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Abstract 

D-galactonate, a widely prevalent hexonate sugar acid, is used as a carbon and energy 

source by Escherichia coli. Although the structural dgo genes involved in the transport 

and metabolism of D-galactonate have been investigated, there is limited information of 

its regulatory aspect. Using various genetic, biochemical and bioinformatics approaches, 

we investigated the regulation of D-galactonate metabolism in E. coli K-12. In this work, 

we have presented the first molecular and functional insights into the regulation of D-

galactonate metabolism by the transcriptional regulator, DgoR. We find that the dgo 

operon is transcriptionally repressed by DgoR and induced specifically in the presence of 

D-galactonate. Deletion of dgoR accelerates the growth of E. coli in medium containing 

D-galactonate as a carbon source concomitant with the strong constitutive expression of 

dgo genes. DgoR exerts a strong repression over dgo genes by binding two closely spaced 

inverted repeats overlapping the putative D-galactonate responsive dgo promoter. D-

galactonate itself rather than any of its metabolic intermediates acts as the true effector to 

relieve the DNA bound by DgoR. Multiple findings from our work firmly place DgoR in 

the FadR subfamily within the GntR family of transcriptional regulators: DgoR is a 

majorly α-helical protein with GntR-type N-terminal wHTH domain and a predicted 

FadR-like all helical C-terminal FCD domain, binds [5’-TTGTA(G/C)TACA(A/T)-3’] 

operator sequence matching the signature of GntR family members that recognize 

inverted repeats [5’-(N)yGT(N)xAC(N)y-3’], and shares critical  protein-DNA contacts 

conserved in the GntR family. Additionally, we identified features in DgoR that are 

otherwise less common in the regulators of GntR family. Multiple reports from the last 

couple of decades have implicated the physiological significance of D-galactonate 

metabolic pathway in the interaction of enteric bacteria with their host. Importantly, in a 

recent in vivo evolutionary study, E. coli adapted to the mammalian gut was found to 

accumulate multiple missense mutations in dgoR. Our results show these mutants to be 

DNA-binding-defective emphasizing that mutations in the dgo-regulatory elements are 

selected in the host to allow simultaneous induction of dgo genes. Considering that DgoR 

and its binding sites have been predicted in several enterobacterial strains, the present 

study sets the basis to explore the regulation of D-galactonate metabolic pathway in these 

strains and its possible role in mediating host-bacterial interactions. 
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Sugar acids, oxidized derivatives of sugars are used as carbon and energy source by 

several bacteria, including pathogens. D-galactonate is a widely prevalent hexonate sugar 

acid used as a nutrient source by enteric bacteria. Since the intial studies conducted in 

1970s, the details are available only on some of the structural dgo genes involved in the 

transport and metabolism of D-galactonate. Prior to this work, classical studies from 

1970s proposed DgoR as a regulator of D-galactonate metabolism in E. coli K-12, 

however, the detailed characterization of DgoR was lacking. Several genome-scale 

studies in the last couple of decades have illustrated the physiological importance of D-

galactonate metabolism for the interaction of bacteria with their hosts. Importantly, a 

recent study aimed at identifying mutations in the genome that enable adaptation of an E. 

coli strain isolated from a urinary tract infection patient in the mouse gut and another 

study which provided a comparison of a panel of 340 naturally occuring E. coli isolates 

collectively suggested that the D-galactonate metabolic genes and its putative regulator, 

DgoR are under selection pressure, and can potentially play an important role in bacterial 

adaptation to their natural habitat. Furthermore, studies in the last couple of years have 

emphasized that genetic variations in the regulators of carbon source metabolism 

dramatically affect the interaction of bacteria with their host. For example, a point 

mutation in TreR, a transcriptional repressor of trehalose metabsolism was found to 

increase the sensitivity of certain ribotypes of Clostridium difficile to trehalose enabling 

them to metabolize this carbohydrate even at lower concentrations and attain 

hypervirulence. In another example, single nucleotide polymorphism in RafR, a 

transcriptional activator of raffinose metabolism in Streptococcus pneumoniae, was 

shown to be associated with differential metabolism of raffinose among blood and ear 

isolates, and served as an important determinant for their distinct tropism for lungs vs 



 

brain and ear in mice. Taken together, the above instances stress the need to study the 

molecular details of the regulation of D-galactonate metabolism by DgoR, and its 

contribution to host-bacterial interactions. 

In the present study, we used various genetic, biochemical, and bioinformatics 

approaches to investigate the regulation of D-galactonate metabolism in E. coli. We 

showed that the transcription of dgo genes is strongly repressed by DgoR and is de-

repressed specifically in the presence of D-galactonate. Our results that DgoR binds to 

two closely-spaced inverted repeats overlapping the putative dgo promoter suggest that 

DgoR binding occludes the binding of transcriptional machinery to initiate transcription 

of D-galactonate metabolic genes. Using both in vitro and in vivo approaches, we tested 

the role of several N-terminal amino acid residues of wHTH domain of DgoR for 

interaction with the operator DNA. Our results suggest that DgoR displays both 

conserved as well as semiconserved features of GntR family regulators in interacting with 

the DNA. Importantly, during our investigation, we showed that the previously reported 

missense mutations selected in DgoR during in vivo adaptation of urinary tract isolate of 

E. coli to the mouse gut result in loss of DNA binding suggesting that upregulation of D-

galactonate metabolism plays a role in the adaptation of E. coli to the mammalian gut. 

Finally, we identified D-galactonate as a true effector of DgoR that binds DgoR and 

releases it from the operator DNA. Considering that DgoR and its binding sites have been 

predicted in several enterobacterial strains, fundamental insights gained from our work set 

the basis to explore the regulation of D-galactonate metabolic pathway in these enteric 

bacteria and its potential role in mediating host-bacterial interactions. 

This thesis is divided into six chapters organised as below: 

Chapter I includes an extensive review of literature on topics relevant to this study. The 

present work deals with investigating the role of DgoR in regulating metabolism of an 

important sugar acid, D-galactonate, as a carbon source in E. coli. To align the readers to 

the importance of the study, the first section of Chapter I highlights the relevance of 

carbon source metabolism and its regulation in E. coli and the next two sections describe 

metabolism of various carbon sources utilized by E. coli. A separate section gives 

information on general mechanisms employed by E. coli for regulating carbon source 

metabolism. As DgoR belongs to the GntR family of transcriptional regulators, the next 

section gives a general introduction as well as details on DNA- and effector-binding 

characteristics of the regulators of the GntR family. The subsequent section outlines the 



 

sugar acids used as carbon source by E. coli, their general metabolic routes as well as the 

regulation exerted on them. Further section gives a detailed account on D-galactonate 

metabolism and its regulation to inform the readers about the existent literature. The last 

section provides an outline of the objectives and the important findings from the present 

study. 

 

Chapter II describes the materials and methods that have been used in this work. 

Chapter III, IV and V cover the major results obtained in this study. 

Chapter III: DgoR negatively regulates D-galactonate metabolism in E. coli 

Early classical mutagenesis studies coupled with biochemical analysis of crude 

lysates prepared from mutants defective in growth on D-galactonate implicated the role of 

dgo genes (dgoKADT) organized in a putative operon in metabolizing D-galactonate in E. 

coli. A mutation isolated in the same study exhibited increased expression of all the Dgo 

enzymes and was found to map closer to the mutations in the other dgo genes, thus DgoR, 

a regulator of D-galactonate metabolism was proposed. In this section, we validated the 

role of various dgo genes in D-galactonate metabolism. Our results that dgoR deletion 

strain grows faster in medium with D-galactonate as carbon and energy source suggest 

that DgoR negatively regulates dgo genes. By measuring dgo transcripts in dgoR deletion 

strain grown in non-inducing conditions, we showed that DgoR strongly represses dgo 

genes at a transcriptional level. Further, WT strain showed simultaneous transcriptional 

induction of all the dgo genes only when grown in the presence of D-galactonate 

indicating a specific regulation on the dgo genes. We performed EMSA and in vivo 

fluorescent reporter assays using WT dgo cis-acting element (DNA upstream of dgo 

genes) as well as its mutant variants. Our results showed that DgoR represses dgo genes 

by binding to two closely spaced inverted repeats overlapping with the putative dgo 

promoter, suggesting that DgoR prevents the trancription of dgo genes by occluding the 

binding of transcriptional machinery to the putative dgo promoter. The inverted repeat 

sequence recognized by DgoR matches the consensus of operators recognized by GntR 

family members, validating that DgoR is a member of the GntR family. 

 

 



 

Chapter IV: DgoR shares conserved and semiconserved protein-DNA contacts with 

GntR family of transcriptional regulators 

GntR family of regulators bind cognate DNA using their N-terminal wHTH 

domain. In this section, we investigated the molecular details of interaction of DgoR with 

its operator DNA. Comparison of solved structures of GntR family regulators in their 

DNA-bound state shows that despite low sequence similarity in their N-terminal wHTH 

DNA binding domain, the GntR family members employ conserved amino acid residues 

to make specific contacts with their cognate DNA. We rationally chose to mutate three 

amino acid residues from each -helix of the wHTH domain of DgoR that are either 

conserved or semiconserved in the GntR family regulators. Besides, we also created 

missense mutations selected in the in vivo adaptation study described above. Our results 

show that these mutants are defective in DNA-binding and unable to repress the dgo 

promoter suggesting their importance in DgoR-DNA interaction. Our results that DgoR 

carrying missense mutations selected in the in vivo adaptation study are DNA-binding 

defective, indicate that upregulation of D-galactonate metabolism plays a role in the 

adaptation of E. coli to the mammalian gut.  

The CD spectrum analysis of DgoR showed that similar to other members of the 

FadR subfamily within the GntR family, DgoR  is a majorly α-helical protein.  Our in 

vivo reporter data that the DNA-binding defective mutants are dominant negative coupled 

with in vitro data that the immobilized His-tagged DgoR pulls down MBP-tagged DgoR, 

suggest that DgoR forms oligomers in solution, a feature similar to other GntR family 

members. Subsequent chemical crosslinking of purified DgoR showed that the major 

oligomeric form of DgoR is a dimer. Collectively these data, along with findings from the 

previous chapter that the inverted repeats recognized by DgoR are highly similar to that 

of GntR family regulators, establish that DgoR is a member of the FadR subfamily within 

the GntR family of transcriptional regulators. 

