 

plotting it over time (Figure 4.3 A). All cultures exhibited similar background fluorescence 

levels. In the cultures which were grown in the absence of ligand, a decrease in the OD 

normalized CFP-YFP-ratio was detected, while an increase in the OD normalized CFP-

YFP-ratio was found in the cultures grown in the presence of aspartate (Figure 4.3 A). The 

optimal signal (= maximum difference between the cultures) was reached at an OD600 of 

~ 0.3 (typically 6-7 h of growth) (Figure 4.3 A). As the optimal signal was consistently found 

in all cultures at an OD600 of ~ 0.3, the OD normalized CFP-YFP-ratio at an OD of 0.3 was 

defined as the marker ratio of a culture (see section 2.2.24.3). In all future experiments, only 

the marker ratios were compared to allow for a fast comparison of the effects of different 

growth conditions on the fluorescence. 

The comparison of cultures grown in the presence of various aspartate concentrations 

showed that higher concentration of aspartate correlated with increased marker ratios 

(Figure 4.3 B). A clear change in the marker ratio was found between cultures grown at 

0.1 mM and 1 mM indicating that the strain is most sensitive for concentration changes in 

this region. 

 

In this work, all chemoreceptor LBD-EnvZ fusion proteins were expressed from the pRR49 

vector, which is derived from pRR48 (deletion of NdeI cut site (a single point mutation)). 

The pRR48 vector system is a widely used vector system for cloning and low-level expression 

of bacterial chemoreceptor variants [15, 157]. In pRR48/pRR49, the expression of proteins 

is under the control of the IPTG inducible Ptac promoter. As Lehning et al. used a different 

vector system, an additional fluorescence growth assay was carried out to determine the 

optimal IPTG concentration and examine the effect of ampicillin on the fluorescence output 

(Figure 4.4). 



  

   

 

 

 

 

The marker ratios were not influenced by the presence or absence of ampicillin (Figure 4.4). 

However, the concentration of IPTG influenced the marker ratios at concentrations above 

20 µM. This indicates that low expression rates of the fusion protein are important to obtain 

the optimal fluorescence signals. Cultures which were grown in the absence of any inducer 

exhibited marker ratios similar to the ratios found at 2 to 20 µM IPTG, suggesting that even 

leaky expression is sufficient for the efficient generation of fluorescence signals. On the basis 

of these observations, all subsequent assays were performed in M9 minimal medium 

supplemented with 50 µg/mL ampicillin and 10 µM IPTG.  

 

Flow cytometry was assessed as a technique to distinguish between cells derived from 

ligand-free and ligand-containing cultures. For flow cytometry experiments, the Taz1 

expressing EPB30 cells were grown either in the presence of 10 mM aspartate (Tar ligand) 

or proline (not a Tar ligand). Once an OD600 of 0.3 was achieved the cells were harvested, 

re-buffered in 1× phosphate buffered saline and flow cytometry was carried out (Figure 

4.5). 



  

   

 

 

 

It was possible to clearly distinguish between cells grown in the presence of ligand and those 

grown in the absence of ligand (Figure 4.5). An upwards left shift indicating high CFP and 

low YFP values and receptor activation is recognizable with regard to the fluorescence values 

of the cells grown in the presence of 10 mM aspartate. In contrast, the cells which were 

grown in the presence of 10 mM L-proline exhibit low CFP and medium YFP fluorescence 

levels. The spread of the cultures or the difference between individual cells of the same 

culture was found to be reasonable as no overlap was observed between the fluorescence 

signals of cultures grown in the presence and those grown in the absence of ligand. 



  

   

 

Overall, these experiments confirmed that it is possible to use EPB30 in combination with 

expressed LBD-EnvZ fusion proteins to distinguish between ligand-containing and 

ligand-free cultures using only the CFP and YFP fluorescence parameters. In addition, the 

presence and replicability of the marker ratios were confirmed as well as the suitability of 

flow cytometry to differentiate between cells grown in the absence or presence of ligand. 

Therefore, strain EPB30 represents a suitable reporter strain for the development of a high-

throughput screening platform for directed evolution. 

 

The next prerequisite for the directed evolution of the PscH chemoreceptor LBD was the 

construction of a functional PscH_EnvZ fusion protein. As demonstrated previously for 

Tar-EnvZ fusion proteins (e.g. Taz1 and Tez1), the fusion point is critical to obtain a 

functional chimera [94, 96]. Therefore, the fusion point in this work was chosen similarly to 

the previously constructed functional Taz1 (Tar_EnvZ) and Trz1 (Trg_EnvZ) chimeras [94, 

95]. In Taz1 and Trz1, the fusion point is located within the HAMP domain of the EnvZ 

protein as the genes encoding for Tar and EnvZ possess a conveniently placed NdeI cut site 

at this position [94-97]. The gene sequence (CATATG) corresponding to the NdeI cut site 

translates into a histidine and a methionine residue, which in EnvZ are located at amino acid 

position 222 (His) and 223 (Met) [94-97]. To identify the corresponding amino acid positions 

in PscH, a multiple sequence alignment of EnvZ, PscH, Tar, Tsr, Trg, and Tap was carried 

out using PSI/TM-COFFEE [120, 158]. Figure 4.6 shows an excerpt of the sequence 

alignment as well as the chosen fusion point between Gln352 of the PscH chemoreceptor 

and His222 of the EnvZ protein. 

 



  

   

 

 

 

For the construction of the pscH_envZ fusion protein, the pscH fragment and envZ fragment 

were PCR amplified, digested with restriction endonucleases and ligated with the linearized 

pRR49 vector backbone. After transformation of E. cloni 10G, a colony PCR was carried 

out to verify the success of the cloning procedure (Figure 4.7 B). 

 



  

   

 

The pRR49_PscH_EnvZ vector was successfully constructed and multiple colonies with an 

insert of the expected size were identified (Figure 4.7). In the quantification gel before 

ligation the linearized plasmid is recognizable (3,500 bp) as well as the pscH fragment (1,100 

bp) and the envZ fragment (700 bp) (Figure 4.7 A). All fragments are visible as single 

prominent bands in their respective lanes and no coiled or supercoiled plasmid is detectable 

indicating a successful and complete restriction endonuclease treatment. Figure 4.7 B shows 

the colony PCR of 12 randomly picked clones after transformation. The expected PCR 

product was 2,078 bp long. In accordance with this, most colonies showed a single 

prominent PCR product with a size of ~ 2,000 bp (Figure 4.7 B). The plasmid from clone 

3 was re-isolated and sequenced to confirm the successful construction of the plasmid. 

Next, the functionality of the PscH_EnvZ protein expressed in the reporter strain (EPB30) 

was assessed using a standard fluorescence growth assay with malate (ligand of PscH), 

tartrate (not a ligand of PscH) and aspartate (not a ligand of PscH) (Figure 4.8 A). Various 

concentrations of each compound were tested. Tartrate is structurally very similar to malate 

(one additional hydroxy group) but was found not to be bound by PscH in previous ITC 

experiments. Therefore, tartrate was tested as an additional negative control. The effects of 

the three compounds on the CFP and YFP fluorescence were also evaluated on the single 

cell level via flow cytometry (Figure 4.8 B, C, and D). 



  

   

 

 

 

 

As expected, the PscH ligand, malate, led to a strong increase in the marker ratios in a 

concentration-dependent manner (Figure 4.8 A). A clear differentiation, based solely on the 

marker ratios, between all of the tested malate concentrations, was possible, indicating that 

the fusion protein is sensitive over the whole range of concentrations tested (Figure 4.8 A). 

In contrast, aspartate and tartrate at concentrations between 2.5-20 mM exhibited similar 

marker ratios as the cultures grown in the absence of any acids (Figure 4.8 A). Only at 



  

   

 

aspartate and tartrate concentrations as high as 40 mM was a small shift towards an elevated 

marker ratio measured. 

The results obtained with flow cytometry closely match the results from the standard 

fluorescence growth assay (Figure 4.8 B, C, and D). Cells which were grown in the presence 

of 5 mM malate showed a strong upregulation of CFP expression and downregulation of 

YFP expression. In the overlay plot, this is reflected by an overall shift in the median 

fluorescence in comparison to cells grown in the absence of ligand (Figure 4.8 B). If the 

growth medium was supplemented with 20 mM malate, a further shift towards even higher 

CFP and lower YFP values was observed. However, the difference in median fluorescence 

between cells grown in the presence of 5 mM malate and 20 mM malate was not as 

substantial as the difference observed between cells grown in 0 mM and 5 mM malate 

containing medium (Figure 4.8 B). 

Fusion protein expressing EPB30 cells grown in the absence of ligand or the presence of 

aspartate or tartrate exhibited nearly identical CFP and YFP fluorescence. In the 

corresponding overlay plots (Figure 4.8 B and C) this is reflected by a nearly perfect overlay 

and no substantial shifts in the median fluorescence values. Furthermore, even higher 

concentrations (20 mM) of aspartate or tartrate did not have a visible effect on the median 

CFP and YFP fluorescence values of the cultures. 

The overall spread in the CFP and YFP fluorescence values between cells from the same 

culture were independent of the used ligand and were similar for all tested cultures 

(Figure 4.8 B, C, and D). The spreads also closely resembled the spreads observed with 

cultures expressing Taz1 (Figure 4.5).  

Overall, the standard fluorescence growth assay and flow cytometry experiments effectively 

demonstrated that the newly constructed PscH_EnvZ fusion protein was functional and 

reacted specifically to the presence of the PscH ligand, malate. Furthermore, a differentiation 

between various malate concentrations proved feasible in both assays and higher 

concentrations of malate correlated with an upregulation of CFP fluorescence and 

downregulation of YFP fluorescence. 

  



  

   

 

With a functional high-throughput screening system assembled, the process of engineering 

a more sensitive PscH LBD variant was started. In chapter 3 it was found that mutations 

apart from the immediate ligand binding site can influence the affinity of chemoreceptor 

LBDs. Thus a random mutagenesis approach by error-prone PCR was chosen for the 

construction of  PscH_EnvZ fusion protein variants with mutations distributed over the 

entirety of the LBD. 

To construct an error-prone PCR library of the pscH LBD fragment, the LBD was amplified 

using an error-prone PCR polymerase (Mutazyme II) (see section 2.2.3). Next, the pscH LBD 

mutants and the pRR49 vector backbone containing the envZ fragment encoding for the 

PscH_EnvZ fusion protein were ligated using Gibson assembly (see section 2.2.9 and 

section 2.2.22). Multiple transformation reactions with fresh electrocompetent cells of the 

reporter strain (EPB30) were carried out and the transformants were recovered from large 

square agar plates before being pooled and frozen (see section 2.2.22). Gibson assembly was 

chosen, as this approach prevents off-site mutagenesis and ensures that only mutations in 

the LBD part of PscH are acquired. Finally, the quality of the library was assessed by colony 

PCR and sequencing. Twenty three randomly selected colonies from the library were 

analyzed with regard to their mutations (Table 4.1). 

 

In total, 79 point mutations and one 1 bp deletion were found. This corresponds to an 

average of 3.5 mutations per variant and a total mutation frequency of 4.5 mutations per kb 

(length of PscH LBD = 779 bp). To assess bias in the error-prone PCR approach, mutations 

were also analyzed with regard to their mutational spectra (Table 4.2). 



  

   

 

 

Table 4.2 shows that the Mutazyme II polymerase showed a bias towards transitions (Ts) 

in comparison to transversions (Tv) as the Ts-Tv-ratio was found to be 0.98 while it would 

be 0.5 for an unbiased polymerase. Also, mutations at guanine and cytosine bases were found 

to be favored by the enzyme, with 67.5% of all identified mutations taking place at these 

bases. However, as the amplified PscH LBD fragment contained ~57% guanine and 

cytosine bases and only 43% adenine and thymine bases, a slight bias towards mutations at 

guanine and cytosine bases was expected.  

  



  

   

 

The error-prone PCR library of fusion protein variants was screened for mutants with 

improved malate binding capabilities using the established reporter strain (EPB30). FACS 

was used to identify and select mutants with improved binding capabilities in a high-

throughput approach. The gating of the most promising mutants was carried out based on 

the observed CFP and YFP fluorescence values in a ligand-containing (5 mM malate) and a 

ligand-free culture (Figure 4.9). The spread of the culture grown in the absence of ligand 

was taken into account during the gate setting process, to minimize the amount of collected 

constitutively-active variants (Figure 4.9 C). Variants were considered to be constitutively 

active, if they in comparison to the wildtype PscH_EnvZ expressing EPB30 strain exhibited 

increased CFP and lowered YFP fluorescence in the absence of ligand. The collection gate 

was set in such way that approximately 1% of the library was contained within the collection 

gate and so that predominantly variants were collected, which reacted to the presented 

stimulus.  

 

 



  

   

 

 

 

Cells derived from the culture expressing PscH_EnvZ fusion protein variants (library) 

exhibited highly divergent fluorescence values (Figure 4.9 A). In comparison, the cells from 

the culture expressing the wild-type PscH_EnvZ fusion protein exhibited substantially less 

varying fluorescence values (Figure 4.9 A and B). These varying fluorescence spreads in the 

cultures were expected and indicated that the screened library contained a large number of 

differently active PscH_EnvZ variants, with characteristic CFP and YFP baseline 

fluorescence levels in the absence of ligand (Figure 4.9 A and B). Upon growth in the 

presence of 5 mM malate the median fluorescence values in both cultures showed a shift 

towards higher CFP and lower YFP fluorescence (Figure 4.9 C and D). In the overlay plots, 



  

   

 

this is visualized by an imperfect overlay (Figure 4.9 C and D). The observation of a 

fluorescence shift in the library containing culture was promising, as it demonstrated that 

the library still contained a large number of variants which reacted to the presence of malate 

(Figure 4.9 C). However, it was also recognizable that the overall strength of the shift was 

smaller in the library in comparison to the PscH_EnvZ expressing cultures (Figure 4.9 C). 

