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Abstract 

 

LysR-type transcriptional regulators (LTTRs) constitute the largest family of 

transcriptional regulators in bacteria. CbnR is an LTTR from Cupriavidus necator 

(formerly Alcaligenes eutrophus or Ralstonia eutropha) NH9 and activates the 

transcription from the cbnA promoter of the cbnABCD genes encoding chlorocatechol 

degradative enzymes. CbnR interacts with the cbnA promoter region of approximately 

60 bp in length that contains the recognition binding site (RBS) and activation binding 

site (ABS). Upon inducer binding, CbnR seems to undergo conformational changes, 

leading to activation of the transcription. Since the interaction of an LTTR with RBS is 

considered to be the first step of the transcriptional activation, the CbnR-RBS 

interaction is responsible for the selectivity of the promoter to be activated. To 

understand the sequence selectivity of CbnR, I determined the crystal structure of the 

DNA-binding domain (DBD) of CbnR in complex with RBS of the cbnA promoter at 

2.55Å resolution. The crystal structure revealed details of the interactions between the 

DNA-binding domain and the promoter DNA. A comparison with the previously 

reported crystal structure of the DNA-binding domain of BenM in complex with its 

cognate RBS showed several differences in the DNA interactions, despite the structural 

similarity between CbnR and BenM, and that between the two complexes of 

CbnR(DBD) / RBS and BenM(DBD) / RBS. These differences explain the observed 

promoter sequence selectivity between CbnR and BenM. Particularly, the difference 

between Thr33 in CbnR and Ser33 in BenM appears to affect the conformations of 

neighboring residues, leading to the selective interactions with DNA. 
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Chapter 1 Introduction 

 

1.1 Cupriavidus necator NH9 and degradation of chlorocatechols 

Bacteria have various catabolic pathways that enable them to degrade a variety of 

recalcitrant compounds in the environment, including chlorinated aromatic compounds. In 

the process of bacterial aerobic degradation of chlorinated aromatic compounds, various 

chlorinated aromatics are converged to chlorocatechols by peripheral pathways. While most 

bacteria cannot degrade chlorocatechols, some soil bacteria possess a chlorocatechol 

ortho-cleavage pathway that converts chlorocatechols to β-ketoadipate. β-Ketoadipate can be 

converted to a central metabolite of the TCA-cycle by enzymes encoded on the chromosomes 

of most soil bacteria. Thus, the chlorocatechol ortho-cleavage pathway plays a critical role in 

the complete mineralization of chlorinated aromatics (Reineke, 1998).  

Chlorobenzoates are among the intermediate products of microbial degradation of 

polychlorinated biphenyls and have been used as model compounds to study microbial 

degradation of chlorinated aromatic compounds (Reineke, 1998). Cupriavidus necator NH9 

was isolated in Japan as a 3-chlorobenzoate-degrading bacterium and has been used for study 

of the mechanisms of degradation of chlorinated aromatics. In this strain, 3- and 

4-chlorocatechol converted from 3-chlorobenzoate are degraded by enzymes of the 

chlorocatechol ortho-cleavage pathway encoded by cbnABCD genes. The expression of the 

cbnABCD genes is activated by CbnR encoded by the cbnR gene, which is located 

divergently upstream of the degradative genes. CbnR is a member of the LysR-type 

transcriptional regulator (LTTR) protein family (Ogawa and Miyashita, 1999; Ogawa et al., 

1999). 
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1.2 LysR-type transcriptional regulator 

LTTRs represent one of the largest families of prokaryotic transcriptional regulators 

(Henikoff et al., 1988), and functional orthologues are also found in archaea (Sun and Klein, 

2004). LTTRs regulate transcription of genes that code for proteins that have diverse 

functions, including degradation of aromatic compounds, biosynthesis of amino acids, 

synthesis of virulence factors, CO2-fixation, N2-fixation, antibiotic resistance, cell division, 

quorum sensing and oxidative stress responses (Deghmane et al., 2002; Kim et al., 2004; 

Russell et al., 2004; Heroven and Dersch, 2006; Byrne et al., 2007; Lu et al., 2007; Quade et 

al., 2011, reviewed in Maddocks and Oyston, 2008 and Schell, 1993).  

LTTRs were initially defined in 1988 by Henikoff et al. They found primary structure 

similarities in bacterial transcription proteins, AmpR, LeuO, LysR, IlvY, CysB, NodD, MetR 

and TfdO, and designated these proteins as LysR family members. LTTRs typically consist of 

~300 amino acids and bind their target promoters as homotetramers (Akakura and Winans, 

2002b; Feng et al., 2003). An LTTR located on the promoter must bind to an inducer 

molecule(s) to activate transcription. Some LTTRs are known to be present as a dimer or 

octamer (Parsek et al., 1994; Sainsbury et al., 2009); however, these examples are relatively 

rare. Primary sequence analysis and biochemical studies suggest that LTTRs are composed of 

two domains: a DNA binding domain (DBD) and a regulatory domain (RD) (Schell, 1993).  

DNase I footprinting analyses have revealed that LTTRs bind to an approximately 60 bp 

region of the promoter DNA corresponding to ca. –80 to –20 upstream of the transcriptional 

start site in the absence of the inducer (Fig. 1) (Wek and Hatfield, 1988; Fisher and Long, 

1989; Ogawa et al., 1999).  
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Fig. 1 Schematic diagram of the cbnA promoter regions that are protected from DNase I digestion by 

CbnR. +1, transcription start site (dashed circles show locations that are masked by CbnR). The –35 

and –10 regions of the cbnA promoter are shown (Ogawa et al., 1999). Vertical arrows indicate 

hyper-sensitive DNase I digestion regions. 

 

The binding region of the promoter can be divided into two parts: the recognition binding 

site (RBS) and activation binding site (ABS). The RBS has an inverted repeat structure and 

two inverted repeat sequences are interrupted by several nucleotides (Huang and Schell, 

1991; Toledano et al., 1994; Porrúa et al., 2010, MacLean et al., 2011). DNA sequence 

comparison of various promoters for LTTRs revealed a consensus sequence of RBS, the T–

N11–A motif (Figs. 1 and 2). The region of ~ 60 bp covered by LTTRs in the promoter 

containing presumably the RBS and ABS has been confirmed for the following examples: 

IlvY (Wek and Hatfield, 1988), NodD (Fisher and Long, 1989), OxyR (Storz et al., 1990; 

Toledano et al., 1994; Kullik et al., 1995a), NahR (Huang and Schell, 1991), OccR (Wang et 

al., 1992; Akakura R and Winans, 2002b), CatR (Parsek et al., 1994), ClcR (McFall et al., 

1997b), GcvA (Jourdan and Stauffer, 1998), CbnR (Ogawa et al., 1999), AphB (Kovacikova 

and Skorupski, 2001), CysB (Lochowska et al., 2004), YtxR (Axler-DiPerte et al., 2006), 

ArgP (Laishram and Gowrishankar, 2007; Minh et al., 2018), AtzR (Porrúa et al., 2007), 

PcaQ (MacLean et al., 2008), ToxR (Kim et al., 2009), NAC (Rosario et al., 2010) and ThnR 

(Rivas–Marín et al., 2016).  
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Fig. 2 Model describing the transcriptional activation mechanism by CbnR. One dimer in the tetramer 
CbnR binds to the RBS and the other dimer in the CbnR tetramer binds to the ABS. This causes a 

bend in the DNA that prevents the RNA polymerase accessing the promoter because the –35 box is 

masked. Upon binding the inducer, the dimer bound to the ABS shifts from site-1 to site-2 in the ABS. 

This movement exposes the –35 box and allows RNA polymerase binding to the –35 box. 

 

Gel mobility shift and DNase I footprinting results indicate that LTTRs form stronger 

interactions with the RBS than with the ABS (MacLean et al., 2008; Porrúa et al., 2010). 

Although LTTRs interact weakly with the ABS, this site is essential for transcriptional 

activation (Tover et al., 2000; Porrúa et al., 2010). In the ABS, the binding site of an LTTR 

shifts from site-1 to site-2 upon inducer binding (or upon receiving an environmental signal) 
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(Bundy et al., 2002; McFall, et al., 1997b; Devesse et al., 2011; Porrúa et al., 2013). Binding 

of an LTTR to promoter DNA causes DNA bending, whose angle is generally relaxed when 

an inducer molecule(s) binds to the LTTR. After relaxation of this DNA bending, RNA 

polymerase seems to be recruited to the promoter site to activate transcription. 

Since the molecular mechanism of transcriptional activation remains a central issue in 

biology, many studies have been performed in the field of LTTRs. Although full details of the 

transcription activation mechanism by LTTRs remains elusive, crystal structures of LTTRs 

and biochemical studies on the basis of the crystal structures have revealed parts of the 

transcription activation mechanism by LTTRs. In this introductory part of the thesis, studies 

of LTTRs were summarized on the basis of their tertiary structures. 

 

1.3 CbnR: one of the representative models for LTTRs 

CbnR is a member of the LTTR family (Ogawa and Miyashita, 1999; Ogawa et al., 1999) 

and one of the best-characterized LTTRs. In 1999, Ogawa et al. identified CbnR as a positive 

regulator for cbnABCD genes (Ogawa et al., 1999) in Cupriavidus necator NH9. cbnABCD 

genes encode a series of enzymes involved in the ortho-cleavage pathway of chlorocatechols. 

CbnR forms a tetramer in solution and interacts with the RBS and ABS in the cbnA promoter 

region. cis, cis-Muconate or 2-chloro-cis, cis-muconate serves as an inducer of CbnR. In the 

cbnA promoter region, the RBS spans the region –76 to –49 upstream of the transcription 

start site of the cbnA gene (Fig. 1). The RBS is presumed to be necessary for anchoring CbnR 

to the promoter region with its 5 bp inverted repeats (TTACG–N5–CGTAA) (N: nucleotide). 

The inverted repeats of RBS in the cbnA promoter contain the consensus T–N11–A motif for 

LTTRs (the conserved T and A are underlined in the above sentence). The ABS spans the 

region –44 to –19 upstream of the transcription start site of the cbnA gene and overlaps with 

the –35 and –10 elements, which are RNA polymerase binding sites (Fig. 1). Notably, 
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binding of CbnR to both the ABS and RBS of the cbnA promoter is likely to cause a bending 

of the promoter DNA by 78°. The binding angle was estimated by circular permutation gel 

shift analysis. Upon inducer binding, the bend angle is relaxed to 54°. While similar degrees 

of bend angles and relaxation upon inducer binding have been reported for other 

LTTR-binding promoter regions (McFall et al., 1997a; van Keulen et al., 1998; Minh et al., 

2018), analysis of the tetrameric DntR by small angle X-ray scattering (SAXS) suggests that 

the bend angles obtained by circular permutation gel shift results could be underestimates 

(Lerche et al., 2016). Considering biochemical analyses of other LTTRs, the relaxation of the 

bend angle in the CbnR-DNA complex might be accompanied with a shift of CbnR binding 

in the ABS (Fig. 2) (Ogawa et al., 1999). Although such a shift of the binding site in ABS 

was not observed for the CbnR system, it is presumed that this shift takes place because it has 

been observed in other LTTRs (Ogawa et al., 1999). 

CbnR is the first example for which the crystal structure of a full-length LTTR was 

determined (Muraoka et al., 2003). Therefore, CbnR has been a representative model to study 

the molecular mechanism of transcription activation by LTTRs. Mutational analyses of CbnR 

was performed on the basis of its crystal structure (Moriuchi et al. 2017). Furthermore, the 

crystal structure of the DBD of CbnR (hereafter CbnR(DBD)) in complex with promoter 

DNA has been determined (this thesis; Koentjoro et al., 2018). The crystal structure of the 

CbnR(DBD)-DNA complex revealed the molecular mechanism of the sequence specificity of 

CbnR (this thesis; Koentjoro et al., 2018). In this thesis, I frequently use the crystal structure 

of CbnR as a representative model of LTTRs. 

 

1.4 Overall and subunit structures of CbnR and other LTTRs 

The first tertiary structure describing structural features of an LTTR was the crystal 

structure of the RD of CysB (hereafter CysB(RD)) (Tyrrell et al., 1997). The CysB(RD) 
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structure is a homodimer and each domain is composed of two subdomains. The crystal 

structure of CysB(RD) provides information about the inducer binding site. Although the 

crystal structure of CysB(RD) provided a valuable structural base for biochemical analysis of 

LTTRs, several questions remained unanswered: (1) the arrangement of the four subunits in 

the tetrameric LTTRs; (2) the mechanism of DNA bending by an LTTR upon interaction with 

the promoter DNA; (3) the mechanism of specific interactions between an LTTR and the 

RBS/ABS; (4) the mechanism of the conformational change of the RD upon inducer binding; 

and (5) the quaternary structural changes of the LTTR upon inducer binding. These are 

critical questions for understanding the functional mechanism(s) of LTTRs. Some of these 

questions have been answered using structural information of LTTRs obtained after the CbnR 

structure was solved, whereas some of these questions remain elusive. 

The first crystal structure of a full-length LTTR was determined for CbnR (Muraoka et al., 

2003). Full-length CbnR forms a tetramer in the crystalline state (Fig. 3(A)). Since several 

biochemical studies showed that LTTRs are typically homotetramers in solution (Bundy et al., 

2002; Jovanovic et al., 2003; Jang et al., 2018), the tetrameric structure of CbnR represents a 

model quaternary structure of various LTTRs.  

The quaternary structure of tetrameric CbnR is unique among tetrameric proteins; the 

tetramer of CbnR does not have the 222 point group symmetry, which is a typical point group 

found in tetrameric proteins. In CbnR, the four subunits in the tetramer do not have the same 

conformation but adopt two distinct conformations, compact and extended forms (Fig. 3(B)). 