Chapter V: D-galactonate is the physiological effector of DgoR 

Multiple biochemical and structural studies show that the FadR subfamily 

regulators involved in regulating the metabolism of carbon sources such as sugar acids 

usually bind a functionally relevant small organic molecule as an effector. Although, the 

cognate effector molecule which can be either sugar acid substrate itself, its  metabolic 

intermediate, or both have been determined for these sugar acid metabolism regulators, 

the molecular details of effector-regulator interaction and underlying mechanism to 



 

release operator DNA bound by the regulator are still not known. In this chapter, we 

analyzed the binding of dgo cis-acting element by DgoR in the presence of either D-

galactonate, its various metabolic intermediates or structurally similar carbohydrates such 

as sugars D-glucose, D-galactose, and an epimeric sugar acid, D-gluconate. Of all the 

tested compounds, only D-galactonate interfered with the binding of DgoR with its cis-

acting element suggesting that D-galactonate is a true effector of DgoR.  

Amongst the FadR subfamily members, apo structures along with its effector-, 

and DNA- bound forms are solved only for FadR from E. coli and Vibrio cholerae where 

the effector binding characteristics are similar except that an additional amino acid stretch 

is found in the FadR from V.  cholerae, which provides a second site for binding the 

effector. To initiate probing the molecular details of DgoR-D-galactonate interaction, we 

perfomed a structure based sequence alignment of DgoR with FadR from E. coli. This 

analysis showed that among the various FadR subfamily members, DgoR exclusively 

shares a serine residue with FadR which is known in the latter protein to directly interact 

with its effector, long-chain fatty acyl-CoA. The serine amino acid mutant of E. coli FadR 

(S219N) has been reported to behave as a super-repressor with a compromised effector 

mediated release of bound DNA and subsequent de-repression of the FadR regulon 

members. Our in vivo complementation and reporter assays showed that similar to FadR 

S219N mutant, the corresponding DgoR S221N mutant also behaves as a super-repressor. 

The mutant is defective in D-galactonate mediated de-repression of the putative dgo 

promoter indicating that the serine residue in question may be important for D-

galactonate mediated release of DNA bound by DgoR. 

Chapter VI summarizes the findings of the present study along with concluding remarks. 

A section on the future prospects of this study has also been included. 
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The current work deals with the investigation of molecular and functional details of 

the regulation of metabolism of D-galactonate, an aldonic sugar acid, by a GntR/FadR-

type transcriptional regulator in E. coli. Hence in this review of literature, after a brief 

introduction to E. coli, I have highlighted the importance of carbon source metabolism in 

E. coli and have listed the compounds utilized as carbon sources by this bacterium. After 

discussing the importance and levels of regulation of carbon source metabolism in E. coli, 

I have focused on the GntR family transcriptional regulators and their functions across 

bacterial species.  Description of the GntR family has been made with regard to DNA- 

and effector-binding characteristics with major focus on the FadR subfamily of the GntR 

family of transcriptional regulators. Further, I have discussed the general scheme and 

components involved in regulation of sugar acid transport and metabolism in E. coli. 

Finally, I have reviewed the information available on abundance, physiological 

importance, transport and metabolism of D-galactonate. 

1.1 Introduction 

E. coli, a facultative, heterotrophic gram negative bacterium is one of the main 

components of the microbiota inhabiting the mammalian gut including that of humans. 

Besides this, E. coli spends substantial amount of time in abiotic habitats. Frequently, E. 

coli is one of the first microbes to colonize the mammalian host and maintains a stable 

life-long association. On an average there are about 5 different strains of E. coli 

inhabiting the human gut (Apperloo-Renkema et al., 1990). Thus for a long term 

establishment in the gut, the bacterium must compete with other gut colonizers including 

its other strains. Freter’s nutrient-niche hypothesis suggests that during this competition, 

efficient utilization of at least a single limiting nutrient in the gut can provide competitive 

edge to the bacteria in colonization (Conway and Cohen, 2015; Freter, 1983, 1988; Freter 

et al., 1983).  Importantly, metabolism of carbon and energy source has been suggested to 
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be crucial for bacteria to cause infections (Fuchs et al., 2012; Passalacqua et al., 2016). 

The success of E. coli in maintaining such a stable relationship with the host stems from 

its tremendous potential to utilize alternative carbon and energy sources. Out of the entire 

E. coli gene pool comprising of over 18,000 genes (pan genome), only around 2000 genes 

(core genome) are shared among multiple E. coli strains (Touchon et al., 2009).  A 

comparison of genome-scale metabolic models constructed for fully sequenced 55 E. coli 

and Shigella strains, led to characterization of core and pan metabolic capacities of the E. 

coli species. Core constituents reflect the essential components, while the elements in the 

pan signify the reactions which are either variable or unique among different E. coli 

strains. Maximum diversity in carbohydrate metabolism with its 64% reactions being part 

of the pan reactome suggests that E. coli strains harbor diverse complement of 

components to metabolize alternate carbon sources (Fig. 1.1). These diverse capabilities 

may resonate with the importance of alternate carbon metabolism and its contribution in 

adaption of various E. coli strains to different nutritional environments (Monk et al., 

2013).   

 

Figure 1.1 Core and pan metabolic reactome of various strains of E. coli. The core and pan 

metabolic reactions of various E. coli strains and its functional classification is shown on left and 

right, respectively (used with permission from (Monk et al., 2013) Proc Natl Acad Sci U S A 110, 

20338-20343. PMID: 24277855, https://doi.org/10.1073/pnas.1307797110) 
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E. coli faces a constantly changing environment. To successfully colonize the human 

small intestine, its major niche, following ingestion, the bacteria must resist the acidic 

environment in the stomach, reach colon, must find and adjust according to the nutrients 

to snap out of lag phase, compete with resident microbes for limited resources, proliferate 

and penetrate the mucus layer. The bacteria must grow actively to outpace the mucus 

turnover rate. As a regular process, some cells are sloughed into the lumen and eliminated 

in the host faeces to a nutrient-deprived abiotic environment, where again the bacteria 

must sense and endure a variety of stresses until a new host is found. Since the E. coli 

habitats are distinct in terms of variety of the available carbon sources, the bacterium 

must continuously sense and adapt its metabolic state according to the prevalent 

conditions. For this, a precise control of genes involved in uptake and metabolism of 

nutrients especially carbon sources in the bacterium is essential. 

1.2 Carbon sources utilized by E. coli 

E. coli exhibits a heterotrophic mode of nutrition and hence derives its carbon and energy 

by catabolism of organic compounds. In its environment, E. coli encounters a mélange of 

chemically diverse carbon sources. For its survival, the bacterium must be able to sense 

and metabolize a wide range of carbon sources. Multiple factors that influence the 

utilization of a compound as a sole carbon and energy source involve presence of 

biologically active metabolic components such as transporters, catalytic enzymes and 

suitable regulatory components. Differences amongst the bacterial species or strains for 

these components may account for their differential usage of the various compounds as 

their sole carbon source. Phenotypic microarray based analyses reported that E. coli K-12 

is capable of utilizing more than 80 compounds as its sole carbon source (Table 1.1) 

(Yoon et al., 2012). The same study revealed that the spectrum of compounds that can be 

used as their sole source of carbon varies among E. coli B and K-12 strains. 
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The list of compounds that can be used as their sole carbon source by E. coli K-12 

includes chemically diverse species (Table 1.1). These compounds after being 

transported, either directly or after being metabolized by specific routes into intermediates 

enter the central metabolic pathways including glycolysis, pentose phosphate pathway, 

gluconeogenesis, tri-carboxylic acid cycle (TCA) and glyoxylate shunt (Fig. 1.2). 

Depending upon the pathway and mode of respiration, ATP is generated by either 

substrate-level or oxidative phosphorylation. Carbohydrates such as sugars and their 

derivatives either directly or after going through specific metabolic routes enter at the 

level of glycolysis, Entner Doudoroff (ED) or pentose phosphate pathways. Amino acids 

undergo deamination or decarboxylation reactions to enter either the lower part of 

glycolysis or TCA cycle. The acetyl CoA generated from either acetate or degradation of 

long chain fatty acids through -oxidation feeds into TCA cycle for metabolism. Another 

short chain fatty acid, propionic acid is processed through a unique pathway to generate 

organic acids such as succinate, pyruvate or oxaloacetate, which along with other organic 

acids such as malic acid, fumaric acid and α-keto-glutaric acid are metabolized in TCA 

cycle. 
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Table 1.1 List of compounds used as carbon and energy source by E. coli K-12 (Clark and 

Cronan, 2005; Kreth et al., 2013; Yoon et al., 2012). 

Category Name of carbon source 

Sugar 

α-D-Glucose, D-Ribose, Dextrin, D-Galactose, D-Saccharic 

acid, L-Fucose, D-Trehalose, L-Galactonic acid-y-lactone, 

L-Rhamnose, L-Lyxose, D-Mannose, Maltotriose, D-

Xylose, Maltose, D-Fructose, β-D-Allose, D-Psicose, 

Sugar acid 
D-Gluconic acid, D-Glucuronic acid, D-Galacturonic acid, 

D-Galactonic acid-γ-lactone, Mucic acid, m-Tartaric acid 

Sugar alcohol D-Sorbitol, D-Mannitol 

Phosphorylated sugar 
D-Fructose-6-phosphate, D-Glucose-6-phosphate, D-

Glucose-1-phosphate 

Amino sugar D-Glucosamine 

Methylated sugar 
α-Methyl-D-galactoside, β-Methyl-D-galactoside, β-Methyl-

D-glucoside 

Methylated sugar acid β-Methyl-D-glucuronic acid 

Ketosugar acid 5-Keto-D-gluconic acid 

Acetylated amino sugar N-Acetyl-neuraminic acid, 

Acetylated hexosamine 

monosaccharide 
N-Acetyl-D-glucosamine, N-Acetyl-β-D-mannosamine 

Disaccharide 
D-Melibiose, α-D-Lactose, 3-O-β-D-Galacto-pyranosyl-D-

arabinose, Lactulose, Melibionic acid 

Amino acid 
L-Aspartic acid, D-Alanine, L-Serine, D-Serine, L-Alanine, 

L-Arabinose, L-Asparagine, L-Glutamine, L-Threonine 

Dipeptide 
Glycyl-L-aspartic Acid, Glycyl-L-glutamic acid, L-Alanyl-

glycine, Glycyl-L-proline 

Short chain fatty acid Acetic acid, Propionic acid 

Short chain fatty acid derivative α-Hydroxy butyric acid 

Long chain fatty acid 
Lauric acid, Myristic acid, Palmitic acid, Stearic acid, Oleic 

acid 

Poly-alcohol Glycerol 

Glycerol derivative D,L-α-Glycerol- phosphate 

Dicarboxylic acid 
D,L-Malic acid, Succinic acid, L-Malic acid, Fumaric acid, 

D-Malic acid 

Dicarboxylic acid derivative Bromo-succinic acid 

α-keto acid α-Keto-glutaric acid, α-Keto-butyric acid, Pyruvic acid 
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Figure 1.2 Carbon source metabolism in E. coli K-12. Various carbon sources enter the central 

metabolic pathways through indicated entry points. 

