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Summary 

LytS/LytTR-type histidine kinase/response regulator systems regulate pathogen-specific 

mechanisms during infection of human or plant hosts. Escherichia coli has two LytS/LytTR 

systems, BtsS/BtsR and YpdA/YpdB. The histidine kinase BtsS is a high-affinity sensor for 

extracellular pyruvate and interacts with response regulator BtsR to activate the expression of btsT, 

which encodes a symporter for pyruvate and H+. This thesis describes new insights into the 

molecular mechanism of how pyruvate binding triggers the signal transduction process.  

It was experimentally shown that BtsS is a seven-helix receptor, with its N-terminus located 

in the periplasm. Using a screening assay based on site-directed mutagenesis, the pyruvate-binding 

site was identified within the membrane-spanning domains of BtsS. It is a small cavity, and 

pyruvate forms interactions with the side chains of arginine 72, arginine 99, cysteine 110, and 

serine 113, located in the transmembrane helices III, IV and V, respectively. The interactions 

between pyruvate and these four amino acids were further confirmed by molecular dynamics 

simulation studies.  

In addition, three other amino acids in BtsS were found to be important for structure and 

signal transduction. Arginine 192 (helix VII) plays a role in the interaction with BtsR. Serine 25 

(helix I) is important for conformational dynamics, as BtsS variants in which Serine 25 has been 

replaced by alanine or valine maintain the signal transduction system in an ON state. Cysteine 15 

is likely involved in the formation of a disulfide bridge, but this is not essential for signal 

transduction in vivo under the conditions tested. 

In previous studies, the autophosphorylation activity of BtsS was not detectable. Here, for 

the first time, BtsS was shown to have very low autophosphorylation activity in the presence of 

Mg2+-ATP, which was approximately 10-fold higher when Mn2+-ATP was used. The predicted 
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phosphorylation site at histidine 382 was confirmed. Moreover, the autokinase activity of BtsS 

could be stimulated in the presence of pyruvate. Measurements of in vitro autophosphorylation 

activity were used as a parameter to determine the molecular effects of individual amino acid 

replacements in BtsS, and the effects resulted not only in massive changes in activity levels but 

also in pyruvate-independent activity for many variants. 

The elucidation of the pyruvate-binding site of BtsS opened the possibility of redesigning 

BtsS into a sensor of pyruvate-like ligands such as lactate, which can be used as a biosensor in 

medicine. The required workflow and a high-throughput screening system were established. 
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1 Introduction 

          All the organisms are exposed to fluctuating environments. They have to evolve some 

strategies to live in these changing environments. As for bacteria, signaling transduction systems 

play a very important role in these processes for cell-cell communication or cell-environment 

communication (1). Thereby, bacteria can detect the extracellular conditions and cell status and 

deal with these changes. In general, bacterial signal transduction can be divided into three stages 

(2) (FIG 1.1).  (i) Reception, a ligand binds to the receptor protein inserted in the membrane or 

located inside of the cell. (ii) Transduction, a process of activating a series of proteins embedded 

on the membrane or inside the cell by adding or transferring the phosphate group. (iii) Response, 

the change that occurs in the cell by creating some signal outputs, e.g., regulation of certain genes 

expression, protein activation and so on (3).  

                

FIG 1.1 Schematic overview of three stages of signal transduction. (i) Reception, a ligand binds to the receptor 

protein inserted in the membrane or located inside of the cell. (ii) Transduction, the process of activating a series of 
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PP 

CM 

CP 

proteins embedded in the membrane or inside the cell by adding or transferring the phosphate group. (iii) Response, 

the change that occurs in the cell by creating the signal output. The figure was created with BioRender.com. 

1.1 Signaling transduction in bacteria 

         Bacteria are equipped with three major classes of transmembrane signaling systems (FIG 1.2).  

One is the membrane-integrated one-component system (often belongs to the ToxR-like receptors 

family), containing a periplasmic sensor domain and a cytoplasmic DNA binding domain (4). 

Another class is two-component systems (TCSs), composed of a membrane-integrated sensor 

histidine kinase (HK) and a cognate soluble response regulator (RR). It is the major system for 

bacteria to sense environmental stimuli (5). The third class is the extra-cytoplasmic function (ECF) 

sigma factors, which are small regulators binding to the RNA polymerase to trigger gene 

transcription. Many bacteria have several ECF sigma factors and the corresponding regulators are 

outnumbering amount of sigma factors (6). 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

A B C 
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FIG 1.2 Three major classes of signaling transduction process in bacteria. (A) One-component system, consisting 

of sensor and DNA-binding domain, (B) two-component systems with a membrane-anchored histidine kinase (HK) 

and a cytoplasmic response regulator (RR), and (C) extra cytoplasmic function (ECF) sigma factors (σ) and the anti-

sigma factor (anti-σ) for stimulus perception. PP - periplasm, CM - cytoplasmic membrane, CP - cytoplasm. The figure 

was created with BioRender.com. 

1.2 Two component systems (TCSs) 

TCSs are the most widely occurring signal transduction systems in bacteria and also exist 

in some fungi and plants. Upon stimulus perception from the environment, HKs will auto-

phosphorylate in a conserved histidine residue, where the high energy γ-phosphor group provided 

by ATP is received. This process requires dimerization of HKs (7). Then, the phosphoryl group 

will be transferred to a conserved aspartate in the receiver domain of the RR, which can cause the 

conformational changes of the regulator, resulting in altered gene expression or protein activation. 

Most HKs are bifunctional, as these are displaying also a phosphatase activity to dephosphorylate 

the RR to stop the signaling transduction process (8-12). 

The number of TCSs differs from species to species, depending on the natural host. Most 

species contain more than one TCS that regulate a wide variety of behaviors, for example 

metabolism and motility, virulence and development. There is no TCS in Mycoplasma genitalium 

(13), while 30 HKs and 32 RRs are annotated in Escherichia coli (14) and 132 HKs and 119 RRs 

in Myxococcus xanthus (15). Some TCSs have been extensively studied and their phenotypes and 

functions were elucidated. For example, AgrC/AgrA from Staphylococcus aureus is related to 

pathogenesis (16); ApsS/ApsR from Staphylococcus epidemidis is involved in antimicrobial 

peptide resistance (17); BvgA/BvgS in Bordetella pertussis is physiologically link to toxin and 

adhesin expression and biofilm formation (18);  CheA/CheB/CheY in E. coli is related to 
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chemotaxis (19); CitA/CitB in E. coli uptakes citrate (20); Evgs/EvgA in E. coli is physiologically 

involved in multiple drug resistance (21); KdpD/KdpE in E. coli is a high-affinity K+ transport 

system (22); PhoP/PhoQ in E. coli and Staphylococcus enterica is responsible for bacterial 

virulence (23); BtsS/BtsR in E. coli is for pyruvate response (24).  

1.2.1 Histidine kinase (HK) 

HK consists of an N-terminal input domain and a C-terminal transmitter domain. The input 

domains are variable in sequence and architecture, evolved to sense many different environmental 

signals and containing e.g., GAF domains (cGMP-specific phosphor-diesterases, adenylyl cyclases, 

and E. coli FhlA), PAS domains (contained in Per-Arnt-Sim proteins) and HAMP domains 

(histidine kinase, adenylyl cyclase, methyl-accepting chemotaxis protein, and phosphatase). GAF 

domain comprises a five or six anti-parallel β-sheet to bind a variety of small ligands, including 

cGMP, cAMP, heme and it exists in around 9% of all HKs (25). HAMP domain, present in around 

31% of HKs (26), converts signal-triggered transmembrane motions into receptor outputs (27). It 

is still not clear whether it is a unique property for all proteins to have HAMP domains and how 

the transmembrane signaling transmits. Around 33% of HKs contain one or more PAS domain. 

Studies found some ligand-binding pockets in PAS domain allow kinase to accommodate different 

small molecules with different binding patterns to sense variable environmental changes (28). 

The transmitter domain is more conserved harboring a signal transmission domain. It is 

composed of a dimerization and histidine-phosphoryl transfer domain (DHp), designated as H-box 

with conserved histidine residue, and catalytic and ATP-binding (CA) domain, designated as N, 

G1, F, and G2 boxes since the conserved residues in these boxes are involved in ATP binding. DHp 

domain is known as the His kinase A domain in Pfam and CA domain is known as HATPase_c 

(29). CA domain binds ATP and transfers phosphoryl group to the DHp domain. A loop including 
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the F-box acts as an ATP cover (ATP-lid), which lengths are different in different families and it 

can interact with RR for signal transduction. Besides, DHp domain forms a coiled-coil structure by 

DHp four-helix bundle after dimerization (30). The coiled-coil structure consists of α helices within 

seven residues in every two turns. Normally the first and forth amino acids are hydrophobic, which 

are on the same side of a helix and interact with the corresponding amino acids on the other 

monomer helix (31). Movement at this coiled coil structure will cause the change of position or 

distance of amino acids, which is an important way to transmit the signal (32). 

1.2.2 Response regulator (RR) 

The RR is an essential cytoplasmic protein executing the cellular outputs in response to the 

stimulus received by the HK. Most of the RRs comprise two domains, a conserved N-terminal 

receiver domain (REC) and a C-terminal effector domain (33). They are connected with each other 

by a linker. The effector domains are very diverse according to different outputs (34). In addition, 

the linkers connecting these two domains are also variable in sequence and length, ranging from 

40 to more than 180 amino acids (35). The phosphoryl group in REC domain will be transferred to 

a conserved aspartate residue, which will cause the conformational changes (36). The activated RR 

will then trigger DNA-binding (37-40), RNA-binding (41, 42), enzymatically active (43-45) and 

protein-binding (46, 47).  

The architecture of REC domains of RR is similar, which have a five-stranded β-sheet with 

two α-helices on one side and three α-helices on the other side. While the sequences of this domain 

are quite diverse (26). One aspartic acid residue is conversed at the end of the third β-strand which 

receives the phosphoryl group from HK (26)(48). Another two conserved ones are aspartate and 

glutamate, within a loop involved in Mg2+or Mn2+-ion binding, which participates the phosphorl-

transfer step. Other conversed residues are threonine or serine (Thr or Ser) located at the end of the 
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β4 chain and phenylalanine or tyrosine (Phe or Tyr) in the middle of the β5 chain, which are named 

as switch residues (49, 50). RRs phosphorylation and conformational changes are similar, but the 

degree of structural change differs. Phosphorylation of conserved aspartic acid residues causes 

rearrangement of switch residues and conformational change of the REC domain (49, 50). Their 

side chains keep away from or towards phosphorylation center to pose the active and inactive 

conformations, respectively (51, 52). 

1.3 Signaling transduction mechanism  

1.3.1 Stimulus perception   

There are three different mechanisms about how the stimulus is received by HK. One is 

that the extracellular signal is sensed through the periplasmic input domain of a histidine kinase. 

In this case, the sensor domain locates in the periplasm and the kinase domain locates in the 

cytoplasm. They are connected through the cell membrane (53-55). Second one is that the stimulus 

is perceived by membrane helixes and then transduced to the cytoplasmic domain (56, 57). The 

third way is that a cytoplasmic signal is sensed by a soluble protein that it can associate with HK 

(58-60). 

1.3.2 Histidine kinase dimerization and autophosphorylation  

            The majority of HKs exist as stable homodimers for function. HKs harbor a coiled-coil 

structure formed by the DHp four-helix bundle as described above. The autophosphorylation 

reaction on histidine kinase (phosphortransfer from ATP to a histidine side chain) plays a central 

role in the whole signal transduction process. The core length of histidine kinase is around 350 

amino acids and is involved in ATP binding and kinase phosphorylation (61, 62). Either the Nδ1 

or the Nε2 atom on histidine residues imidazole ring can receive phosphoryl group (63, 64). 

Phosphoramidate bond of phosphohistidine is with high energy to transfer the phosphoryl group to 
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other molecules, therefore the half-life of this reaction is quite short, ranging from around a few 

seconds or several minutes (65). Autophosphorylation can occur in cis (autophosphorylation in 

each monomer) (66, 67) or in trans (each monomer forms a dimer, phosphorylates the other 

monomer) (68). 

1.3.3 Cofactor for autokinase activity of histidine kinase 

         Kinases utilize metal cofactors in active sites to coordinate phosphate group binding, 

especially for those ATP-dependent enzymes. Cofactor performs the function as follow: (i) mediate 

to bind ATP in the catalytic pocket of enzyme; (ii) act as a Lewis acid with high charge density 

(69). Usually, autokinase activity of HK is Mg2+-dependent. Mn2+ is a necessary for some HKs 

from plants and some serine/tyrosine kinases (70, 71). In bacteria, only histidine kinase FrzE from 

Myxococcus xanthus is known that it needs Mn2+ for autokinase activity (72). 

1.3.4 Phosphoryl transfer 

         After HK is phosphorylated, the phosphoryl group will be transferred to a conversed aspartate 

residue on the RR, since the high-energy phosphoramidate bond is quite unstable. In this process, 

the RR interacts with DHp, CA domain and the linker between DHp and CA domain for phosphoryl 

transfer. For example, the HK:RR interface has some loose interactions between polar amino acids 

and overall poor surface complementarities, which will form slippery interfaces between HK and 

RR,  providing enough space which allows some changes but without affecting binding capacity 

(66, 73, 74). Besides, RR can also interact with a loop that acts as an ATP cover (ATP-lid) for 

phosphoryl transfer, as observed in the T. maritima HK853:RR468 structure (66, 75). 

1.3.5 Dephosphorylation of response regulator 
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          In many cases, histidine kinase also functions as phosphatase to dephosphorylate the RR and 

stop the signaling transduction process (76). Dephosphorylation is caused by water molecule 

nucleophilic attack on the phosphoryl group of the RR (77). Up to now, four different RR 

phosphatase families were identified: CheC/CheX (78), CheZ (79), Rap (80) and Spo0E (81). The 

mechanisms of the first three families are similar even through the structures of those RRs are 

different. Those RR phosphatases insert an amide-side-chain amino acid into RR to mediate 

nucleophilic attack of a water molecule on the phosphoryl group (82). As for last family of RRs, 

lysine residue and acidic amino acids in RRs active center form a salt bridge for dephosphorylation 

(83). 

1.3.6 LytS/LytTR-like two-component systems 

      Cited from publication:  Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-

23. Online ahead of print. 

        TM domain harboring with at least 5 helices is a feature for LytS histidine kinase family (84). 

This domain is followed with a C-terminal intracellular GAF domain and a histidine catalysis 

domain. Instead, 5TM domain is combined with intracellular GGDEF (diguanylate cyclase 

catalytic) domains in the YhcK-type of protein, which belongs to 5TMR-LYT family (5 

transmembrane receptors of the LytS-YhcK type). Signal peptide exists in all proteins of 5TMR-

LYT family, which means there is topology similarity in 5TMR-LYT family and 7TMRs. N-

terminus of these proteins is located towards periplasmic and C-terminus locates towards 

cytoplasm. There are some different features for the sequence of TM domain of 5TMR-LYT family, 

e.g., residues with small sized functional groups (glycine and proline) are always enriched in the 
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second helix, there is a glycine in the middle of helix-5 and an NXR motif in the loop connecting 

helix-1 and helix-2 (84).   

          RRs in LytTR family are characterized by a LytTR-like effector domain and a receiver 

domain. The effector domain consists of about 96 amino acids posing with different conformations 

based on the intracellular response, normally some LytR-type RRs have a 10-stranded ß-fold DNA-

binding domain according to the predictions (32). 

1.3.7 The BtsS/BtsR two-component system of Escherichia coli 

       Cited from publication:  Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-

23. Online ahead of print. 

          There are 30 TCSs in Escherichia coli. BtsS/BtsR (85, 86) and YpdA/YpdB (87) [namely 

PyrS/PyrR (88)], are two LytS/LytTR-type systems. BtsS/BtsR is responsible for pyruvate sensing 

and it is broadly distributed in γ-proteobacteria  (89, 90). The architecture of BtsS is composed 

with an input domain (5TMR_LYT domain (pfam07694) and cytoplasmic GAF domain, DHp 

domain and CA domain (86) (FIG 3). BtsR is the regulator belongs to LytR family. It consists of a 

Che-Y like receiver domain and a DNA-binding domain with 10-stranded ß-fold (91, 92). Previous 

studies found that BtsS is a sensor for pyruvate with high affinity (Kd =58.6 µM). After binding 

pyruvate, BtsS/BtsR will trigger the expression of btsT, which encodes another transporter for 

pyruvate and H+ (93) (FIG 3). Expression of btsT is under regulated by the cyclic AMP (cAMP) 

receptor protein (CRP) (CRP-cAMP) (86) and carbon storage regulator A (CsrA) at the 

posttranscriptional level (94). Additionally, the transcription of btsT is positively regulated by 

YpdA/YpdB and YhjX (95). 
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         Different bacteria have unequal numbers of TCSs for pyruvate sensing. E. coli has two 

different systems (BtsS/BtsR and PyrS/PyrR) and three pyruvate transporters (BtsT, YhjX and 

CstA) for pyruvate sensing (96). Salmonella enterica serovar Typhimurium has only one 

BtsS/BtsR system and two transporters (BtsT and CstA) (97) for pyruvate sensing. Vibrio 

campbellii has one BtsS/BtsR system and only transporter (BtsU) (98) for pyruvate sensing. These 

bacteria also behave differently in phenotypes when pyruvate sensing process is affected (99). 

 

FIG 1.3 Two-component system BtsS/BtsR in E. coli for pyruvate sensing. BtsS is a 5TM LYT (LytS-YhcK) type 

histidine kinase has sensor, GAF, DHp and CA domains. BtsR consists of a CheY-like receiver domain and a LytTR-

type DNA-binding domain. The phosphorylation sites are indicated (H, His; D, Asp). Expression of btsT is upregulated 

by YpdA/YpdB. It is also regulated by the cAMP/CRP complex and Csr regulatory circuit in transcriptional level. PP 
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- periplasm, CM - cytoplasmic membrane, CP - cytoplasm. Figure was cited from publication: Jin Qiu, Ana Gasperotti, 

Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane 

receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of print. 