The CbnR tetramer can be described as a dimer of dimers that assembles via two distinct 

dimerization interfaces (Muraoka et al., 2003; Ezezika et al., 2007b; Monferrer et al., 2010; 

Devesse et al., 2011; Jo et al., 2015). The first dimer interface is located between two linker 

helices (residues 59–89; see below). This interaction forms a DBD dimer, in which two 

DBDs are related by a local two-fold axis. In the DBD dimer, one subunit adopts the compact 



 8 

 

Fig. 3 Tetrameric structure of CbnR (A) Crystal structure of the tetrameric CbnR (PDB ID: 1IZ1); 

a representative LTTR homotetramer in a closed conformation. Helix α3 is the recognition helix 

(gray) (B). Structure of the DBD dimer. DBDs in the dimers are related by a two-fold rotational axis. 

The linker helix forms a dimer interface. In the DBD dimer, one subunit has a compact conformation 

and the other adopts an extended conformation. Dimerization of the DBD dimer to form a tetramer 

occurs through interactions of the RD. (C) Hypothetical model of the quaternary structural change. 

Left: the close conformation of the tetrameric LTTR. In the closed form, α-helices in the RD interact 

with each other (left). A conformational change to the RD occurs upon inducer binding. The small 

conformational change around the inducer binding cleft (IBC) transmitted in the RD seems to result in 

the loss of the helix-helix interaction found in the closed conformation. The loss of the helix-helix 

interaction is supposed to induce a relatively large quaternary structural change and the formation of 

an open conformation. In the open conformation of LTTR, the distance between the two 3 
recognition helices at both edges of the tetrameric CbnR is closer than that in the closed form. Fig. 

3(C) was reproduced from Monferrer et al., (2010) Mol. Microbiol. 75: 1199-1214 with minor 

modifications. 

 

conformation, whereas the other dimer adopts the extended conformation. The second 

interface is located between RDs (Fig. 3(A)). The interaction between two RDs makes a 
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dimer of RDs, resulting in the formation of a dimer of the DBD dimers (tetrameric CbnR). 

This unique architecture of CbnR is shared among other tetrameric LTTRs. BenM, TsaR, 

DntR and OxyR were found to form essentially the same tetramer in the crystalline state 

(Ruangprasert et al., 2010; Monferrer et al., 2010; Devesse et al., 2011; Jo et al., 2015). Four 

DBDs in the tetrameric CbnR arrange in a V-shape at the bottom of the CbnR tetramer (Fig. 

3(A)). This likely explains the DNA bending observed in the CbnR-promoter DNA complex. 

Interestingly, CrgA adopts a homo-octamer (Sainsbury et al., 2009) with the RDs forming a 

dimer interface of the dimeric CrgA. MetR, CatR, IlvY and NodD3 have also been identified 

as dimers in solution by biochemical analysis (Maxon et al., 1990; Parsek et al., 1994; Fisher 

and Long, 1993; Bender, 1991).  

The crystal structure of CbnR revealed that the subunits of CbnR are composed of two 

domains and one linker helix (Fig. 4). Residues 1–58 of CbnR forms the DBD, which has a 

winged helix–turn–helix (wHTH) motif. The linker helix (residues 59–89) connects the DBD 

to the RD and RD is composed of residues 90–291 (Fig. 4). RD is responsible for interactions 

between subunits as demonstrated in the crystal structure of CysB(RD) and is likely to be 

involved in the recognition of the inducer (Muraoka et al., 2003; Dangel et al., 2005; 

Ruangprasert et al., 2010). 

Several crystal structures of full-length LTTRs have also been reported, namely AphB 

(PDB ID: 3T1B), ArgP (PDB ID: 3ISP), BenM (PDB ID: 3K1N), CrgA (PDB ID: 3HHG), 

DntR (PDB ID: 5AE5), MetR (PDB ID: 4AB6), NoIR (PDB ID: 4OMY), OxyR (PDB ID: 

4X6G) and TsaR (PDB ID: 3FXQ). These structures confirmed that the crystal structure of 

CbnR is a representative of the tetrameric LTTRs. 
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Fig. 4 Structure of the CbnR subunit (PDB ID: 1IZ1). A cartoon model (top) and schematic drawing 

presenting the domain composition (bottom) are shown. The CbnR subunit is composed of the DNA 

binding domain (DBD) with the winged helix-turn-helix motif, the linker helix that is involved in 

dimerization, and the regulatory domain (RD) that has an inducer binding site 

 

1.4.1 Structure of the DNA binding domain (DBD) 

The DBD shares high amino acid sequence similarity for proteins that are members of the 

LTTR family (Fig. 5) (Schell 1993). Functional roles of amino acids involved in DNA 

binding have been analyzed by mutations of NahR (Schell and Sukhordhaman, 1989), OxyR 

(Kullik et al., 1995b; Zaim and Kierzek, 2003), GcvA (Jourdan and Stauffer, 1998), CysB 

(Lochowska et al., 2001), CrgA (Deghmane and Taha, 2003), OxyS (Li and He, 2012) and 

CbnR (Moriuchi et al, 2017). The DBD of LTTRs contains three helices ( 1, 2 and 3) and 

two -strands and adopts the so-called wHTH motif (Muraoka et al., 2003; Sainsbury et al., 

2010; Monferrer et al., 2010; Zhou et al., 2010; Lerche et al., 2016). In this thesis, the details 

of the interaction of DBD of CbnR and RBS of the cbnA promoter are described including 

following featured points. The 3 helix is referred to as the recognition helix because it 

recognizes specific DNA sequences by inserting into the major groove of the DNA. 
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Fig. 5 Structure-based amino acid sequence alignment of LTTR family members. The alignment was 

performed by PROMALS. Amino acids are colored according to PSIPRED secondary structure 

predictions. The sequences of BenM and CbnR are shown in black. For the other protein sequences, 

amino acids located in -helices and -strands are colored red and blue, respectively, and indicated as 
“h” and “e” on the bottom line of the figure, respectively. 

 

A deep cleft forms between the 1 and 3 helices, which is a favored structural feature to 

facilitate packing into DNA via hydrophobic interactions (Alanazi et al., 2013; Koentjoro et 

al., 2018). Two wHTH motifs from the DBD dimer bind to pseudo two-fold symmetric DNA 

operator sequences such that each monomer recognizes a half site (Laishram and 

Gowrishankar, 2007; Alanazi et al., 2013; Koentjoro et al., 2018).  

 

1.4.2 Interaction between LTTR (DBD) and promoter DNA 

Details of the DBD-DNA interaction have been analyzed using crystal structures of LTTR 

DBDs in complex with their target DNA. High sequence similarities of the amino acid 

sequences of the DBDs of LTTRs and the promoter DNA sequences suggest a conserved 

mechanism of promoter DNA recognition by the DBDs of LTTRs. Nonetheless, variation in 

the amino acid sequences of the DBDs of LTTRs appears to be required for recognition of 

distinct DNA promoter sequences (MacLean et al., 2008; Lönneborg and Brzezinski, 2011; 
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Lee et al., 2014). Currently, crystal structures of BenM(DBD)-DNA and CbnR(DBD)-DNA 

complexes have been determined. Comparative analysis of these crystal structures revealed 

several differences between CbnR(DBD) and BenM(DBD) in the interaction with their 

specific DNA sequences (this thesis; Koentjoro et al., 2018). The overall structures of the two 

complexes were, however, found to be quite similar. In addition, three nucleotides out of four 

in each of the inverted repeat sequences are conserved between RBSs for CbnR and BenM; 

the nucleotide sequence of the inverted repeats of the RBS for CbnR is TTAC–N7–GTAA 

and that for BenM is ATAC–N7–GTAT (the conserved T and A for most LTTR-regulated 

promoters are underlined, and differences in the two inverted repeats are shown in bold type). 

Despite these similarities in the DBD and RBS, CbnR could not bind to the RBS recognized 

by BenM. Surprisingly, a single amino acid difference at residue 33, Thr33 in CbnR and 

Ser33 in BenM, explains their promoter sequence selectivity on the basis of the crystal 

structures of the complexes of DBD and DNA (Koentjoro et al., 2018). 

Interaction between the DBD and DNA was analyzed by mutations of the DBD and the 

promoter sequence. Interestingly, the length of the spacer sequence between the RBS and 

ABS affect the DNA binding activity of the LTTR in the absence of an inducer. Normally, the 

spacer length between the RBS and ABS is 3–6 bp (Sainsbury et al., 2009; Li and He, 2012). 

Analysis by deletion and insertion of nucleotides in the spacer region revealed that the 

distance between the RBS and ABS is critical to the strength of the interaction with 

tetrameric LTTRs (Tover et al., 2000; Minh et al., 2018). ArgP is a LTTR protein that 

regulates arginine transport in Escherichia coli and is essential for transcriptional activation 

of the argO promoter (Zhou et al., 2010). Increasing the length of the spacer sequence 

between the RBS and ABS of the argO promoter region resulted in a deficiency of 

transcription of argO (Minh et al., 2018). Thus, the distance between the RBS and ABS is 

likely to be critical for transcription activity. 
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1.4.3 Regulatory domain (RD) 

The RD of LTTRs has an inducer binding cavity (IBC) and is presumed to play a critical 

role in the conformational change of the LTTR tetramer upon inducer binding (Choi et al., 

2001; Maddocks and Oyston, 2008; Quade et al., 2011; Park et al., 2017). The RD from 

CysB was the first crystal structure solved of a RD (Tyrell et al., 1997). Subsequently, crystal 

structures of RDs of LTTR family members with inducer molecules bound (or adopting an 

inducer state conformation) have been reported. These include OxyR (Choi et al., 2001; Jo et 

al., 2015), DntR (Smirnova et al., 2004; Lerche et al., 2016), BenM and CatM (Ezezika et al., 

2007a; Craven et al., 2009) and TsaR (Monferrer et al., 2010). The RD is composed of two 

subdomains, RD-I and RD-II. The two subdomains are connected by two crossovers that 

form the IBC. RD-I consists of a five-stranded -sheet with three -helices surrounding this 

-sheet structure. RD-II contains a five-stranded -sheet that is strongly twisted and four 

-helices (Fig. 4) (Tyrell et al., 1997; Muraoka et al., 2003; Monferrer et al., 2010; Quade et 

al., 2011; Park et al., 2017). Structural studies of BenM, OxyR, PcaQ, RovM, AphB and 

DntR have led us to hypothesize that inducer binding (or environmental change) to the RD of 

LTTR causes a conformational change in the RD that is propagated throughout the tetrameric 

LTTR and changes the bend angle of the promoter DNA (Kovacikova and Skorupski, 2001; 

Bundy et al., 2002; Smirnova et al., 2004; Quade et al., 2011; Wei et al., 2012; Jo et al., 

2015) However, while crystal structures of OxyR (Choi et al., 2001; Jo et al., 2015), BenM 

(Ezezika et al., 2007a) and DntR (Devesse et al., 2011) have revealed conformational 

changes of the RD upon inducer binding, conformational changes of tetrameric full-length 

LTTR upon inducer binding have not been observed in the crystal. 

The functional significance of the RD was also analyzed by mutation analysis (Kullik et al., 

1995a; Cebolla et al., 1997; Lochowska et al., 2001; Akakura R and Winans, 2002a; Dangel 
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et al., 2005; Craven et al., 2009; Lang and Ogawa, 2009; Taylor et al., 2012). For example, 

our group performed a mutational study using CbnR (Moriuchi et al., 2017). Of the eight 

mutations to CbnR(RD), three mutations (Phe98Ala, Lys129Ala and Phe202Ala) appear to 

directly affect inducer binding, and this observation is corroborated by a study of BenM, in 

which the corresponding residues are known to interact with the cognate inducer molecule 

(Ezezika et al., 2007a). Interestingly, two constitutive active mutants, Arg199Ala and 

Val246Ala, were obtained which activated transcription without the inducer. The amino acid 

exchanges in these mutants appear to induce a structural change that mimics the change 

caused by inducer binding. These results indicate that conformational changes in the RD are 

important in activating transcription (Moriuchi et al., 2017). 

 

1.4.4 Transition from closed to open form of tetrameric LTTRs 

Protein–protein interactions are important for the assembly of tetrameric LTTRs (Bundy et 

al., 2002; Ezezika et al., 2007b; Sainsbury et al., 2009; Knapp and Hu, 2010; Ruangprasert et 

al., 2010; Devesse et al., 2011). Residues located at the interface regions of RDs (Fig. 3(A)) 

are responsible for the formation of tetramers. In particular, interactions between two DBD 

dimers are critical for formation of the tetramer (Muraoka et al., 2003; Ezezika et al., 2007b; 

Ruangprasert et al., 2010).  

Although no quaternary structural changes of LTTRs upon binding an inducer have been 

observed in crystal structures, some crystal structures of LTTRs suggest a transition of the 

quaternary structure of tetrameric LTTR from a closed to open form upon binding an inducer 

(Monferrer et al., 2010; Lerche et al., 2016). In the closed form, there are interactions 

between two  helices from two RD-II subdomains (two V helices from two distinct RD-II) 

that are related by a two-fold axis. Upon inducer binding, local conformational changes in the 

RD (Ezezika et al., 2007a; Devesse et al., 2011; Park et al., 2017) seem to disrupt helix-helix 
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interactions leading to a structural change to the open form (Fig. 3(C)) (Choi et al., 2001; 

Monferrer et al., 2010; Devesse et al., 2011). This conformational change could possibly be 

mediated by the flexibility of the RD. These changes appear to occur in TsaR (Monferrer et 

al., 2010), ArgP (Zhou et al., 2010) and DntR (Devesse et al., 2011). These conformational 

changes cause a shift of the binding site in ABS, resulting in productive contact of LTTR with 

the  C-terminal domain ( -CTD) of RNA polymerase on the promoter (Chugani et al., 

1997; Fritsch et al., 2000; Lochowska et al., 2004). 