1.3 Regulation of carbon source metabolism in E. coli 

In order to survive in environment constantly changing with respect to the carbon sources, 

bacteria such as E. coli must be able to rapidly metabolize a variety of carbon sources. To 

avoid the cost associated with synthesizing components for catabolizing all the potential 

carbon sources simultaneously, bacteria have sophisticated regulatory mechanisms to 

selectively synthesize the catabolic components according to the available carbon source. 

For example, components for degradation of lactose are synthesized only when this 

carbon source is present in the environment. These regulatory mechanisms also assist the 
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bacteria to preferentially utilize a favored carbon source from a mixture. For example, in 

a medium supplemented with D-glucose and lactose, E. coli selectively keeps the 

synthesis of catabolic components of lactose in an off state to prioritize utilization of the 

simpler carbon source, D-glucose. Furthermore, reversible nature of these regulatory 

components allows quick adaptation to the changing availability of the carbon source. 

Decades of research on E. coli has revealed the molecular components and underlying 

mechanisms for regulation of carbon source metabolism. The regulatory control over 

carbon source metabolism is exerted at various levels: transcriptional, post-

transcriptional, and post-translational (Fig. 1.3). Some of the important mechanisms 

involved in regulation and control of metabolic activities in E. coli are discussed below. 

  

 

Figure 1.3 Regulation of carbon source metabolism. Metabolism of various carbon sources in 

bacteria is regulated at different levels such as transcriptional, post-transcription and post-

translational through the indicated mechanism. 
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1.3.1 Regulation at transcriptional level 

Non-specific DNA binding proteins such as IHF, HU and H-NS bind the DNA affecting 

the availability of the promoter for transcription of enzymes and transporters required for 

metabolism of a particular carbon source. Thus, these proteins play an important role in 

response of E. coli to the availability of carbon sources. For example, E. coli O157:H7 

mutated for H-NS is unable to utilize 42 carbon sources as compared to its WT 

counterpart (Erol et al., 2006). H-NS causes condensation of genomic DNA by binding to 

bent non-specific DNA to affect their availability for transcription (Dame et al., 2000). 

Similarly HU binds and bends the intervening DNA between two operators individually 

bound by GalR repressor in upstream region of gal operon. Binding of HU provides 

architectural assistance in DNA loop formation to synergize weaker dimer-dimer 

interaction between GalR bound to distant operator sites to repress gal operon involved in 

metabolism of D-galactose (Semsey et al., 2002). IHF, another nucleoid associated 

protein, binds A/T rich sequences to bend the DNA regulating the condensation state of 

the regulatory sequences (Hales et al., 1996). IHF activates the expression of glc operon 

for metabolism of glycolate by directly binding to region upstream of glc operon and E. 

coli lacking IHF are unable to utilize glycolate as sole carbon and energy source (Pellicer 

et al., 1999). Besides this a wide variety of global and specific transcriptional regulators 

with a repressive/activating or dual role are involved in the regulation of carbon sources 

at the transcriptional level. These include global regulators such as cAMP-CRP system, 

involved in exerting carbon catabolite repression over a number of genes required for the 

metabolism of other less-preferred carbon sources. cAMP-CRP binds to CRP binding 

sites upstream of promoters of genes required for metabolism of alternative carbon 

sources such as D-galactose, to activate their transcription (reviewed in (Kolb et al., 

1993)). Phosphotransferase System (PTS) mediated transport of D-glucose lowers cAMP 
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levels by dampening the activity of adenylate cyclase, thus reducing the transcription 

from gal operon, till D-glucose is exhausted (Ishizuka et al., 1993). Other global 

regulators such as Cra (Catabolite repressor/activator protein) are involved in regulating 

the carbon flow through central metabolic pathways (Ramseier et al., 1995). Yet other 

global transcription regulators such as FNR (Fumarate and nitrate reduction regulatory 

protein), and ArcB-ArcA (Anoxic redox control protein) two-component system assists in 

regulating metabolism when the bacteria switches to anaerobic or microaerophilic 

conditions (Levanon et al., 2005). Besides global regulators, a wide variety of pathway 

specific transcriptional regulators also regulate expression of metabolic genes. These 

metabolic transcriptional regulators can exert negative, positive or dual regulation over 

their regulon members (Perez-Rueda and Collado-Vides, 2000). Most of these regulators 

bind operator sites present upstream of metabolic genes through their DNA binding 

domain, which can be present at their N- or C- terminus. Depending upon whether the 

binding of regulator causes upregulation or downregulation of the downstream genes, 

they are designated as activators or repressors. However some regulators which can 

perform both the functions are known as dual regulators. Binding of metabolites to 

effector binding domains of these regulators reverses their regulatory role allowing them 

to act as molecular switches to regulate the expression of metabolic genes only when a 

relevant metabolite is present. 

1.3.2 Regulation at post-transcriptional level 

After the synthesis of mRNA from the metabolic genes, another layer of regulatory 

molecules act upon the mRNA to regulate the effective amount of proteins synthesized 

from them. These components may include small RNAs (sRNA) such as SgrS (Sugar 

transport-related sRNA) or protein molecules such as CsrA (Carbon storage regulator 

protein) (Liu et al., 1995; Maki et al., 2010). These regulatory components usually 
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interact with mRNA affecting the transcriptional termination, initiation of translation, and 

or its stability. For example, thiamine pyrophosphate (TPP)-sensing riboswitch regulates 

expression of thiMD operon involved in synthesis of thiamine pyrophosphate, an 

important cofactor for carbohydrate metabolism. Besides, Rho-dependent transcriptional 

termination, direct binding of TPP stabilizes an aptamer domain, resulting in 

sequestration of the RBS/AUG thus inhibiting initiation of translation (Bastet et al., 2018; 

Chauvier et al., 2017). Certain riboswitches such as lysine riboswitch of lysC involved in 

regulation of lysine biosynthesis can simultaneously block translation initiation and 

modulate transcript decay in an RNaseE dependent manner (Caron et al., 2012). 

1.3.3 Regulation at post-translational level 

The proteins involved in metabolic pathways are subject to regulation by allostery or 

covalent modifications such as phosphorylation, succinylation, glutarylation, acetylation 

and adenylation etc (reviewed in (Macek et al., 2019; Pisithkul et al., 2015). For example, 

acetylation of Acetyl CoA synthetase plays an important role in assimilation of acetate in 

E. coli (de Diego Puente et al., 2015).  

Being the first step in synthesis of protein machinery dedicated to metabolism of 

carbon sources, a vast majority of regulation is exerted at the transcriptional level as a 

more metabolic cost-effective measure. Transcriptional regulators belonging to different 

families carry out the specific regulation of metabolic pathways at the transcriptional 

level. In our work we have characterized DgoR, proposed to be a member of GntR family 

of transcriptional regulators, thus below I have discussed the GntR family of regulators in 

detail. 
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1.4 GntR family regulators  

Transcriptional regulators are recognized and classified according to their conserved 

DNA-binding motifs e.g. leucine zipper, zinc finger domain, cold shock domain, 

homeodomain, helix-turn-helix, RNA-binding like motifs, and β-ribbon etc (Aravind et 

al., 2005; Ishihama et al., 2016; Madan Babu and Teichmann, 2003; Pabo and Sauer, 

1992; Perez-Rueda and Collado-Vides, 2000). The helix-turn-helix or HTH represents the 

most extensively studied and well-characterized DNA-binding structural motif. The HTH 

motif is recruited by a wide range of transcriptional regulators from the three super-

kingdoms, bacteria, archaea and eukarya. Pioneering investigations in 1982 identified 

HTH motif as a tri-helical DNA-binding domain common to the phage lambda 

transcriptional regulators, cI and cro as well as LacI, the lactose operon regulator 

(Aravind et al., 2005). Further secondary structure analysis showed that the HTH motif is 

present in several other bacterial transcriptional regulators such as CRP and sigma 

factors. The primary HTH motif comprises of three core helices arranged in a right-

handed helical bundle, where the second and the third helices are connected by a 

characteristic sharp turn. The third helix serves as the ‘recognition helix’ as it is directly 

inserted into the major grove of DNA and makes the largest contribution in making DNA-

protein contacts. The other structural features serve auxiliary roles by making additional 

contacts or stabilizing the protein fold. Further, the HTH motif adopts diverse structural 

forms by acquiring a variety of N- and C-terminal extensions which serve as the basis for 

further classification of HTH clan into SCOP superfamilies (reviewed in (Aravind et al., 

2005)). Among these, winged helix-turn-helix (wHTH) forms the second largest 

superfamily. In wHTH motif the C-terminus of the third helix extends into a β-hairpin 

unit referred to as ‘wings’. As per SCOP classification there are currently 84 families of 

proteins bearing the wHTH domains including various important prokaryotic 
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transcriptional regulator families such as ArsR, BirA, CitB, DtxR-FurR, GntR, HrcA-

RuvB, IclR, LexA, Lrp/AsnC, LysR MarR, PadR, PurR etc. The simplest version of 

wHTH motif comprises of the HTH motif followed by a two strand β-hairpin and is 

present in DNA-binding domains of some of the largest prokaryotic families of 

transcriptional regulators, including the GntR family, one of the largest and diverse 

family of transcriptional regulators.  The GntR family of transcriptional regulators was 

identified by Haydon and Guest in early 1990s, where a matrix-based analysis led to 

identification of transcriptional regulators sharing sequence and structural similarity in 

their first 69 N-terminal amino acids constituting the DNA-binding wHTH motif (Haydon 

and Guest, 1991). Thus, a new family of transcriptional regulators having a remarkable 

similarity in their wHTH motif (recognized as GntR-type wHTH, Pfam 00392) was 

suggested. The family was named after Bacillus subtilis GntR, the most well-

characterized member at that time. The amino acid sequence similarity did not extend 

beyond the N-terminal wHTH domain, suggesting that the C-terminal regions of then 

identified GntR family members are structurally variable. Afterwards multiple studies 

involving characterization of GntR family transcriptional regulators showed that the C-

terminus domain of GntR family regulators is involved in binding effector molecules 

which allosterically drive the DNA-binding behavior of the regulator facilitating them to 

act as molecular switches to regulate the transcription of their regulon members. 