1.4 Lactate biosensor and its application  

       Lactate is quite a common product in the anaerobic metabolic pathway. It is used for 

monitoring of human health (100) and physical performance (101). In the absence of oxygen, 

lactate concentration increases and it is dangerous for life, such as lactate acidosis and respiratory 

failure (101, 102). Additionally, the concentration of lactate can also affect the flavor and quality 

of food (103). Thus, lactate level detection in a fast and accurate way is important for many 

application fields. It is also necessary to monitor lactate level of bacteria in biotechnological 

cultivation processes (102). 

1.5 Scope of this thesis 

  BtsS/BtsR is one of LytS/LytTR-type HK/RR systems in Escherichia coli that can sense 

extracellular pyruvate. Upon perception of pyruvate, this system will activate btsT expression, 

which encodes another symporter for H+ and pyruvate. But how a response is triggered by pyruvate 

binding on molecular level is still unknown. Determination of which amino acids form pyruvate 

binding pocket in BtsS and how pyruvate binding affects the signaling transduction are the targets 

of this thesis, as well as convertion the BtsS into a lactate sensor. 

   To answer questions for the first part, BtsS sequence was analyzed and model was predicted 

by Alphafold2.0. Location of BtsS N-terminus was determined by fusion expression with MalE. 

By performaing alanine scanning mutagenesis and differential radial capillary action of ligand 

assay, four amino acids were identified to form pyruvate binding site. Interactions between BtsS 

and pyruvate was further explained by the auto docking. Their effects on autophosphorylation was 
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clarified. BtsS was found to prefer Mn2+-ATP instead of Mg2+-ATP. BtsS dimerization was also 

detected in vivo.  

    Besides, it was clarified BtsS-Ser25, located on the first helix, kept the BtsS in an ON state 

after replaced with alanine or valine. BtsS-Arg192, located on the seventh helix, affected the btsT 

expression by preventing interaction between BtsS and BtsR.  BtsS-Cys15, located on the first 

helix, is likely involved in the formation of a disulfide bridge, but this is not essential for signal 

transduction in vivo under the conditions tested.  

          The second part of this thesis was to convert BtsS into a lactate sensor. Two strategies were 

applied: site-directed mutagenesis and random mutagenesis. First, variants BtsS-E117Q/R72E and 

BtsS-E151Q/Q154E were constructed since hydroxyl group of lactate requires a strong H-bond 

acceptor meanwhile to maintain the environment for binding. But neither of them showed lactate 

response activity (see [results]). Besides, two good error-prone PCR conditions were set up with 

suitable mutation ratio. The condition can also be used for other proteins engineering.   

2 Materials and Methods 

2.1 Materials  

2.1.1 Chemicals 

Table 1 Chemicals used in this thesis 

Material Manufacturer 

Acetic acid  Carl Roth, Germany 

Agarose  Serva, Germany Roth, Germany 

Arabinose Roth, Germany 

Ammonium Persulfate (APS) Roth, Germany 

Ampicillin  Roth, Germany 

Alanine Sigma-Aldrich, Germany 
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Aspartate Sigma-Aldrich, Germany 

Asparagine Sigma-Aldrich, Germany 

Arginine Sigma-Aldrich, Germany 

Bovine serum Albumin (BSA) Sigma-Aldrich, Germany 

Copper sulfate Sigma-Aldrich, Germany 

Chloroform Roth, Germany 

Color Prestained Protein Standard  New England Biolabs, Germany 

Dodecyl-beta-D-maltosid (DDM) Sigma-Aldrich, Germany 

Dithiothreitol (DTT) Sigma-Aldrich, Germany 

DNA oligonucleotides  Sigma-Aldrich, Germany 

DNA standard (2-Log DNA-Ladder)  New England Biolabs, Germany 

dNTPs (deoxynucleotide triphosphates)  Invitrogen, Germany 

First anti-mouse Flag-tag antibody  Thermo Fisher, USA 

First anti-mouse His-tag antibody Thermo Fisher, USA 

Fructose Sigma-Aldrich, Germany 

Folin-Ciocalteus Phenol  Merck, Germany 

Gamma-32P-ATP Hartmann Analytic GmbH, 

Germany 

Glucose  Roth, Germany 

Glycerol  Roth, Germany 

Glycine Sigma-Aldrich, Germany 

Gentamycin  Roth, Germany 

Hi Yield Plasmid Mini Kit  Süd-Laborbedarf GmbH, Germany 

Hi Yield PCR Clean-Up & Gel-Extraction Kit  Süd-Laborbedarf GmbH, Germany 

Imidazole Roth, Germany 

Iodine  Sigma-Aldrich, Germany 

Isopropyl-β-D-thiogalactopyranoside (IPTG) Roth, Germany 

Kanamycin  Roth, Germany 

L-lactate Roth, Germany 

Lysine Sigma-Aldrich, Germany 

Maltose Roth, Germany 



34 
 

Magnesium chloride Sigma-Aldrich, Germany 

Manganese chloride Sigma-Aldrich, Germany 

Mannose Sigma-Aldrich, Germany 

N, N, N′, N′-Tetramethylethylenediamine  Roth, Germany 

Nitrocellulose membrane  GE Healthcare, Germany 

PCRBIO VeriFi™ Polymerase  PCR Biosystems, UK 

Potassium chloride Sigma-Aldrich, Germany 

Potassium sodium tartrate Sigma-Aldrich, Germany 

Pyruvate Roth, Germany 

Q5 High-Fidelity DNA Polymerase  New England Biolabs, Germany 

Q5 site-directed Mutagenesis Kit New England Biolabs, Germany 

Restriction Nuclease  New England Biolabs, Germany 

Serine Sigma-Aldrich, Germany 

Sodium chloride Roth, Germany 

Sodium carbonate  Sigma-Aldrich, Germany 

Sodium dodecyl sulphate (SDS)  Roth, Germany 

Sodium-Deoxycholate Sigma-Aldrich, Germany 

Secondary anti-mouse antibody conjugated to alkaline 

phosphatase 

Thermo Fisher, USA 

Succinate Roth, Germany 

Taq DNA Polymerase New England Biolabs, Germany 

Tryptone  Sigma-Aldrich, Germany 

T4-DNA ligase  New England Biolabs, Germany 

Trichloroacetic acid Sigma-Aldrich, Germany 

Tris (hydroxymethyl) aminomethane Sigma-Aldrich, Germany 

(1,10-phenanthroline)3  Sigma-Aldrich, Germany 

Tris (2-carboxyethyl) phosphine hydrochloride Sigma-Aldrich, Germany 

Yeast extract Sigma-Aldrich, Germany 

3-14C pyruvate Biotrend, Germany 

 

2.1.2 Primers 
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Table 2 Primers used in this thesis 

Primer Sequence from 5’ to 3’ Tm (°C) 

R72H-F TGCCAATACCCATGCGATAGGCG                                                                               68 

R72H-R ATAGAATCGTCAATGTGCAACCCAAAC 69 

R72E-F TGCCAATACCGAAGCGATAGGCG 58 

R72E-R ATAGAATCGTCAATGTGC 62 

R72Q-F TGCCAATACCCAAGCGATAGGCG 61 

R72Q-R ATAGAATCGTCAATGTGCAAC 58 

R72K-F TGCCAATACCAAGGCGATAGGCG 57 

R72K-R ATAGAATCGTCAATGTGC 62 

R99H-F GGCTTACATCACTATTCGATGGGGGGCATGACC 69 

R99H-R GCCGGTCAGCCCAACCAG 67 

R99E-F CGGCTTACATGAATATTCGATGGGGGGC 70 

R99E-R CCGGTCAGCCCAACCAGC 68 

R99Q-F GGCTTACATCAGTATTCGATGGGGGGCATGACC 68 

R99Q-R GCCGGTCAGCCCAACCAG 67 

R99K-F CGGCTTACATGAATATTCGATGGGGGGC 70 

R99K-R CCGGTCAGCCCAACCAGC 68 

C110G-F CGCGTTAAGTGGCATGATCTCG 65 

C110G-R GTCATGCCCCCCATCGAA 63 

C110S-F GCGTTAAGTTCCATGATCTCGACCATC 66 

C110S-R GGTCATGCCCCCCATCGA 63 

C110V-F CGCGTTAAGTGTCATGATCTCGACCATC 65 

C110V-R GTCATGCCCCCCATCGAA 63 

S113T-F TTGCATGATCACGACCATCGTTG 64 

S113T-R CTTAACGCGGTCATGCCC 62 

S113V-F TTGCATGATCGTGACCATCGTTGAAGGATTAC 63 

S113V-R CTTAACGCGGTCATGCCC 62 

S113G-F TTGCATGATCGGGACCATCGTTGAAGGATTAC 64 

S113G-R CTTAACGCGGTCATGCCC 62 

T114S-F ATGATCTCGAGCATCGTTGAAG 62 
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T114S-R GCAACTTAACGCGGTCAT 58 

T114V-F CATGATCTCGGTCATCGTTGAAGG 61 

T114V-R CAACTTAACGCGGTCATG 58 

T114G-F CATGATCTCGGGCATCGTTGAAGG 63 

T114G-R CAACTTAACGCGGTCATG 58 

R192H-F CTGTTTATGCATATATTGCTCGATAAACGCGCG 71 

R192H-R CGCCGCGCCGACGGTATT 71 

R192Q-F CTGTTTATGCAGATATTGCTCGATAAACGCGCG

ATGTTTGAAAAATAC 
72 

R192Q-R CGCCGCGCCGACGGTATT 71 

R192K-F GCTGTTTATGAAGATATTGCTCGATAAACGCGC

GATG 
69 

R192K-R GCCGCGCCGACGGTATTG 71 

R192E-F CTGTTTATGCAGATATTGCTCGATAAACGCGCG

ATGTTTGAAAAATAC 72 

R192E-R CGCCGCGCCGACGGTATT 69 

S25T-F ATGGTTAATGTGTAAAACGCC 56 

S25T-R GCAATGACTAAAAAAACGC 57 

S25V-F ATGGTTAATGGTTAAAACGCCATTATTCATAC 55 

S25V-R GCAATGACTAAAAAAACGC 57 

S25W-F ATGGTTAATGTGGAAAACGCCATTATTC 60 

S25W-R GCAATGACTAAAAAAACGC 57 

R192E-F CTGTTTATGCATATTGCTCGATAAACGCGCGAT

GTTTGAAAAATAC 

71 

R192E-R CGCCGCGCCGACGGTATT 65 

C15A-F TCAGCAGATGGCCGTTTTTTTAGTCATTGCATG 64 

C15A-R AGCAGCAGCAACACCAGA 60 

C15S-F TCAGCAGATGAGCGTTTTTTTAGTCATTG 65 

C15S-R AGCAGCAGCAACACCAGA 60 

C15E-F TCAGCAGATGGAAGTTTTTTTAGTCATTGCATG

GTTAAG 

63 
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C15E-R AGCAGCAGCAACACCAGA 60 

C15D-F TCAGCAGATGGACGTTTTTTTAGTCATTGCATG 65 

C15D-R AGCAGCAGCAACACCAGA 60 

C15K-F TCAGCAGATGAAGGTTTTTTTAGTCATTGCATG

G 

63 

C15K-R AGCAGCAGCAACACCAGA 60 

E117Q-F GACCATCGTTCAAGGATTACTC 59 

E117Q-R GAGATCATGCAACTTAACG 59 

E151Q-F GTTCGTCGCTCAAATGGTGCAAATGCTG 68 

E151Q-R GTGACGGCACCGGCGGTA 62 

Q154E-F TGAAATGGTGGAAATGCTGATCATCCTTG 71 

Q154E-R GCGACGAACGTGACGGCA 66 

R72A-F TGCCAATACCGCCGCGATAGGCG 57 

R72A-R ATAGAATCGTCAATGTGC 55 

R99A-F CGGCTTACATGCATATTCGATGGGGGG 66 

R99A-R CCGGTCAGCCCAACCAGC 68 

C110A-F CGCGTTAAGTGCCATGATCTCGACCATC 65 

C110A-R GTCATGCCCCCCATCGAA 63 

S113A-F TTGCATGATCGCGACCATCGTTG 66 

S113A-R CTTAACGCGGTCATGCCC 61 

T114A-F CATGATCTCGGCCATCGTTGA 62 

T114A-R CAACTTAACGCGGTCATG 60 

R192A-F GCTGTTTATGGCTATATTGCTCGATAAACGCGG

ATGTTTGAAAAATACAC 
70 

R192A-R GCCGCGCCGACGGTATTG 65 

S25A-F ATGGTTAATGGCAAAAACGCCATTATTC 60 

S25A-R GCAATGACTAAAAAAACGC 56 

K26A-F GTTAATGAGTGCAACGCCATTATTC  56 

K26A-R CATGCAATGACTAAAAAAACG 58 

K26R-F GTTAATGAGTCGAACGCCATTATTC 56 

K26R-R CATGCAATGACTAAAAAAACG 58 

K43A-F TCTGCCGCATGCATTTCTCTGC 61 
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K43A-R CGAACCGTGACCTGCATT 62 

K43R-F TCTGCCGCATCGATTTCTCTGC 61 

K43R-R CGAACCGTGACCTGCATT 62 

R39H-F GTCACGGTTCATCTGCCGCAT 63 

R39H-R CTGCATTAACGGTATGAATAATGG 60 

R39E-F GGTCACGGTTGAACTGCCGCATA 63 

R39E-R TGCATTAACGGTATGAATAATG 60 

R39Q-F GTCACGGTTCAGCTGCCGCATA 61 

R39Q-R CTGCATTAACGGTATGAATAATG 60 

R39K-F GGTCACGGTTAAACTGCCGCATA 61 

R39K-R TGCATTAACGGTATGAATAATG 60 

T27A-F AATGAGTAAAGCACCATTATTCATACCG 58 

T27A-R AACCATGCAATGACTAAAAAAAC 56 

T37A-F AATGCAGGTCGCAGTTCGTCTGC 61 

T37A-R AACGGTATGAATAATGGCG 60 

H42A-F TCGTCTGCCGGCAAAATTTCTCTGCTAC 59 

H42A-R ACCGTGACCTGCATTAAC 56 

T94A-F GGTTGGGCTGGCAGGCGGCTTAC 72 

T94A-R AGCCCACCGACGACCGGA 68 

H98A-F CGGCGGCTTAGCACGATATTCGATGGGGGGC 72 

H98A-R GTCAGCCCAACCAGCCCA 68 

Y100A-F CTTACATCGAGCATCGATGGGGGGCATGACCGC

GTTAAGTTG 

72 

Y100A-R CCGCCGGTCAGCCCAACC 68 

S101A-F ACATCGATATGCAATGGGGGGCATGACCGC 66 

S101A-R AAGCCGCCGGTCAGCCCA 65 

T106A-F GGGGGGCATGGCAGCGTTAAGTT 66 

T106A-R ATCGAATATCGATGTAAGCCGC 65 

N70A-F TTCTATTGCCGCCACCCGTGCGATAG 62 

N70A-R TCGTCAATGTGCAACCCA 60 

R72A-F TGCCAATACCGCCGCGATAGGCG 57 
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R72A-R ATAGAATCGTCAATGTGC 58 

V86D-F CGGCGGTCCGGACGTCGGTGGGC 72 

V86D-R AGTAAGCCGCCCATTACCGCGC 68 

V86N-F CGGCGGTCCGAACGTCGGTGGGC 72 

V86N-R AGTAAGCCGCCCATTACCGC 68 

G96N-F GCTGACCGGCAATTTACATCGATATTCGATGGG

G 

68 

G96N-R CCAACCAGCCCACCGACG 66 

G96E-F GCTGACCGGCGAATTACATCGATATTCGATGG 68 

G96E-R CCAACCAGCCCACCGACG 66 

G96D-F GCTGACCGGCGATTTACATCGATATTCGATGG 69 

G96D-R CCAACCAGCCCACCGACG 66 

R130A-F CATCCTGATCGCCCGCGGGCGC 67 

R130A-R CTGTGTACCAGGCCACCG 65 

R131A-F CCTGATCCGCGCCGGGCGCACT 67 

R131A-R ATGCTGTGTACCAGGCCA 65 

R133A-F CCGCCGCGGGGCCACTGATAAA 62 

R133A-R ATCAGGATGCTGTGTACC 60 

R192A-F GCTGTTTATGGCTATATTGCTCGATAAACGCGC

GATGTTTGAAAAATACAC 

70 

R192A-R GCCGCGCCGACGGTATTG 68 

R198A-F GCTCGATAAAGCCGCGATGTTTGAAAAATAC 56 

R198A-R AATATACGCATAAACAGC 52 

K136A-F GCGCACTGATGCAGTCTTTAACCCCATTACC 69 

K136A-R CCGCGGCGGATCAGGATG 62 

R131H-F CTGATCCGCCACGGGCGCACT 70 

R131H-R GATGCTGTGTACCAGGCCAC 69 

R131K-F CCTGATCCGCAAGGGGCGCACTG 65 

R131K-R ATGCTGTGTACCAGGCCA 66 

R131Q-F CTGATCCGCCAGGGGCGCACTG 66 

R131Q-R GATGCTGTGTACCAGGCC 62 
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R131E-F CCTGATCCGCGAGGGGCGCACTG 64 

R131E-R ATGCTGTGTACCAGGCCA 62 

R198K-F GCTCGATAAAAAGGCGATGTTTGAAAAATAC 56 

R198K-R AATATACGCATAAACAGC 54 

R198H-F CTCGATAAACACGCGATGTTTG 58 

R198H-R CAATATACGCATAAACAGC 56 

R198Q-F CTCGATAAACAGGCGATGTTTGAAAAATAC 58 

R198Q-R CAATATACGCATAAACAGC 56 

R198E-F GCTCGATAAAGAGGCGATGTTTGAAAAATAC 56 

R198E-R AATATACGCATAAACAGC 54 

R133H-F CGCCGCGGGCACACTGATAAA 66 

R133H-R GATCAGGATGCTGTGTACCAG 64 

R133E-F CCGCCGCGGGGAGACTGATAAAG 62 

R133E-R ATCAGGATGCTGTGTACC 60 

R133K-F CCGCCGCGGGAAAACTGATAAAG 62 

R133K-R ATCAGGATGCTGTGTACC 60 

R133Q-F CCGCCGCGGGCAAACTGATAAAG 65 

R133Q-R ATCAGGATGCTGTGTACCAG 60 

K136H-F GCGCACTGATCACGTCTTTAACCCCATTACC 66 

K136H-R CCGCGGCGGATCAGGATG 68 

K136E-F GCGCACTGATGAAGTCTTTAACCCC 68 

K136E-R CCGCGGCGGATCAGGATG 66 

R136Q-F GCGCACTGATCAAAAGTCTTTAACCCCATTACC 68 

R136Q-R CCGCGGCGGATCAGGATG 66 

malEc-pBAD24-btsSR-F GGGCTAGCAGGAGGAATTCATGAAAATCGAAG

AAGGTAAACTGG 

57 

malEc-pBAD24-btsSR-R GCAACACCAGATTAAAATCGTACAT 59 

pBAD24-malEc-btsSR-F ATGTACGATTTTAATCTGGTGTTGC 58 

pBAD24-malEc-btsSR-R CCAGTTTACCTTCTTCGATTTTCATGAATTCCTC

CTGCTAGCCC 

59 
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malEp-pBAD24-btsSR-F GGGCTAGCAGGAGGAATTCATGAAATAAAAAC