Since there are helix-helix interactions ( V- V interactions) between two RD-II 

subdomains in the tetrameric CbnR (Fig. 3(C), left panel), the crystal structure of CbnR can 

be considered to be a closed form. In contrast, as there are no corresponding helix-helix 

interactions in tetrameric TsaR, the structure of TsaR is an open form. Thus, the tetrameric 

CbnR is assumed to represent an inducer-free non-activating state, whereas tetrameric TsaR is 

an active state (Monferrer et al., 2010). Notably, a SAXS experiment successfully observed a 

corresponding change of the quaternary structure of DntR between the inducer-free and 

inducer-bound states (Lerche et al., 2016).  

 

1.5 Sliding dimer model for transcriptional activation of LTTR 

The sliding dimer model has been proposed to explain the scheme of transcriptional 

activation by LTTR (van Keulen et al., 2003; Porrúa et al., 2007; Monferrer et al., 2010; 

Lerche et al., 2016). Transcriptional activation by LTTR should begin with interactions with 

the RBS using two 3 helices in a DBD dimer of the tetrameric LTTR. After the LTTR-RBS 

interaction, the other DBD dimer in LTTR should bind the ABS (Sainsbury et al., 2009; 

Ruangprasert et al., 2010; Zhou et al., 2010; Alanazi et al., 2013; Rivas–Marín et al., 2016) 

to form the tetrameric LTTR-DNA complex. The order of binding, from RBS to ABS, is 

reasonable because the affinity between the DBD and RBS is significantly stronger than that 
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between the DBD and ABS. Since the four DBDs in the LTTR tetramer arrange in a V-shape 

manner, it is reasonable to postulate that the interaction between tetrameric LTTR and 

promoter DNA causes bending of the DNA in accordance with the arrangement of the four 

DBDs. This LTTR-DNA complex without inducer is considered to be a resting state and seem 

to adopt the closed form of the tetrameric LTTR. 

Inducer molecule binding to the IBC in the RD seem to trigger a quaternary structural 

change of the LTTR tetramer (Fig. 3(C)), resulting in the open form of the tetrameric LTTR 

on the promoter. The change in the quaternary structure of tetrameric LTTR is proposed to 

result in the rearrangement of the DBDs, leading to a relaxation of DNA bending. In this 

process, DBDs interacting with the ABS shift on the promoter and change the interacting site 

from site-1 to site-2 of the ABS (Fig. 2). Since site-1 of the ABS overlaps with the –35 box of 

the promoter, the shift of the binding site exposes the –35 box to enable RNA polymerase 

binding (Monferrer et al., 2010; Ruangprasert et al., 2010; Devesse et al., 2011). The change 

of the ABS recognition site has been demonstrated in studies of OxyR (Toledano et al., 1994), 

OccR (Wang et al., 1992), ClcR (McFall et al., 1997b) AtzR (Porrúa et al., 2010) and DntR 

(Lerche et al., 2016). In the sliding dimer mechanism, the change of the angle of bent DNA 

accompanied with a quaternary structural change of the tetrameric LTTR would be a critical 

step. After release of the –35 box for RNA polymerase binding, a complex involving LTTR, 

sigma factor and RNA polymerase would form on the promoter to initiate transcription.  

 

1.6 Perspective 

In this review, we discussed how tertiary structures of LTTRs have provided valuable 

insight into the interaction of LTTRs with promoter DNA and aided our understanding of the 

mechanism of the initial step of transcriptional activation by LTTRs. Initiation of 

transcriptional activation is a multistep process that consists of a series of conformational 
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changes of LTTRs, promoter DNA and their complexes. Although structural and biochemical 

analyses have revealed that relaxation of DNA bending and a shift of the binding site on the 

ABS are critical steps for recruiting RNA polymerase to the promoter DNA, other important 

features of initiation of transcriptional activation remain poorly understood. Details of the 

quaternary structural changes of LTTRs upon inducer binding and structural details 

describing relaxation of the DNA bending angle can be analyzed with high-resolution tertiary 

structures. Furthermore, the molecular mechanism of transcriptional initiation is a critical 

question that could be answered based on the tertiary structure of the initiation complex. For 

future tertiary structure analysis, not only X-ray crystallography but also cryo-electron 

microscopy will play an important role. These are challenging structural problems that will be 

tackled in the near future. 
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Chapter 2 Crystal structure of complex of DNA-binding domain of CbnR and RBS 

DNA of the cbnA promoter 

 

2.1 Objective 

CbnR has been characterized in terms of the overall scheme of the mechanism of 

transcriptional activation by biochemical analysis and the three-dimensional structure with 

the crystal structure of full-length protein. Since the binding of LTTR to RBS of the cognate 

promoter is the first step of transcriptional activation, I conducted making complex of 

CbnR(DBD) and RBS DNA of the cbnA promoter, making crystal of the complex, and X-ray 

analysis of the crystal to clarify the structural aspects of the initial steps of transcriptional 

activation.   

 

2.2 Materials and Methods 

2.2.1 Strains, media, growth condition, and DNA manipulation 

Escherichia coli strain DH5  was used as a host for cloning genes and E. coli strain 

BL21(DE3) was used as a host for protein expression. E. coli strains were cultivated in Luria 

Bertani (LB) medium by shaking at 150 rpm and at 37°C in a shaker. Commercial kits used 

for manipulation of DNA are listed in Table 1. DNA was manipulated by standard methods 

(Green and Sambrook, 2012). 

 

Table 1 Commercial kits used for manipulation of DNA 

Kits Description Source 
QIAprep Spin 
Miniprep Kit 

Preparation of plasmid DNA at mini scale  Qiagen, Hilden, 
Germany 

Plasmid Midi Kit Large scale preparation of plasmid DNA  Qiagen, Hilden, 
Germany 

DNA Ligation kit Ligation of DNA molecules in vitro Takara, Japan 
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Mighty Mix 
Polymerase chain 
reaction (PCR) Kit 

Amplification of DNA fragments Toyobo, Japan 

QIAEX II Gel 
extraction Kit 

Extraction of DNA from agarose gel after 
electrophoresis 

Qiagen, Hilden, 
Germany 

 

2.2.2 Construction of plasmid for expression of CbnR(DBD) 

Synthetic DNA encoding the DNA–binding domain of CbnR (CbnR(DBD)) gene from the 

C necator NH9 (Ogawa et al., 1999), which encodes 87 amino acid protein, was synthesized 

by Eurofin Genomics Japan. The synthesized CbnR(DBD) gene, whose codons were 

optimized for expression in E. coli, was subcloned into a pET47b vector (Novagen) by using 

NdeI and NotI restriction sites. The resultant plasmid, designated pET47b–DBD-CbnRHis, 

was designed to express the CbnR(DBD) protein with a TEV protease recognition site 

(ENLYFQG) and a His6–tag sequence (HHHHHH). Nucleotide sequence of the cloned insert 

was verified by sequencing analysis with a pair of the M13(–21) forward primer and M13 

reverse primer. Sequence alignment was performed using the BioEdit version 7.1.7. 

 

2.2.3 Overexpression and purification of CbnR(DBD) protein 

The pET47b–DBD–CbnRHis plasmid was introduced into E. coli BL21(DE3) cells and 

grown at 37°C in 200 ml LB medium supplemented with 2% (w/v) glucose and 50 μg/ml 

kanamycin (Kan) in a shaker. The culture medium was inoculated to 2 L of fresh medium. 

The culture was grown at 27°C with constant shaking at 110 rpm until the optical density 

(OD600) reached 0.6 – 0.8 and then cooled at 16 °C. The CbnR(DBD) expression was induced 

by adding isopropyl β–D–1–thiogalactopyranoside (IPTG) to a final concentration of 1 mM 

and culturing overnight at 16 °C. The bacterial cells were harvested by centrifugation (4,000 

rpm for 10 min at 4°C). The pellet was flash–frozen and stored at –80°C. 
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The cell pellet was re–suspended in 20 ml of buffer A (20 mM Tris–HCl; 500 mM NaCl; 

and 5 mM imidazole, pH 7.9). The cells were lysed by sonication using 1 min pulses and 

cooling on ice for 3 min (1 min on/3 min off) for 3 cycles. Furthermore, the cell debris was 

collected by centrifugation at 15,000 rpm for 30 min and removed.  

CbnR(DBD) proteins in the soluble fraction were purified by standard affinity 

chromatography using HisTrap™ HP colomn (GE Healthcare, Chicago, IL, USA). The resin 

in the column was washed three times in series with buffer A, B (20 mM Tris–HCl, 500 mM 

NaCl, and 1.0 M imidazole, pH 7.9), and C (20 mM Tris–HCl; 500 mM NaCl; and 50 mM 

imidazole, pH 7.9). The CbnR(DBD) was eluted with a linear gradient of imidazole (50 mM 

to 1 M). The peak fractions containing the CbnR(DBD) were collected and the concentration 

of the protein was determined using a NanoDrop ND–1000 (Thermo Scientific, Waltham, 

MA, USA) at 280 nm with an absorption coefficient of 2980 M-1 cm-1. The purity of the 

protein was judged using SDS–PAGE (NuPAGE 4–12% Bis–Tris) stained with Coomassie 

Brilliant Blue (CBB) G–250 (Wako, Osaka, Japan) staining. 

 

2.2.4 SDS–PAGE protein profile analysis 

Protein samples were resuspended in 20μl of 2 x SDS sample loading buffer, then 

incubated at 90°C for 3 minutes. After cooling, samples were loaded in Novex NuPAGE 4–

12% Bis–Tris gel (Invitrogen) and subjected to electrophoresis (Invitrogen XCell SureLock 

Mini–Cell, EI0001) at 50 Volt in MES buffer for 10 minutes and 120 volts for 45 minutes. 

Gels were rinsed in deionized water, and stained with CBB G–250 for 30 minutes. Gels were 

subsequently destained in warm deionized water.  

 

2.2.5 Preparation and crystallization of the CbnR(DBD)-RBS complex 
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Oligonucleotides with the RBS sequences (5’–CTATA TTACG CAAAC CGTAA CGATG–

3’ and 5’–CATCG TTACG GTTTG CGTAA TATAG–3’) for co-crystallization experiments 

were synthesized by Eurofins Genomic Japan. DNA duplexes were prepared by annealing 

complementary oligonucleotides (0.1 mM each), by first heating the solution to 95°C for 10 

min and then cooling slowly to room temperature in a heat block. For the preparation of the 

CbnR(DBD)-RBS complex, the double–stranded DNA and the CbnR(DBD) protein were 

mixed and incubated in a molar ratio of 1:2, respectively, for 30 minutes on ice. The 

CbnR(DBD)-RBS complex was then concentrated using Amicon Ultracel–10K (Merck 

Millipore, Burlington, MA, USA) in the range of 7–10 mg/ml before the crystallization–

screening set–up.  

Initial crystallization screening was carried out at 20°C by the sitting–drop vapour–

diffusion method in a 96–well crystallization plate (Hampton Research) using commercial 

kits including Crystal Screen 1 and 2 (Hampton Research, Aliso Viejo, CA, USA); Wizard I 

and II (Hampton Research); Cryo I and II (Hampton Research); Footprint/MembFac 

(Hampton Research); PEGsII (Qiagen); Index (Hampton Research); PEGIon/PEGIon2 

(Hampton Research); and Protein complex suite (Qiagen). The drop consisted of 0.5 μl 

protein solutions (7 mg/ml in DNA-binding buffer) and 0.5 μl precipitants. After more than 

one week, small crystals were observed under nine different conditions. 

For data collection, various crystals in different conditions were selected on the basis of 

snapshot images and screened by the highest resolution of crystals. By optimizing the best 

growth condition, crystals that diffracted to the highest resolution (3.1 Å) were obtained at 

20°C by mixing 1 μl of CbnR(DBD)–RBS complex with 1 μl of 2.0 M potassium sodium 

tartrate tetrahydrate and 0.1 μl of Hepes–Na pH 7.0. Maximum crystal growth was achieved 

after 13 days of incubation. To prepare the crystals for data collection, they were 

cryoprotected using 30% (w/v) polyethylene glycol (PEG) 4000; 0.1 M Tris–HCl pH 8.5; 0.2 
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M sodium acetate; and 30% (v/v) glycerol. The crystals were flash–cooled in a liquid 

nitrogen stream and stored in a UniPuck cassette for X–ray diffraction experiments. 

 

2.2.6 X–ray data collection, structure determination and refinement of the 

CbnR(DBD)-RBS complex 

X-ray diffraction data were collected at 95 K using an ADSC Quantum 270 CCD detector 

on beamline BL-17A of the Photon Factory, High Energy Accelerator Research Organization 

(KEK) (Tsukuba, Japan). Diffraction data were processed using XDS and scaled using 

XSCALE. The phase problem was solved by the molecular replacement method using the 

program BALBES (Keegan et al., 2011) with full–length BenM, R156 mutant (PDB entry 

3K1M, Ruangprasert et al., 2010) as an initial model. The model was refined with the 

PHENIX.refine (Afonine et al., 2012) to an freeR/R of 0.254 and 0.212, respectively at 2.55 

Å and modified with Coot (Emsley and Cowtan, 2004). The model of RBS was constructed 

into a 2mFo-DFc map using Coot. The maximum resolution of the processed data set was 

determined using the R–merge and I/ (I) values at the outmost resolution shell, which should 

be less than 0.50 and more than 3.0, respectively (Kabsch, 1993). After several 

crystallographic refinement cycles, the crystallographic refinement at 2.55 Å resolution was 

completed with REFMAC5 (Murshudov et al., 1997) in the CCP4 suite (Collaborative 

computational project, 1994). Water molecules in the crystal structure were picked using a 

mFo-DFc map. When a difference density indicated a spherical shape at the 3  contour level, 

the density was considered to identify a water molecule. The crystal structure was refined to 

Rfree/Rwork values of 0.263 and 0.219, respectively. The atomic coordinates for structures, 

together with the structure factors, were deposited in the PDB. All figures presenting details 

of the determined structures were prepared using PYMOL. 