Additionally, the C-terminal domain is crucial for the GntR family regulators to form 

functional oligomers necessary for their DNA-binding. Thus, the GntR family regulators 

adopt a domain based architecture with a much similar GntR-type wHTH DNA-binding 

domain at the N-terminus and a more diverse effector-binding or oligomerization domain 

(E/O) at the C-terminus (Fig. 1.4). GntR family regulators share multiple common as well 

as variable features in terms of binding their cognate DNA or effectors and mode of 
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regulation in general establishing them as a reference for understanding the general rules 

governing protein-DNA interactions. Due to their enormous phylogenetic distribution, 

GntR family serves as a target for evolutionary studies concerned with the origin and 

evolution of transcriptional regulators. Further, the specific and quick responsive nature 

combined with their modular architecture makes GntR family of regulators amenable to 

construction of tailored chimeric regulators, which can bind to desired set of DNA and 

effectors. This feature offers opportunities to exploit the GntR family of regulators for 

biotechnological interventions. 

 

Figure 1.4 Modular domain organization in GntR family transcriptional regulators. The 

DNA-binding GntR-type wHTH domain is indicated in green while the effector-binding/ 

oligomerization domain is shown in blue. 

 1.4.1 Origin and distribution  

GntR family constitutes one of the most abundant and diverse groups of HTH superclass. 

Currently, there are 93,135 sequences in the Pfam database (September, 2019) belonging 

to this family (El-Gebali et al., 2019) with its members represented in all three super-
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kingdoms of life, bacteria, archaea and eukarya suggesting that this fold has been widely 

recruited for regulatory purposes.  Bacteria super-kingdom contributes the bulk of the 

proteins with GntR type wHTH domain (92,148 sequences among 5,428 species).  Of 

these, the proteobacteria, actinobacteria and firmicutes are the predominant phyla 

possessing proteins belonging to the GntR family. However, the eukaryotes (83 

sequences, 23 species) and archaea (55 sequences, 40 species) have a much smaller 

contribution to the GntR family (Fig. 1.5).  The minor fraction of GntR family proteins in 

bacteriophages such as Streptomyces phage ɸC31, TG1, and enterophage ɸP27 are 

supposedly derived from the bacterial host organisms. Pan-bacterial and pan-archaeal 

phylogenetic analysis shows that the GntR family members were present in some of the 

earlier representatives of these super-kingdoms. The diversity in the functions performed 

by the extant bacterial and archaeal members indicates that the ancestral forms of this 

family had a generic nucleic-acid binding role and only secondarily they were engaged as 

specific transcriptional regulators. Frequent recruitment of the effector-

binding/oligomerization domain to the common GntR-type wHTH led to the evolution of 

various GntR family regulators with diverse functions. The swapping and/or fusion of the 

C-terminal E/O domains led to diversification of GntR transcriptional regulators into 

subfamilies for responding to new metabolites and regulating the cellular physiology to 

adapt to the changing environment.  Very early multiple horizontal transfer events led to 

vast proliferation and sharing of GntR family members in bacteria as transcriptional 

regulators. Duplication followed by mutations served as another opportunity for evolution 

of GntR transcriptional regulators with novel regulatory potential. The complement of 

GntR-like transcriptional regulators possessed by an organism reflects the properties of its 

ecological niche as well as the manner in which the organism responds to it. For example, 

the microbes living in a more complex and variable environment possess more diversity 
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in metabolite-responsive GntR family transcriptional regulators than the obligate 

intracellular parasites (Hoskisson and Rigali, 2009). 

 

Figure 1.5 Phylogenetic distribution of proteins bearing GntR-type wHTH domain. The 

chart was prepared with the help of Pfam database (El-Gebali et al., 2019) and represents number 

of proteins containing GntR-type wHTH domain in each taxa (taxonomic ranks from inside to 

outside: superkingdom, kingdom, phylum, class, order, family and genus). The length of the arc 

indicates the number of species in a particular taxa harboring proteins with GntR-type wHTH 

domain. 
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1.4.2 Functions of GntR family regulators 

The GntR regulators modulate transcription in bacteria in response to a variety of 

environmental signals, and hence perform an assortment of biological functions. The 

representative examples of GntR family regulators covering the range of functions 

performed by this family are tabulated below (Table 1.2).  

Table 1.2 Functions performed by various GntR regulators  

Metabolism 

Regulator Source organism Function Reference 

GntR B. subtilis D-gluconate metabolism (Miwa and 

Fujita, 1988) 

HutC Pseudomonas putida Histidine metabolism (Allison and 

Phillips, 1990) 

MocR Rhizobium meliloti  Rhizopine metabolism (Rossbach et al., 

1994) 

PtsJ Salmonella enterica 

serovar Typhimurium 

Regulates PTS for sugar metabolism (Titgemeyer et 

al., 1995) 

AraR B. subtilis L-arabinose metabolism (Sa-Nogueira 

and Mota, 1997) 

ExuR Erwinia chrysanthemi D-galacturonate catabolism (Valmeekam et 

al., 2001) 

LldR Corynebacterium 

glutamicum 

L-lactate and sugar utilization (Gao et al., 

2008) 

CitO Enterococcus faecalis Citrate utilization (Blancato et al., 

2008) 

NagQ Xanthomonas campestris  N-acetylglucosamine utilization (Boulanger et 

al., 2010) 

YvoA B. subtilis N-acetylglucosamine utilization (Resch et al., 

2010) 

MatR Rhizobium 

leguminosarum 

Malonate and propionate catabolism (Suvorova et al., 

2012) 

NagR B. subtilis N-acetylglucosamine (Fillenberg et 

al., 2015) 

SCO1678 Streptomyces coelicolor D-gluconate metabolism (Tsypik et al., 

2017) 

GguR Ralstonia picketti and 

Polaromonas 

hexuronate/aldarate utilization (Bouvier et al., 

2019) 

Plasmid maintenance and transfer 

Regulator Source organism Function Reference 

KorA Streptomyces lividans Plasmid replication and transfer (Kendall and 

Cohen, 1988) 

PtrFA Frankia Plasmid maintenance (Lavire et al., 

2001) 

PlmA Anabaena sp. Strain 

PCC7120 

Plasmid maintenance (Lee et al., 

2003) 

TraR Streptomyces venezuelae Plasmid transfer (Reuther et al., 

2006) 

RctR Sinorhizobium meliloti Plasmid transfer (Nogales et al., 
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1021 2013) 

Degradation of aromatic/xenobiotic compounds 

Regulator Source organism Function Reference 

BphR Pseudomonas 

pseudoalcaligenes 

Biphenyl-related compound (Watanabe et 

al., 2000) 

PaaX Pseudomonas sp. Strain 

Y2 

Styrene catabolism, a toxic aromatic 

compound 

(del Peso-Santos 

et al., 2006) 

MhpR P. putida Chloroaromatic degradation, predicted (Kunze et al., 

2009) 

BphS Tn4371 isolated from 

Ralstonia eutropha 

Biphenyl degradation (Mouz et al., 

1999) 

AphS Comamonas testosteroni Phenol metabolism (Arai et al., 

1999) 

Development and sporulation 

Regulator Source organism Function Reference 

WhiH S. ceolicolor Sporulation (Ryding et al., 

1998) 

DasR Streptomyces griseus Morphological differentiation  (Seo et al., 

2002) 

DevA S. coelicolor Development (Hoskisson et 

al., 2006) 

SCO6974 S. coelicolor Myo inositol catabolism and sporulation (Yu et al., 2015) 

Virulence 

Regulator Source organism Function Reference 

CpsR Streptococcus 

pneuomniae 

Capsular polysaccharide synthesis and 

virulence 

(Wu et al., 

2016) 

YtrA Xanthomonas citri Virulence (Zhou et al., 

2017) 

Mce1R Mycobacterium 

tuberculosis 

Virulence (Casali et al., 

2006) 

Gnt10 Brucella melitensis Virulence (Haine et al., 

2005) 

HpaR1 Xanthomonas campestris 

pv. Campestris 

Hypersensitive response and virulence (An et al., 2011) 

Antibiotic production 

Regulator Source organism Function Reference 

PtmR1 Streptomyces platensis Production of platensimycin and 

platencin  

(Smanski et al., 

2009) 

DasR Streptomyces 

cinnamonensis 

Antibiotic production (Zhang et al., 

2016) 

SCO6256 S. coelicolor Myoinositol and antibiotic production (Yu et al., 2016) 

Adaptation to stressful environment 

Regulator Source organism Function Reference 

DR0265 Dienococcus radiodurans Regulation of radioresistance (Dulermo et al., 

2015) 

PMM1637 Prochlorococcus MED4 Regulation of nitrogen depletion and 

high-light stress conditions 

(Lambrecht et 

al., 2018) 

BusRTha Tetragenococcus 

halophilus 

glycine betaine ABC transporter system 

for adapting to saline conditions 

(Lin et al., 

2019) 

 

Antibiotic resistance 

Regulator Source organism Function Reference 

NorG Staphylococcus aureus Resistance to both quinolones and β-

lactams 

(Truong-Bolduc 

and Hooper, 
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2007) 

YtrA B. subtilis Cell-wall stress, response to cell wall 

antibiotics ramoplanin and moenomycin 

(Salzberg et al., 

2011) 

Ms0535 Mycobacterium 

smegmatis 

Isoniazid resistance (Hu et al., 2015) 

Rv1152 M. tuberculosis Vancomycin resistance (Zeng et al., 

2016) 

Biofilm formation 

Regulator Source organism Function Reference 

EbrA E. faecalis Biofilm formation (Ballering et al., 

2009) 

LbrA Listeria monocytogenes Biofilm formation (Wassinger et 

al., 2013) 

McbR E. coli Biofilm formation (Lord et al., 

2014) 

StsR Streptococcus mutans Biofilm formation (Lin et al., 

2019) 

Ms5576 M. smegmatis Biofilm formation and mannitol 

metabolism 

(Hu et al., 2018) 

Motility 

Name Source organism Function Reference 

swrZ Vibrio parahaemolyticus Motility (Jaques and 

McCarter, 2006) 

 

Although the GntR family members are involved in performing diverse functions, in E. 

coli majority of these are involved in regulation of carbon source metabolism (Ishihama 

et al., 2016) (Table 1.3). 