This was owed to the presence of constitutively-active variants in the library, which showed 

high CFP and low YFP values independent of ligand presence. Based on the observed 

fluorescence in the individual cultures as well as the observed shifts the sort gate for the 

collection of variants was set manually. The gate was set so that the top ~ 1% of the library, 

were collected for further analysis.  

In total, ~ 9,000 cells were collected (screening of ~ 900,000 variants). A fraction of the 

collected cells was plated and 96 individual colonies were randomly picked from the agar 

plates. Next, a standard fluorescence growth assay (96 well plate format) with 5 mM malate 

containing M9 medium was carried out (Figure 4.10).  

 

 

Most of the collected variants exhibited improved marker ratios in comparison to the control 

(EPB30 expressing wt PscH_EnvZ) (Figure 4.10). However, only a minor fraction of the 

collected variants had strongly improved marker ratios of more than 2, while the majority of 

the collected variants exhibited marker ratios between 1 and 2. To assess whether the sorted 

and tested variants represented constitutively-active variants or were indeed more sensitive 



  

   

 

for malate an additional 24 well plate format standard fluorescence growth assay was carried 

out with the best 7 variants (Figure 4.11). 

 

 

 

Six of the seven tested variants that exhibited high marker ratios in the presence of 5 mM 

malate were constitutively-active (Figure 4.11). Those constitutively-active variants 

exhibited nearly no change in their marker ratios when cultured in 0, 5 or 10 mM malate 

containing medium and often showed an elevated marker ratio in the absence of any ligand 

in comparison to the wild-type. 

In contrast to this, variant V6 possessed promising characteristics. Variant V6 showed a very 

low marker ratio in the absence of malate but exhibited a substantially elevated marker ratio 

in the presence of 5 mM malate (Figure 4.11). In comparison to the wild-type fusion protein, 

the marker ratio of variant V6 in the absence of ligand was ~ 45% (1.51 (V6) vs. 1.04 (wt)) 

elevated, while it was ~ 330% (5.92 (V6) vs. 1.37 (wt)) elevated in the presence of 5 mM 

malate. This indicates that the cultures expressing variant V6 react much stronger to the 

presence of malate than the wild-type PscH_EnvZ expressing cultures. To identify the 

amino acid exchanges responsible for this altered signaling behavior of variant V6, the 

plasmid encoding for variant V6 was sequenced. 5 point mutations within the gene encoding 



  

   

 

for the PscH LBD fragment of the PscH_EnvZ fusion protein were identified. One 

mutation was found to be silent, while four of the mutations translated into amino acid 

exchanges (Table 4.3). 

From: Amino acid position: To: 

Serine (Ser, S) 99 Glycine (Gly, G) 

Valine (Val, V) 172 Aspartic acid (Asp, D) 

Arginine (Arg, R) 183 Proline (Pro, P) 

Glutamine (Gln, Q) 263 Histidine (His, H) 

 

The in vitro properties of the variant V6 LBD were examined to determine its malate affinity. 

The gene sequence encoding for the V6 LBD was cloned into the pET28 expression vector. 

To do so, the gene fragment encoding for the V6 LBD was PCR amplified and the fragment 

and vector were restriction endonuclease cleaved, before being ligated (T4 DNA ligation). 

The success of the cloning procedure was confirmed by colony PCR and subsequent 

sequencing. Finally, the V6 LBD was expressed in AIM using the BL21-Gold (DE3) 

expression strain and was purified using the standard purification protocol for Ni-NTA and 

Äkta (see section 2.2.15.2). The success of the protein purification was assessed using SDS-

PAGE (Figure 4.12). 

 



  

   

 

 

 

The V6 LBD was purified successfully using the established purification protocol (Figure 

4.12). To assess the malate binding parameters of the V6 LBD, ITC experiments were carried 

out. However, the initial ITC experiments failed, as the protein degraded at hand-warm 

temperatures. FTS assays carried out to confirm the heat sensitivity of the V6 LBD showed 

a reduction in the melting point in comparison to the wild-type PscH LBD (~ 10 °C 

difference). In addition, the V6 LBD in the preliminary FTS assays did not show any 

stabilization upon addition of malate, suggesting that it does not bind malate. Preliminary 

ITC experiments carried out with pre-chilled syringes and tubes at 10 °C confirmed these 

results and showed that the V6 LBD indeed does not bind malate and is most likely unfolded 

(Figure 4.13). 



  

   

 

 

 

The purified V6 LBD did not bind malate, while at the same time the full-length V6 fusion 

protein in comparison to the wild-type fusion protein showed strongly upregulated marker 

ratios in the reporter strain. Owed to this contradiction between the in vivo and in vitro results, 

the individual point mutations of the V6 LBD were investigated further. It was hypothesized 

that a particular mutation may confer improved binding capabilities upon the V6 LBD, while 

other detrimental mutations may be responsible for the heat sensitivity and potential 

unfolding of the V6 LBD in vitro. To test this hypothesis, four PscH_EnvZ fusion protein 

variants were constructed, each carrying one of the four single point mutations found in the 

V6 LBD (Ser99Gly, Val172Asp, Arg183Pro, and Gln263His). The variants were constructed 

using either QuikChange mutagenesis or SOE-PCR (see section 2.2.2 and 2.2.4) and the 

success of the cloning procedure was confirmed by sequencing. Next, the four fusion protein 

variants were assessed in the reporter strain and the effect of the single point mutations on 



  

   

 

the marker ratios was analyzed in a 96 well plate standard fluorescence growth assay (Figure 

4.14). 

 

 

 

The Ser99Gly single point mutant exhibited a highly-promising reaction pattern and showed 

a strong upregulation of the marker ratios in the presence of malate (Figure 4.14). The 

reaction pattern of the Ser99Gly single point mutant widely reflected the reaction pattern of 

the V6 variant over all of the tested concentrations. In contrast to this, the other single point 

mutants had either neutral or detrimental effects on the marker ratios. In particular, the 

mutations Arg183Pro and Gln263His were found to be detrimental. In comparison to the 

wild-type fusion protein expressing cultures, the expression of these two mutants led to a 

reduced upregulation of the marker ratios in the presence of malate. The cultures expressing 

the Val172Asp mutant showed near wild-type properties exhibiting marker ratios similar to 

the wild-type PscH_EnvZ expressing cultures. 

Furthermore, none of the tested cultures showed a reaction to the presence of tartrate and 

the marker ratios in the presence of tartrate closely resembled the marker ratios measured in 

the absence of ligand (Figure 4.14). This indicates that all of the fusion proteins are 



  

   

 

insensitive for tartrate and specifically react to the presence of their cognate ligand, malate. 

The marker ratios in the absence of ligand between different cultures vary slightly. This is 

due to small variations in the baseline fluorescence levels of the different cultures. 

The standard fluorescence growth assay demonstrated that the Ser99Gly mutation in variant 

V6 is responsible for the strong upregulation of the marker ratios in the presence of malate, 

while the other mutations are likely to be either neutral (Val172Asp) or even detrimental 

(Arg183Pro, Gln263His). Therefore, the affinity of the Ser99Gly mutation carrying PscH 

LBD (PscH_S99G) for malate was evaluated next. For the purification of PscH_S99G, the 

gene fragment encoding for the LBD was cloned into the expression vector pET28 in the 

same fashion as previously done for variant V6. The success of the cloning procedure was 

confirmed by colony PCR and sequencing and the PscH_S99G LBD was expressed in the 

same fashion as the V6 LBD. Finally, PscH_S99G was purified using Cobalt resin and 

gravity flow columns and an ITC experiment was carried out to determine the KD value for 

the binding of malate (Figure 4.15). The integrated heats of the individual injections were 

fitted using an independent binding model in the TA NanoAnalyze software and a 

dissociation constant of ~ 203 µM with a 95% confidence interval from 171-235 µM was 

calculated. TA NanoAnalyze represents a specialized program used for the analysis of ITC 

data derived from nanoITC and is described in detail in section 2.2.27.2. Ultimately, this 

finding validated the established high-throughput screening platform and effectively 

demonstrated that it is applicable to screen and isolate chemoreceptor LBD variants with 

altered ligand binding capabilities. 



  

   

 

 

 

The identification of the PscH_S99G LBD variant, which had improved affinity for malate, 

demonstrates that the established high-throughput screening platform can be used for the 

screening and identification of chemoreceptor LBD variants with altered binding 

capabilities. However, the identification of the promising variant V6 also demonstrated that 

it is mandatory to counter-screen individual, isolated variants in the presence and absence 

of malate, to remove constitutively-active variants. The screening procedure used initially 

for the exclusion of constitutively-active variants with standard fluorescence growth assays 

was time-consuming and prevented the assessment of a large number of variants in a fast 

reliable manner. To overcome this, high-throughput fluorescence growth assays (see 



  

   

 

section 2.2.24.2) were developed to simplify the exclusion of constitutively-active variants 

and further improve the throughput (Figure 4.16). 

 

 

 



  

   

 

The final optimized high-throughput screening platform consists of two coupled 

high-throughput screens which are conducted in succession (Figure 4.16). In the first 

screen, individual variants of a chemoreceptor LBD-EnvZ fusion protein are expressed in 

the reporter strain and are screened using FACS. The variants exhibiting the strongest CFP 

fluorescence and least YFP fluorescence are then isolated and sorted into a standard 96 well 

plate (FACS sort plate). Next, high-throughput fluorescence growth assays are carried out. 

High-throughput fluorescence growth assays allow for automation and fast assay 

preparation, as the high-throughput fluorescence growth assay plates are prepared with a 

multi-channel pipette before being inoculated from a re-grown, frozen FACS sort plate using 

a 96 well pin replicator. The variants in the FACS sort plate are then screened once in pure 

M9 medium and once in ligand-containing M9 medium and the marker ratios for ligand-free 

and ligand-containing medium for each FACS variant are calculated. Finally, the most 

promising variants and constitutively-active variants can be identified on the basis of their 

marker ratios, similarly as done here for the identification of variant V6. 

  



  

   

 

In this work, the first high-throughput screening platform for the directed evolution of 

non-endogenous chemoreceptor LBDs was established. The screening platform uses 

fluorescence signals to differentiate between variants and relies on functional fusions 

between a chemoreceptor LBD and the signaling domain of EnvZ. For the identification of 

promising variants, two coupled high-throughput screens (FACS and fluorescence growth 

assays) are used. In addition, the coupled approach allows the efficient identification and 

exclusion of constitutively-active variants. Finally, the platform was optimized to require a 

minimum amount of manual labor.  

 

In comparison with the previous screening system by Derr et al. for the mutagenesis of the 

Tar chemoreceptor [88, 89], the screening platform established in the course of this work is 

very different and holds various major advantages. 

In the screening system developed by Derr et al., promising Tar variants were isolated based 

on their motility and an E. coli based reporter strain was used, where all the chemoreceptors 

were deleted [88]. For the selection process, a ligand gradient was established on a swim agar 

plate. Next, a library of Tar variants was expressed in the reporter strain and the 

chemoattraction responses of the cells towards the presented ligand were assessed on the 

swim agar plate [88]. Variants capable of perceiving the presented stimulus swam towards 

higher ligand concentrations and were re-isolated by being pipetted of the plate together 

with the swim agar [88]. 

The motility based screening system of Derr et al. has two advantages, which are its simplicity 

and the absence of the need to counter screen for constitutively-active variants, as those are 

not chemotactic [88]. However, in comparison to the established high-throughput screening 

platform of this work, the system of Derr et al. is still lacking with regard to the exactness of 

the isolation of improved variants, quantifying the improvement of variants, throughput, the 

required time for selection and the required manual labor. In particular, the exactness of the 

isolation of improved variants is crude and highly dependent on the experimenter in the 

system described by Derr et al. as the borders of growth on swim agar plates are difficult to 

determine exactly and as pipetting off, therefore, is inaccurate. Furthermore, the system of 



  

   

 

Derr et al. requires ligand stability and diffusion and possesses the same limitations as the 

high-throughput screening platform established in this work when trying to assess non-

endogenous chemoreceptor LBDs; namely the construction of functional fusion proteins as 

a prerequisite for mutagenesis and screening (see section 4.3.3). 

In the course of this work both, motility based screening systems, as well as fluorescence 

based screening systems, were briefly explored. Ultimately, it was decided to establish the 

screening platform on the basis of fluorescence and functional chemoreceptor LBD-EnvZ 

fusion proteins rather than motility, as it proved challenging to establish a sensitive, 

quantifiable high-throughput assay with regard to motility based screening systems. 

Nevertheless, in the future, novel high-throughput techniques, such as microfluidic devices, 

may present an alternative to the established high-throughput screening platform of this 

work. 

 

In the future, the development of new methods such as microfluidic devices may emerge as 

an applicable alternative to the high-throughput screening system established in the course 

of this work. To date, microfluidic devices have proven in particular useful for assessing the 

chemotactic abilities of native bacteria towards various chemical stimuli [69, 71, 72, 159] and 

first steps towards the development of screening and selection approaches have been 

undertaken [70, 73, 160]. 

The work of Dong et al. is especially promising with regard to the development of future 

high-throughput screening systems based on motility [70]. Dong et al. coupled a microfluidic 

device employing parallel streams with a Teflon-tubing based nano-scale bioreactor, which 

allows the re-cultivation of isolated, individual variants in single droplets (Figure 4.17) [70]. 