 



 23 

2.2.7 Sequence and structural alignment 

A DBD multiple sequence alignment of LTTRs was prepared in the PROMALS (Pei et al., 

2008) and PSIPRED program to predict the secondary structure. A multiple sequence of the 

RBS sequence recognized by LTTR containing T–N11–A motif was prepared by using an on–

line multiple sequence alignment, MVIEW (http://www.ebi.ac.uk/Tools/). Sequence logo 

generated by WebLogo (http://weblogo.berkeley.edu/). 
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2.3 Result and Discussion 

2.3.1 Purification of the CbnR(DBD) 

To obtain the amount of protein required for crystallographic studies, I overexpressed 

CbnR(DBD) in E. coli BL21(DE3). Purification of CbnR(DBD) during the steps of 

purification was evaluated by SDS–PAGE and CBB staining as shown in Fig. 6. The 

theoretical molecular weight of CbnR(DBD) is 10 kDa, but it located in SDS–PAGE (Fig. 

6) with an apparent MW of 9 kDa. CbnR(DBD) was expressed at relatively high levels; >7 

mg/litre of bacterial culture. Expression yields are summarized in Table 2. 

 

 
Fig. 6 Purification of CbnR(DBD) using HisTrap 5 ml affinity column. Fractions 10 – 19 from 

chromatogram were analysed using 4–12% Bis–Tris SDS–PAGE gel and the Coomassie Brilliant 

Blue stained gel shows the purity of the respective peaks. M, protein ladder; In, crude extract; FT, 

flow–through; lanes 10–19, elution from Ni2+ resin. CbnR(DBD) locates at 9 kDa. 

 

By chromatogram and subsequent SDS–PAGE analysis, CbnR(DBD) was visually 

detectable with a high purity at the second peak of the chromatogram chart. The elution 

fractions 15–17 were pooled and then incubated with oligonucleotides. I used these fractions 

and oligonucleotide mixtures for crystallization trials. 

M    In   FT   10    11   12    13  14    15   16   17   18   19   
Fractions

188
98

62
49
38

28

17

14
6

3

12    13   14   15   16   17 
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Table 2 Purification table of CbnR(DBD) 

 

High–yields of soluble and active proteins are required for structural and biochemical 

characterization. Purification of CbnR(DBD) in HisTag buffer often resulted in a 

precipitation probably because of the unstablized DBD parts of CbnR. To enhance protein 

solubility, I added oligonucleotides immediately after elution. Importantly, oligonucleotide 

effectively improved the purification yield of CbnR(DBD) as well as to form stable 

complexes with protein (Petty et al., 2011). 

 

2.3.2 Co–crystallization of CbnR(DBD) with 25 bp Recognition Binding Site (RBS) 

promoter sequences complex 

Co–crystallization experiments were performed with CbnR(DBD) protein, consisted of 87 

amino acid residues of N-terminal part of CbnR followed by hexahistidine tag, and 25 bp 

RBS sequence. Proteins were concentrated (2–4 mg/ml) before co–crystallization step. 

Commercial crystallization kits were used for hanging drops method at 20 C. From crystal 

screening experiments, needle crystals were observed from 7 conditions from Crystal Screen 

I and II, four conditions from PEGsII and one condition from each of Wizard I and Footprint. 

  Total protein   SDS–PAGE   DBD–CbnR 

vol 

[mL] 

conc 

[mg/ml] 

amount 

[mg] 

apply 

vol. [ul] fold 

CbnR 

band*[ug] 

amount 

[mg] 

purity 

[%] 

recove

ry [%] 

Culture 1000 – –           – – – 

Whole Cell Extract 37 48.69 1801.5 5 7400 1 7.4 0.41 100.00  

HisTrap column 5 

ml: Fr. 13–17 9 1.132 10.188   5 1800 4   7.2 70.67 97.30  

* Estimated from SDS–PAGE Band 
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After the optimization of DNA–protein ratio and precipitant composition, the crystals 

reached a final size of approximately 0.4 x 0.1 x 0.05 mm in 5 days. These crystals occurred 

as long needles and display single crystal.  

 

 

    A                       B 

Fig. 7 Protein–DNA crystals and X–ray diffraction pattern. A. Crystal of CbnR(DBD) bound to 25 bp 

RBS promoter sequence in 32.5% w/v PEG 4000; 0.1 M Tris pH 8.5; 0.2 M sodium acetate was 

soaked in glycerol. Crystal obtained by hanging–drop vapor diffusion.; B. X–ray diffraction image of 

a needle crystal shown in 2.55 Å 

 

Subsequent to preliminary crystal screen, a crystal from each condition was subjected to 

X–ray diffraction images and one of them exhibited better diffraction than other condition. 

Optimization of crystallization condition for needle crystal grew in approximately 7 days 

from a condition consisting of 32.5% w/v PEG 4000; 0.1 M Tris pH 8.5; 0.2 M sodium 

acetate. The crystals used for data collection and a sample X–ray diffraction image are shown 

in Fig. 7.    

 

Table 3 Data collection and refinement statistics 
Beamline PF-BL17A 
Program XDS 

2.5 Å10 μm
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Wavelength (A) 1.9 
Distance (mm) 228.2 
OSC_Angle (deg) 0.5 
No_frames 720 
Exp_time (sec) 1 
Space group 
 a (A) 
 b 
 c 
 alpha (deg) 
 beta 
 gamma 

C121 
186.46 
28.72 
73.15 
90 
111.65 
90 

Date_XSCALE  
Resolution (last shell) [Å] 67.99-2.55 
Outer shell (A) (2.69-2.55) 
Rmerge (last shell) [ %] 0.0590 (0.4390) 
I/ (I) (last shell)  13.52 (3.27) 
Completeness (last shell) [ %] 97.10 (95.50) 
Observed 73920 (10936) 
Unique reflections 22394 (3253) 
Redundancy 3.3 (3.3) 
Mosaicity 0.2 
B-Factor (A2) 55.06 

 

2.3.3 Overall structure of CbnR(DBD) with 25 bp RBS promoter sequences complex 

I determined the crystal structure of CbnR(DBD) in complex with DNA at resolution of 

2.55 Å by molecular replacement using a full length BenM–R156H mutant crystal (PDB, 

3KIM) as a search model. The final refined structures were determined (Table 3). The 

CbnR(DBD)/DNA was crystallized as a asymmetric unit; one complex consisting of two 

molecules of CbnR(DBD) bound to one DNA duplex containing a direct repeat (Fig. 8). Each 

subsite of the direct repeat binds one monomer of CbnR(DBD). The polypeptide chain folds 

of the two subunits of this CbnR(DBD) dimer are virtually identical to one another, and are 

extremely similar to the DBDs in BenM, CatM and MetR structures (Alanazi et al., 2013; 
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Punekar et al., 2016). The two monomer of CbnR(DBD) forms dimer by head–to–tail 

arrangement in the helix 4. Both of the monomer interact with DNA with identical at both 

subsites.  

Fig. 8 shows 2mFo−DFc density contoured of crystal structure at 1.0 σ. The structure 

suggested the mechanism of the cooperative binding of dimers to the DNA promoter. The 

overall structure of the complex comprises two dimers bound to the DNA, each centered on 

the pseudo–dyad located between the central T and A bases in the T–N11–A as LTTR motif 

sequence, which is found at the center of each promoter site. The two dimers are bound to 

approximately opposite faces of the DNA. Each monomer inserts helix –3 of the classical 

HTH motif into the major groove of DNA. In this structure, the two protein dimers are 

related by a dyad axis that coincides with the pseudo–dyad axis lying within the central T:A 

base pair of the 25-bp duplex.  

 

 
Fig. 8 Structure of CbnR(DBD)/RBS complex and 2mFo−DFc electron density map (1.0 σ). Each 
domain of the ribbon diagram of CbnR(DBD) is colored individually as follows: blue and cyan for the 

monomeric subunit A; and green and yellow for the monomeric subunit B. 

Monomer A Monomer B

5’

3’

5’

3’

freeR/R = 0.254/0.212. 
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CbnR(DBD)/DNA (Fig. 8) shows that each subunit uses its Helix–Turn–Helix motif in 

DBD to recognize the DNA consensus sequence. This manner is the same way observed in 

the crystal structure of BenM(DBD) in complex with its RBS sequence (PDB, 4IHS) 

determined previously (Alanazi et al., 2013) (Fig. 9). The helix 3 of CbnR(DBD) inserts 

into the major groove of the DNA, parallel to the axis of the double helix, and the wing loop 

parts, which is approximately perpendicular to the helix 3, lies across the minor groove (Fig. 

9).   

 

A      B 

 

C 

Fig. 9 Structural comparison of CbnR(DBD)/DNA and BenM(DBD)/DNA. A. Ribbon representation 

of CbnR(DBD) (green) and BenM(DBD) (gray) (PDB, 4IHS) bound to their cognate 25 bp RBS 

promoter sequences.; B. Distinct conformations of the helix 3 in CbnR(DBD) and BenM(DBD) that 
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are responsible for binding to DNA. C. Interaction between wing of HTH and minor groove of DNA. 

The introduction of the tip of the wing into the minor groove and consequential contact from 

CbnR(DBD) residues His–52 to adenine–24 and guanine–25 via hydrogen–bonding interaction. 

 

Recognition of the consensus sequence involves a few specific contacts of the amino acid 

residues with the base pair, sugar, and phosphate backbone. The side chain of Arg–34 forms a 

hydrogen bond to the guanine base at position 17 in the complementary strands of the 

consensus sequence, and Pro–30 and Thr–33 partially wedge themselves between the strands 

of the oligonucleotide, where they make van der Waals contacts primarily with the ribose 

groups of adenine–8 and thymine–6, respectively (Fig. 12). Nearly all other contacts are with 

the phosphate groups of the double helices: the side chains of Arg–50, Gln–37, Ser–28, Arg–

4, and Tyr–8. 

 

2.3.4 Sequence–specific contacts between CbnR(DBD) and DNA 

Inspection of the CbnR(DBD)/DNA interface revealed four amino acids that make 

sequence–specific contacts with RBS bases (Fig. 11 and 12). These conformations match the 

view that CbnR as LTTR members interact with RBS DNA with T–N11–A motif through 

conserved HTH domain (Schell, 1993; Maddocks and Oyston, 2008). Fig. 10 shows that 

contact between amino acid residues and nucleotide or biphosphate backbone of DNA occurs 

in a region where the minor groove is compressed affected to specificity interaction. Proteins 

can interact specifically with DNA through electrostatic, H-bond, and hydrophobic 

interactions.  AT and GC base pairs act as H bond donors and acceptors which are exposed in 

the major and minor grove of the double stranded DNA helix, allowing specific protein-DNA 

interactions (Luscombe et al., 2001; Jain and Bhattacharya, 2010) 
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Fig. 10 Recognition of a specific nucleotide sequence by DNA–binding proteins.  Recognition is 

determined by atomic interactions between the amino acid and nucleotide. H bond donors and 

acceptors is way for DNA-protein interactions. 

 

 
Fig. 11 Summary of the contacts between CbnR(DBD) and 25 bp RBS promoter sequence. All 

contacts are symmetrical. CbnR(DBD) side chains interacting with the DNA, and the DNA helix itself, 

were well defined in the electron density map. Water–mediated protein–DNA contacts were 

unobserved. 
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direct or indirect physical interactions between side–chains of protein and DNA base pair in 

order to switch conformations of both of them (Steffen et al., 2002; Badis, 2009; Alanazi et 

al., 2013; Siggers and Gordan, 2013; Lee et al., 2014) The crystal structures of 

CbnR(DBD)/DNA (Fig. 8) show that each subunit uses its two Helix–Turn–Helix motif in 

DBD to recognize the DNA consensus sequence. This manner is the same way observed in 

the crystal structure of BenM(DBD) in complex with its RBS sequence (PDB, 4IHS) 

determined (Alanazi et al., 2013). The N–terminal helix 3 of CbnR(DBD) inserts into the 

major groove of the DNA, parallel to the axis of the double helix, and the wing loop parts, 

which is approximately perpendicular to the helix 3, lies across the minor groove (Fig. 13).  

Direct physical interactions by sequence have strong links with conservations of DNA 

binding site sequences, motif length and spacer–length of RBS and ABS (Li et al., 2012; 

Oliver et al., 2016).  

 

 
Fig. 12 Details of the protein–DNA interface. Side chains from helices α3 are shown in (A) Arg(R)–

34 contact with the base edge of Guanine–DNA as hydrogen bond; (B) Thr(T)–33 have van der Waals 

interaction with phosphate backbone of thymine–DNA; (C) Gln(Q)–37 make contacts with thymine–

DNA by hydrogen bond; (D) van der Waals interaction also occurs in (Pro)P–30 and adenine–DNA. 