AGGTGCACGC 

60 

malEp-pBAD24-btsSR-R GCAACACCAGATTAAAATCGTACAT 58 

pBAD24-malEp-btsSR-F ATGTACGATTTTAATCTGGTGTTGC 59 

pBAD24-malEp-btsSR-R GCGTGCACCTGTTTTATTTTCATGAATTCCTCCT

GCTAGCCC 

59 

btsS-pUT18-F TGCCTGCAGGTCGACTCTAGAATGTACGATTTT

AATCTGGTGTTG 

56 

btsS-pUT18-R AATTCGAGCTCGGTACCCGGGGATCGTGGTGGT

GGTGGTGGTG 

58 

pUT18-btsS-F CACCACCACCACCACCACGATCCCCGGGTACCG

AGCT 

62 

pUT18-btsS-R CCAGATTAAAATCGTACATTCTAGAGTCGACCT

GCAGGCA 

63 

btsS-pUT25-F GCTGCAGGGTCGACTCTAGAATGTACGATTTTA

ATCTGGTGTTG 

56 

pUT25-btsS-R GGTCGACTCTAGAATGTACGATTTTAATCTGG 58 

R39A-F GGTCACGGTTGCTCTGCCGCATAAATTTC 68 

R39A-R TGCATTAACGGTATGAATAATG 62 

R99A-F CGGCTTACATGCATATTCGATGGGGGG 68 

R99A-R CCGGTCAGCCCAACCAGC 62 

R163A-F TGCGATCGCCGCACCTTATGAAG 61 

R163A-R AGGATGATCAGCATTTGC  62 

R190A-F AGATGCGGTGGCTCTGGTGAGTAATATTGC 61 

R190A-R TCATAAGGTCGGGCGATC 62 

IF CTCACGAATTCTCATTTTTCTGCAAGAGTT 60 

IR AAGGATGATCAGCATTTGCACCATTTCA 56 

VF GCAGCAACACCAGATTAAAATCGTACAT 60 

VR GCCAATGATGGTCACCAATACCGTC 56 

2.1.3 Strains and plasmids  

Table 3 Strains and plasmid used in this thesis  



42 
 

Strain or plasmid Genotype or description Reference 

E. coli strains   

DH5α F⁻ λ⁻ endA1 glnV44 thi-1 recA1 relA1 gyrA96 

deoR nupG ф80d lacZ ΔM15 Δ(lacZYA-argF) 

U169 hsdR17(rK
⁻ mK

+)  

(104) 

MG1655 ΔbtsSR F⁻ λ⁻ ilvG rfb50 rph-1 ΔbtsSR (105) 

MG1655 ΔbtsSRΔypdABC F⁻ λ⁻ ilvG rfb50 rph-1 ΔbtsSRΔypdABC (98) 

BTH101 F⁻ cyaA-99 araD139 galE15 galK16 rpsL1 

hsdR2 mcrA1 mcrB1 

(106) 

TKR2000 ΔkdpFABCDE trkA405 trkD1 atp706 nagA thi 

rha lacZ 

(107) 

MM39 araD lacI ΔU1269 malE444, Strr (108) 

 

Plasmids 

  

pBBR-btsT-lux  PbtsT-212/+88 cloned in the BamHI and EcoRI 

sites of pBBR1-MCS5-TT-RBS-lux; Gmr 

(105) 

pBBR-btsT-lacZ PbtsT-212/+88 cloned in the BamHI and EcoRI 

sites of pBBR1-MCS5-TT-RBS-lacZ; Gmr 

This work 

pBAD24  Arabinose-inducible PBAD promoter, pBR322 

ori; Ampr 

(109) 

pBAD24-btsS-6His  btsS-6His cloned into the EcoRI and XbaI sites 

of pBAD24; Ampr 

(105) 

pBAD24-btsS-S25A-6His replacement of S25A in pBAD24-btsS-6His; 

Ampr 

This work 

pBAD24-btsS-R72A-6His replacement of R72A in pBAD24-btsS-6His; 

Ampr 

This work 

pBAD24-btsS-R99A-6His replacement of R99A in pBAD24-btsS-6His; 

Ampr 

This work 

pBAD24-btsS-C110A-6His replacement of C110A in pBAD24-btsS-6His; 

Ampr 

This work 

pBAD24-btsS-S113A-6His replacement of S113A in pBAD24-btsS-6His; 

Ampr 

This work 

pBAD24-btsS-R192A-6His replacement of R192A in pBAD24-btsS-6His; 

Ampr 

This work 

pBAD24-btsS-H382Q-6His replacement of H382Q in pBAD24-btsS-6His; 

Ampr 

(105) 

pBAD24-btsS/R btsS-Flag/btsR-6His cloned into the EcoRI and 

XbaI sites of pBAD24; Ampr 

This work 

pBAD24-btsS-S25A/btsR replacement of S25A in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-S25W/btsR replacement of S25W in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-S25T/btsR replacement of S25T in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-S25V/btsR replacement of S25V in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-K26A/btsR replacement of K26A in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-K26R/btsR replacement of K26R in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-K26H/btsR replacement of K26H in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-K26E/btsR replacement of K26E in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R39A/btsR replacement of R39A in pBAD24-btsS/R; Ampr This work 
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pBAD24-btsS-R39K/btsR replacement of R39K in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R39H/btsR replacement of R39H in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-K43A/btsR replacement of K43A in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R72A/btsR replacement of R72A in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R72E/btsR replacement of R72E in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R72H/btsR replacement of R72H in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R72K/btsR replacement of R72K in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R72Q/btsR replacement of R72Q in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R99A/btsR replacement of R99A in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R99E/btsR replacement of R99E in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R99Q/btsR replacement of R99Q in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R99H/btsR replacement of R99H in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-R99K/btsR replacement of R99K in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-C110A/btsR replacement of C110A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-C110V/btsR replacement of C110V in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-C110G/btsR replacement of C110G in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-C110S/btsR replacement of C110S in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-S113A/btsR replacement of S113A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-S113T/btsR replacement of S113T in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-S113V/btsR replacement of S113V in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-S113G/btsR replacement of S113G in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-T114A/btsR replacement of T114A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-T114V/btsR replacement of T114V in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-T114G/btsR replacement of T114G in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-T114S/btsR replacement of T114S in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R130A/btsR replacement of R130A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R131A/btsR replacement of R131A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R131E/btsR replacement of R131E in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R131Q/btsR replacement of R131Q in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R133A/btsR replacement of R133A in pBAD24-btsS/R; 

Ampr 

This work 
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pBAD24-btsS-K136A/btsR replacement of K136A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R163A/btsR replacement of R163A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R170A/btsR replacement of R170A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R192A/btsR replacement of R192A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R192H/btsR replacement of R192H in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R192K/btsR replacement of R192K in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R192Q/btsR replacement of R192Q in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R197A/btsR replacement of R197A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-R198A/btsR replacement of R198A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-N70A/btsR replacement of N70A in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-T71A/btsR replacement of T71A in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-T94A/btsR replacement of T94A in pBAD24-btsS/R; Ampr This work 

pBAD24-btsS-Y100A/btsR replacement of Y100A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-S101A/btsR replacement of S101A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS-T106A/btsR replacement of T106A in pBAD24-btsS/R; 

Ampr 

This work 

pBAD24-btsS- 
E151Q/Q154E/btsR 

replacement of E151Q/Q154E in pBAD24-

btsS/R; Ampr 

This work 

pBAD24-btsS- 
E117Q/R72E/btsR 

replacement of E117Q/R72E in pBAD24-

btsS/R; Ampr 

This work 

pKT25N vector of the bacterial two-hybrid system. 

Carries T25 fragment (720 bp) of сyaA, Kanr 

(106) 

pUT18 vector of the bacterial two-hybrid system. 

Carries T15 fragment ((616 bp) of cyaA, Ampr 

(111) 

pUT18-btsS-6His btsS-6His cloned in XbaI and BamHI sites of 

pUT18 resulting in C-terminal CyaA-T18-

protein fusions, Kanr 

This work 

pKT25N-btsS-6His btsS-6His cloned in XbaI and BamHI sites of 

pKT25N resulting in C-terminal CyaA-T25-

protein fusions, Ampr 

This work 

pUT18-zip Expression vector, Ampr (106) 

pKT25N-zip Expression vector, Kanr (106) 

pUT18-btsS-S25A-6His replacement of S25A in pUT18-btsS-6His; 

Ampr 

This work 

pUT18-btsS-R72A-6His replacement of R72A in pUT18-btsS-6His; 

Ampr 

This work 
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pUT18-btsS-R99A-6His replacement of R99A in pUT18-btsS-6His; 

Ampr 

This work 

pUT18-btsS-C110A-6His replacement of C110A in pUT18-btsS-6His; 

Ampr 

This work 

pUT18-btsS-S113A-6His replacement of S113A in pUT18-btsS-6His; 

Ampr 

This work 

pUT18-btsS-T114A-6His replacement of S113A in pUT18-btsS-6His; 

Ampr 

This work 

pBAD24-btsS-S25A-6His replacement of S25A in pKT25N-btsS-6His; 

Kanr 

This work 

pKT25N-btsS-R72A-6His replacement of R72A in pKT25N-btsS-6His; 

Kanr 

This work 

pKT25N-btsS-R99A-6His replacement of R99A in pKT25N-btsS-6His; 

Kanr 

This work 

pKT25N-btsS-C110A-6His replacement of C110A in pKT25N-btsS-6His; 

Kanr 

This work 

pKT25N-btsS-S113A-6His replacement of S113A in pKT25N-btsS-6His; 

Kanr 

This work 

pKT25N-btsS-T114A-6His replacement of S113A in pKT25N-btsS-6His; 

Kanr 

This work 

pMAL-p2X Expression vector encoding MBP, Ampr New 

England 

Biolabs 

pMAL-c2X Expression vector, encoding MBP without 

signal peptide, Ampr  

New 

England 

Biolabs 

pMALp-btsS btsS cloned in BamHI and HindIII sites of 

pMAL-p2X resulting in the fusion of MalEp to 

the N-terminus of BtsS, Ampr 

This work 

pMALc-btsS btsS cloned in BamHI and HindIII sites of 

pMAL-c2X resulting in the fusion of MalEc to 

the N-terminus of BtsS, Ampr 

This work 

pBAD24-pMALp-btsS/R malEp-btsS/R cloned into the EcoRI and XbaI 

sites of pBAD24; Ampr 

This work 

pBAD24-pMALc-btsS/R malEc-btsS/R cloned into the EcoRI and XbaI 

sites of pBAD24; Ampr 

This work 

pBAD24-btsS/R-RM Random mutagenesis for BtsS transmembrane 

domain in pBAD24-btsS/R; Ampr 

This work 

 

2.2 Methods 

2.2.1 Construction of btsS variants 

     All the variants were constructed using the Q5 site-directed mutagenesis kit (New England 

BioLabs) or following the prolonged overlap extension PCR (POE-PCR) protocols (110) , in which 
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epPCR for BtsS transmembrane domain gene amplification was performed with Taq DNA 

polymerase. A HiYield plasmid mini kit (Suedlaborbedarf) was used for plasmid DNAs isolation. 

DNA fragments were purified from agarose gels using a HiYield PCR cleanup and gel extraction 

kit (Suedlaborbedarf). Restriction enzymes were purchased from company New England BioLabs 

and used according to the protocol.  

2.2.2 Use of MalE as reporter protein for BtsS N-terminus location 

determination 

           Cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type HK BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online 

ahead of print.  

      E. coli MM39 was transformed with plasmid pMAL-c2X, pMAL-p2X, pMALc-btsS or 

pMALp-btsS. Cells were plated and incubated on LB agar plates supplemented with antibiotics 

ampicillin (100 µg/ml) and streptomycin (50 µg/ml). Positive control E. coli MG1655 and negative 

cintrol MM39 were also streaked on LB agar plates. Single colony were re-streaked on M9 minimal 

medium agar plates supplemented with 0.1% (w/v) maltose and incubated for 36 h at 37°C (108). 

     The in vivo expression of btsT triggered by BtsS/BtsR was measured (85). E. coli 

MG1655ΔbtsSR was co-transformed with pBBR-btsT-lux and pBAD24-pMALp-btsS/R or 

pBAD24-pMALc-btsS/R or pBAD24-btsS/R (positive control) or pBAD24 (negative control) at 

the same time. Cells were transferred after overnight inoculation from LB medium to M9 minimal 

medium containing 5 mM pyruvate, L-lactate and succinate, respectively, supplemented with 15 

mM succinate and incubated in a plate reader (BMG Labtech CLARIOstar, Germany) at 37°C. 

OD600 for growth and luminescence were detected continuously. Luminescence was determined as 

relative light units (RLU counts s−1) related to the OD600. 

2.2.3 In vivo signal transduction assay of BtsS 
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           Cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-

23. Online ahead of print.  

          E. coli MG1655ΔbtsSR was co-transformed with pBBR-btsT-lux and pBAD24-btsS/R or 

pBBR-btsT-lux and pBAD24-btsS/R variants. Colony was inoculated in 5 mL LB medium with 

antibiotics (50 µg/ml gentamycin and100 µg/ml ampicillin) after overnight incubation and cells 

were grown at 37 °C until OD600 reached 0.05. Then they were transferred to M9 minimal medium 

containing 5 mM pyruvate or succinate or lactate (supplymented with 15 mM succinate to have a 

20 mM whole carbon concentration) and incubated at 37 °C. Luminescence and growth (OD600) 

were assayed every 10 min in a luminescence reader (BMG Labtech CLARIOstar, Germany). 

Using the same protocol, pyruvate concentration dependency for btsT expression was tested by 

using 5 mM, 10 mM, 20 mM and 50 mM pyruvate as the C source. The total carbon concentration 

was kept constant at 50 mM by adding succinate. Additionally, overnight incubated cells were 

transferred to 0.1x LB medium and after 1 h (time point 0) incubation and different concentrations 

of pyruvate were added (111). Luminescence were determined for each condition and were 

calculated as RLU in counts per second per OD600. Flag-tagged BtsS or variants were detected by 

Western blot using an anti-Flag primary antibody and a secondary anti-mouse antibody conjugated 

to alkaline phosphatase (Thermo Fisher, USA). 

2.2.4 Overproduction and purification of BtsS-6His and BtsS-S25A-6His 

           E. coli TKR2000 was transformed with pBAD24-btsS-6His or pBAD24-btsS-S25A-6His. 

After inoculation in KML medium [0.5% (w/v) yeast extract, 1% (w/v) tryptone and [1% (w/v) 

KCl] (OD600=0.05), cells were grown at 37°C to an OD600 of 0.5 and induced by the addition of 

0.2% (w/v) arabinose for overproduction. Cells were harvested after 3 hours of induction and then 

collected with centrifugation with the speed of 5 000 rpm for 20 min. Cells were lysed with buffer 
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20 mM Tris HCl, pH 8.0, 250 mM NaCl, 1 mM DTT and 10% glycerol. The pellet was solubilized 

by adding 1.5% (w/v) DDM in the same buffer and incubation for 30 min at 4 °C. Supernatant was 

collected after ultracentrifugation conditions. BtsS-6His and BtsS-S25A-6His was purified with 

Ni-NTA affinity purification. Resins were equilibrated with 30 mM imidazole, 20 mM Tris HCl, 

pH 8.0, 250 mM NaCl, 1 mM DTT, 10% glycerol and 0.02% (w/v) DDM. Protein was eluted with 

elution buffer which component was the same as above but with 100 mM, 200 mM, 300 mM or 

500 mM imidazole.  Every fraction was collected and checked by SDS-PAGE.  