Table 1.3 GntR regulators in E. coli and their functions 

Protein 

name 
Function Reference 

CsiR 

Regulates the activity of csiD promoter during early stationary 

phase and potentially regulates catabolismof  -aminobutyrate 

(GABA) and accumulation of glutamate for general stress 

adaptation 

(Metzner et al., 2004) 

DgoR Negative regulator of D-galactonate metabolism (Singh et al., 2019) 

ExuR 
Negatively regulates metabolism and transcription of D-

galactouronate and D-glucouronate  

(Robert-Baudouy et al., 

1981; Tutukina et al., 

2016a) 

FadR 

Negatively regulates fatty acid degradation, positively 

upregulates transcription genes of unsaturated fatty acid 

biosynthesis, and also regulates acetate metabolism through 

IclR 

(Campbell and Cronan, 

2001; DiRusso et al., 

1992; Maloy and 

Nunn, 1981) 

FrlR Putative regulator of utilization of fructoselysine (Wiame et al., 2002) 

GlcC Positively regulates metabolism of glycolate (Pellicer et al., 1999) 

LgoR Plays essential role in L-galactonate metabolism (Reed et al., 2006) 

LldR Dual regulator of L-lactate metabolism 
(Aguilera et al., 2008; 

Dong et al., 1993) 
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McbR Negatively regulates biofilm formation and mucoidity 
(Lord et al., 2014; 

Zhang et al., 2008) 

MngR 
Negatively regulates 2-O-α-mannosyl-D-glycerate utilization 

and has been shown to be important in responding to heat shock 

(Krisko et al., 2014; 

Sampaio et al., 2004) 

NanR 
Negatively regulates transport and metabolism of N-acetyl-

neuraminic acid (or sialic acid)  
(Kalivoda et al., 2003) 

PdhR Negatively regulates genes of pyruvate dehydrogenase complex (Haydon et al., 1993) 

PhnF Negatively regulates metabolism of alkyl-phosphonate  
(Hove-Jensen et al., 

2010) 

UxuR 
Negatively regulates metabolism of β-D-glucuronides, D-

glucuronate, and D-gluconate 

(Bates Utz et al., 2004; 

Ritzenthaler and Mata-

Gilsinger, 1982; 

Rodionov et al., 2000; 

Tutukina et al., 2016a) 

YdfH 
Negatively regulates rsp operon (Regulatory in stationary 

phase)  
(Sakihama et al., 2012) 

YieP 

Involved in tolerance to 3-hydroxypropionic acid (3-HP) and 

proposed to regulate cellular membrane synthesis or structure, 

stress responses  

(Gao et al., 2018; 

Nguyen-Vo et al., 

2019) 

YdcR Uncharacterized transcriptional regulator  

YegW Uncharacterized transcriptional regulator  

YidP Uncharacterized transcriptional regulator  

YihL Uncharacterized transcriptional regulator  

YjiR Uncharacterized transcriptional regulator  

 

1.4.3 Domain architecture: classification into subfamilies 

The pioneering work by Haydon and Guest in 1991 suggested that the GntR family 

regulators share a N-terminal wHTH domain with amino acid sequence similarity in their 

N-terminal 69 amino acids (Haydon and Guest, 1991). Further, matrix-based similarity 

search in 23,196 proteins across the protein length found additional 5 proteins with GntR 

like sequence. Multiple sequence alignment for these proteins showed that the similarity 

did not extend beyond first 69 amino acid residues. Several studies involving individual 

GntR family regulators suggested the importance of C-terminal E/O region in binding 

effectors and oligomerization. About a decade later, a study made a rigorous comparison 

of structural, phylogenetic and functional aspects of nearly 270 members of GntR family. 

Full-length multiple sequence alignment of these regulators was used to construct a 

phylogenetic tree clearly showing four clades heterogeneous in their C-terminal E/O 

domain. Prediction of secondary structure revealed that the different clades possessed 
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discrete structural topologies of the C-terminal domain. Subsequently, the members of 

each clade based on their similar E/O domain architecture were classified into four 

distinct subfamilies: FadR, HutC, MocR and YtrA (Rigali et al., 2002). Later, three 

additional subfamilies were identified viz. AraR, PlmA, and DevA (Franco et al., 2006; 

Hoskisson et al., 2006; Lee et al., 2003). The detailed features of each subfamily with 

regard to their nomenclature, abundance, solved crystal structures, topology of E/O 

domain and general functions are discussed.  

1.4.3.1 FadR subfamily 

FadR subfamily named after FadR, the dual regulator of long chain fatty acid metabolism 

in E. coli, is the most represented (~40% of the total family members) (Rigali et al., 

2002). The FadR subfamily members are characterized by the presence of an all α-helical 

C-terminal E/O domain (Fig. 1.6) (Jain, 2015; Rigali et al., 2002). Based on the presence 

of either seven or six helices in the C-terminal domain, the subfamily is further divided 

into two subfamilies, FadR and VanR respectively. Besides this, an alternative 

classification involving members with a longer and comparatively variable C-terminal 

domain (FCD, PF07729) or a shorter and relatively similar C-terminal domain (FadR_C, 

PF07840) have been suggested (Zheng et al., 2009). The α-helices are organized in 

similar antiparallel orientation to form a bundle (Fig. 1.6). Most of the regulators of FadR 

subfamily are involved in regulating metabolism of oxidized substrates used as carbon 

sources such as sugar acids (UxuR, D-glucuronate), organic acids (PdhR, Pyruvate), and 

amino acid (AnsR, Aspartate) etc (reviewed in (Hoskisson and Rigali, 2009)). FadR from 

E. coli, V. cholerae and Vibrio alginolyticus represent the well-characterized members of 

the subfamily with their crystal structures solved in apo-, DNA- and/or effector- bound 

states (Gao et al., 2017; Shi et al., 2015; van Aalten et al., 2001; van Aalten et al., 2000; 

Xu et al., 2001). Additional structures for nine FadR subfamily members have been 
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solved (Table 1.4). Multiple individual biochemical studies have yielded information on 

the cognate operators and effectors as well as their mode of interaction with these 

regulatory components. 

 

Figure 1.6 Solved structure of FadR. Solved crystal structure of FadR from E. coli (PDB ID: 

1HW1) (Xu et al., 2001) is shown. The -helices are shown in red, while -strands are 

highlighted in yellow. The image was created by using ICM browser (www.molsoft.com). 

1.4.3.2 HutC/FarR subfamily 

HutC subfamily comprises the second highest fraction (~25-30% of the total GntR 

family members) of the GntR family regulators (Jain, 2015; Suvorova et al., 2015). The 

namesake member HutC negatively regulates histidine utilization in P. putida (Allison 

and Phillips, 1990). The C-terminal E/O domain with an average length of 170 amino 

acids harbors both α/β secondary structures (Fig. 1.7).  C-terminal E/O domain of HutC 

subfamily members have a structural homology to chorismate lyase fold (Pfam PF04345 

Chor_lyase) found in UbiC of E. coli now termed as UTRA (UbiC Transcription 

Regulator-Associated) domain (Pfam PF07702 UTRA) (Aravind and Anantharaman, 

2003). Later, crystal structures solved for multiple members of the subfamily 
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demonstrated the presence of chorismate lyase-like fold with three α-helices surrounding 

a core of six-stranded β-sheets arranged in anti-parallel orientation (Fig. 1.7). Solved 

crystal structures of YvoA from B. subtilis in apo- and effector- bound states have 

illustrated the effector binding mode of the regulator (Fillenberg et al., 2015; Resch et al., 

2010). Crystal structures of other HutC subfamily members have been solved and are 

listed in Table 1.4. HutC subfamily members are involved in diverse functions such as 

antibiotic production, conjugative plasmid transfer (KorA and TraR), regulation of sialic 

acid metabolism (NagR, DasR, and NagQ) etc (reviewed in (Hoskisson and Rigali, 

2009)). 

                   

Figure 1.7 Solved structure of YvoA. Solved crystal structure of YvoA from B. subtilis (PDB 

ID:4U0V) (Fillenberg et al., 2015) is shown on the left while the structure of UbiC (PDB 

ID:1TT8) with chorismate lyase fold (Smith et al., 2006) is shown on the right. The -helices are 

shown in red, while -strands are highlighted in yellow. The image was created by using ICM 

browser (www.molsoft.com). 
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1.4.3.3 MocR/GabR subfamily 

MocR subfamily takes its name from MocR, transcriptional regulator of rhizopine 

metabolism in R. meliloti (Rossbach et al., 1994). Subfamily members possess a 

noticeable longer C-terminal domain of about ~300-350 amino acid residues. The E/O 

domain bears a remarkable homology to aminotransferases class I (Pfam PF00155 

Aminotran_1_2) domain (Fig. 1.8). The aminotransferases containing the similar domain 

are known to catalyse enzymatic reactions using PLP as a cofactor.  Solved structure of 

GabR from B. subtilis shows that regulators bind PLP molecule covalently 

(Edayathumangalam et al., 2013; Okuda et al., 2015; Park et al., 2017; Wu et al., 2017) 

(Table 1.4). The structure also shows a dimeric arrangement in a head-to-tail 

configuration suited to bind direct repeats on DNA (Discussed later). Based on the 

similarity of their E/O fold with corresponding folds from different families of type-1 

PLP dependent enzymes the MocR subfamily members have been characterized into 

three subgroups, GabR, PtsJ and EnuR (Stefanovski et al., 2019). The MocR subfamily 

regulators are known to regulate reactions requiring PLP as a cofactor, for example, TauR 

from Rhodobacter capsulatus, GabR in B. subtilis, PtsJ in S. enterica serovar 

Typhimurium and PdxR from Bacillus clausii (reviewed in (Hoskisson and Rigali, 

2009)). 
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Figure 1.8 Crystal structure of GabR. Image on the left shows solved crystal structure of GabR 

from B. subtilis (PDB ID: 4N0B) (Edayathumangalam et al., 2013) while the on right solved 

crystal structure of putative aminotransferase (Tm1131) of Thermotoga maritima (PDB ID: 

1VP4) (unpublished, deposited to RCSB by Joint Center for Structural Genomics (JCSG)) is 

shown. The -helices are shown in red, while -strands are highlighted in yellow. The image was 

created by using ICM browser (www.molsoft.com). 