 

The terminal nitrogen of Arg–34 forms a hydrogen bond with the guanine–17 on opposite 

DNA strand, Pro–30 makes a van der Waals contacts with thymine–18, and Thr–33 makes 
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two interactions with phosphate backbone and base nucleotide of thymine–6 (Fig. 12). Pro–

30 and Pro–31’s side chain also have partially positively charge and interact with the DNA by 

hydrophobic effect of major groove DNA (Fig. 13). These interactions could be conserved in 

the DBD of LTTR member, which presumably contact DNA in an identical fashion of helix 

3. The mutation in DBD likely leads to deficiencies in DNA binding in LTTR members 

(Zhou et al., 2010; Guadarrama et al., 2014; Jo et al., 2015). 

Gel mobility shift and DNase I footprinting assays show that RBS have strong interactions 

and high affinity binding with one dimer of the tetramer. Therefore, RBS is pivotal in the 

interaction between the regulator and the promoter leading to activation and autorepression 

mechanisms (Porrúa et al., 2010; Platero et al., 2012). In AtzR protein, a member of LTTR, 

RBS is essential for correct AtzR–dependent regulation and the major sequence determinant 

for AtzR binding. In other words, ABS is not crucial for selectivity by the second dimer 

(Porrúa et al., 2007; Porrúa et al., 2010), but this site is essential for transcriptional activation 

because this site presumably makes contacts with RNA polymerase (Porrúa et al., 2010; 

Rivas–Marín et al., 2016). Footprinting analysis of several LTTRs revealed that ABS consists 

of three regions, namely ABS–1, ABS–2, and ABS–3. However, the sequences of the three 

regions are not well conserved in LTTR-regulated promoter regions (Porrúa et al., 2010; 

Platero et al., 2012). 

 

2.3.5 The DNA double helix is slightly distorted by CbnR(DBD) 

The best fit of the electron density in the region of DNA where the CbnR(DBD) makes 

contact with the double helix could be obtained with a classic B–DNA conformation. At the 

resolution of CbnR(DBD)/RBS DNA, the nature of the distortion cannot be characterized 

with precision, but it appears similar to that in the BenM(DBD)/DNA complex (Alanazi et al., 

2013). In that structure, the minor groove in the binding site of DNA for BenM(DBD) is 
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wider at base pair 3–5 of the consensus sequence compared with B–DNA because of the 

insertion of the helices– 3 into the major groove. In our structure, specifically, three amino 

acid residues, Pro–30, Thr–33 and Arg–34, seemed to be involved in distortion of the DNA 

by embedding into major groove. The distortion of DNA appears to do same thing in 

biochemical assay in ThnR, a member of LTTR family. Footprinting analysis showed that 

ThnR binds to its promoter region and causes a DNA distortion (Rivas–Marín et al., 2016).  

 

A 

 

B 

Fig. 13 Binding of CbnR(DBD) to DNA. A. Surface representation of CbnR(DBD) with surface 

potential; in red (negative) and blue (positive). DNA is yellow.; B. The stereo views (front and back) 

of the helices -3 bound to T-N11-A motif, related by a 180˚ rotation about the vertical axis are shown. 

The protein is shown as an -carbon backbone worm, with CbnR(DBD) colored green. Side chains 

are shown for those residues that make protein-DNA contacts. C-atoms of the side chains are colored 
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as the backbone, except atoms involved in polar contacts with the DNA (N-atoms, blue; O-atoms, red). 

The DNA is color-coded as in grey, except atoms involved in polar contacts with the protein are 

colored (N-atoms, blue; O-atoms, red). Dashed black lines indicate H-bonds or salt bridges. 

 

In MerR family, activation of transcription by regulator protein is achieved by 

protein-dependent DNA distortion. Distortion of the DNA is caused at the center of the 

operator to realign the –35 and –10 sequences, which were separated by a longer spacer than 

normal (Brown et al., 2003).  

 

2.3.6 CbnR(DBD) forms a dimer that recognizes two independent pieces of DNA 

CbnR(DBD) forms very tight dimer that binds to single half–sites of two independent 

double–stranded palindromic molecules of DNA. The dimer interface in the CbnR(DBD) 

located in the contact region. The total surface area buried in the CbnR(DBD) dimer is about 

2,022 Å2 (Fig. 13 A).  

CbnR(DBD) dimers primarily associate to form a stable homodimer via an antiparallel 

coiled–coil of the two linker helices 4, held together by hydrophobic, polar and ionic 

interactions as shown in Fig. 13 A. Apart from dimerization domain, CbnR binds to a DNA 

fragment in dimeric interface. The residues involved in dimerization play a key role in 

maintaining contact between the sides of the monomer, orienting the two monomers such that 

it is possible for them to bind simultaneously to both sites on a palindromic sequence (Fig. 

11). Superposition of BenM(DBD)/DNA and CbnR(DBD)/DNA indicates that the helices– 3 

and 4 contribute to the interface between adjacent subunit monomers packing onto the 

second helix of the DNA binding domain (Fig. 9 A). A structural comparison of LTTRs 

reveals that helices 4 mainly make up the position of helices– 3 reaching to the promoter 

sequence and arranged the structural changes of subunit (Jo et al., 2015).  
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The CbnR(DBD)/DNA complex have provided insight about how actual interactions 

between the DNA and the recognition helices of the subunits are, as indicated above. It is 

suggested that the other dimer part of CbnR tetramer protein binds to two half sites on second 

recognition sequence, namely ABS, in a similar way.  

 

2.3.7 The crystal structures suggests that helices 3 and wing loop mainly interact to its 

promoter 

The structure provides direct evidence that helices 3 bind simultaneously to two 

independent parts of double–stranded DNA molecules. Fig. 13 B shows side chain residues 

from helices 3 are extensively involved in the recognition helix to bind the DNA major 

groove while the wing contacts the adjacent minor groove. This binding mode generally does 

not induce major conformational distortions in the DNA, but the wing is vital for DNA 

interaction as evidenced by several mutational studies, which show that the terminally 

positioned positively charged residues are important for association with promoter DNA 

(Taylor et al., 2012; Porrúa et al., 2013; Alanazi et al., 2013).  

Amino acid residues in contact with the DNA are generally conserved within their family 

(Alanazi et al., 2013; Punekar et al., 2016). Conversely, mutational studies of residues that 

differ between DntR, NagR, and NtdR suggest that a number of specific residues are involved 

in the broader inducer specificity. 

CbnR(DBD)/DNA structures showed that the His–52 residues in the wing tip makes 

insertion specifically to the narrow minor groove of the promoter (Fig. 14). This phenomena 

relies on increase in negative electrostatic potential associated to the narrow minor groove, 

providing an indirect readout by a positively charged imidazole functional group of histidine. 

Furthermore, positively charged guanidinium group from Arg–53 residues, which are 

conserved among LTTRs, appeared to establish hydrogen bonds with the DNA phosphate 
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backbone in minor groove (Fig. 16). Mutation of these residues at the CrgA (Sainsbury et al., 

2009) and AphA abolishes the DNA binding. 

 

 
Fig. 14 A ribbon diagram showing the wing (C-terminal) of CbnR(DBD) interacting with minor 

groove of DNA. DNA is shown in sticks. The H-bonds between the protein and DNA are shown as 

dashed lines. The result presented suggested that wing part facilitates CbnR(DBD)/DNA interaction as 

additional indirect-readout mechanisms in binding process. 

 

In cell, there are thousands of genes and the challenge for a transcriptional regulator could 

be searches for the site that it regulates. Regulator proteins have to search and recognize 

specific sites on DNA which is required for initiating gene expression. Molecular 

characterization of regulator protein in complex with its promoter is crucial for understanding 

about mechanisms of regulation (Ruangprasert et al., 2010; Dangel et al., 2014). Fig 15 

presents the possible way of CbnR(DBD) to achieve its binding to promoter. CbnR(DBD) 

could bind to the DNA in direct-repeat sequence through shape–readout and base–readout 

mechanisms. 
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Fig. 15 3–helices intrude into the major groove (base read out). The wing–binding modules bind the 

minor groove (shape readout). In addition, protein–protein contacts are formed between the two DM 

domains (cooperativity) 

 

CbnR(DBD) binds as dimer and binding to each site appears to be stabilized by monomer–

monomer interactions to RBS promoter sequences. As shown in Fig. 9, the binding to DNA 

direct repeats forces the DBD dimer to bind with tandem symmetry. The DNA duplex can 

serve as a structural link and allow the assembly of all the components into one functional 

unit. All the protein in the complex either have a direct contact (i.e. helix –3 and wing–loop) 

and contacts to other molecule (monomer–A to monomer B). The DNA molecule that I select 

for this study is the Recognition Binding Site (RBS) promoter sequence with high affinity 

values than the ABS region. Each DBD of subunit of dimer recognizes and binds to promoter 

sequence independently in the presence of a palindromic DNA molecule. In addition to the 

binding sites, changes in the DNA from ideal forms will be required because the CbnR(DBD) 

dimer binds and bends the DNA promoter.  

DBD of LTTRs, which carry helix–turn–helix type DNA–binding motif at the N–terminus, 

is known to interact with its promoter via a hydrophobic pocket of DNA (Alanazi et al., 

2013; Jo et al., 2015). Either helices or wing loop parts in dimeric interface of CbnR(DBD) 

Base readout and 
cooperativity: -helices 

in major groove

Shape readout: Wing 
loop modules contact 
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involves some polar interactions with hydrophobic region in DNA (Fig. 14A). These indicate 

that the DBD dimers are relatively stable even upon structural changes in the RDs.  

Both of DBD–monomer recognize DNA in the same way, by means of two contiguous N–

terminal helix– 3 and the wing–loop (Fig. 15). This work confirms that DBD of LTTR has a 

conserved motif for DNA recognition. Superposition of the residues from the 

CbnR(DBD)/DNA and BenM(DBD)/DNA showed that contact of the amino acid residues 

Pro–30, Pro–31 and Arg–34 to DNA were observed in the same manner (Fig. 9). In 

CbnR(DBD)/DNA, Pro–30 and Pro–31 recognizes the hydrophobic effect of major groove of 

DNA. Arg–34’s side chain embedded into major groove DNA forms a hydrogen bond with 

the guanine–17 on opposite DNA strand. 

Analysis of protein–DNA complex structures in the PDB shows that hydrogen bonds are 

favored interaction across all protein–DNA families. Hydrogen provides the main interaction, 

namely bidentate (or bifurcated) bond with single bases, or complex bonds that make contact 

two or more adjacent base steps. Hydrogen interaction between amino acid and nucleotide 

base is also much stronger than van der Walls contacts (Suzuki et al., 1995; Locassale et al., 

2009; Rohs et al., 2010). 

In addition, three of residues in helix– 3 BenM(DBD)/DNA have the same manner of 

interaction with the DNA as CbnR(DBD)/DNA (Alanazi et al., 2013). The difference is in the 

first nucleotide in inverted repeats containing T–N11–A motif (Fig. 11). BenM DNA has A–

T–N11–A, and CbnR DNA has T– T–N11–A pattern. To confirm the specificity of the binding 

by LTTR members, I tested whether CbnR interacts with promoter regulated by other 

member of LTTR. In this case, I chose pBenA_site1 and pCatB_site1 as the model. Since 

both of them are have similarity in protein structure and promoter sequence with CbnR 

system (Chapter 3).  

The result showed that differences in promoter sequences may affect binding of regulator 
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protein to DNA. It is suggested that sequence of promoter mediate proper DNA geometry or 

proper spacing for recognition by regulator protein. This is related with how the regulator 

protein initially recognizes its promoter sequence. Promoter sequence plays roles to be 

recognized by LTTRs (Frisch and Bender, 2010; Dillon et al., 2012). This causes DNA 

sequence-driven change of DNA shape. Furthermore, DNA will provide the chemical 

signatures of the DNA bases and the 3D shape of the DNA molecule. These will constitute 

the mechanisms of recognition by protein known as base readout and shape readout, 

respectively (Harties and Scheneider, 2014).  

Interestingly, only a small number of amino acids make direct contacts with the bases in 

the minor groove of the DNA (Fig. 11). I assumed that this is a part of DBD features that take 

part in recognizing the promoter sequences.  

Another factor of CbnR(DBD) binding to the RBS sequence is the dimerization. The N–

terminal domains contribute to protein dimerization through helix– 4 of each subunit, 

forming a coiled–coil and stabilizing formation of dimers (Ruangprasert et al., 2010; 

Sainsbury et al., 2010). 

In addition, the variation of residues in T–N11–A motif could be utilized to maintain the 

specific interaction between amino acid residues and nucleotide bases. DNA backbone also 

provides a common framework of interaction that stabilises the complex formation. 

In conclusion, the initial recognition of CbnR(DBD) to its promoter could caused by two 

mechanisms. First is the base read out mechanism that lead to specificity of LTTR to 

distinguish each promoter sequence. The second step is the shape readout mechanism in 

which recognition helices provide stability to binding to its promoter by wing part structures. 

As initial steps in recognition of its promoter, LTTRs would combine the two mechanisms 

above. 
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Chapter 3 Biochemical analysis of interaction of CbnR(DBD) and RBS DNA 

 

3.1 Objective 

Crystal structure of CbnR(DBD)/RBS complex showed atomic interactions between 

protein and DNA, but they do not always reveal the specificity of those interactions. In order 

to explore the specificity of the binding, I conducted cross-binding and cross-activation 

analyses by CbnR(DBD) against RBS of the cbnA promoter and RBS of BenM-regulated 

promoter. Beside that the structure of BenM(DBD)/RBS complex is available, the nucleotide 

sequences of the inverted repeats in RBS of the two promoters are highly conserved (below). 

This makes the comparative analysis promising to analyze the detail of interaction. 