2.2.5 Nano differential scanning fluorimetry assay for BtsS-6His and BtsS-

S25A-6His 

          Nano differential scanning fluorimetry (NanoDSF) was performed using Prometheus NT.48 

equipped with backreflection mode (NanoTemper Technologies, München, Germany). 2.5 mg/ml 

purified BtsS-6His or BtsS-S25A-6His were mixed with 0 mM, 0.5 mM, 1 mM, 10 mM, 50 mM 

or 250 mM pyruvate and lactate, then loaded in nanoDSF grade standard capillaries (NanoTemper 

Technologies GmbH, München, Germany) and exposed at thermal stress from 40 °C to 80 °C by 

thermal ramping rate of 1.5 °C/min. Fluorescence emission from tryptophan after UV excitation at 

280 nm was collected at 330 nm and 350 nm with dual-UV detector. Thermal stability parameter 

melting temperature, Tm, was calculated with ThermControl software (NanoTemper Technologies, 

München, Germany).  

2.2.6 Autokinase assay 

     E. coli TKR2000 was transformed with pBAD24-btsS-6His or variants and cells were 

inoculated with KML medium supplemented with 100 µg/ml ampicillin. 0.2% (w/v) arabinose was 

added when OD600 reached 0.5 and cells were inoculated at 18 °C overnight. Cells were harvested 

by centrifugation with speed of 5 000 rpm and membrane vesicles were prepared as described 

(112). Membrane vesicles of 2 mg protein/ml containing BtsS or variants were incubated at 25 °C 
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in phosphorylation buffer [250 mM NaCl, 5 % glycerol (v/v), 25 mM Tris HCl, pH 7.5, 5 mM 

MgCl2 or 5 mM MnCl2, 2 mM DTT, 0 μM, 50 μM, 100 μM, 200 μM, 500 μM or 1 mM pyruvate]. 

Phosphorylation was initiated after adding 20 µM [γ-32P] ATP (2.38 Ci/mmol). 20 μl aliquots were 

removed at corresponding time points and the reaction was stopped by mixing with 5 μl of 5-fold 

SDS sample buffer (113). To detect the kinase activity under oxidizing or reducing condition, 

Mn2+-BtsS kinase activity assayed under reducing or oxidizing condition containing 5 mM Cu (II) 

(1,10-phenanthroline)3, or 1 mM iodine or 10 mM TCEP mixed with BtsS in the presence of 5 mM 

Mn2+. After incubation at 25 °C for 20 min, 20 µM [γ-32P] ATP (2.38 Ci/mmol) was added. 

Reactions were stopped at the time indicated. All samples were checked by SDS-PAGE. Proteins 

were transferred to a nitrocellulose membrane, and phosphorylated proteins were detected by 

exposure of the membrane on a Storage Phosphor Screen. Phosphorylated proteins were quantified 

by image analysis using Image Quant® software (GE Healthcare, Freiburg, Germany). For each 

gel, a standard was loaded and set to 100 % (= 1), which was phosphorylated BtsS incubated in the 

presence of 50 μM pyruvate, 5 mM MnCl2 for 5 min.  

2.2.7 In vivo dimerization studies using bacterial adenylate cyclase two-hybrid 

assay 

          Cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-

23. Online ahead of print.  

          The bacterial adenylate cyclase two-hybrid assay (BACTH) was performed to test 

dimerization of BtsS and the variants in vivo (106). E. coli BTH101 was transformed with pKT25N 

and pUT18 derivatives. Leucine zipper protein dimerization was used as a positive control. Cells 

were incubated in LB medium supplemented with 0.5 mM IPTG overnight at 37 °C, and transferred 

to 0.1xLB medium (nutrient limitation) (114) plus 0.05 mM IPTG and the indicated pyruvate 
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concentrations. Cells were harvested until OD600 reached 0.3 to 0.35 and β-galactosidase activity 

was determined and expressed in Miller units (106). Production of BtsS hybrid proteins were 

detected by Western blot analysis using a monoclonal anti-His antibody and a secondary anti-

mouse antibody conjugated to alkaline phosphatase (Thermo Fisher, USA). 

2.2.8 Differential radial capillary action of ligand assay (DRaCALA) 

           Cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-

23. Online ahead of print.  

      Binding of pyruvate to BtsS was determined and quantified with differential radial capillary 

action of ligand assay (DRaCALA) (115) as previously described (111). E. coli MG1655 

∆btsSR∆ypdABC was transformed with plasmids pBAD24 (negative control), pBAD24-btsS-6His 

(positive control), pBAD24-btsS-R72A-6His, pBAD24-btsS-R99A-6His, pBAD24-btsS-C110A-

6His, pBAD24-btsS-S113A-6His. 15 µM radiolabeled (3-14C) pyruvate (55 mCimmol−1, Biotrend) 

was mixed with membrane vesicles containing control vesicles from empty vector (EV) or BtsS or 

variants and incubated for 20 min at room temperature. Triplicate 5-µl aliquots were loaded on a 

nitrocellulose membrane, dried, and visualized by a PhosphorImager. Radioactive signal intensities 

were quantified by using ImageJ. The equation FB=(Iinner−Ibackground)/Itotal was used to calculate 

fraction bound (FB) (115). Increasing concentrations of cold pyruvate (0 µM to 500 µM) were 

added to the mixture to determine the Kd value. 50 mM cold pyruvate was also used and the fraction 

bound was assayed to reach the saturation. Competition efficiency (CE) was calculated as follows: 

CE=(FB(NC)−FB(pyr))/FB(NC). FB(NC) was calculated when there was no cold pyruvate, and FB(pyr) were 

values calculated from the samples containing a mixture of 14C-pyruvate and different 

concentrations of cold pyruvate. The negative control value got from empty vector (EV) was 

subtracted for all FB values. 25 mg/ml of membrane vesicle containing approximately 7% BtsS-
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6His or variants was used in this experiment.   

2.2.9 Structural modeling of BtsS in complex with pyruvate     

         Cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-

23. Online ahead of print. This part of work was done by collaborator Professor Dr. Martin Zacharias from Technical 

University Munich.  

          AlphaFold2.0 was used to generate the structural model of a BtsS dimer and pyruvate 

docking was performed by using the best ranked model. In the model, the four residues Arg72, 

Arg99, Cys110 and Ser113 found critical for binding were forming part of a pocket of BtsS. Crystal 

structure of pyruvate formate-lyase in E. coli with bound pyruvate can be found in the PDB: 1MZO 

entry and the residues arrangement is similar to the geometry of BtsS. Pyruvate was first manually 

placed in the putative binding pocket in the BtsS model (close to the critical residues) based on 

1MZO structure and it was used to derive the upper bound distance restraints between side chain 

of the four critical residues and pyruvate. An energy minimization (2500 steps) to remove sterical 

overlap in the start structure using the Amber20 molecular modeling package was performed for 

modeling and pyruvate docking. In the next step, Molecular Dynamics (MD) simulations were 

performed by employing an implicit Generalized Born solvent model (igb=5 option in Amber) and 

including positional restraints on all heavy atoms (force constant: 0.05 kcal mol-1Å-2) but not on 

the residues in close vicinity of the bound pyruvate. Besides, the distance restraints between these 

four critical residues in the binding region and pyruvate was included in the simulations. MD 

simulations were continued for 10 ns and resulted in a stable binding geometry that was again 

energy minimized for 2,500 steps to obtain a structural model of the complex.  

2.2.10 Conversion BtsS into a lactate sensor by random mutagenesis       

          Random mutagenesis is a well applied strategy for directed evolution. To generate a variant 
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library, the template plasmid pBAD24-btsS/R was mutated by error-prone PCR (epPCR). DNA 

fragment gene btsS-TM (600 bp) encoding BtsS transmembrane domain was amplified using 

epPCR conditions as follows:10 mM Tris HCl, pH 8.3, 50 mM KCl, 100 pg, 200 pg and 500 pg 

template plasmid, 0.2 mM dATP, 0.2 mM dGTP, 1 mM dCTP, 1 mM dTTP, 5 mM MgCl2, 0.4 

mM, 1 mM and 2 mM MnCl2, 0.05 U/μL Taq polymerase, 0.2 μM IF primer and 0.2 μM IR primer 

in a total volume of 50 μL. The PCR reaction was done according to the Taq polymerase 

amplification protocol. PCR products of vector backbone and insert fragment were cleaned up by 

using a HiYield PCR cleanup and gel extraction kit (Suedlaborbedarf). Vector backbone pBAD24-

btsS/R-rm (6.5 kb, pBAD24 with btsS/R fragment except for btsS-TM gene) was amplified with 

VF and VR primers using a Q5 high-fidelity polymerase and PCR condition was as follows: 98 °C 

denaturation, 30 s; 30 cycles of 98 °C denaturation, 30 s, 60°C annealing, 30 s, extension at 72 °C, 

3 min; and 2-min extension at 72 °C. To generate the DNA multimers by POE-PCR, the PCR 

solution was prepared as follows: 1× Q5 buffer, 0.2 mM dNTP mixtures, 5 ng/μL vector pBAD24-

btsS/R-rm, equimolar amount of DNA fragment btsS-TM gene and 0.02 U/μL Q5 DNA polymerase. 

POE-PCR was conducted as follows: 98 °C denaturation, 30 s; 30 cycles of 98 °C denaturation, 30 

s, 60°C annealing 30 s, extension at 72 °C, 4 min; 2-min extension at 72 °C. E. coli DH5α was 

transformed with DNA multimers and 8 colonies were randomly picked and sequenced to check 

library diversity. 

        After the library was set up, the colonies on the plate were washed with LB medium. These 

cells were inoculated overnight at 37°C and the plasmids were extracted. MG1655ΔbtsSRΔlacZ 

was co-transformed with mixture of of pBAD24-btsS/R-RM and plasmid pBBR-btsT-lacZ, plating 

and incubating on LB-Agar medium. Colonies were re-streaked on M9 minimal medium agar plate 

supplemented with 50 mM lactate or pyruvate plus 50 µg/ml X-gal, then incubated at 37°C for 48 

h to screen by the blue and white color. The mutants turn blue on the lactate plate but turns white 
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on pyruvate plate are the promising ones to be converted into a lactate biosensor.  

3 Results 

3.1 Pyruvate-sensing of BtsS/BtsR signaling cascade of Escherichia coli 

         Cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-

23. Online ahead of print.  

3.1.1 Periplasmic location of the N-terminus of BtsS 

    BtsS is a LytS-type HK. 5TMR-LYT domain is a feature for proteins in the LytS-type family, 

suggesting that there are at least five transmembrane helices in BtsS TM domain. However, 

transmembrane helix formed by the first 36 amino acids of BtsS does not belong to this domain 

(FIG 3.1.1A). At the beginning of this study, two different models for the membrane topology of 

BtsS were found. Transmembrane helices prediction based on hydrophobicity [with software 

TMHMM-2.0 (116, 117), ProtScale (118) and PsiPred (119), (FIGs 3.1.1B-D)] predicted a BtsS 

model that has six transmembrane helices and the N-terminus was located towards the cytoplasm 

(FIG 3.1.2A, right panel, see below). Another model predicted by AlphaFold2.0 (120) showed BtsS 

has seven transmembrane helices and N-terminus is positioned to the periplasm (FIGs 3.1.2A, left 

panel, see below). AlphaFold2.0 produces a per-residue confidence score (pLDDT9) with a score 

from 0-100. This score was very high (>90) for most amino acids forming the transmembrane 

helices and connecting loops starting at amino acid Val47. For the N-terminal part, a confident 

score (90 > pLDDT > 70) was found. Therefore, it was necessary to experimentally determine the 

localization of the N-terminus. 
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FIG 3.1.1 Domain structure of BtsS and the hydrophobicity analysis of BtsS. (A) BtsS is a HK composed of an 

input domain and a transmitter domain. The input domain of BtsS consists of the 5TMR-LYT domain and a GAF 

domain. The transmitter domain consists of a DHp domain and a CA domain. (B) Transmembrane structure prediction 

using TMHMM-2.0 (117, 118). (C) Hydrophilicity plot using ProtScale (119). (D) BtsS structure analysis using 
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PsiPred (120). Figure was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and 

Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print. 

    To address this question, a MalE fusion strategy was applied in this study. This method 

previously determined that the N-terminus of the quorum-sensing hybrid HK LuxN of Vibrio 

harveyi located towards the periplasmic site (108). Periplasmic binding protein, MalE, binds 

maltose and higher maltodextrins which can be imported by the ABC transporter complex 

MalEFGK. Wild-type MalE contains a signal peptide to translocate the protein through the 

cytoplasmic membrane, which is encoded by the vector pMAL-p2X and named as MalEp. MalEc, 

the same MalE protein but without signal peptide, is a cytoplasmic protein encoded by pMAL-c2X 

(121). Both malE variants were fusion expressed with the 5’ end of btsS and hybrid proteins were 

supposed to be either periplasmically localized (MalEp-BtsS) or cytoplasmically localized (MalEc-

BtsS) maltose binding-protein (MBP) (FIG 3.1.2A). A complementation of a ∆malE mutant (E. 

coli MM39) was used to test the position of MalE in the hybrid proteins. The E. coli MM39 has a 

deletion of the malE gene and it cannot grow with maltose as the sole carbon source (C source) 

(FIG 3.1.2B). E. coli MM39 was transformed with plasmids pMAL-p2X (control) or pMALp-btsS 

encoding periplasmic MalEp or the hybrid MalEp-BtsS, respectively. Both strains were able to 

grow when maltose was used as a C source, indicating MalE was functional active. In contrast, E. 

coli MM39 transformed with pMAL-c2X or pMALc-btsS encoding MalE without signal peptide 

(MalEc) or the hybrid MalEc-BtsS, did not grow on maltose-containing plates (FIG 3.1.2B). 

   In vivo BtsS/BtsR signal transduction was detected to test the function of each MBP-BtsS 

construct. Only the hybrid protein with the N-terminus of BtsS on the correct side of the membrane 

is functional. The MBP-BtsS constructs were tested with the RR BtsR for complementation of 

reporter strain lacking the btsS/R genes and expressing a btsT promoter-luciferase fusion 
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(PbtsT::luxCDABE). Strains were cultivated in minimal medium supplemented with 5 mM pyruvate 

and 15 mM succinate, a condition that induces btsT expression (85, 111). MalEp-BtsS mediated 

pyruvate-dependent activation of btsT expression behaved similarily as wild-type BtsS, although 

it showed a 5.1-fold reduced induction (FIG 3.1.2C). In contrast, btsT expression cannot be induced 

by MalEc-BtsS (FIG 3.1.2C). It indicated that only fusion of the sequence encoding MalE with a 

signal peptide to the 5’-end of btsS resulted in a hybrid protein with a functional MalE in the 

periplasm and a signaling active BtsS. In contrast, hybrid protein MalEc-BtsS resulted in a location 

that MalE was towards to the cytoplasm and an inactive BtsS (FIG 3.1.2C). These results supported 

a periplasmic location of the N-terminus of BtsS, which means that BtsS is anchored in the 

cytoplasmic membrane and it has seven transmembrane helices (FIG 3.1.2A, left panel). 
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FIG 3.1.2 Periplasmic location of the N-terminus of BtsS. (A) Schematic illustration of the use of maltose-binding 

protein MalE (blue-labeled domain) as reporter protein to test the location of the N-terminus of BtsS. MalE is a 

periplasmic protein that binds maltose, which is imported by the ABC transporter complex MalEFGK. See text for 

more details. (B) Growth of E. coli MM39 (∆malE) after complementation with different MalE and MalE-BtsS variants 

on maltose as sole C source compared to E. coli MG1655 (malE+) and MM39 (∆malE) (C) Functionality of MalE-
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BtsS variants was tested using the reporter strain MG1655∆btsSR/pBBR-btsT-lux transformed either with pBAD24 as 

a negative control, pBAD24-btsS/R as a positive control, pBAD24-pMALp-btsS/R or pBAD24-pMALc-btsS/R. Cells 

of an overnight culture were inoculated in M9 minimal medium containing pyruvate (5 mM) and succinate (15 mM) 

as C source and grown at 37°C in a microplate reader. OD
600

 and luminescence were measured, and data were relative 

light units (RLU) in counts per second per OD. All experiments were performed as biological triplicates (n = 3), and 

representative plates and curves (standard deviation <10%) are shown. Figure was cited from publication: Jin Qiu, Ana 

Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-

transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of print. 

3.1.2 Screening for amino acids involved in pyruvate sensing by alanine 

scanning mutagenesis 

    Previous study has shown that BtsS is pyruvate sensor with high affinity (Kd = 58.6 µM) and 

pyruvate binds to the extracellular side of the transmembrane domain (111). Pyruvate has a 

carboxyl group. Study on KinD (a protein can bind pyruvate) (122) or pyruvate formate lyase (123) 

showed carboxyl group of pyruvate is in contact with positively charged amino acids. The goal in 

this thesis was to identify the pyruvate-binding site of BtsS.  

   There are four lysines and ten arginines in the input domain of BtsS. In order to detect which 

amino acid is for pyruvate binding, each of them was replaced with alanine. Then, wild-type BtsS 

and variants were tested with complementation of reporter strain lacking the btsS/R genes and 

expressing a btsT promoter-luciferase fusion (PbtsT::luxCDABE) (85, 111). Among the 14 tested 

variants, btsT could not be induced by six of them, which were BtsS-K26A, BtsS-R39A, BtsS-

R72A, BtsS-R99A, BtsS-R131A and BtsS-R192A (FIG 3.1.3A). All BtsS variants except BtsS-

R131A were produced (FIG 3.1.3B). Although the btsT expression level was significantly reduced 

for variant BtsS-R198A, it was still dependent on pyruvate concentration (FIG 3.1.3C). The 

production and integration of all BtsS variants was tested by SDS-PAGE and Western blot. The 

javascript:;
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first-round screening indicated that Lys26, Arg39, Arg72, Arg99 and Arg192 might be involved in 

pyruvate-sensing and/or signaling of BtsS. 