1.4.3.4 YtrA subfamily 

YtrA subfamily is named after the transcriptional regulator involved in regulation of 

acetoin utilization in B. subtilis and represents about 6% of the GntR family regulators 

(Suvorova et al., 2015). The unusually shorter C-terminal E/O domain of an average 50 

amino acid residues comprises of two short α-helices with a ‘fish-hook’ arrangement 

(Gao et al., 2007) (Fig. 1.9). Most of the YtrA subfamily regulators are involved in 

regulation of ATP-binding cassette (ABC) transport systems (Hoskisson and Rigali, 

2009). Crystal structures of multiple YtrA family members have been determined (Table 

1.4). 
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Figure 1.9 Crystal structure of CGL2947. The solved structure of CGL2947 from C. 

glutamicum (PDB ID: 2EK5) is shown (Gao et al., 2007). The -helices are shown in red, while 

-strands are highlighted in yellow. The image was created by using ICM browser 

(www.molsoft.com). 

1.4.3.5 AraR subfamily 

AraR is another minor subfamily of GntR family, with its namesake member involved in 

regulating metabolism of multiple carbon sources in B. subtilis (Sa-Nogueira and Mota, 

1997). The subfamily members represent a peculiar case with a GntR-type N-terminal 

wHTH and a C-terminal E/O domain highly similar to the periplasmic binding protein 

(PBP) fold of LacI family. AraR from B. subtilis is the only well-studied member with 

multiple crystal structures solved for N-terminal DNA binding domain in complex with 

DNA and C-terminal E/O domain with L-arabinose (Jain and Nair, 2013; Jain et al., 

2016). The C-terminal E/O domain has two structural subdomains with α/β topologies 

where two α helices surround a core of six parallel β-strands (Fig. 1.10). 
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Figure 1.10 Crystal structure of C-terminal E/O domain of AraR. The solved structure of C-

terminal E/O domain of AraR in complex with its effector, L-arabinose (PDB ID: 3TB6) (ball and 

stick representation) is shown (Prochazkova et al., 2012). The -helices are shown in red, while 

-strands are highlighted in yellow. The image was created by using ICM browser 

(www.molsoft.com). 

1.4.3.6 PlmA subfamily 

PlmA is another small group of GntR-type regulators with its namesake member involved 

in regulating maintenance of plasmid in Anabaena (Lee et al., 2003). The regulator was 

characterized as a member with a distinct domain. The regulators seem to be present only 

in cyanobacteria. The PlmA from Synechococcus elongatus was shown to interact with 

PII-PipX complex to regulate nitrogen assimilation by a novel mechanism (Labella et al., 

2016). Till date, no structure for any of the subfamily member is available. 

1.4.3.7 DevA subfamily 

With its only characterized member, DevA, this subfamily represents another minor 

subfamily. DevA was identified as a GntR-type transcriptional regulator with a novel E/O 

domain required for proper development of S. coelicolor (Hoskisson et al., 2006). Based 
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on the similarity, DevA subfamily members have been proposed to have originated from 

HutC subfamily (Tsypik et al., 2016). Currently, no solved structures of any of the 

subfamily member are available.  

Table 1.4 GntR family members with solved structures. ‘YtrA*’ indicates that the structure of 

the regulator was deposited in RCSB and assigned to GntR family, but not to any subfamily. 

However, from the structure they appear to be members of YtrA family. ‘RCSB’ in the reference 

column indicates that the information has been taken from structure submitted to RCSB and it 

does not accompany any published research article. 

Protein name Organism 
CTD 

subfamily 

PDB 

ID 
Description Reference 

FadREC E. coli FadR 

1H9T 
DNA/Full 

length 
 

(van Aalten et al., 

2001) 1H9G 
Effector/Full 

length 

1HW1 
Apo/ Full 

length  

(Xu et al., 2001) 
1HW2 

DNA/ Full 

length 

1E2X 
Apo/ Full 

length 

(van Aalten et al., 

2000) 

FadRVC V. cholerae FadR 

4PDK 
Effector/Full 

length 

(Shi et al., 2015) 4P96 
Apo/ Full 

length 

4P9U 
DNA/Full 

length 

FadRVA 
Vibrio 

alginolyticus 
FadR 

5XGF 
Apo/Full 

length 

(Gao et al., 2017) 

5DV5 
Effector/Full 

length 

GntR 
Streptococcus 

agalactiae 
FadR 6AZ6 

Apo/Full 

length 
(Little et al., 2018) 

LldR 

(CGL2915) 
C. glutamicum FadR 2DI3 

Metal ion 

/Full length 
(Gao et al., 2008) 
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McbR/YncC 
E. coli UMEA 

3718-1 
FadR 4P9F 

Apo/ Full 

length 
(Lord et al., 2014) 

PdhR E. coli CFT073 FadR 5KVR 
Apo/ Full 

length 
RCSB 

PdhR 

E. coli K-12 

 

FadR 5TPM Apo/ CTD RCSB 

MouR L. monocytogenes FadR 6EP3 
Apo/ Full 

length 

(Pinheiro et al., 

2018) 

TM0439 
Thermotoga 

maritima 
FadR 

3SXY 
Apo/ Full 

length 
RCSB 

3FMS 
Apo/ Full 

length 
(Zheng et al., 2009) 

3SXM 
Metal-free 

FCD 
RCSB 

3SXZ 
Metal-free 

FCD 
RCSB 

3SXK 
Metal bound 

FCD 
RCSB 

RHA1_ro03477 
Rhodococcus sp. 

RHA1 
FadR 2HS5 

Apo/ Full 

length 
RCSB 

PS5454 

Pseudomonas 

syringae pv. 

tomato str. 

DC3000 

FadR 3C7J 
Apo/ Full 

length 
RCSB 

YP_298823.1 
R. eutropha 

JMP134 
FadR 3IHU 

Apo/ Full 

length 
RCSB 

YvoA B. subtilis HutC 

4U0V 
Effector/Full 

length 

(Fillenberg et al., 

2015) 

4U0W 
Effector/Full 

length 

4U0Y 

DNA/ Full 

length, 

DNA/ DBD 

4WWC 

DNA/ Full 

length, 

DNA/ DBD 
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2WV0 
Apo/ Full 

length 
(Resch et al., 2010) 

DasR S. coelicolor HutC 

4ZS8 
Apo/ Full 

length 

(Fillenberg et al., 

2016) 

4ZSB Apo/ CTD 

4ZSI 
Effector/ 

CTD 

4ZSK 
Effector/ 

Apo/ CTD 

PhnF E. coli HutC 2FA1 Apo/  CTD 
(Gorelik et al., 

2006) 

PhnF M. smegmatis HutC 

3F8M 
Apo/ Full 

length 
RCSB 

3F8L Apo/  CTD RCSB 

TraR 
Streptomyces 

phaeochromogenes 
HutC 1V4R Apo/DBD RCSB 

YydK B. subtilis HutC 3BWG 
Apo/ Full 

length 
RCSB 

TreR .B subtilis HutC 2OGG Apo/ CTD 
(Rezacova et al., 

2007) 

YurK 

B. subtilis 

 

HutC 2IKK Apo/ CTD RCSB 

HutC 

P. syringae  pv. 

tomato str. 

DC3000 

 

HutC 2PKH Apo/ CTD RCSB 

EF_1328 

E. faecalis V583 

 

HutC 3DDV 
Apo/ Full 

length 
RCSB 

Lin2111 
Listeria innocua 

Clip11262 
HutC 3EDP 

Apo/ Full 

length 
RCSB 

SAVERM_3189 
Streptomyces 

avermitilis 
HutC 3EET 

Apo/ Full 

length 
RCSB 

SCO6256 S. coelicolor HutC 2RA5 
Apo/ Full 

length 
RCSB 
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GBAA_3458 

 
Bacillus anthracis 

str. Sterne 

HutC 3LHE Apo/ CTD RCSB 

BCE_3424 Bacillus cereus 
HutC 3L5Z 

Apo/ Full 

length 
RCSB 

Cgl0157 

 

C. glutamicum 
HutC 2P19 

Apo/ Full 

length 
RCSB 

SA0254 

 

S. aureus subsp. 

aureus N315 

 

HutC 2OOI 
Apo/ Full 

length 
RCSB 

GabR B. subtilis MocR 

4MGR 
Apo/ Full 

length 
(Edayathumangalam 

et al., 2013) 

4N0B 
Effector/ Full 

length 

4TV7 
Apo/ Full 

length 
(Okuda et al., 2015) 

YtrA 
Sulfolobus 

acidocaldarius 
YtrA 6SBS 

Apo/ Full 

length 

(Lemmens et al., 

2019) 

OEOE_1803 Oenococcus oeni YtrA 3BY6 
Apo/ Full 

length 
RCSB 

CBU_0775 Coxiella burnetii YtrA* 3TQN 
Apo/ Full 

length 

(Franklin et al., 

2015) 

BT_1304 
Bacteroides 

thetaiotaomicron 
YtrA* 3IC7 

Apo/ Full 

length 
RCSB 

Cgl2947 C. glutamicum YtrA 

2EK5 
Apo/ Full 

length 

(Gao et al., 2007) 

2DU9 
Effector/ Full 

length 

Lmo2241 
L. monocytogenes 

serovar 1/2a 
YtrA* 4HAM 

Apo/ Full 

length 
RCSB 

Lmo0741 
L. monocytogenes 

serovar 1/2a 
YtrA* 4R1H 

Apo/ Full 

length 
RCSB 

Lin1836 
L. innocua 

Clip11262 
YtrA* 3NEU 

Apo/ Full 

length 
RCSB 

AraR B. subtilis AraR 

5D4R DNA/ DBD 

(Jain et al., 2016) 

5D4S DNA/ DBD 
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4EGY DNA/ DBD 

(Jain and Nair, 

2013) 
4EGZ DNA/ DBD 

4H0E DNA/ NTD 

3TB6 
Effector/ 

CTD 

(Prochazkova et al., 

2012) 

 

1.4.4 Oligomerization  

Generally, GntR family regulators bind DNA with inverted repeats, although some 

exceptions including cases of binding direct repeats or DNA with no symmetry have also 

been observed (Hoskisson and Rigali, 2009; Rigali et al., 2002; Suvorova et al., 2015). 

Often oligomerization or conformational changes induced by binding of effector 

molecules allows the proper orientation of the wHTH domain for efficient binding of the 

cognate operator DNA. Majority of GntR family regulators exist as homodimers where 

each monomer recognizes one half of the 2-fold symmetric inverted or direct repeats. 