 

3.2 Materials and Methods 

3.2.1 Bacterial strains, enzymes, and oligonucleotides 

For molecular cloning and protein expression, host strains E. coli DH5  (Takara) and E. 

coli BL21(DE3) (Invitrogen) were used, respectively. The strains and plasmids used in this 

study are shown in Table 4. The DNA polymerase for PCR is KOD-Plus (Toyobo, Japan). 

Restriction endonuclease, DraI, PstI and MluI were purchased from Takara Bio Inc. (Japan) 

and HindIII, XbaI, and NcoI were purchased from Toyobo. The DNA ladder, X174 Hinc II 

digest and  Hind III digest, were purchased from Takara (Japan). The primers used in this 

work (Table 5) were synthesized by Eurofins Genomic Japan. QIAprep Spin Miniprep Kit 

(QIAGEN) and Plasmid Midi Kit (QIAGEN) were used for plasmid extraction. Extraction of 

DNA from agarose gel after electrophoresis was performed by QIAEX II Gel extraction Kit 

(QIAGEN). In construction of plasmids (Supplementary material, Table S1), vector and insert 

DNA were ligated by DNA Ligation Kit Mighty Mix (Takara). All the enzymes and the kits 

were used according to manufacture’s recommendations. 
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Table 4 Strains and plasmids used for biochemical analysis 

Strain or plasmid Relevant characteristics Source of reference 
Strain 
E. coli DH5  
 
 
 
 
 
E. coli BL21(DE3) 
 
 
 
 
 
Pseudomonas putida PRS4020 

 
supE44 lacU169 ( 80lacZ M15) 
hsdR17 recA1 endA1 gyrA96 thi-1 
relA1 
Host for general cloning and 
expression of pTrc99A–CbnRHis 
clones  
hsdS gal ( cIts857 ind1 Sam7 
nin5lacUV5-T7 gene 1) Cmr 
Host for expression of pET47b–
CbnR(DBD)His (WT) and 
pET47b–CbnR(DBD)His–
T33A/T33S mutant clones 
Host for reporter analysis. Relevant 
characteristics: catR::Gmr, Ben–

derivate of PRS2000 

 
Hanahan, 1985 
 
 
 
 
 
Novagen 
 
 
 
 
 
Parales and Harwood, 
1993 

Plasmids 
pBLcbnRncoHis–AB’ 
(pBLcbnR–AB’) 
 
 
 
 
pQF50 
 
pTrccbnR 
 
 
pTAC–2–CbnR(DBD) 
 
 
pET47b–CbnR(DBD)His 
 

 
ca 3kb XbaI–HindIII cbnR with 
6xHis codons on C terminus and 
cbnAB’ inserted into pBSKNco(–): 
Apr, Used for template of overlap 
PCR to make pBenA_site1 
promoter mutant 
Broad–host–range lacZ promoter 
probe vector Apr (Cbpcr) 
ca 1 kb NcoI–XbaI cbnR with 6–His 
codon on C terminus inserted into 
pTrc99A: Apr 

ca 2.8kb NdeI–NotI cbnR(DBD) 
with 6xHis codons on C terminus 
inserted into pTAC–2: Apr 
CbnR(DBD)His expression vector 
 

 
Moriuchi et al., 2017 
 
 
 
 
 
Farinha and 
Kropinski, 1990 
Moriuchi et al., 2017 
 
 
Eurofins Genomic 
Japan 
 
This study 
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pET47b–CbnR(DBD)His–T33A 
 
pET47b–CbnR(DBD)His–T33S 
 
pQF50-CbnR-AB’ 
pQF50-CbnR(T33A)-AB’ 
pQF50-CbnR(T33S)-AB’  
pQF50-CbnR-pbenA-AB’ 
pQF50-CbnR(T33A)-pbenA-AB’ 
pQF50-CbnR(T33A)-pbenA-AB’ 

CbnR(DBD)His–T33A expression 
vector 
CbnR(DBD)His–T33A expression 
vector 
Reporter construct 
Reporter construct 
Reporter construct 
Reporter construct 
Reporter construct 
Reporter construct 

This study 
 
This study 
 
This study 
This study 
This study 
This study 
This study 
This study 

Apr, Ampicilin–resistant 

 

3.2.2 Replacement of 25 bp RBS sequence of the cbnA promoter region 

For electrophoretic mobility assays and transcription assay, the DNA probes covering 

wild–type or mutated promoter regulatory regions were constructed as follows. Two–step 

PCR was used to mutate the cbnA promoter based on overlap extension method (Horton 

1995). The 25–bp RBS genes of cbnA promoter were replaced with RBS promoter region 

from pBenA_site1 and pCatA_site1. pBLcbnRncoHis–AB’ which contains cbnA promoter 

sequences was used as template (Supplementary material, Figure S1). The oligonucleotide 

primers (Table 5) used in first–step PCR were the pair of cbnproPstF and 

ADP1_PbenAs1_25bp+cbnAp37bpR, and the pair of cbnproBamR and 

ADP1_PbenAs1_25bp+cbnAp36bpF for pBenA. The oligonucleotide primers for first–step 

PCR of pCatA were the pair of cbnproPstF and ADP1_PcatBs1_25bp+cbnAp37bpF and the 

pair of cbnproBamR and ADP1_PcatBs1_25bp+cbnAp36bpF.  

 

Table 5 Primers used in this study 

Oligonucleotides primer Primer sequence (5’–3’) 
cbnproPstF TCACCCGAACGGCCTGCCAACTCC 
cbnproBamR GGAAATACGGGCCCTGGATCGC 
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cbnproPstF2 CATCCTCCAGGAAAGCGTGA 
cbnproMluR2 AGGAGAGCCATTTCCTTGGC 
ADP1_PbenAs1_25bp+cbnAp36bpF TAAAAATACTCCATAGGTATTTTATGCTGACT

AATTTGGTATTGGACGGCATG GCCGGCGC 
ADP1_PbenAs1_25bpc+cbnAp37bpR ATAAAATACCTATGGAGTATTTTTAGCACATC

ACCAACTCGGAAAGCGCG CCATGGAATTCC 
ADP1_PcatBs1_25bp+cbnAp36bpF TTTATATACCTTTTTAGTATGCAAAGCTGACT

AATTTGGTATTGGACGGCA TGGCCGGCGC 
ADP1_PcatBs1_25bpc+cbnAp37bpR TTTGCATACTAAAAAGGTATATAAAGCACAT

CACCAACTCGGAAAGCGCGCCATGGAATTC
C 

cbnR-T33Sf CCCATCTCGCGGCAGATGCAA  
cbnR-T33Sr TTGCATCTGCCGCGAGATGGG 
pTrc99A_Fw_233–252  TGAGCGGATAACAATTTCAC 
pTrc99A_Rv_359–340 GCTGAAAATCTTCTCTCATC 
cbnRDigF1 GGCGCGCTTTCCGAGTTGGTGATGATGTGC 
cbnRDigF2 CCCGGTCTCCTTTGTCGGTTTGCC 
AS S–Tag 18mer Primer Comp GTCCATGTGCTGGCGTTC 
T7 Promoter primer TAATACGACTCACTATAGGG 
M13(–21) forward primer TGTAAAACGACGGCCAGT 
M13 reverse primer CAGGAAACAGCTATGACC 

 

The PCR product from first–step PCR was used as template in second–step PCR with 

oligonucleotide primer as follows; the pair of cbnproPstF2 and 

ADP1_PbenAs1_25bp+cbnAp37bpR, and the pair of cbnproMluR2 and 

ADP1_PbenAs1_25bp+cbnAp36bpF for pBenA. The oligonucleotide primers for second–

step PCR of pCatA were the pair of cbnproPstF2 and ADP1_PcatBs1_25bp+cbnAp37bpF 

and the pair of cbnproMluR2 and ADP1_PcatBs1_25bp+cbnAp36bpF. Both fragments from 

second–step PCR product were subcloned into the pBLcbnRncoHis–AB’ plasmid treated 

with PstI and MluI, resulting in a cloned promoter fragment pBLcbnRncoHis–AB’–pbenA 

and pBLcbnRncoHis–AB’–pcatA (Supplementary material, Figure S2.). The construct with 

mutated sequence was identified by restriction analysis and nucleotide sequencing. 
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3.2.3 Overexpression and purifications of CbnRHis proteins 

To express full-lenghth CbnRHis proteins, E. coli DH5  cells containing the pTrccbnR 

plasmids were used under the control of a trc promoter. Four ml an overnight culture (37°C) 

of transformed cells in 10 ml LB medium (containing 50μg/ml Ap) was inoculated into 400 

ml fresh medium and incubated in same condition. When the bacteria had grown to an optical 

density of 0.4 at 600 nm, cultures was induced with 1 M isopropyl β–D–1–

thiogalactopyranoside (IPTG), prior to the induction of protein expression. The cultures were 

grown for 6 h and cells were harvested by centrifugation (4.000 rpm for 10 min at 4°C).  

CbnRHis was purified from harvested cells using the Qiagen Ni–NTA Fast Start kit and 

QIA–Express protocol (Qiagen). Briefly, cell pellets were resuspended in 10 ml of Ni–NTA 

native lysis buffer containing lysozyme (1 mg/ml) and Benzonase® nuclease, followed by 

incubation for 30 min (mixed 2–3 times during incubation time). The lysate was centrifuged 

at 14,000 x g for 30 min at 4°C. The columns were equilibrated before use. The crude extract 

protein was loaded onto column. The column was washed twice with the wash buffer. The 

CbnRHis protein was eluted with 1 ml of elution buffer by two times. Each solution fraction 

was collected separately. The last elution was conducted using Imidazole buffer (300 mM 

NaCl, 50 mM Na3PO4, 400 mM Imidazole, pH 8.0). Protein concentration was monitored by 

UV absorbance and fractions assayed SDS–PAGE. 

 

3.2.4 Overexpression and purification of wild–type and mutant of CbnR(DBD)His 

proteins 

pET47b–CbnR(DBD)His, pET47b–CbnR(DBD)His–T33A, and pET47b–

CbnR(DBD)His–T33S were introduced into E. coli BL21(DE3) cells and grown at 37°C in 

200 ml LB medium supplemented 2% glucose and 50 μg/ml kanamycin in a shaker. The 
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cultured medium was inoculated to 2L fresh medium. The culture was grown at 27°C with 

constant shaker at 110 rpm until the optical density (OD600) reached 0.6 – 0.8 and then cooled 

at 16°C. CbnR(DBD)His expression was induced by adding IPTG to a final concentration of 

1 mM and grown for overnight. The bacterial cells were harvested by centrifugation (4,000 

rpm for 10 min at 4 °C). Five hundred ml of cell pellet was re–suspended in 10 ml of buffer A 

(20 mM Tris–HCl; 500 mM NaCl; 20% glycerol, 10 mM –Merchaptoethanol and 5 mM 

Imidazole, pH 8.0) (Allanazi et al., 2013). The cells were lysed by sonication for 1 min 

pulses and cooling on ice for 3 min (1 min on / 3 min off) in 3 cycles. Furthermore, cell 

debris was pelleted by centrifugation at 15,000 rpm for 30 min.  

CbnR(DBD)His (WT and mutant) proteins in the soluble fraction were purified by 

standard affinity chromatography using HisTrap™ HP colomn (GE Healthcare). The column 

was washed two times in series with buffer A and B (20 mM Tris–HCl; 500 mM NaCl; 20% 

glycerol, 10 mM –Merchaptoethanol and 1 M Imidazole, pH 8.0). The CbnR(DBD)His was 

eluted with a linear gradient of Imidazole (0.005 M to 1 M). The peak fractions containing 

the CbnR(DBD)His were collected and the concentration of the protein was determined using 

the NanoDrop ND–1000 (Thermo Scientific) at 280 nm. The purity of the protein was judged 

using SDS–PAGE (NuPAGE 4–12% Bis–Tris) stained with Coomassie Brilliant Blue (CBB) 

G–250 (Wako).  

Protein–rich fractions were collected and loaded on a HiLoad™ 16/60 Superdex™ 200 

Prep. Grade column (GE Healthcare) equilibrated with buffer B. The peak corresponding to 

CbnR(DBD)His was pooled and concentrated using 3 kDa cut off AmiconUltra–3K (Merck). 

The protein concentration was determined using the NanoDrop® ND–1000 (Thermo 

Scientific) at 280 nm and SDS–PAGE. 

 

3.2.5 SDS–PAGE protein profile analysis 
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Proteins were mixed with 2x SDS sample loading buffer to make total volume of up to 

20μl, then were incubated at 90°C for 3 minutes. After cooling, samples were loaded on 

Novex NuPAGE 4–12% Bis–Tris gel (Invitrogen) and subjected to electrophoresis 

(Invitrogen XCell SureLock Mini–Cell, EI0001) at 50 Volt in MES buffer for 10 minutes and 

120 volts for 45 minutes. Gel were rinsed in deionized water, and stained with CBB G–250 

for 30 minutes. Gels were subsequently destained on warm deionized water.  

 

3.2.6 DNA Binding assay: Electrophoretic Mobility Shift Assays (EMSA) 

For electrophoretic mobility assays, the DNA probes covering wild–type or mutated 

promoter regions were prepared as follows. The DNA probes containing the whole promoter 

region (RBS–ABS) of cbnA were PCR–amplified from pBLcbnRncoHis–AB’, 

pBLcbnRncoHis–AB’–PbenA and pBLcbnRncoHis–AB’–PcatA. The primers used for 

amplification of the promoter regions were cbnDigGF1 and cbnDigGF2 (Moriuchi et al., 

2017). The PCR products were then purified using the QIAEX II Gel extraction Kit.  