Provided the right concentration of a ligand is chosen, this device, in theory, allows for the 

isolation and subsequent cultivation of promising variants which show attraction towards 

the ligand. 



  

   

 

 

 

Besides the device by Dong et al. [70], which relies on parallel streams, a static microfluidic 

device, which relies on passive gradient formation after loading has recently been described 

by Shen et al. [73]. The so-called “SlipChip” is a glass-based microfluidic device, consisting 

of two objective slides with etched in channels and wells. The two slides are placed on top 

of one another to form a network of interconnected wells and channels. By slipping the 

channel containing slide, multiple conformations can be achieved which allow for the 

formation of chemical gradients by diffusion and the isolation of bacterial cells with the 

desired sensing capabilities. Very recently, the “SlipChip” has been used for the first time 

for the isolation of herbicide sensing and degrading bacteria from soil samples, proving its 

applicability as a device for the selection and isolation of chemotactic bacteria with desired 

sensing capabilities [160]. Figure 4.18 shows the “SlipChip” developed by Shen et al. [73], 

in two configurations. 

http://creativecommons.org/licenses/by/4.0/


  

   

 

 

 

In the course of this work the “SlipChip” was reconstructed in a collaboration with Dr. 

Volker Nock (UC Canterbury) according to the specifications of Shen et al. and was briefly 

assessed as the basis for the development of a high-throughput screening platform for 

chemoreceptor LBD variants (Figure 4.18). However, while microfluidic devices have 

undoubtedly proven useful for the assessment of bacterial chemoreceptor binding 

properties, the current generation of microfluidic devices still possesses major limitations 

with regard to serving as basis for a high-throughput screening platform. 

The most crucial problems are the limited throughput of microfluidic devices and the 

difficulty in quantifying individual responses. The “SlipChip” by Shen et al. for example 

holds a total volume of ~ 10 nL per well and about 260 nL in all wells combined [73]. 

Therefore, extremely dense cell cultures would need to be screened to obtain a high-

throughput approach. The reliable creation of motile, chemotactic bacterial cells is 



  

   

 

challenging in itself and at least in part dependent on the optical density of the culture. 

During the process of obtaining chemotactic bacterial cells typically an OD600 of 0.1-0.2 is 

optimal for achieving high motility. In the “SlipChip,” it would, therefore, be possible to 

assess only ~ 26,000 variants and a multitude of selection rounds would be required to 

achieve the throughput achievable by FACS. In addition, the current microfluidic devices 

are able to select variants that react to a given stimulus, but it is not possible to quantify the 

reaction. In the case of library screening, this prevents a differentiation between variants and 

hinders the selection and assessment of the very best variants. This limitation is particularly 

difficult to overcome with regard to swimming behavior, as bacteria only have a binary signal 

output and can either run or tumble. Finally, the creation and use of microfluidic devices 

relies on sophisticated engineering processes and in most cases requires specialized 

machinery, not readily available outside micro-engineering focused laboratory groups. This 

currently still hinders the widespread use of microfluidic devices as screening platforms. 

 

The high-throughput screening platform established during the course of this works allows 

the directed evolution of non-native bacterial chemoreceptor LBDs towards desirable 

functions. One essential prerequisite for the screening system established here is the 

construction of functional chemoreceptor LBD-EnvZ fusion proteins, which possess the 

sensing capabilities of the native chemoreceptor in combination with the signaling properties 

of EnvZ. 

In this work for the first time, an LBD with HBM domain structure was fused with EnvZ. 

The fusion point was chosen similarly as for the previously described functional 

chemoreceptor LBD-EnvZ fusion proteins Trz1 and Taz1 [94, 95], which represent fusions 

between the E. coli chemoreceptors Trg (Trz1) or Tar (Taz1) and EnvZ. Trg and Tar both 

possess LBDs with 4-HB domain structure and both were fused with EnvZ by digestion of 

the corresponding gene sequences with NdeI and subsequent ligation of the gene fragments.   

The PscH_EnvZ fusion protein, constructed in the course of this work, reacted specifically 

to malate, but not to any of the other presented stimuli. This suggests that a functional fusion 



  

   

 

protein was obtained, which combined the specificity of the PscH chemoreceptor and the 

signaling capabilities of EnvZ. The observation that the fusion point, which worked for 4-

HB domains also worked for the HBM domain of PscH, suggests that the strategy of 

multiple sequence alignment and subsequent fusion of the corresponding genes at the NdeI 

cut site may be a generally applicable strategy. However, in cases were the initial strategy for 

the construction of functional fusion proteins is unsuccessful other techniques exist to 

modify the fusion protein activity. First, various other fusion points can be assessed. Here 

the recent publication of Bi et al. can serve as a guide, as Bi et al. successfully fused all types 

of LBD (4-HB, sCACHE, dCACHE, HBM, and NIT) with the signaling parts of the Tar 

chemoreceptor [77]. For the HBM domain it was found that a fusion within the second 

transmembrane helix of the McpS chemoreceptor and Tar chemoreceptor is functional [77]. 

Second, the “linker approach” as described by Bi et al. [77] or “aromatic tuning” as described 

by Yusuf et al. [161] and Lehning et al. [111] can be employed to generate a functional 

chemoreceptor LBD-EnvZ fusion protein. 

For the “linker approach” a random five amino acid linker is introduced as a connecting 

cable between the LBD part and the signaling domain part. Next, variants that exhibit the 

desired sensing capabilities can be isolated via a screening system. Bi et al. constructed 

chemoreceptor LBD fusions with Tar signaling domains [77]. Therefore, their screening 

system was based on swimming and employed multiple rounds of selection on swim agar 

plates [77]. However, with regard to chemoreceptor LBD-EnvZ fusion proteins, the high-

throughput screening platform established in this work could be used to select for the best 

linker sequences. “Aromatic tuning” is another way to render inactive fusion proteins into 

active variants. In this approach the aromatic residues, which are typically found in bacterial 

chemoreceptors intracellularly at the end of the second transmembrane helix, are 

repositioned by one to three amino acid positions up- or downstream [111, 161]. A change 

in the activity level of the fusion protein can be detected and ultimately fusion protein 

variants can be isolated in which a differentiation between ligand-free and ligand-containing 

medium based on the measured fluorescence levels is possible. Lehning et al. effectively 

demonstrated this on the basis of a NarX-EnvZ fusion protein [111]. 

 

 

 



  

   

 

A limited amount of knowledge is available with regard to the signal transduction through 

chemoreceptor LBD-EnvZ fusion proteins. This is largely owed to an incomplete 

understanding of signal transduction through full-length bacterial chemoreceptors and/or 

full-length EnvZ. The observation that the fusion proteins Taz1 [94], Trz1 [95] as well as 

PscH_EnvZ (this work), reacted to the known, primary ligands of the chemoreceptors, 

suggests that at least in part the signaling mechanisms are conserved. However, it is also 

noteworthy that differences were described with regard to the signaling capabilities of the 

native chemoreceptors and the fusion proteins. Taz1, for example, reacted to the presence 

of the Tar ligand aspartate, but not to the presence of maltose, which is usually recognized 

by Tar with the help of the periplasmic maltose binding protein [94, 162]. In addition, a 

recent paper examining the wider binding profile of Taz1 confirmed that the fusion protein 

in accordance with the full-length Tar chemoreceptor [163], was activated by aspartate and 

glutamate, but was inhibited by the Tar attractant methionine [152]. Also, leucine was found 

to have a dominant inhibiting effect on Taz1 even in the presence of a high concentration 

of aspartate and the results suggest that leucine binds in the aspartate binding pocket of Taz1 

[152]. This showed that the fusion protein in comparison with wild-type Tar exhibits an 

altered binding profile and the authors suggested that Taz1 possesses a wider degree of 

plasticity with regard to its binding capabilities and potentially an altered conformation [152]. 

While Taz1 did not react to the presence of maltose [94] Trz1 responded to ribose which is 

also detected with the help of a periplasmic binding protein [95, 164]. In the future, it would 

be interesting to determine the wider binding profile of the PscH_EnvZ fusion protein 

constructed in this work to either find additional ligands for the PscH chemoreceptor LBD 

as proposed by Lehning et al. [111] and/or determine how/if the binding profile has changed 

in comparison to wild-type PscH. These findings may help to understand the intricacies of 

signal transduction through chemoreceptors, EnvZ and chemoreceptor LBD-EnvZ fusion 

proteins. 

An important factor regarding the signal transduction through fusion proteins is the degree 

of dimerization and organization into higher order clusters. Native bacterial chemoreceptors 

form heterotrimers of homodimers [165] that organize in the membrane into higher-order 

hexagonal arrays for efficient signaling [62, 68]. The arrays are connected with one another 

intracellularly through CheA and CheW [37, 62]. For bacterial chemoreceptors, the current 

signal transduction model, therefore, consists of ligand binding, followed by a piston-like 



  

   

 

movement of the second transmembrane helix and subsequent destabilization of the tight 

packing of the methylation bundle [62]. The model proposes that chemoreceptors react in a 

cooperative manner and that individual signals are passed on through the hexagonal arrays 

[62].  

For EnvZ it was shown that the protein requires homodimerization through subdomain A 

of its cytoplasmic kinase domain to be functional [166, 167]. EnvZ relies on dimerization of 

the cytoplasmic domains as it requires trans autophosphorylation for its activity regulation 

[167], while bacterial chemoreceptors require only one cytoplasmic domain per dimer to be 

functional [168, 169]. How EnvZ perceives and transduces a signal is not fully understood 

and various, conflicting data exist which have led to the development of multiple types of 

models [170-173]. 

In conclusion, this means for the PscH_EnvZ fusion protein constructed in this work that 

it most probably exists as a homodimer, which dimerizes through its EnvZ dimerization 

domain [166] and allows efficient trans autophosphorylation of the kinase domain [167]. 

Second, PscH_EnvZ most probably does not form any higher order clusters with the native 

E. coli chemoreceptors as the fusion protein lacks the residues responsible for the association 

of heterotrimers [165] as well as the CheA and CheW contact sites [37]. Finally, PscH_EnvZ 

signals to OmpR and the marker ratios are upregulated in the presence of malate. However, 

how the signal transduction through the chimera takes place in detail is impossible to say at 

this point as neither the signal transduction pathway through EnvZ nor through bacterial 

chemoreceptors has been fully understood. In the future, it would be valuable to determine 

the actual localization of the fusion protein and its interaction with native chemoreceptors. 

This could be done by use of fluorescence tags and fluorescence resonance energy transfer 

experiments. Furthermore, crystallization of the fusion protein and experiments in a 

controlled environment, such as artificial membranes, could help to gain insights into the 

actual signal transduction mechanism within the fusion protein in comparison to the native 

PscH chemoreceptor and EnvZ. Overall, this may help with the establishment of a set of 

rules and guidelines for the construction of fusion proteins, which preserve the 

chemoreceptor LBD affinity and specificity and combine them with the EnvZ signaling 

properties.     

 

 



  

   

 

The isolation of variant V6 and subsequently the isolation of single point mutant Ser99Gly 

clearly demonstrated the limitations and the potential of the established high-throughput 

screening platform. First, variant V6 was isolated, which in comparison to the wild-type 

PscH_EnvZ fusion protein exhibited a clear upregulation of marker ratios in the presence 

of malate in vivo. However, the purified LBD of variant V6 did not bind malate and was 

temperature sensitive. This showed how carefully in vivo results have to be interpreted and 

that it is mandatory to verify these results using in vitro experiments with the purified LBDs. 

Second, the individual point mutations of variant V6 were assessed individually and 

Ser99Gly was isolated as a single point mutant, which improves the affinity of the PscH 

LBD for malate. This demonstrates that it is possible to evolve chemoreceptor LBDs 

towards novel binding capabilities and validates the established high-throughput screening 

platform. 

The major limitations of the high-throughput screening platform established during the 

course of this work are its requirement for functional fusion proteins and its inability to 

screen directly for improved ligand binding properties. In the established screening system, 

the downstream signals evoked by the response regulator OmpR serve as a representation 

for the activity of the PscH_EnvZ fusion protein. When using this screening approach, it is 

crucial to assess the binding capabilities of individual LBDs with in vitro experiments before 

carrying out additional rounds of mutagenesis. Variant V6 represents an ideal example for a 

situation in which the in vivo properties and activity of the fusion protein differed vastly from 

the in vitro binding capabilities of the purified LBD. In the case of variant V6, it is likely that 

the purified LBD is not correctly folded, as malate binding was completely abolished. It can 

be speculated that its two adjacent transmembrane domains and the general environment of 

the bacterial membrane stabilize the LBD of variant V6 in vivo, whereas these factors are 

missing in vitro. In the future, it would be interesting to confirm the theory of misfolding by 

carrying out circular dichroism experiments and by assessing if the secondary structure of 

the purified LBD of variant V6 differs from the secondary structure of the purified PscH 

LBD. If so, follow-up experiments could be carried out to examine which of the point 

mutations leads to the misfolding. By the nature of the mutations, it is likely that the 

Arg183Pro mutation has an influence on the secondary structure, as proline is typically 

considered a kink-inducing amino acid [174]. In addition to circular dichroism and 



  

   

 

subsequent mutagenesis experiments it may also be worth to carry out experiments with 

variant V6 in artificial membranes, to gain insights into why the mutations are detrimental 

in vitro, but not in vivo. 