Multiple reports suggest that the C-terminal domain participates in dimerization although 

some of the regions in DNA binding domain may also contribute in forming the dimeric 

interface (Edayathumangalam et al., 2013; Gao et al., 2008; van Aalten et al., 2000). In 

FadR subfamily, the regulators belonging to FadR subgroup form dimers where besides 

the all-helical C-terminal E/O domain, 3 from the DNA binding domain as well as the 

connecting 4 linker also contributes to formation of dimers (van Aalten et al., 2000). 

Although the FadR subfamily members form parallel dimers, LldR from C. glutamicum, a 

member of the FadR subgroup presents as interesting case of cross dimers formed by 

swapping wHTH domains between the two monomers (Gao et al., 2008). In case of 

McbR from E. coli, a VanR subgroup member, the N-terminal 1 helix of wHTH domain 

extends close to the C-terminal E/O domain (Lord et al., 2014), although this feature is 

not exhibited by other VanR subgroup members such as TM0439 from T. maritima (PDB 



33 
 

ID: 3SXY, unpublished, deposited to RCSB by Czelakowski, G.P et al, 2011) and MouR 

from L. monocytogenes (Pinheiro et al., 2018). The oligomeric arrangement of the FadR 

subfamily members enables them to contact their cognate DNA with inverted repeats 

(Gao et al., 2017; Jain, 2015; Shi et al., 2015; Suvorova et al., 2015; van Aalten et al., 

2001) (Fig. 1.11 and Fig. 1.12). Members from other subfamilies such as HutC and YtrA 

which also predominantly bind inverted repeats in DNA adopt similar arrangement. 

However, the MocR subfamily members such as GabR from B. subtilis dimerize in head-

to-tail fashion likely to bind their cognate DNA with largely spaced direct repeats by 

looping (Edayathumangalam et al., 2013). Members from HutC subfamily, for example, 

YvoA from B. subtilis also dimerize in solution through their C-terminal E/O domain 

(Fillenberg et al., 2015), although TreR from B. subtilis has been shown to exhibit a 

unique tetrameric assembly (Rezacova et al., 2007).  Solved structures of various YtrA 

subfamily members such as CGL2947 from C. glutamicum, also show dimeric assembly 

formed by inter-wining of the short C-terminal domain comprising of two ‘fish-hook’ 

shaped -helices (Gao et al., 2007). Although the full length structure of any AraR 

subfamily member has not been solved, the structure of C-terminal E/O domain of AraR 

from B. subtilis suggests that in contrast to the parallel orientation of E/O domains of 

homologs belonging to the LacI family, the AraR forms dimers in which monomers are 

tilted at an angle of 40° rendering the regulator unsuited to binding the DNA 

(Prochazkova et al., 2012). Full-length structure of AraR in complex with its operator 

DNA will be required to understand the mode of oligomerization favourable for binding 

its cognate DNA. Oligomeric status of other subfamilies PlmA and DevA is yet to be 

explored. 
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` 

Figure 1.11 Oligomerization in the GntR family. The diverse arrangement of monomers in 

dimer of GntR family regulators belonging to different subfamilies is shown. The individual 

monomers of each dimer are colored yellow and blue. The image was created by using ICM 

browser (www.molsoft.com). 
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Figure 1.12 Oligomeric arrangement and mode of DNA-binding in GntR family members. 

The oligomeric arrangement of FadR, HutC, and YtrA members involved in binding inverted 

repeats in DNA is compared with that of MocR family, known to bind direct repeats. The N-

terminal DNA-binding and C-terminal effector-binding domains are shown in green and red 

respectively. The arrows indicate DNA motifs recognized by the regulators. The image has been 

modified from (Rigali et al., 2002). 

1.4.5 DNA binding characteristics 

The N-terminal wHTH domain of GntR family regulators recognizes operator DNA 

harboring distinct topologies. Although the C-terminal domain is not involved in binding 

DNA, its oligomerization imposes steric constraints on the wHTH domain thus affecting 

the spatial orientation of the structural elements involved in interaction with DNA (Rigali 

et al., 2002; Suvorova et al., 2015). Despite a very low conservation at sequence level 

(average amino acid sequence identity ~25%), structural topology of the wHTH domain 

of the whole GntR family is remarkably similar (Fig. 1.13) (Jain, 2015; Rigali et al., 

2002). The GntR-type wHTH domain (recognized as PF00392 in the Pfam database) 

comprises of three -helices and two very short -strands in 1-2-3-1-2 topology as 

observed from the solved structure for FadR from E. coli (Fig. 1.13) (van Aalten et al., 
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2000). The three helices fold around a central hydrophobic core to form a tri-helical 

bundle where the 2 and 3 helices connected by a turn constitute the HTH motif while 

the two -strands form a short ‘wing’. The winged-HTH motif makes extensive contact 

with the operator DNA while the 1 helix extends stability to the overall fold. The 

relative positions of the secondary structural elements are conserved throughout the GntR 

family with a few anomalies such as absence of 1 (EmoR from BNC1, an EDTA-

degrading bacterium and NtaR from Chelatobacter heintzii), presence of additional -

helix before 1 (PdxR from S. venezuelae and WhiH from Streptomyces qureofacients 

suggested from their predicted secondary structures) (Rigali et al., 2002). An additional 

’ strand after 1 is occasionally observed such as in the solved crystal structures of 

GabR from B. subtilis, and CGL2947 from C. glutamicum. The additional ’ strand forms 

a  sheet by interacting with 2 strand of the wing (Fig. 1.13) (Edayathumangalam et al., 

2013; Gao et al., 2007). 
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Figure 1.13 N-terminal wHTH domain of various GntR family members. The DNA-binding 

wHTH domains of GntR regulators belonging to different subfamilies is shown. The -helices are 

shown in red, while -strands are highlighted in yellow. The secondary structural elements of the 

domain are labelled. The image was created by using ICM browser (www.molsoft.com). 

Although the GntR-type wHTH domain exhibits low sequence identity at the 

family level, when compared at the subfamily level, the average amino acid sequence 

identity increases to ~40% suggesting that the diversity in the C-terminal E/O domains of 

various subfamily members reflects upon the wHTH domain (Rigali et al., 2002). Even 

with its relatively simpler structural scaffold, the wHTH domain exhibits functional 
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versatility in terms of binding to various operators bearing distinct topologies. As 

mentioned earlier, the oligomeric arrangement or allosteric changes induced by binding of 

an appropriate effector molecule allows the correct spatial disposition of the DNA 

binding domain (DBD) for binding operators with contrasting features. The majority of 

GntR family regulators dimerize in solution to bind operator sites having conserved 

inverted repeats with 2-fold symmetry (Hoskisson and Rigali, 2009; Jain, 2015; Rigali et 

al., 2002; Suvorova et al., 2015), where each monomer from the dimer interacts with one 

half of the inverted repeat. The DNA-protein contacts are more or less identical for the 

respective halves of the nucleoprotein complex (Fillenberg et al., 2015; Gao et al., 2017; 

Shi et al., 2015; van Aalten et al., 2001). Many GntR family regulators recognize operator 

DNA having direct repeats (reviewed in (Hoskisson and Rigali, 2009; Jain, 2015; Rigali 

et al., 2002; Suvorova et al., 2015). The operators are A/T rich sequences with a relatively 

conserved center and variable periphery (Jain, 2015; Suvorova et al., 2015). Several of 

the experimentally determined operators recognized by GntR family regulators match 

with the palindromic or pseudo-palindromic NyGTNxACNy consensus sequence, where 

nature (N) and number (x or y) of the nucleotides varies around the conserved GT and AC 

pairs (Suvorova et al., 2015). Comparative studies at the subfamily level suggest that the 

consensus for the FadR and HutC subfamilies is NyGTM-N0–1-KACNy and 

NyGTMTAKACNy, respectively (Suvorova et al., 2015). Although FadR subfamily 

members usually bind inverted repeats, some transcriptional regulators such as NanR 

(TGGTATAW) (Condemine et al., 2005) and BioR (TTATMKATAA) (Feng et al., 2013; 

Rodionov and Gelfand, 2006) bind DNA with direct repeats while others bind DNA 

lacking any symmetry (Rigali et al., 2002; Suvorova et al., 2015). Similarly, HutC 

subfamily members are also known that bind DNA sites other than inverted repeats such 

as direct repeats (NagQ: TGGTATT (Yang et al., 2006) and FarR: TGTATTAWTT 
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(Quail et al., 1994)) or DNA with additional symmetry (SdhR: 

TCTTATGTCTTATATAAGACATAAGA) (Suvorova et al., 2012). So far the consensus 

for other GntR subfamilies could not be derived. The spacing between the two half-sites 

seems to be important for recognition by the regulator and varies to different degrees 

amongst the subfamilies. The distance varies only weakly among the FadR and HutC 

subfamily members, but is quite different from the members of the YtrA subfamily where 

the GT and AC bases are positioned far from the middle of the palindrome (Rigali et al., 

2002). Among the FadR subfamily transcriptional regulator-binding sites the distance 

between the conserved GT and AC pairs in respective halves of the inverted repeat is 

either 3 or 2 nucleotides, and seem to be critical for binding with their cognate regulators 

(Suvorova et al., 2015).  

Majority of information regarding molecular details of interaction of GntR family 

members with their cognate DNA is derived from the solved crystal structures of FadR 

from E. coli (van Aalten et al., 2001) and V. cholerae (Shi et al., 2015) (FadR subfamily), 

AraR from B. subtilis (AraR subfamily) (Jain and Nair, 2013; Jain et al., 2016), and 

YvoA from B. subtilis (Fillenberg et al., 2015) (HutC subfamily). Comparison of the 

various structures suggests that the mode of interaction of various secondary structures of 

the wHTH domain of the regulators belonging to different subfamilies with their operator 

DNA is highly conserved. The amino acid contacts of FadR from E. coli and V. cholerae 

are identical. The DNA-protein interaction is mediated by specific amino acid-nucleotide 

base or non-specific contacts with the sugar phosphate backbone of the DNA. The 2 of 

the HTH motif orients the interaction of N-terminal amino acid in the first few turns of 

the 3 helix (recognition helix) deep into the major groove of the DNA. Notably a 

glutamic acid residue (E34, E27 and E30 in FadR, YvoA and AraR respectively) in 2 

contacts two conserved arginine residues (R45 and R49 in FadR; R38 and R48 in YvoA; 
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and R41 and R45 in AraR) in the 3 helix to facilitate their interaction with nucleotides 

in their operator DNA. Of these the first arginine is usually involved in specific 

interaction with a conserved guanine residue in major grove. The amino acids at the tip of 

the wing dock into the minor grove and can make specific contacts with bases in the DNA 

for example H65 in FadR, G69 in YvoA and Q61 in AraR make direct contacts with the 

bases in the minor grove of the DNA.  The amino acid residues in the 1 helix usually 

make non-specific contacts with the DNA and provide stability to the contacts make by 

the downstream amino acids. The specific contacts made by various amino acids of FadR 

with its cognate DNA are shown in Fig. 1.14. 