DIG–labeled DNA probes for EMSA are generated using the DIG Oligonucleotode 3’–end 

labelling kit 2nd generation according to the manufacture’s instructions (Roche) 

(Supplementary material, Table S2). Briefly, Digoxigenin–ddUTP oligonucleotide 3’–end 

labeling solution and terminal transferase were incubated for labeling of the oligonucleotides 

at 37 C for 15 min (Supplementary material, Figure S6).  

Native 10% polyacrylamide gels were prepared with 0.5X TBE buffer (0.53 gr Tris–HCl, 

2.75 gr Boric acid, 50 mM EDTA, pH 8.0), and subjected to pre–run in 0.5X TBE buffer at 

80 V for 20 min, in cold room, before loading the samples. Samples (20 l) were prepared by 

incubating 40 pg/ l of PCR–amplified target DNA which are labelled (Dig–labeled probe 

DNA) with increasing concentration of CbnR(DBD)His (wild-type CbnR, 

CbnR(DBD)His-T33A and CbnR(DBD)His-T33S) with following conditions of DNA:protein 
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molar ratios of 1:1, 1:1,5 1:2, and 1:4; in binding buffer (20 mM Hepes pH 7.9, 1 mM EDTA, 

1 mM DTT, 30 mM KCl, 10 mM (NH4)2SO4); 10% Tween 20, 1 mg/ml BSA) for 20 min at 

room temperature. Samples were mixed with gel loading buffer (fourfold) and analyzed on 

native polyacrylamide gels (80 min run at 80V on cold room). The gels were transferred to a 

nylon membrane, Hybond-N+ (Amersham, GE Healthcare life sciences) by Mini Trans–

Blot  Electrophoretic Transfer Cell (BioRad). After transferring DNA, the nylon membranes 

were UV cross–linked for 36 seconds. The blot were then subjected to DIG luminescent 

detection and exposed to an imaging screen and scanned with a the Bio Rad Fluor–S Max. 

Images of gels were obtained using Quantity One imaging software. 

 

3.2.7 Strategy to make lacZ fusion constructs of mutant cbnA promoters with 

PbenA_site1 RBS or PcatB_site1 RBS sequence 

The plasmids for reporter analysis were constructed as follows. pBLcbnRncoHis–AB’–

PbenA and pBLcbnRncoHis–AB’–PcatB were extracted from E. coli DH5  cells harboring 

the plasmids. To construct pQF50–PbenA_RBS–AB’ and pQF50–PcatB_RBS–AB’, 2.6 kbp 

fragments of cbnR-PbenA_RBS–AB’ and cbnR-PcatB_RBS–AB’ were obtained by digesting 

the plasmids with HindIII, Xba I and DraI. The obtained fragments of cbnR-PbenA_RBS–

AB’ or cbnR-PcatB_RBS–AB’ was cloned into the HindIII and Xba I site of the vector 

pQF50 in the orientation that the promoter-AB’ fused to promoter-less lacZ gene of the 

vector. The yielded reporter plasmid pQF50-cbnR-PbenA_RBS–AB’ and pQF50–

PcatB_RBS–AB’ were confirmed by restriction analysis and nucleotide sequencing. 

 

3.2.8 Strategy to construct PcbnA_benA_RBS lacZ reporter with mutant-CbnR gene  

The mutant cbnR genes were generated based on overlap extension method (Horton 1995). 

First, two DNA fragment of the CbnR gene, a N-terminal fragment and a C-terminal 
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fragment that overlap by the regions annealed by the complementary mutagenesis primers, 

were synthesized independently by PCR using pBLcbnRncoHis–AB’ as a template, and by 

the primer set for N-terminal fragment, -21M13F and a reverse mutagenesis primer 

(cbnR-T33Sr), or by the primer set for C-terminal fragment, a forward mutagenesis primer 

(cbnR-T33Sf) and M13Rev. Secondly, a full length cbnRHis-T33S gene with the mutation 

was synthesized by PCR using the two kinds of PCR-products above, the N-terminal 

fragment, as template together with the primers of extreme ends, -21M13 and M13Rev. A 

911-bp DNA fragment containing cbnR gene with an NcoI site overlapping with the first four 

nucleotides, ATGG, of the cbnR genes and with 6X His codons followed by a termination 

codon TAG and an XbaI site on C terminus was cloned into NcoI-XbaI sites of pBluescript 

SKNco(-), yielding pBSKNco(-)cbnRncoHis-T33S.  

The amplified products of full-length cbnR gene containing the substitution was digested 

with NcoI and XbaI and used to replace with cbnR-T33A and cbnR-T33S gene of 

pBLcbnRncoHis–AB’ and pBLcbnRncoHis–AB’–pbenA. These cloning procedure generated 

pBLcbnRncoHis–AB’-CbnR-T33S, pBLcbnRncoHis–AB’–pbenA-CbnR-T33A, and 

pBLcbnRncoHis–AB’–pbenA-CbnR-T33S mutants.  

The plasmids for reporter analysis were constructed as follows. pBLcbnRncoHis–

AB’-CbnR-T33S, pBLcbnRncoHis–AB’–pbenA-CbnR-T33A, and pBLcbnRncoHis–AB’–

pbenA-CbnR-T33S containing complete intergenic region of cbnR-T33A/S, cbnA promoter, 

full length of the cbnA gene and a part of the cbnB gene were digested using DraI, XbaI, and 

HindIII. Fragment containing the cbnR mutant gene, promoter, and the cbnAB’ genes was 

inserted into the XbaI-HindIII sites of pQF50 vector, yielding reporter plasmid 

pQF50-CbnR(T33S)-AB’, pQF50-CbnR(T33A)-pbenA-AB’, and pQF50- 

CbnR(T33S)-pbenA-AB’ 

 



 50 

3.2.9 In vivo determination of CbnR and PbenA_RBS–AB’ and PcatB_RBS–AB’ 

promoter activation ability 

Assays were carried out essentially as described by Miller (1972). The resultant plasmid 

above was electroporated into Pseudomonas putida PRS4020 electro-competent cells. Five l 

of each plasmid (Midi prep grade) was mixed with 120 l P. putida PRS4020 in an 

Electroporation cuvette of 2 mm gap (BioRad). The mixtures were incubated on ice for 20 

min, then electroporation was carried out using Electro Cell Manipulator ECM 600 (BTX) 

with following conditions: 2.5 KV, 50 F, R4 and automatic mode. After subjecting to 

electro-pulse, cells were transferred into a new Eppendorf tube containing 1 ml TYP medium 

(TYP medium; 16 g Tryptone, 16 g Yeast Extract, 5 g NaCl, 2 g K2HPO4, per liter). Tubes 

were incubated at 30 C for overnight and then plated to PIA plate containing 10 g/ml 

gentamycin and 1000 g/ml viccillin. 

LacZ assay was carried out as described by Moriuchi et al (2017). The transformants were 

grown on TYP–gentamycin–viccillin plates. Then, the P. putida PRS4020 cells containing the 

pQF50-based reporter plasmid were precultured in 5 ml of LB–Gentamycin–Viccilin liquid 

media and grown overnight at 30 C. Overnight cultures were diluted 1:100 into a defined 

basal salts medium (BSM) supplemented with glucose, glucose + benzoate, and glucose + 3–

chlorobenzoate with appropriate antibiotics (10 g/ml gentamycin and 1000 g/ml viccilin). 

The cultures were incubated at 30 C for 18 hours. One hundred μg lysate in 1 ml aliquot of 

the lacZ buffer was incubated at 28 C with 0.2 ml of 4 mg/ml o–nitrophenol– –D–

galactopyranoside (ONPG). After a yellow coloration developed, 0.5 ml 1 M Na2CO3 was 

added to terminate the reaction. The extent of the yellow coloration was measured at OD420 

nm for each reaction. The –galactosidase activity was calculated as below.    

 
Miller unit (nmol ONPG/min/mg) =          A420         
      (mg protein)(min)(0.0045) 
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3.3 Results and Discussion 

3.3.1 CbnR(DBD)His mutant protein expression and purification 

In order to explore the role of Thr33 residue in protein–DNA interaction, I made constructs 

of the CbnR(DBD)His mutant with alanine and serine substitution at position 33. To generate 

CbnR(DBD)His mutants with substitution of T33A and T33S, PCR amplification was 

conducted using synthetic oligonucleotides from Eurofins (Japan). The DNA fragment of 

CbnR(DBD)His–T33A and CbnR(DBD)His–T33S was cloned into pET47b vector 

(Supplementary material Figure S3–S5). The resultant plasmids gave CbnR(DBD)His mutant 

proteins with the expected size in the soluble fraction of cell lysate upon expression of E. coli 

BL21(DE3) containing the plasmids (Fig. 16).  

 
 

Fig. 16 SDS-PAGE profile showing purification of CbnR(DBD) (6xHis–tagged wild type), mutants of 

CbnR(DBD)His–T33A and CbnR(DBD)His–T33S from E. coli. The protein were stained by 

Coomassie blue. MW, standard protein marker (Numbers on left show the molecular weight–kDa); 

CE, supernatant of the whole cell lysate; FT, flowthrough; W, column wash; 13–16, fractions of 

CbnR(DBD)His elution.  

 

Also, the mutants of Thr-33 gave similar yield of protein in the SDS–PAGE profile by 

HisTrap 5 ml column purification. Thr-33 residue of CbnR(DBD) was located in the  

recognition helix (Fig. 17), which made electrostatic interaction with the DNA–phosphate 
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backbone. Serine of position 33 of BenM(DBD) is also located at structurally equivalent 

position in the recognition helices of BenM protein (Alanazi et al., 2013). 

 

 
Fig. 17 The Thr-33 residue located in the part of the recognition helix (HTH) bind in the major groove 

towards the edge of the target site. Thr-33 binds thymine–6 through the electrostatic contacts and 

hydrophobic pocket of DNA. 

 

3.3.2 CbnR(DBD) and full length–CbnR does not binds to an promoter region 

containing 25 bp RBS of BenM regulated promoter 

To analyze the functional role of amino acid residue in helix– 3 of CbnR(DBD) in the 

interaction with the promoter, the effects of different promoter sequence were assessed. I 

constructed mutant promoters of cbnA promoter, for which the 25 bp RBS sequence was 

replaced with that of the promoter regulated by BenM and CatM, pBenA_site1 and 

pCatB_site1, respectively (Alanazi et al., 2013). The resultant mutant promoter fragments 

were subjected to gel retardation analysis using CbnR(DBD) together with the native cbnA 

promoter sequence.  

Monomer A Monomer B

5’

3’

5’

3’
Thr-33DT-6
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Fig. 18 Electrophoresis mobility shift assay (EMSA) demonstrates that CbnR(DBD)His binds to DNA 

fragment of native cbnA promoter with its own RBS–ABS sequence (lanes 2). No binding with 

CbnR(DBD)His was observed for mutant promoters with RBS (pBenA_site1) or RBS (pCatB_site1) 

(lanes 4, 6, respectively)  

 

Fig. 18 shows the result of EMSA using mutant cbnA promoter which contained the RBS 

sequence of pBenA_site1 and pCatB_site1. The inverted repeat of RBS sequence is 

responsible for the primary interaction of LTTR with its promoter region (Parsek et al., 1994; 

Tover et al., 2000; Platero et al., 2012; Rivas–Marín et al., 2016). CbnR(DBD) did not bind 

to mutant cbnA promotors (Fig. 18). This fact indicated that the RBS is critical determinant 

for CbnR(DBD) binding to the cbnA promoter region. Recognition of both half–sites of the 

sequence could be essential for high specificity of CbnR recognition to its promoter.  

The effects of these mutant promoters towards binding specificity of CbnR were also 

assessed by means of –galactosidase assay. The cbnA promoter mutants which contain 

25-bp RBS of pBenA_site1 or pCatB_site1 (RBS sequence replaced with those of 

pBenA_site1 and pCatB_site1) were fused lo lacZ reporter systems (Fig. 19). All gene 

fusions were integrated in pQF50 vector and transformed to P. putida PRS4020. CbnR 

required for activation of the (mutant) cbnA promoters was expressed from the divergent 

promoter region. 
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Fig. 19 Schematic drawing of genetic constructs containing the promoter regions of native cbnA and 

mutants for which RBS was replaced with that of pBenM or pCatM 

 

As shown in Fig. 20, the mutation in cbnA promoter with pBenA_site1 severely reduced 

transcription in –galactosidase assay, although a minimal amount of transcription was still 

detected. Interestingly, the mutation in promoter where RBS was replaced with that of 

pCatB_site1 had dramatic effect on the transcriptional activity. Transcriptional activity of this 

mutant grown with glucose or glucose plus 3–chlorobenzene was higher than that of cbnA 

native promoter. Conversely, expression from glucose plus benzoate was lower than that of 

cbnA native promoter. These data indicate that the effect of the mutation in cbnA promoter 

can be partially alleviated by the nearby presence of promoter sequence and carbon source.  

 

 
Fig. 20 Expression level (in Miller units) of cbnAB’(WT), cbnAB’(with RBS of pBenA_site1), and 

cbnAB’(with RBS of pCatB_site1) in BSM medium supplemented with different carbon source 

(glucose, glucose+benzoate, glucose+3–chlorobenzoate). Standard deviation of three independent 

replications is indicated with error bars, though some are not visible due to their small values.   
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LacZ reporter assay suggested strongly that the appropriate RBS sequence is required to 

provide correct interaction of CbnR and the promoter that leads to activation process. The 

inability of CbnR to bind to RBS-mutant promoters is consistent with the idea that RBS 

sequence has priority with regard to the initial recognition of dimeric LTTR. This view is 

further supported by the EMSA result from several LTTR proteins demonstrating that RBS is 

required for regulatory mechanisms, probably contributing to sequence recognition and 

oligomerization of LTTR.  