Owed to the indirect screening approach and the use of a fusion protein it is essential to 

conduct in vitro experiments as the acquired mutations in the LBD can have different effects, 

which all may result in upregulated marker ratios. First, the mutations can have the desired 

effect and change the affinity and/or specificity of the underlying chemoreceptor LBD. The 

PscH_S99G_EnvZ fusion protein, for example, exhibits substantially upregulated marker 

ratios in comparison to the wild-type fusion protein and its LBD binds malate with higher 

affinity (KD ~ 203 µM) than the wild-type PscH LBD (KD ~ 450 µM) (Ser99Gly as an 

affinity improving mutation is discussed in Chapter 5). Second, mutations can have an effect 

on the expression level of the fusion protein. Even though it is unlikely that a few amino 

acid exchanges have a dramatic effect on the expression level of the fusion protein, the initial 

experiments with the Tar_EnvZ fusion protein demonstrated that a large amount of inducer 

and strong expression reduced the measured CFP-YFP-ratio substantially. It is as yet unclear 

if this effect is due to problems in the folding and insertion of a large number of 

transmembrane proteins, or if the assembly of a large number of fusion proteins in the 

membrane is detrimental to the signal generation. Third, it is possible that the mutations do 

not alter the affinity and/or specificity of the LBD, but rather render the signal transduction 

from the LBD to the EnvZ part more efficient. 

  



  

   

 

 

Bacterial chemoreceptors are promising candidates for the development of new sensory 

elements. First, bacterial chemoreceptors typically combine remarkable specificity and 

sensitivity and detect their ligands in the low micromolar range [83, 156] or even at 

nanomolar concentrations [137]. Second, chemoreceptors exhibit an extraordinary amount 

of diversity with regard to their ligand binding profiles [61] and the structures of their LBDs 

[35]. While some bacteria show native chemoattraction towards biotechnologically 

promising substrates, such as atrazine [175], toluene and benzene [176], in many other cases 

it is still required to either tweak the binding capabilities of a chemoreceptor towards 

improved affinity and/or specificity or alter/expand its binding profile towards novel 

compounds. For these purposes, directed evolution is a promising tool as it allows altering 

the binding capabilities of a bacterial chemoreceptor without requiring extensive knowledge 

about structure-function-relationships. Here, the screening platform developed in chapter 4 

was used to screen and identify further promising mutations with effect on the malate 

binding capability of PscH. Malate was chosen as a target as its detection is 

biotechnologically important for the production of high-quality wines. 

During wine production, various factors influence the quality of the final product. Among 

them are for example the harvesting point, the quality of the grapes, the yeast strains used 

during fermentation, as well as the fermentation time. However, one of the most important 

factors that winemakers typically try to control for is the acidity [177]. The acidity of the 

grapes has important implications during various steps of the fermentation process and the 

acidity of the wine ultimately determines its shelf life and taste. Wine acidity is mainly 

determined by the concentration of the two most abundant organic acids in grapes, L-tartaric 

acid and L-malic acid, which represent the protonated forms of tartrate and malate, 

respectively [177]. While the levels of tartaric acid/tartrate in grapes typically are similar 

between various harvests the levels of malic acid/malate vary greatly in dependence of the 

harvesting point and environmental conditions [177].  



  

   

 

L-malic acid is the second most abundant organic acid in grapes and it is produced as an 

intermediate of the tricarboxylic acid cycle [177]. The levels of L-malic acid increase 

dramatically during the growth phase of green grape berries before the process of ripening 

sets in. L-malic acid levels as high as 25 g/L (186 mM) were measured in grapes before the 

onset of ripening [178]. Once ripening has started, malic acid levels steadily drop, as the 

compound serves as an energy source during cellular respiration processes [179]. After 

ripening, the levels of malic acid found in musts (= fresh grape juice after harvesting, which 

contains stems, skins and seeds of fruits) are typically between 1-6.5 g/L (7.5-48.5 mM) 

[178]. However, there is a strong difference between musts from northern and southern 

wine countries. Musts derived from grapes in northern wine countries possess elevated levels 

of malic acid (~ 4-6.5 g/L), while the musts from southern wine countries have lower levels 

of malic acid (~ 1-2 g/L) [178]. 

Besides its indicator role during the ripening process, L-malic acid levels also play an 

important role during the malolactic fermentation process [180]. Malolactic fermentation is 

typically carried out by vintners after the primary fermentation, to control for the tartness 

of the wine [180]. During the process, the remaining L-malic acid in the must is converted 

by specific bacterial strains into L-lactic acid to reduce the tartness of the wine [180]. Owed 

to its various important roles during the production of high-quality wines, L-malic acid and 

its deprotonated form malate represent compounds whose sensitive detection is highly 

desirable to develop new tools and sensory elements that can aid vintners during the wine 

production process. 

In this chapter, the high-throughput aspect of the screening platform developed in chapter 

4, was exploited to screen an additional 576 PscH LBD variants and identify PscH LBD 

variants with increased malate affinity. In addition, an in silico analysis strategy employing 

sequencing data and the relative activity levels of individual variants was developed and 

tested to identify the most promising single point mutations within the screened variants. 

  



  

   

 

To isolate mutants with improved affinity for malate, an additional FACS run with the fusion 

protein library (PscH_EnvZ) constructed in chapter 4 was carried out. In contrast to the 

previous FACS run, the most promising FACS variants were collected this time in the 

individual wells of 96 well plates to ensure a simple and fast downstream screening 

procedure by high-throughput fluorescence growth assays. The gate for the sorting process 

was set manually in a similar fashion as for the first sorting procedure (see section 4.2.4). In 

short, the fluorescence spreads of the library grown in the absence and presence of malate 

were used and the gate was set to encompass the area with the greatest diversity between the 

two cultures (Figure 5.1). 

 



  

   

 

 

 

FACS BD INFLUX sorting produced results similar to the FACSAria IIU cell sorter 

(Figure 5.1 and Figure 4.9). As observed previously, the wild-type fusion protein expressing 

cultures exhibited a much smaller spread in comparison to the library expressing cultures 

and showed a stronger shift in their median fluorescence values in the presence of malate. 

The new gate for sorting was set in the top left area of the fluorimetry plots (Figure 5.1 C 

and D), which showed the most variation when comparing the library expressing EPB30 

cultures grown in the absence of malate with those grown in the presence of malate. In 

addition, this region is expected to contain only the most promising variants with nearly no 



  

   

 

YFP fluorescence and very high CFP fluorescence. The chosen gate showed no overlap with 

the wild-type fusion protein expressing EPB30 cultures, suggesting that no or a minimal 

amount of wild-type fusion protein expressing cells would be carried over into the 

downstream high throughput fluorescence growth assay. However, the chosen sort gate 

already contains variants in the library expressing EPB30 cultures grown in the absence of 

malate (Figure 5.1). These variants are likely to represent constitutively-active variants. In a 

total of 100,000 events, 394 events were detected within the chosen gate regarding the library 

expressing EPB30 cultures grown in the absence of malate. In the presence of 5 mM malate, 

759 events were recorded within the chosen gate per 100,000 total events. Therefore, it was 

expected that ~ 52% of the collected variants would be constitutively-active, while ~ 48% 

are likely to be active variants which react to the presence of malate with an altered 

fluorescence output. 

The marker ratios for each variant in the ligand-free and ligand-containing medium were 

elucidated using high-throughput fluorescence growth assays. Next, the relative activity of 

each variant was calculated to allow a simple comparison of variants and a clustering 

according to a single value which takes into account the fluorescence levels with and without 

ligand. The relative activity was defined as the percentage upregulation of the marker ratio 

from 0 to 5 mM malate. To calculate the relative activity of a variant the marker ratio from 

the ligand-containing medium was divided by the marker ratio from ligand-free medium and 

the received value was multiplied with 100 (= percentage) before 100 were subtracted (= 

percentage upregulation) (see section 2.2.24.3). Finally, the individual variants were clustered 

according to their relative activity (Table 5.1). Owed to a lack of hard guidelines for the 

clustering process, the individual variants were clustered based on the general observations 

regarding the obtained results and previous fluorescence growth assay results (Table 5.1). 

  



  

   

 

 

A total of 576 variants sorted by FACS BD INFLUX were analyzed by high-throughput 

fluorescence growth assays (Table 5.1). Many promising variants were identified which 

reacted to the presence of malate with a strong increase in their marker ratios. The best 10 

variants all showed a relative activity of more than 1,000% (Table 5.1 green) with the 

highest upregulation found in variant P4D2 (Plate 4; well D2), which exhibited a relative 

activity of 1,433%. Slightly less active variants were clustered as the second group, exhibiting 

a relative activity of 500 to 1,000% (Table 5.1 orange). This relative activity was found in 

11.8% (68) of the isolated variants. Variants with a relative activity of 100-500% were 

clustered as the third group of active variants (Table 5.1 purple). With 129 variants these 

variants made up 22.4% of all isolated variants and represented the largest proportion of the 

active variants. Finally, variants with a relative activity of 50-100% were clustered as variants 

with wild-type like properties (Table 5.1 brown). This cluster was created based on previous 

observations with reporter strain cultures expressing the wild-type PscH_EnvZ fusion 

protein. 



  

   

 

In 33 wells, the variants isolated after FACS could not be recovered and these wells showed 

no growth (Table 5.1 grey). A total of 284 constitutively-active variants were found, 

emphasizing the necessity of the coupled high-throughput screening (Table 5.1 blue). 

During the FACS sorting process it was predicted that 52% of the isolated variants would 

be constitutively-active, whereas 48% would be active. In accordance with this, the high-

throughput fluorescence growth assays resulted in the identification of  49.3% constitutively-

active variants. In addition to the constitutively active variants, 8 inactive variants were 

identified which exhibited near wild-type like marker ratios in the absence of malate but did 

not exhibit an increased marker ratio in the presence of malate (Table 5.1 red). 

 

To explore the basis of the observed functional variations, each of the 576 variants was 

sequenced. There were a total of 1,257 mutations found, corresponding to an overall average 

mutation frequency ~ 2 mutations per variant. At the protein level, nearly every amino acid 

was found to be mutated at least in one variant, with only 15 amino acid positions not altered 

in any variant. 

The frequency of individual mutations was compared with the relative activity levels of each 

variant. Mutations at amino acid position Trp45 occurred the most frequently (found in 

64/576 variants). Furthermore, mutations at Trp45 were found in all of the most promising 

variants (relative activity > 1000% (Table 5.1 green)), and in 54% of the variants with the 

next highest relative activity (Table 5.1 orange). In nearly all cases (91%) Trp45 was mutated 

to arginine; in the remaining variants (9%) it was mutated to leucine. 

As the Trp45Arg amino acid mutation was highly overrepresented in the most promising 

variants, it was challenging to identify additional function associated residues. Nevertheless, 

six promising single point mutations could be identified as potentially promising 

(Table 5.2), by developing and employing a rationale for the combined analysis of 

sequencing data and relative activity data. In short, four selection criteria were made and 

thresholds were set to identify the most promising single point mutations: 

1. It was expected that mutations with an effect on the activity level are likely to be 

overrepresented within the FACS sort plate. Therefore, only residues which were 

found to be mutated in more than 10 variants were analyzed further. This criterion 

was fulfilled by 19 residues (~ 25% of all mutations are located at these 19 residues). 



  

   

 

 

2. It was expected that a mutation, which is not random and has an actual effect on the 

relative activity of a variant is overrepresented in active variants, rather than 

constitutively-active or inactive variants. In contrast, mutations that are random and 

have no effect on the relative activity are expected to appear in variants of all activity 

levels with a similar distribution as observed in the FACS sort plates (Table 5.1). 

Therefore, only residues which were found to be mutated in less than 40% 

constitutively-active or inactive variants were analyzed further. This criterion was 

fulfilled by 13 of the 19 highly mutated residues. (This criterion is particularly 

important, as it accounts for the nature of error-prone PCR during which mutations 

are acquired sequentially). 

 

3. It was expected that promising mutations would be targeted mutations towards 

particular amino acids or a subset of amino acids with specific physical properties. 

The criterion for directionality of the mutations was decided to be given when more 

than 80% of the active variants at a specific residue were targeted towards one or 

two amino acids. This criterion was fulfilled by 9 of the 13 residues that also fulfilled 

criteria 1 and 2. 

 

4. It was checked within the 9 residues fulfilling the previous criteria if a single point 

mutant was present in the FACS sort plates, which harbored the most dominant 

mutation found at the respective position and exhibited an improved relative activity. 

This criterion was fulfilled by 6 residues. 

In the described rationale, the thresholds for the exclusion of variants were set based on the 

general observations regarding the EPB30 screening system, the distribution of the variants 

as well as the sequencing data. All thresholds were set rather leniently to allow for a greater 

number of residues to pass. Table 5.2 gives an overview of the identified amino acid 

mutations as well as the rationale employed for identifying the most promising variants. 

  



  

   

 

Amino acid 

position in 

PscH LBD 

Number 

of 

mutations 

found 

Constitutively-

active/inactive 

variants found 

with a mutation 

at this residue 

Directionality of 

mutations 

Single 

point 

mutant 

Asn41 21 48%   

Trp45 64 6% 97% Arg Trp45Arg 

Ser47 11 18% 88% Arg Ser47Arg 

Thr50 19 5% 72% Lys, 22% Arg Thr50Lys 

Gln80 11 40%   

Phe86 11 18% 100% Lys Phe86Lys 

Ser99 11 9% 100% Gly Ser99Gly 

Val103 19 38% 77% Met + Ala  

Leu106 13 38% 63% Phe + Val  

Ala114 11 55%   

Arg124 21 19% 59% His, 35% Cys Arg124His 

Ser125 11 55%   

Gly142 14 79%   

Gly146 11 36% 57% Ser, 29% Cys No 

Ala163 11 55%   

Arg183 12 33% 50% Cys, 38% His No 

Thr248 15 40%   

Glu270 16 6% 80% Lys + Gly  

Ser284 14 21% 55% Cys, 27% Arg No 

 

Using this rationale, six promising single point mutations were identified which are likely 

candidates to have an effect on the fusion protein (Table 5.2). In particular, the second 

exclusion criterion proved valuable for the classification of mutations and the highly mutated 



  

   

 

residues can be roughly grouped into four groups solely on the basis of the second exclusion 

criterion. 