        

        

                 

FIG 3.1.3 Screening for amino acids involved in pyruvate sensing in BtsS. (A) Reporter strain MG1655∆btsSR 

encoding the promoter fusion PbtsT::luxCDABE was transformed either with plasmid pBAD24 as a negative control 

(NC), pBAD24-btsS/R (WT) as a positive control, or pBAD24-btsS/R encoding BtsS variants. The response to pyruvate 

(pyr.) was tested as described in FIG 2. As negative controls, the response of WT to succinate (suc.) and lactate (lac.) 

was tested. The maximal luciferase activity (RLU) normalized to an optical density (OD
600

) of 1 served as the measure 

C 
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of btsT expression. All experiments were performed as biological triplicates (n = 3), and the error bars represent the 

standard deviation of the means. (B) Verification of production and integration of BtsS variants in the cytoplasmic 

membrane of E. coli. Cells were disrupted and fractionated, 25 µg protein of the membrane fraction was analyzed by 

SDS-PAGE and Western blotting. BtsS was detected by a monoclonal mouse antibody against the Flag tag and an 

alkaline phosphatase-coupled secondary antibody. (C) Reporter strain MG1655∆btsSR/pBBR-btsT-lux was 

transformed either with pBAD24-btsS/R (WT) as a positive control, or pBAD24-btsS-R198A/btsR. Cells were grown 

with different concentrations of pyruvate (5 mM, 10 mM, 20 mM and 50 mM) as the C source, with the total C 

concentration kept constant at 50 mM in each case by addition of succinate, and BtsS/BtsR-mediated btsT expression 

(measured as PbtsT::luxCDABE and reported in relative light units) was measured over time. Maximum luciferase 

activity (RLU), normalized to an optical density (OD600) of 1 are reported. Fold-change values were calculated using 

the succinate control. Statistics: Student’s unpaired two-sided t-test (*** p < 0.001; ** p < 0.01; *p < 0.05; ns p > 

0.05). Figure was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten 

Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print. 

3.1.3 Arg72, Arg99, Cys110 and Ser113 are involved in pyruvate sensing 

    Not only the charged side chain was removed but also the size was reduced after those 

positively charged amino acids were replaced with alanine. Therefore, amino acids that can 

maintain the charge (Arg, Lys, His) and size (Gln) or even have the opposite charged (Glu) side 

chain were further chosen to replace with those five amino acids which were important for 

BtsS/BtsR. All corresponding BtsS-Arg72 and BtsS-Arg99 variants prevented btsT induction after 

they were replaced by any other amino acid (FIG 3.1.4A). These amino acids are likely to be 

essential for stimulus perception or signal transduction of BtsS. In contrast, variants were able to 

respond to pyruvate after replacement of BtsS-Lys26, BtsS-Arg39, BtsS-Arg131, and BtsS-Arg192 

with other amino acids (FIG 3.1.4A and FIG 3.3.1). Therefore, these four amino acids were not 
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further studied. 

    Amino acids that might interact with pyruvate hydroxyl group were then studied, especially 

the amino acids that were located close to Arg72 and Arg99 in BtsS model. Therefore, Asn70, 

Thr71, Thr94, Tyr100, Ser101, Thr106, Cys110, Ser113, and Thr114 in BtsS were then replaced 

with Ala. Variants BtsS-C110A, BtsS-S113A, and BtsS-T114A prevented btsT expression (FIG 

3.1.4A), whereas variants BtsS-N70A, BtsS-T71A, BtsS-T94A, BtsS-Y100A, BtsS-S101A, BtsS-

T106A (FIG 3.1.4B) induced btsT expression and it was pyruvate-dependent. Then BtsS-Cys110, 

BtsS-Ser113, and BtsS-Thr114 were replaced with other amino acids. All BtsS-Cys110 and BtsS-

Ser113 variants (C110V, C110G, C110S, S113V, S113G, S113T) prevented btsT expression when 

pyruvate was used as sole C source (FIG 3.1.4A). In contrast, the replacements of BtsS-Thr114 by 

Ser, Val and Gly allowed btsT expression (FIG 3.1.4A). All variants were produced as membrane-

integrated proteins and was verified by SDS-PAGE and Western blotting. These results indicated 

that Cys110 and Ser113 were also essential for BtsS to sense pyruvate.  

    In vivo activity determination of the BtsS variants was done in complemented reporter strain 

by adding 5 mM pyruvate as a C source. To test whether the affinity of BtsS variants for pyruvate 

was changed, btsT induction was tested in two additional in vivo assays containing different 

pyruvate concentrations. Cells were cultivated in M9 minimal medium with pyruvate 

concentrations ranging from 5 to 50 mM and the total carbon concentration (50 mM) was kept 

constant by adding succinate. Results of concentration-dependent btsT expression for BtsS-R72A, 

BtsS-R99A, BtsS-C110A, and BtsS-S113A showed they did not induce btsT expression under any 

condition (FIG 3.1.4C). Another assay was based on previous work (85) which showed that 

starving E. coli cells exposed to very low pyruvate concentrations (10 µM to 1 mM) induced btsT 

expression in a concentration-dependent manner. BtsS-R72A, BtsS-R99A, BtsS-C110A, and BtsS-

S113A variants showed not only an approximately 100-fold lower response compared with wild 
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type, but also a slight shift to higher pyruvate concentrations (FIG 3.1.4D). In conclusion, BtsS-

Arg72, BtsS-Arg99, BtsS-Cys110, and BtsS-Ser113 are involved in pyruvate sensing. 

                       

                      

B 
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FIG 3.1.4 Arg72, Arg99, Cys110, and Ser113 are essential for pyruvate sensing in BtsS. (A) Reporter strain 

MG1655∆btsSR/pBBR-btsT-lux was transformed with either plasmid pBAD24 as a negative control, pBAD24-btsS/R 

as a positive control, or pBAD24-btsS/R encoding the indicated BtsS variants. The response to 5 mM pyruvate 

(supplemented with succinate for a total of 20 mM C source) was tested as described in FIG 2. Maximum luciferase 

activity (RLU), normalized to an optical density (OD600) of 1, served as a measure of btsT expression. (B) The same 

experimental approach as in A was used, but strains were grown in M9 minimal medium containing different 

concentrations of pyruvate (supplemented with succinate, total 50 mM C source). Fold-change values were calculated 

using the succinate control. (C) Reporter strains as in A and B were cultivated in 0.1x LB medium to establish starvation 

conditions. After 1 hour, the indicated concentration of pyruvate or water (negative control) was added. Cells 

immediately induced btsT expression. Fold-change values were calculated using the water control. (D) The same 

experimental approach as in A was used. All experiments were performed as biological triplicates (n = 3), and the error 

bars represent the standard deviation of the means. Statistics: Student’s unpaired two-sided t-test (*** p < 0.001; ** p 

C 

D 
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< 0.01; *p < 0.05; ns p > 0.05). Figure was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin 

Zacharias, and Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. 

mBio. doi: 10.1128/mbio.01089-23. Online ahead of print. 

3.1.4 Arg72, Arg99, Cys110 and Ser113 form a pyruvate-binding site 

     The ability of the BtsS variants with replacements at position Arg72, Arg99, Cys110 and 

Ser113 for altered affinities to bind pyruvate was investigated in vitro. DRaCALA was used here 

(115), which had previously used to identify BtsS and pyruvate interactions (85). A radiolabeled 

ligand is used in this assay. The principle of DRaCALA is based on the immobilization of the 

protein-ligand complex on a nitrocellulose membrane, while the unbound ligand diffuses radially 

with the buffer due to the capillary action of the membrane. Thus, both protein-bound ligand and 

total ligand are detected. The fraction of ligand bound to protein, defined as FB, is calculated from 

the signal intensity of the area with protein (inner circle) and the signal intensity of the whole area 

(outer circle). Membrane vesicles prepared from the E. coli ∆btsSR∆ypdABC mutant after 

overproduction of BtsS (WT) or BtsS-R72A, BtsS-R99A, BtsS-C110A, BtsS-S113A were used 

and equal amounts of protein was incubated with increasing concentrations of pyruvate, each 

containing 15 µM radiolabeled 14C-pyruvate. The mixture was dropped onto a nitrocellulose 

membrane (FIG 3.1.5A). Migration of the ligand by capillary action was detected after exposure 

of the membrane to a phosphoscreen followed by image analysis. As a negative control, membrane 

vesicles of the E. coli ∆btsSR∆ypdABC mutant was used, in which no pyruvate-binding proteins 

should be found (EV) (FIG 3.1.5A). Dark inner circles were detected for the wild type that were 

not seen in the negative control, indicating binding of 14C-pyruvate and resulting in an FB value of 

0.198. To determine pyruvate affinity, the total pyruvate concentration was steadily increased by 

adding cold pyruvate, which resulted in less pronounced dark rings due to competition between 

cold and radiolabeled pyruvate. Kd values were calculated after background (EV) was subtracted 
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for all concentrations. For wild-type BtsS, a Kd value of 67.3±10.6 µM was determined, consistent 

with previous measurements (85). For the BtsS variants with amino acid substitutions that affected 

pyruvate sensing, the Kd values were: BtsS-R72A Kd =107.2±12.3 µM; BtsS-R99A Kd 

=245.4±10.1 µM; BtsS-C110A Kd = 375.2±21.2 µM and BtsS-S113A Kd =283.6±8.0 µM (FIG 

3.1.5B). These results indicate that replacement of BtsS-Arg72, BtsS-Arg99, BtsS-Cys110, and 

BtsS-Ser113 with alanine decreases the affinity of BtsS for pyruvate, suggesting that these amino 

acids may be part of the pyruvate-binding site. 

                         

FIG 3.1.5 In vitro binding assay of pyruvate to BtsS. (A) DRaCALA image of interactions between pyruvate and 

BtsS (WT) or BtsS-R72A, BtsS-R99A, BtsS-C110A, BtsS-S113A, or no BtsS (EV) in membrane vesicles of E. coli 



66 
 

ΔbtsSRΔypdABC. Protein-ligand (15 µM radiolabeled 
14

C-pyruvate) mixtures were spotted on a nitrocellulose 

membrane, allowed to dry before imaging using a PhosphoImager. (B) Determination of the dissociation constant (K
d
) 

for the receptor-pyruvate complex for the BtsS variants compared with wild type. Competition efficiency (CE) 

CE=(F
B(NC)

−F
B(pyr)

)/F
B(NC)

 (see Materials and Methods for details) was plotted as a function of pyruvate concentration. 

The CE value reached 1.0 in the presence of 50 mM cold pyruvate. The best-fit curves were determined by nonlinear 

regression using the equation y=B
max

*x/(K
d
+x). K

d
 values were determined in n=3 independent experiments, and the 

error bars represent the standard deviation of the means. K
d 
of BtsS, BtsS-R72A, BtsS-R99A, BtsS-C110A and BtsS-

S113A is 67.3±10.6 µM, 107.2±12.3 µM, 245.4±10.1 µM, 375.2±21.2 µM and 283.6±8.0 µM, respectively. Figure 

was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-

type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. 

Online ahead of print. 

3.1.5 Model of the 3D-structure of BtsS and the pyruvate binding site 

     Based on structural modeling information and MD-based autodocking pyruvate with BtsS 

(FIGs 3.1.6A-C), Cys110 was in close contact with pyruvate (but does not form hydrogen bonds), 

however pyruvate formed stable hydrogen bonds with Arg72 and Arg99. The geometry of pyruvate 

binding was stable during MD simulation (FIG 3.1.6D). The two oxygen atoms of the pyruvate 

carboxyl group formed hydrogen bonds with the guanidinium group of Arg99, and the guanidinium 

group of Arg72 formed a bifurcated hydrogen bond with the carbonyl oxygen of pyruvate. 

Additionally, there was no direct hydrogen bond was formed although Ser113 was located close to 

pyruvate.  But a close H-bond contact between Ser113 and Arg72 was observed in the model 

structure. Therefore, Ser113 might play an important role in placing and stabilizing the position of 

the guanidinium group of Arg72, allowing close contact with pyruvate. The positively charged 

Arg72 and Arg99 provide strong and favorable electrostatic interactions to stabilize the complex 

since pyruvate is negatively charged. 
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FIG 3.1.6 AlphaFold2.0 based structural model of the BtsS dimer with bound pyruvate. (A) AlphaFold2.0 based 

structural model of the BtsS dimer with bound pyruvate. Each BtsS monomer is represented as a green or light blue 

cartoon and the membrane boundaries are indicated by yellow lines.  (B) The putative pyruvate (Pyr) binding geometry 

(pyruvate in van der Waals representation) is shown enlarged in the right panel, including the arrangement of residues 

D                                                      

  D 
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important for binding as stick model. (C) Schematic 2D contact view of pyruvate binding to BtsS. Hydrogen bonds 

between Arg72/99 and pyruvate as well as direct contacts to Cys110 are indicated.  Ser113 contacts and stabilizes the 

Arg72 placement. (D) Root-mean-square deviation (RMSD) of protein backbone atoms (black line, pyruvate binding 

domain, residues 1-202) during MD simulation of the complex of BtsS with pyruvate from the starting structure. The 

simulation included positional restraints on the protein (force constant: 0.05 kcal mol-1Å-2). The RMSD of the 

pyruvate ligand (after best superposition of the pyruvate binding domain on the start structure) is also shown (red line). 

Figure was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. 

The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print. 

3.1.6 Binding of pyruvate affects autokinase activity of BtsS 

    After the stimulus is perceived by HKs, this information will be transduced into an 

intracellular signal by initiating a phosphorylation cascade (112). Autokinase activity of BtsS was 

not able to be detected previously (85). This was not surprising at first, because BtsS belongs to 

the LytS-type HKs and proteins in this family have several unique features (124): In the H-box, the 

conserved histidine is  preceded by a proline, and followed by a phenylalanine instead of the usual 

acidic residue. The F-box is not conserved, there is an unusual signature sequence in the N-box, 

and the distance between the H- and X-box is reduced.  

     In this study, the autophosphorylation activity of BtsS was tested again in virto and results 

showed that the cofactor makes a difference. When assayed in the presence of Mg2+-ATP, only 

very weak BtsS autophosphorylation activity was detectable (FIG 3.1.7A). However, the 

autophosphorylation activity of BtsS was about 10-fold higher when Mn2+ was used as a cofactor 

instead of Mg2+ (FIG 3.1.7A). The predicted phosphorylation site at His382 was also confirmed, 

as the variant BtsS-H382Q could not be phosphorylated (FIG 3.1.7B).  
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      To identify whether BtsS autophosphorylation was stimulated by pyruvate binding, 

autophosphorylation activity of wild-type BtsS and all pyruvate-insensitive BtsS variants were 

determined under the condition that contains different concentrations of pyruvate. 

Autophosphorylation initial rate of wild-type BtsS showed a 1.6-fold increase in the presence of 

25 µM pyruvate. The initial rate was also increased when assayed with 50 and 100 µM pyruvate, 

(FIG 3.1.7B). But it was not further stimulated in the presence of even higher concentrations of 

pyruvate (200, 500, 1000 µM) (FIG 3.1.7B).  In contrast, initial rates of variants BtsS-R72A, BtsS-

R99A, BtsS-C110A and BtsS-S113A were quite lower and it was not dependent on pyruvate 

concentration (FIGs 3.1.7B and 3.1.8-3.1.11). Initial rates were 2.3 to 3.6-fold lower compared to 

wild-type BtsS. BtsS-T114A was used as a control to show the effects on BtsS autokinase was due 

to pyruvate binding instead of amino acid substitution (FIG 3.1.12). 
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FIG 3.1.7 Autophosphorylation activity of BtsS and its variants. (A) Time-dependent autophosphorylation of BtsS 

in the presence of Mg2+ and Mn2+. Membrane vesicles from E. coli TKR2000 producing BtsS-6His were incubated in 

the presence of 50 µM pyruvate. At time zero, 20 µM [γ-
32

P] ATP (2.38 Ci/mmol) and either 5 mM MgCl
2
 or MnCl

2
 

was added. Reactions were stopped at the indicated time point, and phosphorylated proteins were separated by SDS-

PAGE, followed by phosphoimage analysis. Upper panel - phosphoimages of representative gels, lower panel - 

quantified values of radiolabeled BtsS using ImageQuant. Shown are the relative values normalized to the 

phosphorylation level of wild-type BtsS after incubation with 50 μM pyruvate and 5 mM MnCl2 for 5 min (value of 

1.0). (B) The effect of increasing pyruvate concentrations on the initial rate of autophosphorylation of BtsS, BtsS-

R72A, BtsS-R99A, BtsS-C110A, BtsS-S113A, and BtsS-H382Q. Samples were processed and data were calculated 

as described in A. Figure was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, 

and Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print. 
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FIG 3.1.8 Influence of increasing pyruvate concentrations on the autophosphorylation activity of BtsS-R72A 

compared to wild-type BtsS. Membrane vesicles (2 mg/mL) were incubated in the presence of the indicated pyruvate 

concentrations. At time zero, 20 µM [γ-32P] ATP (2.38 Ci/mmol) was added. Reactions were stopped at the indicated 

time points, and phosphorylated proteins were separated by SDS-PAGE, followed by phosphoimage analysis. Values 

are normalized to the phosphorylation level of wild-type BtsS after incubation with 50 μM pyruvate and 5 mM MnCl2 

for 5 min (value of 1.0). Figure was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin 

Zacharias, and Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. 

mBio. doi: 10.1128/mbio.01089-23. Online ahead of print. 
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FIG 3.1.9 Influence of increasing pyruvate concentrations on the autophosphorylation activity of BtsS-R99A 

compared to wild-type BtsS. The same experimental approach as in FIG 3.1.8 was used. Figure was cited from 

publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine 

kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of 

print. 
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FIG 3.1.10 Influence of increasing pyruvate concentrations on the autophosphorylation activity of BtsS-C110A 

compared to wild-type BtsS. The same experimental approach as in FIG 3.1.8 was used. Figure was cited from 

publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine 

kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of 

print. 
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FIG 3.1.11 Influence of increasing pyruvate concentrations on the autophosphorylation activity of BtsS-S113A 

compared to wild-type BtsS. The same experimental approach as in FIG 3.1.8 was used. Figure was cited from 

publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine 

kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of 

print. 
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FIG 3.1.12 Influence of increasing pyruvate concentrations on the autophosphorylation activity of BtsS-T114A 

compared to wild-type BtsS. (A-G) Pyruvate concentration dependency of autokinase activity. (H) The effect of 

increasing pyruvate concentrations on the initial rate of autophosphorylation BtsS and BtsS-T114AThe same 

experimental approach as in FIG 3.1.8 was used. Figure was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie 

Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that 

binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of print. 