 

 
 

Fig. 21 A. Sequence alignment of CbnR(DBD) and BenM(DBD) by using LALIGN. The similarity is 

73,5%.; B. 3D structural superposition of the C  backbone of the CbnR(DBD)/DNA (green) and the 

C  backbone of the BenM(DBD)/DNA(4IHS)(red) as a model resulted in low RMSD value. It is 

revealed that the conformations of the secondary structures in the two DBDs are virtually identical 

and the two DBDs are highly similar; C. Pair–wise alignment of the promoter of cbnA and 

BenM-regulated sites. Sequences were aligned using online software (http://www.ebi.ac.uk/Tools/).  

“*” indicates every tenth position of the nucleotide counted from the 5’ terminal. Percent values refer 

to similarity of nucleotide sequences. 
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It is generally thought that LTTRs are able to recognize their specific target promoter in the 

genome because their affinities for specific and non–specific DNA differ by nucleotide 

sequences. Fig. 21 shows the amino acid sequences and structures of CbnR(DBD) and 

BenM(DBD). Substituting RBS sequence of the cbnA promoter with that of BenM-regulated 

promoter resulted in unbinding of CbnR to the promoter. It is suggested that specificity in the 

interactions is achieved by both direct and indirect readout mechanisms. The regulator 

protein recognizes the chemical signature of DNA of its target sequence through a direct 

readout (base readout) mechanism. In addition, variation of nucleotide sequences of the 

promoter also contributes to discrimination by the regulator protein through indirect readout 

(shape readout) mechanism, which involves topology of local DNA structure, such us 

intrinsic curvature, topology of major or minor grooves, and local geometry of backbone 

phosphates (Rohs et al., 2010; Knapp and Hu, 2010; Porrúa et al., 2013; Siggers and Gordân, 

2013).   

 

3.3.3 CbnR(DBD)His–T33S binds to the cbnA promoter site 

According to the crystal structure of CbnR(DBD)His/DNA complex, the helix –3 binds 

DNA through a positively charged surface with the major groove of DNA. We observed that 

Thr-33 has an important role in specific interaction with thymine-6 located in the major 

groove of DNA. Even though thymine-6 is one nucleotide before T–N11–A motif, the positive 

charges on the amino acid residue Thr-33 match the DNA phosphate backbone of thymine–6, 

thereby contributing to charge attraction for the specific binding affinity. In the promoter 

region regulated by LTTR, one nucleotide before T–N11–A motif in RBS is less conserved.  

To explore the detail of interaction of CbnR(DBD) with the DNA, we examined the 

CbnR(DBD)His mutant with substitution of Thr-33 to Ala and Ser to better understand the 

recognition process that contributes to the sequence selectivity of promoter. We carried out 
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biochemical assay of CbnR(DBD)His–T33A and CbnR(DBD)His–T33S interaction with the 

native cbnA promoter and the mutant promoter with pBenA_site1 RBS. EMSA was 

performed to detect binding of CbnR(DBD)His-T33A and CbnR(DBD)His-T33S to the 

promoter fragments.  

Fig. 22 shows that CbnR(DBD)–T33S clearly bound to the cbnA promoter as well as the 

CbnR(DBD)His (WT), but not to the DNA fragments containing the pBenA_site1 RBS motif. 

The results demonstrated that CbnR(DBD)His did not bind to the mutant promoter with the 

pBenA_site1 RBS under the conditions used for binding with the native cbnA promoter.  

Mutation of Thr-33 of CbnR(DBD) to Ala abolished binding activity to the native cbnA 

promoter. This result could indicate that negative charge from Thr-33 is important for DNA 

binding. Therefore, I presume that each of residues in regulator protein has its own function 

to make interaction with DNA and the specificity of base read is critical to recognize the 

promoter region. 

 

 
Fig. 22 Gel shift assay of CbnR(DBD)His (WT), CbnR(DBD)His–T33A, and CbnR(DBD)His–T33S 

with DNA fragments of the native cbnA promoter or the mutant promoter with pBenA_site1 RBS. 

Purified CbnR(DBD)His (WT) and CbnR(DBD)His–T33S bound to the cbnA promoter. Arrows 

cbnA promoter + + + + - - - -
benM promoter - - - - + + + +
DBD-CbnRHis (WT) - + - - - + - -
DBD-CbnRHis-T33A - - + - - - + -
DBD-CbnRHis-T33S - - - + - - - +

Bound DNA  

Free DNA 
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indicate the free DNA probes and the shift bands of the CbnR(DBD)His–DNA complex. 

 

The ability of CbnR(DBD)His–T33S mutant to bind to the native cbnA promoter was 

surprising. It is probably because serine and threonine residues have hydroxyl group in 

common and could form water–mediated hydrogen bonds with the phosphate backbone of 

DNA. Substitution of threonine with serine probably did not change the interaction with the 

DNA in recognition helix. This result is consistent with that sequence–specific interactions 

are exclusively derived from sequence–recognition helix –3 to the DNA bases in the major 

groove.   
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Chapter 4 General discussion 

 

In this study, I determined the crystal structure of the CbnR(DBD)–RBS complex to 

analyze the specificity difference between CbnR and BenM. Our structural analysis and 

comparison with the crystal structure with that of the BenM(DBD)–RBS complex suggested 

some critical interactions for the specific interaction between CbnR(DBD) and RBS of the 

cbnA promoter. Moreover, the crystal structure of the CbnR(DBD)–RBS could reasonably 

explain the results of our earlier EMSA with Gln29 mutant proteins, which could not be 

reasonably explained based on the crystal structure of BenM(DBD)–RBS.  

Further analysis of the interactions between CbnR(DBD) and RBS based on our earlier 

mutational experiments on CbnR would offer some clues to understanding the interaction of 

CbnR(DBD) and RBS DNA. In our earlier experiments, a series of single amino acid 

substitutions were introduced into the full length of CbnR. The crystal structure of the 

CbnR(DBD)–RBS complex showed that our prediction of amino acids interacting with DNA 

was essentially correct. Next, our group analyzed the results of EMSA using the present 

crystal structure. Of the fifteen mutants, the EMSA results for twelve mutants could be 

reasonably explained by a simple rule based on the distance from the bound DNA. Alanine 

substitutions for residues within 4 Å distance from the bound DNA reduced the DNA–

binding activity (Arg4Ala, Val27Ala, Ser28Ala, Pro30Ala, Thr33Ala, Arg34Ala, Gln37Ala, 

and Arg50Ala), and those located more than 4 Å from the bound DNA had smaller effects on 

the DNA–binding activity (Lys7Ala, Lys23Ala, Gln29Ala, and Asp42Ala). While the results 

of EMSA for the remaining three mutants (Asn17Ala, Glu40Ala, and His52Ala) did not 

follow the simple rule described above, they could also be explained with the crystal structure. 

Asn17 and His52 are located within 4 Å from the DNA, but alanine substitutions for these 

two residues did not affect the DNA-binding activity. Since Asn17 interacts selectively with 
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DNA via the Cβ atom, an alanine substitution that retains the Cβ atom would not affect the 

DNA–binding activity significantly. Alanine substitution of His52 results in a loss of the 

interactions with DNA. However, Arg53 could take part in an interaction with DNA, as 

observed in the BenM(DBD)–DNA complex. Finally, Glu40 appears to have an indirect 

effect on DNA binding. Glu40 interacts with Arg50 and stabilizes the Arg50 conformation to 

interact with DNA. The substitution of Glu40 with alanine therefore destabilizes the 

conformation of Arg50, resulting in a reduction of the affinity for DNA.  

Interestingly, as described in our earlier report, the affinity for RBS does not directly relate 

to the transcriptional activation activity of CbnR (or its mutant), suggesting a multi–step 

mechanism of the transcription activation by LTTRs. In particular, the results of mutational 

analysis on Gln29 are enigmatic. This residue is not directly involved in the interaction with 

DNA, and its mutant proteins exhibit only limited differences by EMSA. However, the 

inducer was unable to activate transcription of most of the mutant proteins of Gln29. It is thus 

reasonable to predict that Gln29 in CbnR plays a critical role other than in the interaction 

with RBS; Gln29, which is one of the well conserved amino acids in DBD of various LTTRs, 

may contribute to the interactions with ABS or other factors including RNA polymerase. To 

address this possibility, it will be necessary to analyze not only the interaction between 

CbnR(DBD) and ABS but also the crystal structure of the CbnR(full) in complex with the 

cbnA promoter with and without the inducer molecule. These studies would provide deep 

insight into the mechanism of the transcriptional activation by CbnR.  
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Fig.S1 Construction of recombinant plasmid pBLcbnRncoHis–AB’–PbenA and pBLcbnRncoHis–

AB’–PcatA.  

 

pBLcbnRncoHis-AB’

1st PCR

Digestion

cbnproPstF2

ADP1_PbenAs1_25bp+cbnAp37bpR
or

ADP1_PcatBs1_25bp+cbnAp37bpR 

ADP1_PbenAs1_25bp+cbnAp36bpF
or

ADP1_PcatBs1_25bp+cbnAp36bpF 

cbnrproMluR2

Templates

cbnproPstF2

PstI MluI

cbnrproMluR2

PstI MluI

Ligation

pBLcbnRncoHis-AB’_pBenA_site1
or

pBLcbnRncoHis-AB’_pCatA_site1

PbenAs1_25bp or PcatBs1_25bp

A B

2nd PCR

CbnR cbnA cbnB

CbnR cbnA cbnB

CbnR cbnA cbnB

Size 266 bp Size 253 bp

Size 500 bp

cbnproPstF2

cbnrproMluR2

cbnproPstF2

cbnrproMluR2

Size 283 bp
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Fig. S2 Construction of reporter plasmid for LacZ assay 

 
 

 

Fig. S3 DNA labeling for gel shift assay 

 
 

Reporter gene constucts

pQF50

CbnR cbnA cbnB

pBLcbnRncoHis-AB’_pBenA_site1
or

pBLcbnRncoHis-AB’_pCatA_site1

XbaI HindIII XbaI HindIII

CbnR cbnA cbnB

pQF50-cbnRncoHis-AB’_pBenA_site1
or

ppQF50cbnRncoHis-AB’_pCatA_site1

LacZ

LacZ

PCR

cbnR_Dig_GF1

cbnR_Dig_GF2

Templates

L Label + terminal transferase

Step 1: 

5’
3’

5’
3’

DIG
ddUTP

Labeled probe

pBLcbnRncoHis-AB’_pBenA_site1
or

pBLcbnRncoHis-AB’_pCatA_site1
CbnR cbnA cbnB

Oligonucleotide size 149 bp
5’

3’

Step 2: 

DNA labeling
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Fig. S4 PCR cycles for site-directed mutagenesis 

 

 

Fig. S5 SDS PAGE profile for the CbnR(DBD)His (wild type) expression. E. coli BL21(DE3) 

containing the pET47b-based plasmid expressed CbnR(DBD)His by induction with IPTG. 

Lanes 1–4, negative control. overexpression of pET47b in LB for 0, 18 hours, supernatant and 

precipitant, respectively after IPTG induction. Lanes 5–8, Overexpression of CbnR(DBD)His 

(9 kDa) for 0, 18 hours, supernatant and precipitant, respectively after IPTG induction. MW is 

SeeBlue™ Plus2 Pre–stained Protein Standard (Invitrogen ).  

 

3 cycles    3 cycles 3 cycles 3 cycles 3 cycles 3 cycles    3 cycles 4˚C

95˚C-30 sec
65˚C-15 sec
72˚C-30 sec

95˚C-30 sec
62˚C-15 sec
72˚C-30 sec

95˚C-30 sec
59˚C-15 sec
72˚C-30 sec

95˚C-30 sec
56˚C-15 sec
72˚C-30 sec

95˚C-30 sec
53˚C-15 sec
72˚C-30 sec

95˚C-30 sec
50˚C-15 sec
72˚C-30 sec

95˚C-30 sec
47˚C-15 sec
72˚C-30 sec

(kDa) MW     0        18     S up.  Precp.   0       18     Sup.  Precp. (kDa) MW

volume apply (μl)     0      18.5    3.8      10      10    15.6     3.2     10      10       0 
total volume  (μl)      0      100    100      400    100   100     100   400    100      0       

pET47b pET47b.DBD-CbnR.His

* * *

Hrs after 
IPTG induction 

18ºC lysis

Hrs after 
IPTG induction 

18ºC lysis

188 -

98 -

62 -
49 -

38 -

28 -

14 -

6 -
3 -

1       2         3        4        5         6       7         8 
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Table S1. Strains and plasmids used 

 
 
 
 
  

Strains Plasmids  Frozen stock made Source 

E. coli DH5  pBlueSK(–)Nco+cbnRncoHis–AB’ 
(wild type)   

July 31, 2009 Takada 

E. coli DH5  pTrc99A+cbnRHis May 27, 2008 Takada 
E. coli DH5  pQF50 July 31, 2009 Takabayashi  
E. coli DH5  pTrc99A May 27, 2008 Takada  
E. coli DH5  pBlueNcoCbnRHis  

(=pBSKnco(–)cbnRncoHis) 
July 31, 2009 Takabayashi 

E. coli DH5  pBlueSK(–)Nco+cbn–AB'  
(= pBSKnco(–)cbnAB') 

July 31, 2009 Takada  

Pseudomonas putida 
PRS4020 

pQF50+cbnRncoHis–AB’ (wild type) November 17, 
2009 

Takada 
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