First, there were residues which were very strongly overrepresented in active variants and 

less than 10% of the variants carrying mutations at these positions were constitutively-active 

or inactive. Residues belonging to this group are the Trp45, Thr50, Ser99, and Glu270. For 

Trp45, Thr50 and Ser99 the corresponding single point mutants Trp45Arg, Thr50Lys, and 

Ser99Gly also exhibited the greatest relative activity with an upregulation of their marker 

ratios by 500-1,000% or in the case of Trp45Arg even more than 1,000%. This indicates that 

these residues, in fact, had a strong effect on the relative activity of the fusion protein and 

therefore appeared less often in constitutively-active or inactive variants. It is striking that 

most of the residues in the first group also showed a very high degree of directionality and 

only mutations to one or two particular amino acids could be found at the respective 

positions. 

The second type of residues were those which could be found within 18-21% of 

constitutively-active or inactive variants. The residues of this group are Ser47, Phe86, 

Arg124, and Ser284. Overall, mutations at these residues appeared to be not as tightly 

associated with activity and therefore also had a higher distribution in constitutively-active 

and inactive variants. In accordance with this assumption the relative activity level of the 

single point mutants carrying the Ser47Arg, Phe86Leu or Arg124His mutation showed an 

upregulation of only 100-500%, rather than 500-1000%.  

The third group of residues are residues which were found within 33-40% constitutively-

active and inactive variants. These residues often showed mutations to more than two types 

of amino acids and did not meet the directionality or active single point mutation criteria. 

Gln80, Val103, Leu106, Gly146, Arg183, and Thr248 belong to this group. 

Finally, there were some residues which were overrepresented in constitutively-active or 

inactive variants suggesting that these residues are likely to have an effect onto the LBD 

conformation or the signaling through the fusion protein. In particular mutations at Gly142 

were disproportionally associated with constitutively-active variants (79% of constitutively-

active variants) suggesting that mutations at this position impair the signaling to the 

downstream response regulator elements or lock the chemoreceptor conformation in an 

active state. Gly142 was found to be mutated to Arg, Ser, Cys, and Asp and for all mutations 

apart from the Arg mutation constitutively-active variants harboring the mutation were 

identified. 



  

   

 

When regarding the localization of the six identified promising residues in a structural model 

of the PscH LBD, it can be seen that neither of the residues is located in close proximity to 

the predicted binding site residues (Figure 5.2). Instead, three of the residues, Trp45, Ser47 

and Thr50, are located within close proximity to the first transmembrane domain of the 

fusion protein. In addition to the similarity in their location, Trp45, Ser47 and Thr50 also 

share a strong bias towards the basic amino acids lysine and arginine in their mutational 

spectrum (Table 5.2). Intriguingly, the Ser99Gly mutation, which had been identified 

previously in the standard fluorescence growth assay screening procedure was also identified 

by the high-throughput approach as a promising point mutation which confers improved 

activity onto the fusion protein. Within the structural model, Ser99 is located in a loop 

region, which is predicted to be near the cytoplasmic membrane. 

 

 

 



  

   

 

The most promising variant identified in the high-throughput fluorescence growth assays 

P4D2 was found to possess the Trp45Arg mutation in combination with Glu270Lys and 

Asp278Glu. Both Trp45Arg and Glu270Lys were identified in the initial 19 highly mutated 

residues (Table 5.2). Glu270Lys however, was excluded as an interesting point mutant as it 

did not meet the directionality criterion (Table 5.2 column 3). 

 

To assess the effect of the most promising mutations on the affinity of the PscH LBD, a 

subset of variants was chosen for further analysis by ITC. For the most promising residues 

Trp45, Ser99 and Thr50, the tested variants included the single point mutants (Trp45Arg, 

Thr50Lys and Ser99Gly) as well as the variants which exhibited the highest relative activity 

in the high-throughput fluorescence growth assays, namely P4D2 (Trp45Arg, Glu270Lys 

and Asp278Glu), P4H6 (Thr50Lys, Phe166Ser and Leu275Gln) and P1B6 (Ser99Gly, 

Ala132Glu and Lys156Ile). This parallel assessment of the single point mutants alongside 

the most active mutants carrying one of the single point mutations was performed to 

elucidate the effect of the additional mutations and ensure that potential synergistic effects 

can be discovered. 

For the less promising residues Arg124 and Phe86, only the variants with the highest relative 

activity were purified and assessed. These corresponded to the single point mutant 

Arg124His and the mutant P1E5 (Phe86Leu, Val68Ile, Asn102Asp, Thr191Ser, and 

Lys210Glu). The Ser47 residue was not analyzed further, as it is located in close proximity 

to Trp45 and Thr50 and is found similarly to Trp45 and Thr50 to be mutated to basic amino 

acids. Therefore, it was speculated that the three mutations have similar effects on the 

physical properties of the PscH LBD. 

The selected PscH LBD variants were subcloned into the pET28a (+) expression vector and 

expressed in BL21-Gold (DE3) cells as described previously. ITC was used to determine the 

dissociation constants for the binding of each of the variants to malate (Figure 5.3). For the 

sake of completeness, the previously reported ITC (Figure 4.15) with the Ser99Gly single 

point mutant is also shown (Figure 5.3). 



  

   

 

 



  

   

 

 

Most of the variants exhibited a substantially higher affinity for malate in comparison to the 

wild-type PscH LBD (KD = ~ 450 µM) (Figure 5.3). The dissociation constants ranged 

from 75 µM (P4D2) up to 263 µM (P1B6) and especially the variants with the Trp45Arg 

mutation exhibited improved affinities. 

Overall, there was a promising correlation between the findings from the high-throughput 

fluorescence growth assays and the in vitro binding capabilities of the variants. Variant P4D2 

for example, which had the highest measured relative activity in the reporter strain, also 

showed the tightest binding of malate with a dissociation constant of 75 µM. Similarly, the 

Trp45Arg single point mutant bound malate tightly with a dissociation constant of 110 µM. 

Of the two other promising mutants, Thr50Lys and Ser99Gly, in particular, the Thr50Lys 

single point mutant showed strongly improved affinity for malate with a KD value of 88 µM, 

while the Ser99Gly carrying variants (Ser99Gly and P1B6) showed only slightly improved 

affinity with KD values of 203 and 263 µM.  

The only variant which showed barely any binding of malate in the ITC experiments was 

variant P4H6 (Thr50Lys, Phe166Ser, and Leu275Gln). This finding is similar to the findings 

for the previously characterized variant V6 that carried the Ser99Gly mutation, but was 

highly temperature sensitive, did not bind malate and was probably misfolded (see section 

4.2.5). Although the Thr50Lys and Ser99Gly single point mutants showed tighter binding 

than their corresponding most promising variants, the P4D2 mutant exhibited tighter 

binding than the Trp45Arg single point mutant.  

 

Next, it was decided to assess the in vivo effects of the mutations found in the most promising 

LBD variant (P4D2) in the context of a full-length bacterial chemoreceptor. For this reason, 

two new Psa strains were constructed by gene deletion and insertion. First, a Psa ΔpscH 

knock-out strain was constructed (as negative control), second a Psa pscH::p4d2 knock-in 



  

   

 

strain was constructed. The goal for the knock-in strain was to replace the native PscH LBD 

with the LBD of P4D2 (PscH LBD with Trp45Arg, Glu270Lys, and Asp278Glu). 

The pK18mobsacB vector system was used for the construction of the two strains. The 

pK18mobsacB vector system is a widely used vector system for the construction of Psa 

deletion mutants and works on the basis of homologous recombination and subsequent 

selective screening of transformed variants. The two pK18mobsacB vectors used in this 

work were assembled so that 786-795 bp of the flanking regions next to the PscH 

chemoreceptor (knock-out) or PscH LBD (knock-in) were cloned in the vector. Both, the 

knock-out plasmid as well as the knock-in plasmid were constructed using Gibson assembly 

(see section 2.2.25 and Figure 5.4). 

The individual fragments for the construction of the two vectors were obtained by PCR and 

were quantified on an ethidium bromide gel before the knock-out and knock-in plasmid 

were constructed using Gibson assembly (Figure 5.4 A). Finally, colony PCRs were carried 

out to identify transformed cells carrying the successfully constructed plasmids (Figure 5.4). 
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The fragments used for the subsequent Gibson assembly reaction could be readily amplified 

using the primer combinations specified in section 2.2.25 (Figure 5.4 A). The upstream and 

downstream fragments flanking the PscH chemoreceptor in the knock-out vector and the 

P4D2 LBD in the knock-in vector are visible as single prominent bands with sizes of 786-

795 bp (Figure 5.4 A lane 1-4). In addition, the gene encoding for the P4D2 LBD fragment 

with a size of 993 bp was amplified (Figure 5.4 A lane 5) and the pK18mobsacB fragments 



  

   

 

for the knock-out and knock-in vector are visible with a size of 5,714 bp (Figure 5.4 A lane 

6 and 7).  

The expected fragment size for colonies carrying the knock-out vector was 1,556 bp, and 

1756 bp for colonies carrying the successfully constructed knock-in vector. In accordance 

with expectations, the colony PCRs resulted in fragments of the right sizes for both types of 

colonies and the plasmids of two positive clones could be re-isolated (Figure 5.4 B).  

Once the success of the cloning procedure had been confirmed, three parental mating was 

performed to transfer the knock-out and knock-in plasmid into wild-type Psa of strain ICMP 

18884 and either knock-out the native PscH chemoreceptor or replace its LBD with the 

P4D2 LBD. Psa colonies in which a first homologous recombination event integrated the 

vector into the genome were isolated after three parental mating by selectivity screening on 

nitrofurantoin containing LB plates. Next, a selectivity screening on sucrose containing LB 

plates was performed to isolate variants showing a second homologous recombination event 

with subsequent removal of the vector backbone. Finally, colony PCRs were carried out and 

the obtained colony PCR fragments were sequenced to verify the successful construction of 

Psa ΔpscH and Psa pscH::p4d2. 

Qualitative capillary assays were performed to assess the effect of the mutations on the 

chemotactic abilities of Psa (Figure 5.5). Capillaries with 0 mM and 10 mM malate were 

tested against wild-type Psa, Psa ΔpscH and Psa pscH::p4d2 and the chemoattraction responses 

of the strains were monitored under the microscope after 0 and 10 min. As a positive 

control, 2% Casamino acids were used, which lead to a strong attraction response if the cells 

are motile. It was hypothesized, that Psa ΔpscH would not react to the presence of malate, 

while Psa pscH::p4d2 was expected to show an elevated chemoattraction response towards 

malate in comparison to the wild-type strain.  



  

   

 

 



  

   

 

As expected all cultures reacted to the presence of the positive control (2% Casamino acids) 

with a bright ring formation after 10 min incubation (Figure 5.5). This confirmed that the 

cells were chemotactic and motile. Additionally, no chemotaxis was observed with the 

negative control (chemotaxis buffer only in 2% low melting point agarose). This 

demonstrates that the chemotaxis buffer itself does not contain any chemoattractants and 

the visible responses are all due to the presence of the dissolved ligands. 

In the presence of malate (10 mM) a chemotaxis response by all three strains was detected. 

In contrast to expectations, Psa ΔpscH exhibited a clear chemotaxis response towards malate 

indicating the presence of a redundant chemotaxis system for the detection of malate in Psa. 

This observation suggests that the chemoattraction responses observed in wild-type Psa and 

Psa pscH::p4d2 are not solely evoked through the PscH chemoreceptor. Therefore, and since 

the additional malate sensitive chemoreceptor is unknown, no further in vivo characterization 

of the P4D2 LBD carrying PscH chemoreceptor was carried out. 

  



  

   

 

The aim of this work was to isolate PscH LBD variants with improved affinity for malate, 

which is an important biotechnological target for the development of new sensory elements 

due to its importance in winemaking. The established high-throughput screening platform 

from chapter 4 was employed to screen 576 FACS isolated variants with regard to their 

relative activity. By combining the relative activity data with sequencing data, six promising 

point mutations could be identified. A total of eight variants were chosen for a detailed in 

vitro analysis of their LBDs binding capabilities and seven of the eight variants were found 

to possess lowered dissociation constants and therefore a higher affinity for malate in 

comparison to the wild-type PscH LBD. Based on these observations, it can be concluded 

that it is feasible to change the binding capabilities of bacterial chemoreceptor LBDs using 

the established high-throughput screening platform, even though many open questions 

remain.  

 

The LBDs of seven of the eight tested variants exhibited a tighter malate binding in 

comparison to the wild-type PscH LBD. However, it is yet unclear why these variants 

exhibited lowered KD values as none of the promising mutations is located in close vicinity 

to the predicted malate binding site or is predicted to exhibit direct interactions with the 

ligand binding site residues (Figure 5.2). In various catalytic proteins, long-range effects of 

mutations with far distance from the active site have been described. For example, it was 

found that a Phe186Leu mutant of cytochrome P450 1A2 has substantially lowered catalytic 

activity, despite the fact that the mutation is located ~26 Å away from the binding site [181]. 