3.2 Insights into BtsS dimerization 

3.2.1 BtsS forms dimer for kinase function 

         Cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The 

LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-

23. Online ahead of print. 

   Dimerization is necessary for HKs to mediate autophosphorylation by ATP either in trans or 

in cis (125). In addition to measuring the autophosphorylation activity, the dimerization of BtsS 

and its variants were also determined in vivo. Bacterial adenylate cyclase based two-hybrid system 

was used here (106). Previous study showed wild-type BtsS is dimerized in the presence of 

pyruvate (95), which was indicated by a high β-galactosidase activity that was in the same range 

as leucine zipper protein GCN4 (positive control) (FIG 3.2.1A). In contrast, individual replacement 

of amino acids BtsS-Arg72, BtsS-Arg99, BtsS-Cys110 and BtsS-Ser113 with alanine prevented 

dimerization, which were indicated by very low β-galactosidase activities that were almost in the 

same range as the value of the negative control. As a control, dimerization of the variant BtsS-

T114A was tested and it behaved like the wild-type (FIG 3.2.1A). Variants BtsS-R72A, BtsS-

R99A, BtsS-C110A, and BtsS-S113A were produced as intact hybrid proteins which were 

confirmed by SDS-PAGE and immunodetection (FIGs 3.2.1B-C).  
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FIG 3.2.1 BACTH-based reporter assay to detect the dimerization of BtsS and its variants. E. coli BTH101 was 

co-transformed with plasmid pairs encoding the C-terminal T18 and C-terminal T25 hybrids. Cells were grown in 0.1 

x LB medium supplemented with 0.5 mM IPTG and 100 µM pyruvate at 37°C overnight. The activity of the reporter 

enzyme β-galactosidase was determined and served as a measure of the strength of the interaction. Dimerization of 

yeast leucine zipper protein GCN4 (Zip-Zip) was used as a positive control. The pUT18 and pKT25N vectors served 

as negative control (NC). All experiments were performed in triplicate, and error bars indicate standard deviation of 

the means. Statistics: Student’s unpaired two-sided t-test (*** p < 0.001; ** p < 0.01; *p < 0.05; ns p > 0.05). 

(B)Verification of production and integration of BtsS-T18 and (C) BtsS-T25 variants in the cytoplasmic membrane of 

E. coli BTH101. Cells were disrupted and fractionated, 25 µg protein of the membrane fraction was analyzed by SDS-

PAGE and Western blotting. BtsS was detected by a monoclonal mouse antibody against the His tag and an alkaline 

phosphatase-coupled secondary antibody. Figure 3.1.2A was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie 

Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that 

binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of print. 
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        Under reducing conditions, disulfide bond in dimer can be destroyed.  BtsS autokinase activity 

displayed pyruvate concentration dependency from 0 to 100 mM pyruvate when there was no 

reducing or oxidizing catalyst added (FIG 3.1.7B). However, autokinase activity was reduced 

dramatically after treatment with oxidizing or reducing agent (FIG 3.2.2).  In conclusion, BtsS 

functions as a dimer in BtsS/BtsR two-component system.  

FIG 3.2.2 Autophosphorylation activity detection for BtsS under oxidizing or reducing condition. (A) Time-

dependent autophosphorylation of BtsS assayed with no pyruvate. Membrane vesicles from E. coli TKR2000 

producing BtsS-6His were incubated with either 0.5 mM Cu (II) (1,10-phenanthroline)3, 1 mM iodine or 10 mM TCEP. 

At time zero, 20 µM [γ-
32

P] ATP (2.38 Ci/mmol) and 5 mM MnCl
2
 was added. Reactions were stopped at the indicated 

time point, and phosphorylated proteins were separated by SDS-PAGE, followed by phosphoimage analysis.  BtsS 

autokinase activity was quantified using ImageQuant. Shown are the relative values normalized to the phosphorylation 

level of wild-type BtsS after incubation with 50 μM pyruvate and 5 mM MnCl2 for 5 min (value of 1.0). (B) Time-

dependent autophosphorylation of BtsS assayed with 20 mM pyruvate. Same protocol was used as (A). All 

experiments were performed in triplicate, and error bars indicate standard deviation of the means. Statistics: Student’s 

unpaired two-sided t-test (*** p < 0.001; ** p < 0.01; *p < 0.05; ns p > 0.05). 

3.2.2 BtsS-Cys15 is likely to form disulfide bond but it is not essential for signal 

transduction 
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    Although the dimerization of BtsS was determined, what was still unclear is which Cys is 

responsible for dimerization. There are seven cysteine amino acids in BtsS.  When looking into the 

model of BtsS predicted by Alphafold2.0, Cys15, located in first helix of transmembrane domain, 

might be involved in dimerization formation of BtsS since it was in the interface of each monomer. 

To verify this hypothesis, site-directed mutagenesis was done for Cys15. Initially, it was replaced 

by alanine to abolish the functional group, followed by replacement with negative charged aspartate 

and glutamate, positive charged lysine and similar sized serine to determine if Cys15 was necessary 

for BtsS/BtsR system. Subsequently, these variants and wild type were tested by complementation 

of reporter strain lacking the btsS/R genes and expressing a btsT promoter-luciferase fusion 

(PbtsT::luxCDABE). Fold-change of btsT expression for wild type and variants BtsS-C15A, BtsS-

C15D, BtsS-C15K and BtsS-C15S were 487.60±108.2, 75.79±20.30, 36.95±7.14, 91.94±23.04, 

respectively, when pyruvate was used as a C source. Expression level of btsT was decreased after 

BtsS-Cys15 was replaced with these four amino acids. Variant BtsS-C15D, BtsS-C15K and BtsS-

C15S showed almost no btsT induction with all indicated concentrations of pyruvate (FIG 3.2.3A). 

But variant BtsS-C15A and BtsS-C15E showed pyruvate concentration dependence (FIG 3.2.3B), 

even though induction level of btsT expression was lower than wild type, which means BtsS-

C15A/BtsR and BtsS-C15E/BtsR could still sense pyruvate. Besides, all the variants were produced 

successfully (FIG 3.2.3C).  Thus, BtsS-Cys15 is likely to form disulfide bond since BtsS formed 

dimer for function and one Cys15 on one monomer is close to the other Cys15 on another monomer, 

but it is not essential for signal transduction function in vivo. 
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FIG 3.2.3 BtsS-Cys15 is not necessary for BtsS/BtsR system to sense pyruvate. pBAD24-btsS/R or variants were 

transformed with E. coli MG1655ΔbtsSR/pBBR-btsT-lux. Growth and the activity of the reporter enzyme luciferase 

were determined. (A) Cells were grown in M9 minimal medium plus 5 mM pyruvate, lactate or succinate supplemented 

with 15 mM succinate. (B) Cells were grown in M9 minimal medium plus indicated concentration of pyruvate 

supplemented with succinate to make the total carbon sources constant. Growth and luciferase activity were monitored 

continuously. The maximal luciferase activity normalized to an optical density of 1 (RLU/OD600) was used as a 

measure of the degree of induction of btsT. All experiments were performed at least three times, and the error bars 

indicate the standard deviations of the means. Statistical analysis was performed by using unpaired t-test/Assuming 

Gaussian distribution. Statistics: Student’s unpaired two-sided t-test (*** p < 0.001; ** p < 0.01; *p < 0.05; ns p > 
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0.05). (C) Verification of production and integration of BtsS variants in the cytoplasmic membrane of E. coli. Cells 

were disrupted and fractionated, 25 µg protein of the membrane fraction was analyzed by SDS-PAGE and Western 

blotting. BtsS was detected by a monoclonal mouse antibody against the Flag tag and an alkaline phosphatase-coupled 

secondary antibody.  

3.3 BtsS-Arg192 plays an important role in BtsS and BtsR interaction   

3.3.1 BtsS-Arg192 affects pyruvate response for BtsS/BtsR system 

           Partially cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. 

The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print.  

          When screening which amino acids were involved in pyruvate sensing by alanine scanning 

mutagenesis, BtsS-Arg192 was found to affect btsT expression based on in vivo expression results 

(FIG 3.3.1). With the same mutagenesis strategy, BtsS-Arg192 was replaced with alanine. In vivo 

btsT expression was assayed as described before and results showed that variant BtsS-R192A was 

not able to induce btsT expression (FIG 3.3.1A). Besides, there was almost no btsT expression 

when assayed with 5 mM, 10 mM, 20 mM or 50 mM pyruvate (FIG 3.3.1B).  Furthermore, to 

identify if BtsS-Arg192 was necessary for BtsS/BtsR system, it was replaced with amino acids 

which is similarly charged (histidine and lysine), opposite charged (glutamate) or similar sized 

(glutamine). Wild type and variants were tested with the same complementation reporter strain as 

described. Results showed that variant BtsS-R192H, BtsS-R192K, BtsS-R192Q and BtsS-R192E 

induced btsT expression, even though the expression level was lower than wild type (FIG 3.3.1C). 

The production and integration of all BtsS variants into the cytoplasmic membrane of E. coli was 

tested by resolving the proteins of the membrane fractions by SDS-PAGE and Western blot 

detection. All BtsS variants were produced successfully (FIG 3.3.1D). The conclusion is BtsS-
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Arg192 is somehow involved in pyruvate response, but this amino acid is not a necessary amino 

acid for BtsS/BtsR system.  

  

FIG 3.3.1 BtsS-Arg192 affects the BtsS/BtsR system for sensing pyruvate. pBAD24-btsS/R or variants were 

transformed with E. coli MG1655ΔbtsSR/pBBR-btsT-lux. Growth and the activity of the reporter enzyme luciferase 

were determined. (A) Cells were grown in M9 minimal medium plus 5 mM pyruvate, lactate or succinate supplemented 

with 15 mM succinate. (B) Cells were grown in M9 minimal medium plus indicated concentration of pyruvate 

supplemented with succinate to make the total carbon sources constant. Growth and luciferase activity were monitored 

continuously. The maximal luciferase activity normalized to an optical density of 1 (RLU/OD600) was used as a 
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measure of the degree of induction of btsT. All experiments were performed at least three times, and the error bars 

indicate the standard deviations of the means. Statistical analysis was performed by using unpaired t-test/Assuming 

Gaussian distribution. Statistics: Student’s unpaired two-sided t-test (*** p < 0.001; ** p < 0.01; *p < 0.05; ns p > 

0.05). Figure was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten 

Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print. 

 3.3.2 BtsS-R192A affects the interaction between BtsS and BtsR 

            Paragraph below was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, 

and Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print.  

       To identify how BtsS-Arg192 affects btsT expression, autophosphorylation of BtsS and 

BtsS-R192A was tested under the same conditions as described before, which contains 0 μM, 50 

μM, 100 μM, 200 μM, 500 μM or 1 mM pyruvate and 5 mM MnCl2 as the cofactor.  The activity 

and initial rate of BtsS-R192A autophosphorylation was in the same level as wild type, which 

means pyruvate binding, BtsS dimerization and autophosphorylation of BtsS were still functional 

after replacement of BtsS-Arg192 with alanine (FIG 3.3.2). Thus, these processes did not get 

affected by the amino acid substitution. 
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FIG 3.3.2 Influence of increasing pyruvate concentrations on the autophosphorylation activity of BtsS-R192A 

compared to wild-type BtsS. (A-G) Autophosphorylation activity of BtsS, BtsS-R192A. 2 mg/mL membrane vesicles 

prepared from E. coli TKR2000 producing BtsS-6His and BtsS-S25A-6His were incubated with 20 µM [γ-32P] ATP 

(2.38 Ci/mmol) and indicated concentration cold pyruvate. Reactions were stopped after 0.5, 1 and 2-min incubation. 

Wild type membrane vesicles incubated for 5 min with 50 µM cold pyruvate was used as a standard. Phosphorylated 

proteins were separated on 12.5% SDS-PAGE and radioactivity was detected by autoradiography after overnight 

exposure. Phosphorylation initial rate was quantified with ImageQuant. Activity of the standard is considered as 

100%.). (H) The effect of increasing pyruvate concentrations on the initial rate of autophosphorylation of BtsS, BtsS-

R192A. Samples were processed and data were calculated as described in A-G. Figure was cited from publication: Jin 

Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine kinase BtsS is a 

7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of print.  

      In addition to detecting the autophosphorylation activity, interactions of BtsS and BtsR for 

wild-type BtsS and R192A variant were determined using bacterial adenylate cyclase based two-

hybrid system (23). The results showed wild-type BtsS interacted with BtsR as indicated by a high 

β-galactosidase activity that was in the same range as the positive control (leucine zipper protein 

GCN4) (FIG 3.3.3). In contrast, replacement of BtsS-Arg192 with alanine prevented interaction 

between BtsS and BtsR, as indicated by very low β-galactosidase activities that were almost in the 

same range as the value of the negative control. These hybrid proteins variants were all produced 

as confirmed by SDS-PAGE and immunodetection. 
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FIG 3.3.3 Determination of BtsS/BtsR or BtsS-R192A/BtsR interaction by β-galactosidase assay. (A) A two-

hybrid assay based on fragmented bacterial adenylate cyclase (Cya) was used to identify BtsS-BtsS dimerization in 

vivo. For this purpose, fragments T18 and T25 of Bordetella pertussis CyaA were fused to BtsS or mutants as indicated, 

while fusions to yeast leucine zipper fragments were used as a positive control (Zip-Zip) (7,000 Miller units). E. coli 

BTH101 was co-transformed with plasmid pairs encoding the C-terminal T18 and C-terminal T25 hybrids. Cells were 

grown under aerobic conditions in 0.1×LB medium supplemented with 0.5 mM IPTG and 100 µM pyruvate at 37°C 

overnight. The activity of the reporter enzyme β-galactosidase was determined and served as a measure of the 

interaction strength. The experiment was performed in triplicate, and error bars indicate standard deviations of the 

means. Statistical analysis was performed by using unpaired t-test/Assuming Gaussian distribution. Statistics: 

Student’s unpaired two-sided t-test (*** p < 0.001; ** p < 0.01; *p < 0.05; ns p > 0.05). (B) Verification of production 

and integration of BtsS or BtsS-R192A of E. coli. Cells were disrupted and fractionated, 15 µg protein of the membrane 

fraction was analyzed by SDS-PAGE and Western blotting. BtsS or BtsS-R192A variant were detected by a 

monoclonal mouse antibody against the His tag and an alkaline phosphatase-coupled secondary antibody.   
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3.4 Replacement BtsS-Ser25 with alanine or valine keeps BtsS in an ON state 

3.4.1 Replacement BtsS-Ser25 with alanine or valine induces btsT expression 

       Ser25 is located at end of the first helix of BtsS. After it was replaced with alanine, 

expression of btsT could be induced when assayed with different compounds (FIG 3.4.1A). As for 

wild type, btsT was induced when pyruvate was used as sole C source. Serine could also trigger 

the expression of btsT since serine is the first conversion product from pyruvate. Induction was 

significantly reduced when cells were grown in minimal medium supplemented with amino acids 

(Ala, Asn, Asp, Arg, Lys) as sole C source. Growth on typical phosphotransferase system (PTS) 

sugars, e.g., glucose, galactose, mannose, mannitol, and fructose, barely activated btsT expression. 

However, BtsS-S25A/BtsR showed different patterns under each condition. Expression of btsT 

could be induced by most of those compounds (except for alanine, aspartate, asparagine and LB) 

and the level was much higher than that wild type. Cells grew very slow in M9 minimal medium 

plus alanine, aspartate or asparagine. All these results showed that replacement BtsS-Ser25 with 

alanine might block BtsS kinase in an ON state (FIG 3.4.1A).  

     To verify the function of alanine in this position, BtsS-Ser25 was replaced by other amino 

acids (valine, threonine and tryptophan). Here, valine is polar as alanine, threonine is similar as 

serine. The functional group of tryptophan is big which will occupy more space and might also 

block the kinase. Results of in vivo assay showed that BtsS-S25V/BtsR could induce btsT 

expression when those compounds were added in the medium, while BtsS-S25T/BtsR behaved like 

wild type. BtsS-S25W/BtsR couldn’t response to any tested compound because protein BtsS-S25W 

was not produced by checking with Western blot (FIGs 3.4.1B and C). Here, the hypothesis is 

alanine or valine in 25th amino acid position could keep BtsS in an ON state resulting in a response 

to all compounds tested. 
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FIG 3.4.1 BtsS-Ser25 affects the BtsS/BtsR system for sensing. pBAD24-btsSR or variants were transformed with 

E. coli MG1655ΔbtsSR/pBBR-btsT-lux. Growth and the activity of the reporter enzyme luciferase were determined. 

(A) Bacteria were cultivated under aerobic conditions in complex medium (LB) or M9 minimal medium with the 

indicated carbon sources (20 mM amino acids, 0.5% [wt/vol] all other carbon sources). (B) Cells were grown in M9 

minimal medium plus indicated carbon sources (0.5% [wt/vol] carbon sources). Growth and luciferase activity were 

monitored continuously. The maximal luciferase activity normalized to an optical density of 1 (RLU/OD600) was used 

as a measure of the degree of induction of btsT. All experiments were performed at least three times, and the error bars 

indicate the standard deviations of the means. Statistics: Student’s unpaired two-sided t-test (*** p < 0.001; ** p < 
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0.01; *p < 0.05; ns p > 0.05). (C) Verification of production and integration of BtsS variants in the cytoplasmic 

membrane of E. coli. Cells were disrupted and fractionated, 25 µg protein of the membrane fraction was analyzed by 

SDS-PAGE and Western blotting. BtsS was detected by a monoclonal mouse antibody against the Flag tag and an 

alkaline phosphatase-coupled secondary antibody. 