Similarly, an Ala35Val mutation in a specific endoglucanase was found to improve the 

thermostability of the enzyme substantially (~8 °C), despite being located >20 Å away from 

the active center of the protein [182]. In both of these studies, the mutations were found to 

influence the flexibility/rigidity of the protein and thereby evoke the observed long-range 

effects [181, 182]. It is possible that the identified mutations in the PscH LBD similarly 

influence the flexibility of the LBD and thereby lead to an altered malate affinity. However, 

at this point only speculations can be made about the actual effects of the found mutations 



  

   

 

and further experiments are needed to elucidate the underlying biophysical reasons for the 

measured change in malate affinity. Currently, the crystallization of the wild-type PscH LBD 

and most promising variant P4D2 is underway in the Gerth laboratory (Dr. Joel McMillan) 

to gain a better understanding of the structural effects of the mutations. In addition, 

molecular dynamics studies, as carried out for the cytochrome P450 1A2 mutant [181] may 

be promising, once a crystal structure of the two LBDs is available. Also, it would be 

interesting to test combinations of the most promising mutations to assess if they are 

additive, synergistic or antagonistic. This may help to group mutations according to their 

biophysical effects. 

In comparison with the, also malate sensitive, McpS chemoreceptor from P. putida, it can be 

found that the McpS and PscH chemoreceptor possess ~ 47% sequence identity with regard 

to their LBDs. In addition, the binding site residues of McpS (Arg60, Arg63, Arg255, 

Thr259, and Gln65) were found to be completely conserved between the two 

chemoreceptor LBDs. In a sequence alignment of the PscH chemoreceptor LBD and McpS 

chemoreceptor LBD, it was found that all of the mutated residues apart from Thr50 are 

conserved between the two chemoreceptors. Thr50 in PscH corresponds to a Gly residue 

in McpS. In contrast to PscH however, the McpS chemoreceptor LBD was found to bind 

malate tightly with a KD value of 8.5 µM [156]. It is yet unclear which amino acid residues 

are responsible for the tight binding of malate in McpS and which residues prevent the tight 

binding in PscH. In contrast to earlier expectations, the found mutations in PscH also did 

not increase the identity between the PscH chemoreceptor LBD and the McpS 

chemoreceptor LBD. In the future, it would therefore also be promising to introduce the 

identified single point mutations into the McpS chemoreceptor LBD to assess if their effects 

are conserved between different LBDs or if the effects of the mutations are limited to the 

PscH LBD. 

 

Most of the PscH LBD variants that were analyzed by ITC (6/8) exhibited improved malate 

binding capabilities and heightened affinity for malate. This demonstrates that in these cases 

the upregulated relative activity indeed is correlated with an improved affinity and further 

validates the established high-throughput screening platform as a technique to effectively 

alter the binding capabilities of chemoreceptor LBDs. 



  

   

 

Two LBD variants, variant V6 (Ser99Gly, Val172Asp, Arg183Pro, and Gln263His) and 

variant P4H6 (Thr50Lys, Phe166Ser, Leu275Gln), were identified which showed 

upregulated relative activity levels during the in vivo experiments with the fusion protein but 

in vitro did not bind malate or bound it extremely weakly. The reasons for this are unclear. 

However, as discussed in detail in chapter 4, one possibility is that mutations might render 

the signal transduction from the LBD to the EnvZ part of the fusion protein more efficient 

or otherwise increase the level of the phosphorylated response regulator (rather than directly 

alter the affinity of the LBD). In the particular cases of variant V6 and P4H6 however, a 

more likely explanation is that the LBDs are misfolded when being purified. The theory of 

misfolding is more likely since both LBDs contained single point mutations (Ser99Gly and 

Thr50Lys) which clearly improved the malate affinity when they were assessed individually. 

Even though the screening system overall proved to be functional and allowed the selection 

of variants with improved malate binding capabilities, some findings suggest that the affinity 

of the LBD is not the only factor that influences the measured relative activity in the fusion 

protein. For instance, the P1E5 (Val68Ile, Phe86Leu, Asn102Asp, Thr191Ser, Lys210Glu) 

variant had a higher affinity for malate than Ser99Gly or P1B6 (Ser99Gly, Ala132Glu, 

Lys156Ile), despite having a lower relative activity in the in vivo high-throughput fluorescence 

growth assay. Besides examining other factors that could influence the relative activity of 

the fusion protein in the future, it will also be required to assess the standard deviation in 

the relative activity level of variants with varying relative activity to optimize the selection 

approach. 

In this work, it was possible to identify single point mutants which increased the malate 

affinity of the PscH LBD by sequencing the individual variants and conducting a detailed in 

silico analysis. However, for future directed evolution studies this approach is not feasible. 

The preliminary data from the screen of 576 variants in this work suggest that in particular 

in variants with very high relative activity levels a substantial amount of deviation can be 

found in the relative activity. For instance, multiple Trp45Arg single point mutants with 

relative activity levels ranging from as high as 1035% to as low as 577% were identified. It 

is yet to be elucidated if these variations are within the range of expected deviation, due to 

the nature of the high-throughput fluorescence growth assays, the variation within the E. 

coli cells or the acquired silent mutations. 

In this work, a high concentration of malate (5 mM) was used for the initial selection process 

of variants with altered binding capability.  The high concentration of malate was required 



  

   

 

to ensure a strong shift and simple gating process for the selection of variants during FACS. 

It is very promising that even under these selection conditions most of the tested variants 

exhibited increased affinity for malate rather than just improved relative activity. In the 

future, the isolated, highly active P4D2 variant will be used as starting scaffold for future 

rounds of mutagenesis to further improve the malate binding capabilities. Due to the 

dramatically improved activity and six-fold improved affinity of the P4D2 variant the future 

rounds of selection will be carried out with lowered concentrations of malate to ensure a 

selection for improved affinity. Owed to the highly improved relative activity of P4D2 the 

FACS selection process should at this point be feasible even at low malate concentrations. 

 

As the exact mechanism of signaling through chemoreceptor, LBD-EnvZ fusion proteins is 

not yet elucidated, it would be intriguing to examine the effects of the most promising 

mutations in vivo in the context of full-length chemoreceptors. In this work, a knock-out and 

knock-in strain for the PscH chemoreceptor of Psa was constructed. In the knock-in strain, 

the PscH chemoreceptor was replaced with a PscH chemoreceptor variant carrying the 

mutated P4D2 LBD. Both strains, however, exhibited a chemoattraction response towards 

malate in qualitative capillary assays. Therefore, it must be concluded that Psa possesses a 

redundant chemotaxis system for the detection of malate. This is the first time that a 

redundant chemotaxis system for the detection of environmental stimuli has been detected 

in this Psa strain. Redundancy is also a likely explanation for the low affinity of the PscH 

chemoreceptor for malate and it is likely that the additional malate chemoreceptor binds 

malate substantially tighter with a much lower dissociation constant and higher affinity. 

Currently, the additional malate sensitive chemoreceptor is unknown as only four of the 

other 42 Psa chemoreceptors besides PscH have been characterized in detail and neither of 

these bound malate [83, 84]. Based on the available knowledge about chemoreceptors, it can 

be speculated that one of the HBM domain carrying chemoreceptors of Psa is capable of 

binding malate. Most HBM domains characterized so far have been associated with the 

binding of tricarboxylic acid cycle intermediates [61]. For instance, the malate binding, broad 

specificity McpS chemoreceptor and the citrate specific McpQ chemoreceptor were 

identified in P. putida for the detection of tricarboxylic acid cycle intermediates [154, 156]. In 

the future, it will be required to identify the additional malate sensitive chemoreceptor and 



  

   

 

knock it out before the P4D2 LBD carrying PscH chemoreceptor can be accurately assessed 

in vivo. Once a strain has been constructed, which has lost its malate sensing capability, it will 

be possible to carry out quantitative capillary assays to quantify the attraction response 

evoked through the wild-type PscH chemoreceptor and compare it with the response 

evoked through a PscH chemoreceptor with P4D2 LBD. Currently, however, it is not 

possible to carry out accurate quantitative measurements of the chemotaxis responses in the 

two strains since it is possible that the redundant chemoreceptor perceives malate 

significantly more sensitive than PscH and P4D2. If so, the chemotaxis response evoked by 

the activation of PscH and/or P4D2 will be masked by the chemotaxis response attributed 

to the activation of the redundant chemoreceptor. 

  



  

   

 

 

Bacterial chemoreceptors are transmembrane spanning, non-catalytic proteins that combine 

a high degree of specificity with remarkable sensitivity for their cognate ligands [83, 84, 156]. 

From a biotechnological point of view, bacterial chemoreceptors hold great potential for the 

development of new sensory elements. A vast natural repertoire of highly diverse bacterial 

chemoreceptors exists [35] and while some chemoreceptors have evolved biotechnologically 

promising sensing capabilities [175, 176], the majority require additional tweaking of their 

binding capabilities through mutagenesis before being useable in biotechnological 

applications. So far, only three attempts have been undertaken to alter the natural binding 

capabilities of a bacterial chemoreceptor using either rational mutagenesis or directed 

evolution [71, 88, 89]. The reason for this is that both rational mutagenesis and directed 

evolution pose unique demands onto the protein of interest or the screening system, which 

are hard to fulfill for bacterial chemoreceptors. Rational mutagenesis, for example, requires 

a good understanding of the underlying relationships between structure and function within 

the protein of interest. For bacterial chemoreceptors, however, the exact mechanism of 

ligand recognition, binding, and intramolecular signaling are still under examination [62] and 

only some crystal structures have been solved [61]. Directed evolution approaches also 

require an efficient high-throughput screening system, which are challenging to develop with 

regard to transmembrane spanning, non-catalytic chemoreceptor proteins. 

To overcome these hindrances, gain new insights into the diversity of bacterial 

chemoreceptor proteins and contribute to the development of new sensory elements, 

rational mutagenesis and directed evolution were explored as alternative routes for changing 

the binding capabilities of bacterial chemoreceptor LBDs in the course of this work.  

First of all, it was aimed to use rational mutagenesis and alter the GABA binding capability 

of the PscC chemoreceptor to explain the observed differences in GABA binding 

capabilities between McpC and PscC. In part, rational mutagenesis proved as a viable tool 

for altering the affinity of PscC for its ligands and a variant with six-fold reduced affinity for 

GABA could be identified. However, the obtained results also demonstrated that the 



  

   

 

rational mutagenesis of bacterial chemoreceptors is still a highly challenging process, which 

requires comprehensive knowledge about the structure and function of the underlying 

chemoreceptor. The findings suggest that the chosen prediction algorithm and the template 

used for modelling are of the utmost importance when predicting important amino acids for 

mutagenesis and that crystal structures of bacterial chemoreceptor LBDs are highly 

desirable. Ultimately, it can be concluded that the rational mutagenesis of bacterial 

chemoreceptors holds potential for altering the specificities of well-characterized bacterial 

chemoreceptors with available crystal structure, but is challenging when aiming to change 

the affinity of chemoreceptors with highly conserved ligand binding site regions.  

Next, directed evolution was explored as a technique for altering the binding capabilities of 

bacterial chemoreceptors. For the first time, a high-throughput screening platform for 

non-native bacterial chemoreceptor LBDs was developed and successfully employed in the 

course of this work. The screening platform proved its feasibility during the screening of a 

library of PscH variants and the selection of variants with improved affinity for the 

biotechnologically promising compound, malate. Overall, the novel screening platform 

proved capable of efficiently identifying highly active variants while excluding constitutively-

active- and inactive variants. By coupling FACS and high-throughput fluorescence growth 

assays, hundreds of variants could be assessed in a time-efficient approach, which required 

a minimum amount of manual labor. In addition, the use of fluorescence-based marker 

ratios allowed for a quantification of the changes by calculating the relative activity of a 

variant, which in turn was successfully employed for clustering variants and identifying 

promising point mutations. Finally, the identification of seven PscH LBD variants with 

improved affinity for malate proved that a tight correlation exists between the measured in 

vivo activity of PscH_EnvZ fusion proteins and the binding capabilities of their LBDs. 

Ultimately, it can be concluded that the developed system, despite its limitations, holds major 

advantages over the previously described system by Derr et al. [88, 89] and can be used for 

the identification of chemoreceptor LBD variants with improved binding affinity. 

 

When comparing the feasibility of rational mutagenesis and directed evolution for altering 

the binding capabilities of bacterial chemoreceptors, directed evolution ultimately holds 

more promise. In large part this is for two reasons. First, the knowledge about the 

structure-function relationships within bacterial chemoreceptors is still very limited which 

makes rational mutagenesis approaches challenging. Second, directed evolution allows for 



  

   

 

the detection of mutations that have an effect, which reside outside the predicted ligand 

binding pocket. 

In both mutagenesis approaches explored in this work, chemoreceptor LBDs were identified 

with similar binding profiles, conserved ligand binding sites, but substantially different 

affinities for the same ligands. For instance, PscC and McpC both bind GABA but PscC 

binds GABA with a dissociation constant of 6.3 µM while McpC binds GABA with an 

estimated KD of approximately 500 µM. Similarly, McpS and PscH both bind malate, but 

McpS binds malate with a KD of 8.5 µM [156] while PscH binds malate with a KD of 

approximately 450 µM. This demonstrates that other residues besides the conserved ligand 

binding site residues have a dramatic influence on the affinity of these chemoreceptors and 

suggests an effect of subtle changes in the chemoreceptor structure. Therefore, directed 

evolution is ultimately the more promising technique for altering the binding capabilities of 

bacterial chemoreceptors as it is designed to incorporate these residues in the mutagenesis 

approach, while the prediction of residues with effect on the affinity by rational mutagenesis 

is challenging. In accordance with these findings, the amino acid exchanges with effect on 

the relative activity and affinity of the PscH LBD were all located in far distance to the ligand 

binding site region. 

  



  

   

 

There are limitations to some data presented within this work. In particular, those 

experiments lacking biological replicates. In many cases, these will need to be addressed 

before the data can be published in a peer reviewed journal. 

For example, the ITC data obtained for the binding of McpC to L-proline and to GABA 

lack a statistical analysis due to the low quality of the obtained ITC traces. In this work the 

McpC ITCs were carried out to confirm the findings from the FTS assays, namely a 

difference in GABA binding capability between PscC and McpC. For a future publication 

of these ITC data however, it will be necessary to repeat these experiments with increased 

protein concentrations to obtain sigmoidal ITC traces and reliable information about the 

thermodynamic parameters of the binding process. Similar limitations apply to the ITC 

traces shown for the binding of PscC mutant 1 and mutant 2 to L-proline and GABA as well 

as for the ITC traces shown for the binding of the tested PscH LBD variants to malate. 

While the data in these cases are of much higher quality and in the case of mutant 1 and 

mutant 2 where of sufficient quality to allow a first determination of the thermodynamic 

parameters of the binding process it will be required to carry out biological replicates for 

these ITCs before the data can be published in a peer reviewed journal. 

The second limitation of this work relates to the variance and robustness of the established 

high throughput screening platform. In this work a high-throughput screening platform for 

the screening of chemoreceptor LBD variants was established and assessed with regard to 

its functionality. An enrichment of certain mutations in variants with high relative activity in 

combination with an examination of promising variants by orthogonal techniques, such as 

ITC, proved its applicability for the identification and isolation of LBD variants with 

improved binding capabilities. However, in the future it will be necessary to carry out a 

detailed examination of the amount of variance in the marker ratios of different variants in 

the presence and absence of various concentrations of malate. This will allow a classification 

of variants solely on the outcome of the high-throughput fluorescence growth assays, a 

determination of better thresholds for identifying the best variants and will remove the need 

to conduct a detailed analysis of the library by sequencing. To address this issue it is planned 

to perform a high-throughput fluorescence growth assay with 48 wildtype PscH_EnvZ 

expressing EPB30 variants and 48 EPB30 variants expressing the P4D2 variant in the 

absence and presence of various concentrations of malate.   



  

   

 

In the future, the newly established screening platform will be widely applicable for the 

directed evolution of non-native bacterial chemoreceptor LBDs towards new, desirable 

functionalities. Hopefully, the system will ultimately contribute to the development of new 

sensory elements on the basis of bacterial chemoreceptors. So far, the established screening 

system has proven its feasibility for changing the affinity of the PscH chemoreceptor LBD. 

Similarly, a change of specificity through directed evolution of a chemoreceptor LBD can 

be envisioned for future experiments. A prerequisite for the use of the high-throughput 

screening platform established during the course of this work is having functional 

chemoreceptor LBD-EnvZ fusion proteins. To simplify the construction of such fusion 

proteins it is desirable to test fusion points with LBDs possessing other domain structures. 

This will enable researchers to gain a better understanding about the ligand binding and 

signaling process in bacterial chemoreceptors, and chemoreceptor LBD-EnvZ fusion 

proteins in particular. Experiments such as crystallization studies, mutagenesis experiments, 

and experiments in artificial membranes are necessary. Besides, expanding our overall 

understanding of the signaling process these experiments will also pave the way for the 

rational design of bacterial chemoreceptor LBDs with desirable properties. Once the 

signaling process and construction of functional fusion proteins are better understood the 

vast natural repertoire of available bacterial chemoreceptors in combination with directed 

evolution will provide a splendid source for new, ultra-sensitive sensory elements for a 

multitude of biotechnological and biomedical applications. 

For the design of novel sensing capabilities, without an available natural template, ultimately 

a combined approach of rational mutagenesis guided by crystal structures in combination 

with directed evolution holds the greatest potential. The findings from this thesis clearly 

demonstrate the substantial effects distal site mutations have on the ligand binding 

capabilities of bacterial chemoreceptors and crystal structures are not capable of predicting 

these distal sites. However, solved crystal structures hold great potential for the initial design 

of ligand binding sites, before directed evolution with the newly designed chemoreceptors 

can be used to identify promising distal sites with additional effects on the binding 

capabilities.  
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Unless otherwise specified all buffers and media were sterilised before use by autoclaving 

at 121 °C and 100 kPa for 20 min. 

 

1× Phosphate buffered saline: 

Sodium chloride (NaCl)       4 g 

Potassium chloride (KCl)       0.1 g 

Disodium phosphate (Na2HPO4)      0.71 g 

Potassium dihydrogen phosphate (KH2PO4)     0.12 g 

Adjust pH to 7.4 with 5 M sodium hydroxide (NaOH) or hydrochloric acid (HCl)  

Double distilled water (ddH2O) ad      500 mL  

 

2× SDS-Loading Dye: 

Tris hydrochloride        7.88 g 

Glycerol         100 mL 

Sodium dodecyl sulfate  (SDS)       20 g 

Bromphenol blue        1 g 

ddH2O ad         500 mL 

Use without sterilising 

 

Agarose solution 1% (w/v): 

Agarose         1 g 

TAE-buffer ad         100 mL 

Melt by intermittent microwaving; use without sterilising 

 

 

 



  

   

 

Auto-induction medium (AIM): 

AIM powder         27.93 g 

Glycerol         2 mL 

ddH2O ad         500 mL 

 

Chemotaxis buffer: 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid    1192 mg 

Adjust pH to 7.0 with 5 M NaOH or HCl 

ddH2O ad         500 mL 

Filter sterilise 

 

Destaining solution: 

Methanol         400 mL 

Acetic acid         100 mL 

ddH2O ad         1,000 mL 

Use without sterilising 

 

Dipotassium phosphate solution (500 mM): 

Dipotassium phosphate (K2HPO4)      21.78 g 

ddH2O ad         250 mL 

 

Elution buffer 1: 

Potassium phosphate buffer (500 mM)     50 mL 

NaCl          8.77 g 

Glycerol         50 mL 

Imidazole         8.51 g 

Adjust pH to 7.0 with 5 M NaOH or HCl 

ddH2O ad         500 mL 

 

 



  

   

 

Elution buffer 2: 

Potassium phosphate buffer (500 mM)     50 mL 

NaCl          8.77 g 

Glycerol         50 mL 

Imidazole         17.02 g 

Adjust pH to 7.0 with 5 M NaOH or HCl 

ddH2O ad         500 mL 

 

Luria Bertani (LB)-agar: 

Luria Bertani powder        12.5 g 

Bacteriological agar powder       7.5 g 

ddH2O          500 mL 

 

Luria Bertani (LB)-medium: 

Luria Bertani powder        12.5 g 

ddH2O ad         500 mL 

 

Lysis buffer: 

Potassium phosphate buffer (500 mM)     50 mL 

NaCl          8.77 g 

Glycerol         50 mL 

Adjust pH to 7.0 with 5 M NaOH or HCl 

ddH2O ad         500 mL 

 

M9 medium: 

M9 minimal salts base 5×       5.64 g 

ddH2O ad         489 mL 

Sterilise by autoclaving before adding: 

Calcium chloride (CaCl2) (1M) (sterile filtered)     50 µL 

Magnesium sulfate (MgSO4) (1M) (sterile filtered)    1 mL 

Glucose 20% (w/v) (sterile filtered)      10 mL 



  

   

 

Potassium dihydrogen phosphate solution (500 mM): 

KH2PO4         17.01 g 

ddH2O ad         250 mL 

 

Potassium-phosphate buffer (500 mM): 

Dipotassium phosphate solution (500 mM)     250 mL 

Adjust pH to 7.0 with potassium dihydrogen phosphate solution (500 mM)  

 

Staining solution: 

Coomassie Brilliant blue (R-250)      1.2 g 

Methanol         250 mL 

Acetic acid         50 mL 

ddH2O          200 mL 

Use without sterilising  

 

Storage buffer: 

Potassium phosphate buffer (500 mM)     50 mL 

NaCl          5.844 g 

Glycerol         50 mL 

Adjust pH to 7.5 with 5 M NaOH or HCl 

ddH2O ad         500 mL 

 

Super optimal broth medium: 

Super optimal broth powder       13.95 g 

ddH2O ad         500 mL 

 

Super optimal broth with catabolite repression medium: 

Super optimal broth medium       990 mL 

Glucose 40% (w/v) (filter sterilised)      10 mL 

 

 



  

   

 

Tris-acetate-ethylendiaminetetraacetic acid (EDTA) (TAE) buffer 50×: 

Tris base         242.2 g 

Acetic acid         60.5 mL 

EDTA          18.612 g 

ddH2O ad         1,000 mL 

Use without sterilising 

 

Tris-EDTA-buffer: 

Tris-CL         15.76 g 

EDTA          2.92 g 

Adjust pH to 8.0 with 5 M NaOH or HCl 

ddH2O          1,000 mL 

 

Terrific Broth (TB)-medium: 

Terrific Broth powder        23.8 g 

Glycerol         2 mL 

ddH2O ad         500 mL 

 

Tryptone broth medium: 

Tryptone         5 g 

NaCl          2.5 g 

ddH2O ad         500 mL 

 

Tryptone swim agar: 

Tryptone         5 g 

NaCl          2.5 g 

Bacteriological agar powder       1.5 g 

ddH2O ad         500 mL 

 

 

 



  

   

 

Wash buffer 1: 

Elution buffer 2        10 mL 

Lysis buffer         490 mL
  

 

Wash buffer 2: 

Elution buffer 2        20 mL 

Lysis buffer         480 mL 
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A01 A02 A03 A04 A05 A06 A07 A08 A09 A10 A11 A12 B01 B02 B03 B04 B05 B06 B07 B08 B09 B10 B11 B12 C01 C02 C03 C04 C05 C06 C07 C08

Marker ratio in M9 

medium
1.2 1.5 4.8 14.6 9.7 1.2 1.4 1.4 8.3 3.9 1.0 6.9 8.8 6.1 4.5 1.2 0.6 8.2 7.6 1.1 8.7 1.2 1.3 4.3 8.2 11.7 5.5 7.7 1.4 0.8

Marker ratio in M9 + 

5 mM malate
4.4 5.8 6.9 16.8 10.4 8.9 5.1 4.3 12.4 3.6 4.7 8.9 12.2 7.4 6.5 3.8 5.7 10.3 7.5 4.0 8.2 10.0 4.0 1.6 4.3 12.5 12.8 10.1 10.4 3.0 1.4

Marker ratio in M9 

medium
1.7 1.0 14.8 1.0 6.7 9.7 8.3 6.3 4.7 4.6 12.3 1.7 1.0 12.1 1.0 1.0 5.2 1.0 5.3 2.0 0.9 1.0 4.3 12.3 12.2 10.4 1.0 6.2 5.9 5.1 0.8

Marker ratio in M9 + 

5 mM malate
3.5 7.0 16.1 2.7 7.5 11.8 11.5 8.2 5.6 5.6 14.8 8.9 7.8 15.1 2.4 3.8 6.9 2.3 6.9 8.1 6.5 3.7 5.3 14.2 14.4 12.5 4.4 8.7 8.8 7.7 3.8

Marker ratio in M9 

medium
9.0 10.9 1.1 1.0 4.5 3.2 5.2 14.6 4.0 1.0 9.0 13.8 7.7 11.2 1.1 1.3 6.6 5.7 8.3 6.2 1.2 11.9 1.1 11.4 12.6 12.2 11.9 1.0 7.2

Marker ratio in M9 + 

5 mM malate
11.1 8.3 1.9 5.8 3.3 7.4 16.1 5.6 7.4 10.3 15.9 8.9 13.2 1.4 3.0 8.5 6.7 10.5 8.7 10.1 14.1 3.8 13.0 14.2 13.3 12.5 1.5 9.0

Marker ratio in M9 

medium
1.0 2.0 1.2 6.5 0.9 6.1 6.5 0.6 6.5 0.9 4.1 6.6 6.7 7.5 6.5 4.1 1.0 7.2 8.1 5.2 6.4 6.3 1.4 6.6 8.2 1.8 3.2 2.1 11.3 13.2 7.3 1.1

Marker ratio in M9 + 

5 mM malate
6.4 4.6 8.1 8.2 5.7 7.9 8.8 5.6 6.8 7.4 5.2 9.8 10.5 10.0 9.8 4.3 5.5 8.5 9.3 8.3 8.2 7.9 5.7 7.8 10.2 2.2 4.5 2.2 11.8 14.8 9.3 2.8

Marker ratio in M9 

medium
8.2 7.5 1.1 13.0 12.0 0.9 13.6 11.8 1.2 8.2 12.3 11.7 7.5 1.2 3.4 1.1 1.1 0.9 1.0 5.9 6.8 6.3 1.3 11.9 0.6 6.2 0.8 1.0 4.4 6.7 5.7

Marker ratio in M9 + 

5 mM malate
11.2 12.5 6.4 16.7 13.9 12.2 15.7 12.4 3.4 11.5 13.0 12.7 9.2 5.2 6.1 10.6 5.7 3.4 5.0 9.7 10.0 8.5 8.0 14.2 5.3 7.7 6.5 6.2 5.6 9.8 8.9

Marker ratio in M9 

medium
7.5 1.3 4.6 10.5 7.2 7.0 4.2 1.2 7.3 1.6 12.3 14.0 7.7 8.2 8.0 1.4 1.1 1.8 0.9 2.9 2.5 13.2 8.3 9.4 10.3 6.2 6.4 2.0 1.0

Marker ratio in M9 + 

5 mM malate
11.2 7.1 13.5 12.8 8.9 12.3 6.3 4.8 8.2 6.2 15.3 16.3 11.5 11.0 9.1 5.2 4.5 1.9 1.7 3.2 2.4 14.8 9.3 12.9 12.2 7.8 8.0 4.9 2.4