3.4.2 Alanine replacement on BtsS-Ser25 can enhance thermostability of BtsS  

    Besides, thermostability of BtsS and variant BtsS-S25A was detected by nanoDSF. His-tagged 

BtsS and BtsS-A25A were overproduced in E. coli TKR2000 strain and subsequent purification 

via Ni-NTA-affinity chromatography was performed and determined by SDS-PAGE. Details can 

be found in [Methods]. Concentration of BtsS in elution fractions E2, E3, E4 and E5 were 0.55 

μg/μl, 0.52 μg/μl, 0.50 μg/μl, 0.63 μg/μl and the corresponding amount loaded in per lane was 2.64 

ng, 2.46 ng, 2.4 ng and 3.024 ng. Concentration of BtsS-S25A from E2 to E5 fractions were 0.57 

μg/μl, 3.45 μg/μl, 1.67 μg/μl and 0.42 μg/μl and the amount was 3.12 ng, 11.76 ng, 8.01 ng and 

2.02 ng (FIG 3.4.2).   

         

FIG 3.4.2 Purification of (A) BtsS-6His and (B) BtsS-S25A-6His. E. coli TKR2000 was transformed with pBAD24-

btsS-6His or pBAD24-btsS-S25A-6His. After inoculation in KML medium (OD600=0.05) cells were grown aerobically 

at 37°C to an OD600 of 0.5 before overproduction of BtsS-6His and BtsS-S25A-6His was induced by the addition of 
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0.2% (w/v) arabinose. BtsS-6His and BtsS-S25A-6His were purified with Ni-NTA affinity purification. Resin was 

equilibrated by 30 mM imidazole, 20 mM Tris HCl, pH 8.0, 250 mM NaCl, 1 mM DTT, 10% Glycerol, 0.02% DDM. 

Elution buffer component is the same as above but with different concentrations of imidazole. E1 was fraction eluted 

with buffer containing 100 mM imidazole.  E2 was fraction eluted with buffer containing 200 mM imidazole. E3 was 

fraction eluted with buffer containing 300 mM imidazole. E4 was fraction eluted with 400 mM imidazole containing 

buffer. E5 to E7 were fractions eluted with buffer containing 500 mM imidazole. M: marker, F: flow through fraction, 

W: wash fraction.     

 2.5 mg/ml purified BtsS or BtsS-S25A was mixed with several concentrations of pyruvate 

and lactate. As for wild type, the midpoint temperature of thermal unfolding (Tm) showed a 

tendency to increase as more pyruvate was added (ΔTm=5.6±0.6 °C with a range of pyruvate from 

0 mM to 250 mM), while Tm value was quite low and barely changed when there was more lactate 

added (FIG 3.4.3A). It also fits with former results that wild-type BtsS/BtsR is specific for pyruvate 

response (84). However, Tm value of variant BtsS-S25A was increased when assayed with more 

pyruvate and lactate. Midpoint temperature tested with 250 mM pyruvate was increased by 

20.1±0.3 °C compared with the value tested with 0 mM pyruvate. ΔTm was 19.2±0.6 °C when tested 

with lactate in the same concentration as pyruvate, which indicated BtsS-S25A was more stable 

than BtsS and both pyruvate and lactate could enhance the stability of BtsS-S25A (FIG 3.4.3B).         
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FIG 3.4.3 BtsS-S25A is more thermostable than BtsS. Thermostablility assayed by using nanoDSF for BtsS (A) and 

BtsS-S25A (B). BtsS-6His and BtsS-S25A-6His were purified from E. coil TKR2000. NanoDSF experiment was 

conducted by adding 0, 0.5 mM, 1 mM, 10 mM, 50 mM, 250 mM pyruvate or lactate with puried proteins. The 

concentration of purified protein is 2.5 mg/ml. The temperature is set from 40 to 80°C. All experiments were performed 

in triplicate, and error bars indicate standard deviation of the means. Statistics: Student’s unpaired two-sided t-test (*** 

p < 0.001; ** p < 0.01; *p < 0.05; ns p > 0.05). 

3.4.3 Replacement BtsS-Ser25 with alanine can increase autokinase activity  

       Autophosphorylation assay was conducted for both wild type BtsS and variant BtsS-S25A 

with indicated concentration of pyruvate. Details can be seen in [Method]. Results showed that in 

each assayed pyruvate concentration, phosphorylation activity of BtsS-S25A was 2 to 4-fold higher 

than that BtsS. It means the processes before autophosphorylation were functional. Initial rate of 

BtsS-S25A was also higher than wild type under each concentration of pyruvate tested condition 

(FIG 3.4.4).  
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FIG 3.4.4 Autophosphorylation assay of BtsS and BtsS-S25A. (A-G) Influence of increasing pyruvate 

concentrations on theautophosphorylation activity of BtsS and BtsS-S25A. (H) The effect of increasing pyruvate 

concentrations on the initial rate of autophosphorylation BtsS and BtsS-S25A. Membrane vesicles prepared from E. 

coli TKR2000 incubated in the presence 50 µM pyruvate. At time zero, 20 µM [γ-32P] ATP (2.38 Ci/mmol) plus either 

5 mM MnCl2 was added. Reactions were stopped at the time indicated, and phosphorylated proteins were separated by 

SDS-PAGE followed by phosphoimage analysis. Activity for WT that incubated with 50 μM pyruvate, 5 mM MnCl2 

for 5 min is regarded as 1.  

3.4.4 Alanine replacement on BtsS-Ser25 has no effect on BtsS and BtsR 

interaction 

          Interaction between BtsS-S25A and BtsR was also detected with bacterial adenylate cyclase 

based two-hybrid system (23). Wild-type BtsS interacts with BtsR, as indicated by a high β-

galactosidase activity that was in the same range as the positive control (yeast leucine zipper protein 

Zip-Zip) (FIG 3.4.5). Replacement of BtsS-Ser25 with alanine didn’t affect the interaction between 

BtsS and BtsR, as indicated by a higher β-galactosidase activity than that from BtsS/BtsR. Wild 

type BtsS and variant BtsS-S25A were produced as intact hybrid proteins as confirmed by SDS-

PAGE and immunodetection. 
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FIG 3.4.5 BACTH-based reporter assay to detect the interaction of BtsS/BtsR and BtsS-S25A/BtsR. (A) E. coli 

BTH101 was co-transformed with plasmid pairs encoding the C-terminal T18 and C-terminal T25 hybrids. Cells were 

grown in 0.1 x LB medium supplemented with 0.5 mM IPTG and 100 µM pyruvate at 37°C overnight. The activity of 

the reporter enzyme β-galactosidase was determined and served as a measure of the interaction strength. Dimerization 

of the yeast leucine zipper protein (Zip-Zip) was used as a positive control. The pUT18 and pKT25N vectors served 

as negative control (NC). All experiments were performed in triplicate, and error bars indicate standard deviation of 

the means. Statistical analysis was performed for wild type and mutants using unpaired t-test/Assuming Gaussian 

distribution. Statistics: Student’s unpaired two-sided t-test (*** p < 0.001; ** p < 0.01; *p < 0.05; ns p > 0.05). (B) 

Verification of production and integration of BtsS or BtsS-S25A of E. coli. Cells were disrupted and fractionated. 15 

µg protein of the membrane fraction was analyzed by SDS-PAGE and Western blotting. BtsS or variant were detected 

by a monoclonal mouse antibody against the His tag and an alkaline phosphatase-coupled secondary antibody.  

3.5 Conversion of BtsS into a lactate sensor 
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3.5.1 Rational design for BtsS based on pyruvate binding information 

           Once the pyruvate binding pocket was identified, what to do next is to convert BtsS into a 

lactate sensor by mutagenesis to convert BtsS as a lactate biosensor to use it in medical field. The 

structure of pyruvate and lactate was firstly analyzed. Hydroxyl group of lactate requires a strong 

H-bond acceptor. Arg72 and Arg99 are in contact with the pyruvate carbonyl group. This means 

that one possibility was to keep Arg99 and replace Arg72 with a Glu residue.  Additionally, a 

nearby Glu117 should be mutated into a neutral Gln, otherwise the two Glu residues would result 

in a predominantly negative potential so that neither lactate nor pyruvate binds (FIG 3.5.1A). 

Another possibility was to change the Gln154, which is located near the pyruvate carbonyl group, 

to a stronger H-bond acceptor Glu and replace the adjacent Glu151 to a Gln, to avoid the negative 

charged environment (FIG 3.5.1B). Both proposals could possibly stabilize lactate binding by a 

corresponding new H-bridge. 

 

FIG 3.5.1 AlphaFold2.0 based structural model of the BtsS and the arrangement surrounding Arg72 was shown. 

(A) Amino acid Glu117 and Arg72 are labeled in blue and red, respectively. (B) Amino acid Glu151 and Gln154 are 

labeled in pink and yellow, respectively.  

          Variant BtsS-E117Q/R72E/BtsR and BtsS-E151Q/Q154E/BtsR were constructed. In vivo 

btsT expression was assayed under the same condition as described which can be seen in [Methods]. 



97 
 

Results showed that BtsS-E117Q/R72E/BtsR prevented the btsT expression under pyruvate or 

lactate-inducing condition. BtsS-E151Q/Q154E/BtsR could slightly induce btsT expression with 

pyruvate dependency but the level was quite low. But there was almost no btsT expression induced 

when lactate was used as the sole C source (FIG 3.5.2).                 

                     

FIG 3.5.2 BtsS-E117Q/R72E/BtsR and BtsS-E151Q/Q154E/BtsR could not sense lactate.  pBAD24-btsS/R or 

variants were transformed with E. coli MG1655ΔbtsSR/pBBR-btsT-lux. Growth and the activity of the reporter enzyme 

luciferase were determined. Cells were grown in M9 minimal medium plus indicated concentration of pyruvate 

supplemented with succinate to make the total carbon sources constant. Growth and luciferase activity were monitored 

continuously. The maximal luciferase activity normalized to an optical density of 1 (RLU/OD600) was used as a 

measure of the degree of induction of btsT. All experiments were performed at least three times, and the error bars 

indicate the standard deviations of the means. Statistical analysis was performed for wild type and mutants 

(comparation the value for wild type assayed with pyruvate and mutant or wild type with each concentration of 

pyruvate or lactate) using unpaired t-test/Assuming Gaussian distribution. 
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     These results showed that replacement of BtsS-E117Q/R72E and BtsS-E151Q/Q154E by 

site-directed mutagenesis did not convert BtsS into a lactate sensor. But it is not surprising because 

the pyruvate binding pocket is small compared to the whole BtsS protein size. Besides, the 

structures of pyruvate and lactate are quite similar, so it is not easy to change the sensing specificity 

by changing only two amino acids. 

3.5.2 Conversion of BtsS into a lactate sensor by random mutagenesis  

       Random mutagenesis is a well studied strategy for protein directed evolution (FIG 3.5.3). The 

general idea is to creat mutant library by using physical, chemical or biological strategies. The 

advantages and drawbacks of different mutagenesis methods were listed (Table 4). Promising 

mutant can be obtained by using high through-put screening methods. Here, epPCR was performed 

to mutate btsS gene in this study. 

Table 4 Advantages and drawbacks for different random mutagenesis strategies. 

Method Advantages Drawbacks 

epPCR Mutation ratio can be controlled by PCR 

conditions 

Basied towards transitioning due to 

polymerase 

Saturation mutagenesis Comprehensive substitution study of 

specific residue with reduced bias 

Time consuming to screen the library 

DNA shuffling Recombination of sequences from 

different genes 

Generation of mutation biased libaray 

Physical/chemical 

mutagenesis 

Simple to creat broad spectrum mutants 

compared to biological methods 

Toxic, difficult to control the mutation 

ratio 
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FIG 3.5.3 Principle of directed evolution. Genes are mutated by random mutagenesis and the library can be created. 

The promising mutant can be obtained after gene expression in host cells and screening by high through-put methods 

e.g., by white/blue colony screening, by fusing target promoter with gene encoding fluorescent protein. The mutation 

position on a gene can be known by sequencing. The best functional mutated gene will be used for another round of 

iterative random mutagenesis. Figure was created with Biorender.com 

        Nine different epPCR conditions were conducted to amplify the btsS-TM fragment (details 

seen in [Method]) and five of those conditions worked (Table 5). Mutation ratio created under 

condition #5 and #7 were more suitable and were chosen to generate the library. Besides, a high 

through-put screening strategy was conducted by using reporter plasmid pBBR-btsT-lacZ.  

Expression of btsT trigged by BtsS/BtsR was indicated by the activity of β-galactosidase encoded 

by lacZ. Thus, libraries were screened by colored colony grown on M9 minimal medium agar plate 

supplemented with X-gal plus 50 mM lactate or pyruvate. Mutant turns blue on lactate-containing 
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plate while turns white on pyruvate-containing plate is promising to be furtherly modified as a 

lactate sensor. Wild-type colony turned blue when 50 mM pyruvate (FIG 3.5.4B) was used as sole 

C source and turned white when only 50 mM lactate (FIG 3.5.4B) was used. Thus, 50 mM C source 

was the concentration in the medium for screening. The screening of library is still going on under 

this condition. Until now, not a good mutant is obtained due to the limited time. After promising 

mutant is obtained, it will be sequenced and in vivo btsT expression will be assayed by adding 

lactate and pyruvate as well as other carbon sources in the medium. Details will be discussed in the 

Outlook part. 

Table 5 Mutated ratio calculated for five promising epPCR conditions. 

Condition Template MnCl2 concentration Mutated ratio 

#1 500 pg 0.4 mM 1 nucleic acids / 300 bp 

#2 250 pg 0.4 mM 2 nucleic acids / 80 bp 

#4 500 pg 1 mM 2 nucleic acids / 80 bp 

#5 250 pg 1 mM 6 nucleic acids / 80 bp 

#7 500 pg 2 mM 3 nucleic acids / 80 bp 

 

                   

FIG 3.5.4 High through-put screening for lactate-sensing mutant library. MG1655ΔbtsSRΔlacZ was co-

transformed with plasmids mixture of pBAD24-btsSR-RM and pBBR-btsT-lacZ. Cells were plated on M9 minimal 

medium supplemented with 50 mM pyruvate or lactate. After inoculation at 37 °C for 48 hours, the plates were checked 

A B 
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to see the colors of colonies. (A) Wild type grows and turns blue on the M9 minimal medium supplemented with 50 

mM pyruvate. (B) Wild type grows and turns white on the M9 minimal medium supplemented with 50 mM lactate. 

4 Discussion and outlook 

4.1 Discussion 

         Paragraph below was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and 

Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print.  

    Generally, HKs have an even number of transmembrane helices with N-terminus located 

towards cytoplasm. However, there are some exceptions for HK AgrC Staphylococcus aureus 

(126) and hybrid HK LuxN Vibrio harveyi (127), in which the N-terminus is located outside the 

cytoplasm and which contains an odd number of transmembrane helices. BtsS/BtsR TCS belongs 

to the LytS/LytTR-type family which is the second largest family for signal transduction (128). 

LytS-like HKs have a 5TMR-LYT (5 transmembrane receptors of the LytS-YhcK type) input 

domain that is responsible for stimulus perception. This domain is composed with an average of 

169 amino acids. It has about 88 different protein architectures and mainly found in histidine 

kinases, but also occurs in combination with c-di-GMP synthetases (GGDEF domain-containing 

proteins) (84). Bioinformatic analyses by using TMHMM previously indicated that BtsS has at 

least five transmembrane helices in TM domain, but models with six or seven transmembrane 

helices were also obtained, considering that the first 36 amino acids do not belong to the 5TMR-

LYT domain (129-131). An input domain containing 7 transmembrane helices was suggested based 

on the BtsS 3D-model prediction with Alphafold2.0 (FIG 3.1.2A, left panel). The location of the 

N-terminus of BtsS was detected by using the maltose-binding protein as a reporter. malE was 

fused with the 5’-end of btsS and only a hybrid protein in which MalE was localized toward the 
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periplasm was able to complement a ∆malE mutant (indicator: growth with maltose as the sole C 

source) and sensed pyruvate (FIG 4.1.2). These results indicated that N-terminus of BtsS located 

to the periplasmic side and this receptor has seven transmembrane helices in TM domain. Seven-

transmembrane receptors constitute the largest, most ubiquitous, and most versatile family of 

membrane receptors in eukaryotes, including rhodopsin, G-protein coupled receptors (132). 

Comparative genomic analysis also identified several families of seven-transmembrane receptors, 

e.g., the 7TMR-DISMED1, 7TMR-DISMED2, and 7TMR-HD families in bacteria (84). BtsS was 

the first known example of a seven-helix receptor belonging to the LytS-like HKs family. 

          Paragraph below was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and 

Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print. 

  Crystallization structures of several proteins that bind pyruvate can provide clues to the amino 

acids involved in pyruvate binding. Structure of HK KinD from Bacillus subtilis with pyruvate in 

its binding pocket showed that the hydroxyl group of serine and two arginines could contact with 

pyruvate carboxyl group. The keto group of pyruvate contacts with serine and tyrosine via a water 

molecule (PDB: 4JGP) (122). In the pyruvate formate-lyase from Escherichia coli (PDB: 1MZO) 

(25), pyruvate is located in a cleft close to Cys418 and Cys419. Pyruvate carboxyl group is in 

contact with Arg176 and Arg435 and the methyl group is within van der Waals distance of Phe327. 