Plate 1

Plate 2

Plate 3

Plate 4

Plate 5

Plate 6

C09 C10 C11 C12 D01 D02 D03 D04 D05 D06 D07 D08 D09 D10 D11 D12 E01 E02 E03 E04 E05 E06 E07 E08 E09 E10 E11 E12 F01 F02 F03 F04

Marker ratio in M9 

medium
1.9 1.3 1.0 0.9 6.6 1.1 0.9 6.8 12.5 1.2 7.7 1.3 3.3 1.9 7.1 1.0 6.8 1.1 1.0 7.1 1.9 1.1 2.9 0.9 1.3 0.9 0.9 2.6 1.0

Marker ratio in M9 + 

5 mM malate
4.8 4.7 1.7 1.7 7.1 2.5 9.8 7.6 14.4 6.4 9.2 5.7 4.6 6.2 8.0 7.9 7.3 5.7 5.2 9.5 3.0 4.0 4.7 10.9 2.3 6.0 6.5 3.0 5.3

Marker ratio in M9 

medium
1.2 1.1 9.0 1.2 0.9 1.0 7.0 7.2 12.5 0.8 13.3 3.9 0.9 2.2 7.5 11.6 0.9 1.0 1.0 1.3 6.2 0.5 2.5 5.4 0.9 7.4 6.5 1.2 4.3 1.4 6.3 3.7

Marker ratio in M9 + 

5 mM malate
11.7 5.4 10.7 7.6 6.1 7.6 12.6 8.4 14.5 5.8 14.5 4.6 4.0 12.0 12.8 14.9 7.8 4.5 3.8 6.9 7.8 5.4 13.7 6.9 6.0 9.2 7.3 4.3 7.0 6.6 8.6 6.7

Marker ratio in M9 

medium
5.0 13.7 10.0 7.5 9.9 13.1 10.2 1.4 13.8 7.0 3.3 1.1 1.2 8.9 1.0 1.0 5.7 0.9 0.5 0.8 0.8 8.0 14.5 1.2 0.9 4.8 1.1 1.3 2.2 0.9 10.6

Marker ratio in M9 + 

5 mM malate
5.5 16.4 11.1 9.7 11.0 15.3 14.0 5.4 14.8 9.0 5.3 4.4 7.8 11.9 4.5 1.5 7.2 6.0 7.3 6.7 6.1 14.1 15.1 4.9 5.9 6.9 5.8 4.5 12.3 8.2 12.4

Marker ratio in M9 

medium
1.6 4.5 7.7 13.9 1.1 0.6 5.3 7.2 4.1 11.8 1.0 0.8 0.8 1.4 1.0 5.8 0.6 1.6 4.3 3.3 4.0 6.1 11.6 15.1 14.6 0.6 0.5 11.5 1.2

Marker ratio in M9 + 

5 mM malate
10.3 5.4 10.6 14.2 2.8 9.5 6.0 8.6 5.2 13.1 6.2 3.2 8.2 6.7 6.8 10.6 1.5 2.6 5.2 9.9 4.3 5.9 7.2 12.4 17.2 14.7 3.8 5.0 14.2 9.8

Marker ratio in M9 

medium
9.3 6.3 0.8 1.2 12.7 6.5 9.5 9.6 0.9 11.8 11.4 0.8 5.3 5.4 5.6 1.1 7.5 12.1 7.6 1.1 10.8 0.5 5.7 8.3 11.8 9.2 1.0 9.1 10.5 1.0

Marker ratio in M9 + 

5 mM malate
12.2 8.4 2.7 5.4 15.2 9.6 12.0 11.6 7.2 13.8 13.5 9.3 8.1 7.3 7.0 5.2 9.4 15.0 10.8 2.7 12.4 6.6 6.5 9.8 12.4 9.5 4.7 11.1 12.7 4.7

Marker ratio in M9 

medium
0.8 7.6 3.2 2.8 1.0 2.6 8.0 10.7 10.8 1.1 3.7 12.4 0.9 1.0 10.9 0.8 1.0 0.7 6.9 9.7 13.1 0.9 1.6 5.5 0.8 6.3 2.8 11.4 0.9 0.9 6.5

Marker ratio in M9 + 

5 mM malate
2.7 9.7 4.4 5.0 4.0 3.8 11.1 11.9 13.8 5.4 4.5 14.6 7.1 3.3 12.6 4.5 6.7 5.8 10.3 11.8 18.7 7.6 8.3 6.3 10.9 12.6 3.8 12.5 4.1 2.1 9.8

Plate 1

Plate 2

Plate 3

Plate 4

Plate 5

Plate 6

F05 F06 F07 F08 F09 F10 F11 F12 G01 G02 G03 G04 G05 G06 G07 G08 G09 G10 G11 G12 H01 H02 H03 H04 H05 H06 H07 H08 H09 H10 H11 H12

Marker ratio in M9 

medium
10.8 4.0 1.1 7.3 6.4 13.0 0.9 1.1 1.5 0.6 0.9 2.3 1.2 7.9 4.6 14.3 1.1 1.0 13.8 10.6 1.8 1.5 5.4 9.6 5.6 1.2

Marker ratio in M9 + 

5 mM malate
12.6 5.7 4.0 7.0 8.1 14.8 5.8 4.0 3.6 6.3 2.9 2.7 3.2 10.1 6.6 16.0 3.3 5.9 14.1 12.6 2.6 7.5 8.2 11.7 6.4 2.0

Marker ratio in M9 

medium
0.9 0.9 1.0 1.0 10.5 14.9 1.6 1.0 6.2 1.0 10.7 3.5 7.0 12.2 4.6 7.1 3.3 1.2 1.0 1.5 14.2 10.0 0.9 9.2 12.4 0.8 0.9 8.1 7.4 0.9 0.9 7.0

Marker ratio in M9 + 

5 mM malate
3.7 4.2 5.7 7.4 12.1 15.8 8.9 3.5 8.6 1.1 12.3 4.9 10.2 14.4 4.4 9.7 3.6 3.2 5.9 9.3 16.5 12.3 4.1 10.9 14.0 8.4 3.2 10.0 7.9 4.4 6.3 10.2

Marker ratio in M9 

medium
1.0 0.9 10.0 11.8 0.8 7.3 6.3 8.1 7.7 13.5 4.2 5.4 0.8 0.9 10.3 1.2 2.3 3.4 1.6 10.2 4.8 3.3 7.6 9.2 12.9 14.2 1.0 7.2 13.7 5.4 2.0 8.2

Marker ratio in M9 + 

5 mM malate
2.4 3.1 12.2 12.5 7.8 9.3 9.7 11.7 10.7 15.2 5.9 7.5 5.5 2.3 11.8 5.5 3.9 4.5 5.9 11.5 6.3 5.2 8.7 11.6 13.9 15.6 7.5 9.6 16.3 6.8 2.2 12.0

Marker ratio in M9 

medium
6.5 11.9 6.9 5.5 12.3 9.7 0.9 1.2 4.2 10.7 1.2 1.0 9.3 0.8 0.9 1.2 0.8 0.8 7.6 0.9 0.8 1.1 1.3 1.2 1.2 1.0 1.0 7.5 13.0 1.0

Marker ratio in M9 + 

5 mM malate
10.8 14.8 10.8 7.1 14.3 10.3 5.9 7.8 5.2 13.1 5.9 4.4 12.1 4.7 4.7 8.2 2.6 6.2 10.8 3.9 2.9 7.7 3.2 9.0 10.4 3.5 1.5 10.1 14.3 6.8

Marker ratio in M9 

medium
1.1 4.4 7.0 2.9 4.9 8.6 12.7 3.6 9.2 12.4 2.8 5.9 0.9 0.8 9.7 3.2 0.9 1.0 7.2 0.9 9.4 0.9 3.9 7.2 13.8 5.2 11.6 0.8 0.8 13.0

Marker ratio in M9 + 

5 mM malate
2.0 4.5 8.0 3.8 6.6 10.2 14.5 4.2 11.6 14.0 4.0 8.8 3.8 6.4 13.0 4.0 6.3 5.1 10.5 1.5 10.7 4.1 4.6 9.8 14.9 8.3 12.7 5.9 5.2 14.3

Marker ratio in M9 

medium
7.6 1.4 1.3 9.6 1.2 1.0 1.5 1.3 8.1 4.2 9.0 1.4 10.7 0.9 1.0 5.5 0.9 8.7 13.2 0.7 8.3 13.3 7.1 2.5 9.5 5.4 12.1 6.6 12.3 12.6

Marker ratio in M9 + 

5 mM malate
9.0 7.8 6.9 12.8 5.0 5.5 13.1 2.8 9.4 6.1 14.4 6.1 13.0 3.1 4.6 7.2 6.2 10.5 14.7 3.1 9.7 14.2 9.3 7.0 11.4 6.5 13.4 11.3 14.5 13.6

Plate 1

Plate 2

Plate 3

Plate 4

Plate 5

Plate 6



  

   

 

The mcpC gBlock sequence ordered for subcloning into pET28 was: 

5’-CATATGTTGGTCGTCATCAACCTGCGCGGAGAGGCTCGTGACGGATTCCT 

TGACTCGTCATCTCGCGAAATACGCCAGGTTTCTAACGCTATGAACATTTTCT

TTCAAGGGATTAACCAGAATGTGGAGTATATGGCTTCCCAACCTATGGTAGC

TGCGACTGGATCAGAGCTGAATAAATATATGTCAGCCACACCCTCGTATGAA

TTGGGTGAACAGGCGTCTAAGATACTTGACTTTATGACAAGACTGGCTAATA

GCCATCCGGCTTACGCTTATTTGTCCTACGGGGTTAATGATGGTGGCTATAC

AGGCTGGCCCGCTGGCCAAAAGTTTGTGAACTATGATCCACGTACTAGACCC

TGGTATCAGCTGGCCATGGCAAACCCAGGGAAGACTATGCGCACAGGGGCC

TACTATTGGGCAGCAGATGATGCGGTGCTTGTGAGTACCGTACGCACAGTG

GCGAATCAGTTAGGGAATCCAGGTGGAGTAGTTAACATTGATGTTTCACTG

AAAGGCTTAACTGAAATAGTTAAGCAGATAAAGTTAGGCGAAAGCGGCTAC

TTGATGCTTGTTGAGTCGAACGGTAACGTCATGGTAGATCCTCGCGATGCA

GCGCATAACTTCAAACAGCTGGGATCGTTCGGGGACGGTTACGCTAAACTG

GCCAAGGCGGGTAAAGGCTTAGTCGAGGTTGAGCTTAACGGCGTCCACTAT

ATGGCAAATGTTTATCCCGATCAGCAATTAGGTTGGACATTCATTGGATTGA

TTGAACAAAGCGAAGTCATGCAGACTACAACACGTCTGTAACTCGAG-3’ 

The mcpC gBlock contains an NdeI cut site at the five prime end and an XhoI cut site at the 

three prime end, which are underlined. 

The pacC gBlock sequence ordered for subcloning into pET28 was: 

5’- CATATGTTCAACTTACGTGGCGAAGCACGGGAAGGCTTTATAGATAGCTC 

ATCGCGCGAGATTAGACAGGTCGAAAACGCTATGCAGCTGTTCTTCGACGG

GATCGCTCAGAATGTTGAATACTTAGCGGCCCACCCTCAGCTGCAAGCCATA

GATGGATCACTGAAACAGTATATTGGGGCCGATGCAGCACAACACCCAGCA

GGCGAACAGGATAGACAAGTCTTCGATTTGTTCGCTGGTTTGGCACACTCTC

ACCCCGACTACGCCTACGTAAGCCTGGGGACTCGCGACGGCGGTTACGCCT

TCTGGCCTGGAGATGACAAGCTGGCTAGTTACGATCCACGGAATCGTCCCT

GGTATCAGGCAGCAATGGCACAGCCAGGTAGAACATTGCGCACTCACGCTT

ATTACTGGGCGGCCGATAAGGTCGTCTTGGTGAGTAGTGTGCGGACATTCG

CTAACCGGCTGGGAGAGCAGGGAGGAGTCGTAAACATAGATGTATCATTGA

AGCGCTTAACCGATATAGTGAAAGGCATTAGATTAGGTGACTCTGGTTATTT



  

   

 

AATGCTGATGGAAGGTGACGGTACTGTCCTGGTAGACCCCCATCAGCCAGA

GCATAACTTTAAGAAATTAGGAGAACTTGGCGCAGGCTACGCGTCCTTGGC

GTCTGCAGATAAAGGTTTGGTTGAGGTTGAAATCGACGGCGAACGCTATTT

GGCAAATGTCTGGCCTTCCGAAGGTCTTGGCTGGCGCTTCGTGGGTTTGAT

TAAAGAGAGTGAGGTTATGGCAGGTGCTACCCATTTAACCTAACTCGAG-3’ 

The pacC gBlock contains an NdeI cut site at the five prime end and an XhoI cut site at the 

three prime end, which are underlined. 

 

  



  

   

 

During the course of this work a book chapter on the high-throughput fluorescence thermal 

shift assays as carried out by our group was published. I wrote the bulk of the manuscript, 

while Dr. Suzanne Warring and Dr. Monica Gerth helped with editing and submission of 

the manuscript. Dr. Monica Gerth created the figure in the manuscript from data available 

from a previous publication. 

The book chapter can be found under: 

"Screening Chemoreceptor-Ligand Interactions by High-Throughput Thermal-Shift 

Assays" 

Maximilian K.G. Ehrhardt, Suzanne L. Warring, and Monica L. Gerth 

Methods in Molecular Biology, 2018. 

Volume 1729 

Pages 281-290 

 

 

 

 

 

 

 

 

 

 

 

 