Arg548 and Gln552 are the amino acids to bind pyruvate for the pyruvate carboxylase from 

Rhizobium etli (PDB: 4JX4, 4JX5, 4JX6) (133, 134). For the high-affinity pyruvate receptor BtsS, 

Arg72, Arg99, Cys110, and Ser113 were identified as amino acids responsible for pyruvate binding. 

Based on the 3D structure modeling information and MD-based docking with pyruvate, Arg72 and 

Arg99 formed stable hydrogen bonds with pyruvate. Cys110 was in close contact with pyruvate. 

Although Ser113 was also in close contact with ligand, no hydrogen bond was formed with 
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pyruvate, but a close H-bond contact with Arg72 was observed in the model. Therefore, Ser113 

may play an important role in positioning the guanidinium group of Arg72 to allow contact with 

pyruvate (FIG 4.1.6).   

  BtsS is a high-affinity receptor for extracellular pyruvate and the Kd value is 67.3±10.6 µM 

as determined (FIG 3.1.4), which is in the same range as previous study (58.6 µM) (84). 

Replacement of one of these four amino acids could significantly reduce or completely prevent the 

expression of btsT in vivo (FIG 3.1.4). The Kd value measured for BtsS-R72A, BtsS-R99A, BtsS-

C110A, and BtsS-S113A for pyruvate were higher than wild-type BtsS (FIG 3.1.5), which means 

their affinity for pyruvate was lower than that of wild type. Dynamic simulation result showed the 

predicted interactions between these four amino acids and pyruvate (FIG 3.1.6). However, these 

substitutions and changes were small and they can not be the only reason that these variants can 

not induce btsT expression even with higher concentration of pyruvate. Besides, these variants also 

affected signaling transduction by preventing BtsS phosphorylation and dimerization step (FIGs 

3.1.7-3.2.1). Sequence alignment analysis using ClustalW (135) showed that arginine at position 

72 and 99 in BtsS in E. coli are highly conserved. In contrast, amino acid Cys at position 110 and 

Ser at position 113 in BtsS are 71.4% and 78.6% conserved, respectively (FIG 4.1.1). In some 

LytS-type kinases, Cys110 is replaced by Tyr and Ser113 is replaced by Ala or Thr (FIG 4.1.1). 

Replacements in the corresponding positions of Cys110 or Ser113 might affect the ligand 

specificity, e.g., for lactate, which needs to be verified experimentally further. 
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FIG 4.1.1 Multiple sequence alignment of BtsS transmembrane domain (aa from1-218) with other LytS kinases. 

The species abbreviations are, Bsu-Bacillus subtilis; Cte-Clostridium tetani; Ec-Escherichia coli; Fnu-Fusobacterium 

nucleatum; Gme-Geobacter metallireducens; Ooe-Oenococcus oeni; Rru-Rhodospirillum rubrum; Sag-Streptococcus 

agalactiae; Sau-Staphylococcus aureus; Sen-Salmonella enterica; Son-Shewanella oneidensis; Sep-Staphylococcus 
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epidermidis. Numbers correspond to GenBank (NIH) records. Positions corresponding to Arg72, Arg99, Cys110, 

Ser113 and Arg192 of BtsS are framed with a black box. 

          Paragraph below was cited from publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and 

Kirsten Jung. The LytS-type histidine kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 

10.1128/mbio.01089-23. Online ahead of print. 

    BtsS autophosphorylation was not able to be detected before (141). In this study, it was 

detectable in vitro for the first time and BtsS autokinase activity was dependent on Mn2+-ATP 

instead of Mg2+-ATP (FIG 3.1.7A), which is quite rare for HKs. There are some serine/tyrosine 

kinases and some HKs from plants that prefer Mn2+ for kinase activity (70, 71). In bacteria, only 

the hybrid HK FrzE in Myxococcus xanthus is reported that can be auto-phosphorylated in the 

presence of cofactor Mn2+ (72). Mn2+ is required as a free ion or a cofactor of superoxide dismutase 

for resistance to oxidative stress (136). Pyruvate is a known scavenger of reactive oxygen radicals 

(137, 138). However, a correlation between oxidative stress and BtsS/BtsR activation or pyruvate 

sensing is still unknown.  

     Binding of pyruvate could also stimulate the autophosphorylation of BtsS. When assayed 

with 0 to 100 µM pyruvate, the more pyruvate was added, the higher autokinase activity was 

detected. Activity reached to saturation at concentrations more than 100 µM (FIG 3.1.7B). The 

tendency of autokinase activity stimulated by pyruvate concentration fits quite well with the 

measured affinity of wild-type BtsS for binding pyruvate. What still could not be answered is 

whether BtsS dimerization is also pyruvate concentration dependent. Since the interacting proteins 

had to be overproduced for measurement of ß-galactosidase activities with the BACTH assay. 
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     The helix in HK, that spans from the periplasm to the cytoplasm, is involved in signal 

transduction by helical rotation and helix axis translation following DHp coiled-coil 

rearrangements (32). Arg at position 192 in BtsS is located in the helix spanning through the 

membrane and Arg192 in one monomer can form hydrogen bond with Ser25 in another monomer 

(FIG 4.1.2 and FIG 4.1.3). Replacement BtsS-Arg with alanine may affect DHp conformation 

because spatial conformation of Arg and Ala side chains are different and hydrogen bond formed 

by Arg192 and Ser25 was destroyed (FIG 4.1.3). The region where HK interacts with RR is close 

to DHp domain (32). Thus, the interaction between BtsS-R192A and BtsR could be affected by the 

rearrangement of DHp domain (32).  In addition, studies on HK/RR system ThkA:TrrA in T. 

maritima showed a region close to TM domain of ThkA interacts with regulator TrrA (73). Arg192 

in BtsS is located in TM domain of BtsS (FIG 4.1.2). It is also reasonable to propose that BtsS-

Arg192 could affect the interaction with BtsR.  

                              

FIG 4.1.2 Alphafold2.0 model of the transmembrane domain of BtsS in rainbow colors. N terminus colored in 

blue. All positively charged amino acids as well as Cys15 and Ser25 are labeled in purple. Figure was cited from 

publication: Jin Qiu, Ana Gasperotti, Nathalie Sisattana, Martin Zacharias, and Kirsten Jung. The LytS-type histidine 
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kinase BtsS is a 7-transmembrane receptor that binds pyruvate. mBio. doi: 10.1128/mbio.01089-23. Online ahead of 

print. 

 

FIG 4.1.3 BtsS-Arg192 in one monomer forms hydrogen bond with BtsS-Ser25 in another monomer. (A) 

Overview of BtsS transmembrane domain model. Arg192 is laberled in blue and Ser25 is labeled in purple. (B) Zoom 

in the interaction between Ser25 in one monomer and Arg192 in another monomer. Ser25 is labeled in red and Arg192 

in labeled in blue. The hydrogen bond form by them is labeled in yellow.  
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“Positive residue inside rule” also showed that positive charged amino acids like lysine or 

arginine are always enriched in the transmembrane domains of proteins, that point to cytoplasm to 

enhance polar interactions (139). Gunnar von Heijne showed that Lys or Arg side chain provide 

the major part of the stabilization (140). Here, after replacing arginine at position 192 with alanine, 

downstream of interaction with RR could be reduced since the polor interaction could be destroyed 

after alanine replacement. 

       Replacement of Ser25 with alanine, valine, threonine or tryptophan in BtsS showed different 

signaling transduction patterns (FIG 3.4.1). Especially when BtsS-Ser25 was replaced with alanine 

or valine, btsT was triggered to express when one of these following compounds, pyruvate, lactate, 

succinate, acetate, glucose, mannose, fructose, serine or glycine, were added to the medium (FIG 

3.4.1). The hyphothesis is that replacement of BtsS-Ser25 with alanine or valine could block BtsS 

in a conformation that could keep the kinase in an ON state, which means BtsS-S25A/BtsR or 

BtsS-S25V/BtsR system could be always active independent of compound sensing.  

         Protein thermostability determination by using NanoDSF showed wild type BtsS was more 

stable after binding ligand pyruvate (FIG 3.4.3A), which can be explained with the principle of 

equilibrium between binding and protein unfolding (141) (142). BtsS-S25A was more thermostale 

than wild type (FIGs 3.4.3A and B). Both pyruvate and lactate could enhance the thermostability 

of BtsS-S25A and there was a concentration-dependent stabilizing effect (FIG 3.4.3B). Ralph P. 

Diensthuber and colleague clarified there is a correlation between thermostability and protein 

flexibility, indicating that the less flexible the protein is, the more stable it will be (143).  There 

were hydrophobic amino acids located in the first helix and closed to BtsS-S25A (FIG 4.1.2). 

Alanine might form hydrophobic interactions with them, e.g., F29. Thus, after replacement of BtsS-

Ser25 with alanine, flexibility of BtsS could be decreased and the conformation also changed. 
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Moreover, autophosphorylation assay results showed that in any tested concentration of 

pyruvate, autokinase of BtsS-S25A was about three times higher than wild type under the same 

condition (FIG 3.4.4). BACTH assayed result showed there was an interaction between BtsS-S25A 

and BtsR and the β-galactosidase activity was in the same range as positive control (FIG 3.4.5). 

Taken together, it is suggested that BtsS-S25A blocked the kinase BtsS in a specific conformation 

that could keep ATP binding site and Histidine exposed to an active status leading to BtsS being 

available to interact with BtsR and the system can always trigger the expression of btsT. 

        BtsS-Ser25 located in the end of first transmembrane helix spanning through the membrane 

(FIG 4.1.2), which helix could affect the signaling transduction as discussed before (32). The 

hydroxyl group of serine might form hydrogen bond with water or exposed fatty acid chains in 

membrane. Replacement of alanine destroyed the hydrogen bond caused by conformation 

rearrangement. This conformational change could affect the 7th helix (S-helix (32)) movement 

since Ser25 is surrounded, then ATP binding site in CA domain and the histidine amino acid in 

DHp domain would be exposed to active. Besides, Ser25 in one monomer is close to Arg192 in 

another monomer and they can form hydrogen bond between hydroxyl group of Ser and 

guanidinium group of Arg in the 3D model (FIG 4.1.3). As discussed before, Arg192 is also 

important for the signaling transduction by affecting BtsS and BtsR interaction. It is reasonable to 

propose that BtsS-S25A changed the signal transduction since the hydrogen bond was destroyed 

and turned on the kinase activity. Dynamic simulation studies need to be conducted to furtherly 

verify these hypothesises.  

        BACTH results showed that BtsS formed dimer in vivo. It is unclear if the dimerization is 

dependent on pyruvate concentration or not.  Once perceived the signal pyruvate, S-helix (32) 

conformation of BtsS would change, e.g., the distance between cysteine residues and the position 

of histidine in DHp domain and ATP binding site in CA domain. Here, the distance might did not 
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get close enough after the amino acids were replaced with alanine since pyruvate could not bind. 

That is why no BtsS dimer formed after replacement of BtsS-Arg72, BtsS-Arg99, BtsS-Cys110 

and BtsS-Ser113 with alanine. 

Autokinase activity of BtsS was determined under oxidizing or reducing condition to verify 

the importance of dimerization. Either Cu (II)(1,10-phenanthroline)3 or I2 was used as an oxidant. 

Cu (II)(1,10-phenanthroline)3 functioned as a null cross-linker. I2 was used as an oxidant. In 

contrast, Tris (2-carboxyethyl) phosphine (TCEP) was used to create the reducing environment. It 

can destroy the disulfide bond while Mn2+ will not be changed. Under either of these conditions, 

there was almost no BtsS autokinase activity detected which means BtsS function as a dimer for 

kinase function (FIG 3.2.2).  

Based on the model predicted by Alphafold2.0, Cys15 was very promising to form disulfide 

bond for BtsS dimerization. It is located in the interface of each monomer. In vivo results showed 

that there was lower level of btsT expressed after the replacement of BtsS-Cys15 with alanine, 

when pyruvate was used as the sole C source (FIG 3.2.3A). Besides, BtsS-Cys15/BtsR showed 

pyruvate concentration dependency (FIG 3.2.2B).  It means BtsS-Cys15 is likely to form disulfide 

bond but it is not essential for signal transduction. Studies on histidine kinase KdpD showed it 

functions as a homodimer but Cys residues between monomers is not responsible for dimer 

stabilization, but a disulfide bond formed intramolecularly was important for autokinase activity 

(144, 145). Disulfide bond in CadC, a membrane protein belongs to ToxR-like receptors family, 

also plays an important role for its function. Without a disulfide bond can result in a semi-active 

CadC (146). 

Except for Cys15, there are other six Cys amino acids in BtsS (Cys46, Cys54, Cys110, 

Cys299, Cys305 and Cys543). Amino acids Cys46, Cys54, Cys110 are in the transmembrane 
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domain, Cys298 and Cys305 are in the GAF domain, the last one Cys543 is in DHp domain. 

According to the model, they are not the promising ones to form disulfide bond between the two 

monomers since the distance between these Cys with the corresponding ones in another monomer 

is quite far. But what should be kept in mind is, the model used to analyze is a predicted model, 

but not a real structure. It is reasonable to propose that maybe the other Cys residues could be 

involved in dimer formation in the real structure and it should be verified furtherly by performing 

mutagenesis on these cysteine amino acids and then detecting in vivo btsT expression.  

     Besides, variants BtsS-C15E and BtsS-C15S showed lactate sensing activity although it was 

low and BtsS-C15E/BtsR was still sensing pyruvate at the same time, but pyruvate sensing ability 

was quite lower compared with wild type (FIG 3.2.3). These two can be considered as a template 

for random mutagenesis for lactate sensor generation by increasing the lactate sensing ability 

meanwhile decrease the pyruvate sensing ability.  

     After pyruvate binding pocket was identified, the idea was to convert it into a lactate sensor. 

Variants BtsS-E117Q/R72E and BtsS-E151Q/Q154E were generated to create H-bond accepter for 

lactate keto group, meanwhile maintained the charged environment for binding (FIG 3.5.1). In vivo 

results showed that none of them could sense lactate (FIG 3.5.1). It is reasonable to explain the 

result since the pyruvate binding pocket is relatively small compared to the whole size of BtsS (FIG 

3.1.6). Moreover, the structure of pyruvate and lactate is also quite similar. Thus, it is not easy or 

lucky to fully change the ligand specificity by replacement just two amino acids.  To continue with 

the site-directed mutagenesis, what can be done in the future is docking BtsS with lactate. In vivo 

btsT expression should be done by using lactate to check the sensing ability after mutagenesis.  

      Random mutagenesis was another strategy to try to generate lactate sensor. Two good epPCR 

conditions were set up which could create suitable mutation ratio (Table 5). A high through-put 
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screening method using the reporter plasmid pBBR-btsT-lacZ was established by screening the 

mutant by blue or white color on M9 minimal medium agar plate when 50 mM lactate or pyruvate 

was used as sole carbon source (FIG 3.5.4). Although no good mutant that can sense lactate was 

obtained until now, these conditions can be used for any gene random mutagenesis in the future.  

4.2 Outlook  

     Hybrid protein is the one created by joining multiple genes which coded for different proteins. 

Multiple peptides that have different functions derived from each original protein will be created 

after the hybrid genes translation (147). Here, hybrid kinase can be constructed for lactate sensor 

by fusing the input domain of a protein that senses lactate with the rest domain of BtsS.  Lactate 

dehydrogenase was usually used as the protein to donate the input domain to sense or transport 

lactate (148). In this study, sequences alignment was conducted for BtsS in E. coli and other HKs 

belongs to LytS family in different bacteria, e.g., Bacillus subtilis, Clostridium tetani, Escherichia 

coli, Fusobacterium nucleatum, Geobacter metallireducens, Oenococcus oeni, Rhodospirillum 

rubrum, Streptococcus agalactiae, Staphylococcus aureus, Salmonella enterica, Shewanella 

oneidensis, Staphylococcus epidermidis. There is similarity among these sequences, especially in 

the transmembrane domain. Besides, bacteria Geobacter metallireducens is the only one that can 

live in the environment containing lactate (149). It is reasonable to propose that LytS in Geobacter 

metallireducens might be the HK can sense lactate and use it for growth, which is a nature choice 

for living in the environment contains lactate. Thus, LytS in Geobacter metallireducens was chosen 

to fuse with BtsS in our research. 

       Model for LytS and BtsS were predicted with Alphafold 2.0. There is mainly a TM domain 

(1-200 aa), a GAF domain (211-356 aa) and DHp plus CA domain (357-576 aa) for LytS and a 

linker with 10 aa between TM domain and GAF domain. Correspondingly, there is a TM domain 
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(1-205 aa), a GAF domain (218-365 aa) and DHp plus CA domain (366-561 aa) for BtsS a similar 

linker with 13 aa. There are three possible strategies for hybrid lactate sensor. One is fusion of TM 

domain of LytS (1-200 aa of LytS) with linker, GAF, DHp and CA domain of BtsS (206-561 aa of 

BtsS). Second strategy is to fuse TM domain and linker of LytS (1-210 aa of LytS) with GAF, DHp 

and CA domain of BtsS (218-561 aa of BtsS). Third strategy is the fusion of TM and GAF domain 

of LytS (1-356 aa of LytS) with the DHp and CA domain of BtsS (366-561 aa of BtsS). Once the 

corresponding hybrid kinase is expressed, in vivo btsT expression assayed will be detected with 

different carbon sources, e.g., lactate, pyruvate, succinate. If it is specific for lactate sensing, signal 

output linearization will be detected in mammals for application.   
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