 

Figure 1.14 Protein-DNA contacts in FadR-DNA complex. The critical amino acids of FadR 

involved in making specific contacts with its cognate DNA in the FadR-DNA complex (PDB: 

1HW2) (Xu et al., 2001) are labelled. The -helices are shown in red, while -strands are 

highlighted in yellow. The DNA strands are represented as grey ribbons. The conserved ‘G’ base 

involved in interaction of GntR family regulators with their DNA is highlighted in cyan color. 

The image was created by using ICM browser (www.molsoft.com). 
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1.4.6 Effector binding characteristics 

Multiple studies on individual transcriptional regulators belonging to GntR family shows 

that their C-terminal domain (E/O) is involved in oligomerization and binding effector 

molecules (reviewed in (Jain, 2015; Rigali et al., 2002)). Effectors bound by this family 

are generally small organic molecules that bind the transcriptional regulator to alter its 

DNA-binding properties. For the transcriptional regulators that govern metabolism of 

carbon sources, the effector bound can be either the substrate or the metabolic 

intermediate of the pathway (Bates Utz et al., 2004; Bouvier et al., 2019; DiRusso et al., 

1992; DiRusso et al., 1998; Hoskisson and Rigali, 2009; Jain, 2015; Kalivoda et al., 2003; 

Lee et al., 2000; Miwa and Fujita, 1988; Tutukina et al., 2016a). Although the effectors 

for a large number of GntR family regulators are known, the molecular details of their 

interaction with the proteins are underexplored. Only a limited number of structures with 

bound effectors have been solved that provide information of the effector-binding pocket 

of the regulators (Table 1.4). Among the FadR subfamily members, the structures for 

effector- bound dimeric FadR from E. coli, V. cholerae and V. alginolyticus have been 

solved (Gao et al., 2017; Shi et al., 2015; van Aalten et al., 2001). The cognate effector, 

long chain fatty acyl CoA enters the protein through α5 and α10 in the FadR C-terminal 

E/O domain. The pantothenate group of CoA makes multiple contacts with the amino 

acids in pocket on the relatively exposed surface, whereas the long acyl chain enters a 

groove making a large number of contacts with the protein (Gao et al., 2017; Shi et al., 

2015; van Aalten et al., 2001). In FadR from V. cholerae and V. alginolyticus insertion of 

additional 40 amino acids forms binding site for another effector molecule in each 

monomer (Gao et al., 2017; Shi et al., 2015). Comparison of the apo-, DNA- and/or 

effector bound structures for various FadR proteins revealed mechanism of effector-

mediated change in the binding of regulator to its cognate DNA. The apo- and DNA-
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bound structures show a large degree of similarity whereas binding of the effector 

molecule induces conformational change in the E/O domain which allosterically changes 

the orientation of the whole N-terminal DNA-binding domain (Discussed in detail later). 

Allosteric change induced by binding of effector increases the relative distance between 

the two recognition helices in the wHTH domain rendering them unsuitable to dock into 

their operator DNA. Although the solved crystal structures for other FadR subfamily 

members have been used to predict the effector binding pocket, experimental evidences 

are still lacking. The comparison of their predicted effector binding site with that of FadR 

shows that they may have similar or dissimilar effector binding cavity or even effector 

mediated allosteric change to affect the DNA-binding properties may be different (Gao et 

al., 2008; Lord et al., 2014; Zheng et al., 2009). Multiple reports suggest that some of the 

FadR subfamily members bind a metal ion through relatively conserved amino acid 

residues (Blancato et al., 2016; Lord et al., 2014; Zheng et al., 2009). The metal has been 

proposed to sit in the effector binding pocket and assist in effector-repressor interaction. 

1.5 Sugar acid metabolism and its regulation  

Sugar acids, oxidized derivatives of sugars, are used as carbon source by bacteria. Sugar 

acids are derived from sugars by oxidation of either the hydroxyl or the carbonyl group 

into carboxylic group. Depending upon the nature and degree of oxidation, sugar acids 

are categorized into aldonic, uronic, aldaric and ulosonic acids (Bhagavan, 2002; Robyt, 

1998). Besides this methyl- derivatives of sugar acids are also used by bacteria (Yoon et 

al., 2012). The carboxyl group of sugar acids reacts with a hydroxyl group within the 

same molecule to form cyclic lactones (Isbell and Frush, 1933). The open chain and 

lactone forms are known to be spontaneously interconvertible. Among these sugar acids 

and their derivatives, aldonic and uronic acids are considered as the most physiologically 

relevant sugar acids (Bhagavan, 2002; Mandrand-Berthelot et al., 2004). Sugar acids are 
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produced by enzymatic oxidation or epimerization reactions during metabolism of various 

sugars. Besides this, many sugar acids occur naturally. D-galacturonate is a monomer of 

pectin, an important constituent of plant cell wall and its free form is produced by 

enzymatic degradation by gut microbial flora of herbivores (Jayani et al., 2005; Richard 

and Hilditch, 2009).  

1.5.1 Physiological importance of sugar acid metabolism 

Multiple studies illustrate the physiological relevance of sugar acid metabolism for 

various organisms. Sugar acids such as D-glucuronate are used for detoxification of 

harmful xenobiotics in mammalian liver (Perreault et al., 2013). D-galactonate is 

produced by human tissues to dispose-off excess non-metabolizable D-galactose in 

galactosemic patients (Lai and Klapa, 2004).  Multiple plant pathogens including various 

bacteria and fungi are known to utilize sugar acids released by enzymatic digestion of 

plant cell wall to facilitate and sustain their interaction with their host (Prade et al., 1999). 

Soft rot pathogen Pectobacterium carotovorum mutant defective in D-gluconate 

metabolism was shown to have diminished virulence in Arabidopsis thaliana and 

Solanum tuberosum, suggesting the importance of D-gluconate metabolism in the 

virulence of bacteria (Mole et al., 2010). Botrytis cinerea is a necrotrophic fungus which 

infects multiple plant species. Its mutant defective in D-galacturonate metabolism was 

found to have selectively compromised virulence on A. thaliana and Nicotiana 

benthamiana leaves rich in this sugar acid suggesting the role of D-galacturonate 

metabolism in the virulence of B. cinerea (Zhang and van Kan, 2013). Sugar acids such 

as D-gluconate have been demonstrated to be important for colonization of mammalian 

gut by E. coli (Sweeney et al., 1996). Metabolism of yet other sugar acids D-galactarate 

and D-glucarate was reported to play an important role in post-antibiotic expansion of gut 

microbiota in mammals (Faber et al., 2016).   
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1.5.2 Components involved in the metabolism of sugar acids in E. coli 

E. coli K-12 is capable of utilizing sugar acids including various hexonates, hexuronates 

and hexuronides as sole source of carbon and energy (Mandrand-Berthelot et al., 2004).  

For them to be used by bacteria, the sugar acid or its derivative must be transported across 

the envelope into the bacterial cytoplasm, where it itself or its metabolic products must 

interact with its regulatory machinery to enhance the availability/activity of enzymatic 

components required for its metabolism. In contrast to their related sugars, most of the 

sugar acids are transported by specific sugar acid transporters belonging to the Ion 

Transporter (IT) or Major Facilitator Superfamily (MFS) superfamilies (Table 1.5). In 

certain cases the same transporter is employed for transporting multiple sugar acids, for 

example ExuT is involved in the transport of both D-galacturonate and D-glucuronate 

(Table 1.5). Sugar acids are metabolized by a limited number of enzymatic activities 

involving isomerases, oxidoreductases, dehydratases, kinases and aldolases (Table 1.6). 

Almost all of the sugar acids are metabolized to produce either 6-carbon 2-keto-3-deoxy 

6-phosphogluconate (KDPG) or -ketoglutarate or glyceraldehyde-3 phosphate and 

pyruvate, which enter the glycolytic pathway for energy generation by substrate-level 

phosphorylation (Mandrand-Berthelot et al., 2004; Rodionov et al., 2000; Suvorova et al., 

2011). Hexuronides and hexuronates are metabolized by Ashwell pathway while other 

sugar acids such as D-gluconate, L-idonate or 2-keto-3-deoxy gluconate (KDG) are 

processed by Entner-Doudoroff (ED) pathway as shown in Fig. 1.15. D-galactonate is 

metabolized through a modified form of ED pathway (Cooper, 1978; Deacon and Cooper, 

1977) and galactarate is metabolized by a separate pathway to produce pyruvate and 2-

phosphoglycerate as final products to enter glycolysis and tricarboxylic acid cycle 

(Mandrand-Berthelot et al., 2004).  
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Table 1.5 Transporters involved in the uptake of various sugar acids in E. coli (Mandrand-

Berthelot et al., 2004) 

Family Transporter Function Family Substrate/s 

IT GntP D-gluconate transporter IT D-gluconate 

IT GntT D-gluconate transporter IT D-gluconate 

IT GntU D-gluconate transporter IT D-gluconate 

IT IdnT L-idonate transporter IT L-idonate 

IT KdgT KDG transporter IT Keto-deoxygluconates 

MFS DgoT D-galactonate transporter MFS D-galactonate 

MFS ExuT Hexuonate transporter MFS D-galacturonate, D-glucuronate 

MFS GarP D-galactarate transporter MFS D-glucarate, D-galactarate 

MFS GudP D-glucarate transporter MFS D-glucarate, D-galactarate 

MFS UidB D-glucuronide transporter MFS D-glucuronides 

 

 

Figure 1.15 Pathways for transport and metabolism of hexuronides, hexuronates and 

hexonates in E. coli. The metabolic routes are indicated by arrows. Ashwell, Entener-Doudoroff, 

pentose phosphate and glycolytic pathways are shown in red, orange, blue and green boxes 

respectively. Various transporters and enzymes involved at various metabolic steps are mentioned 

above arrows. The image was modified from (Peekhaus and Conway, 1998). 
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Table 1.6 Metabolic enzymes involved in the metabolism of various sugar acids in E. coli 

(Mandrand-Berthelot et al., 2004) 

Primary catabolic pathway Gene Function 

2,5-diketo-D-gluconate 
DkgA 2,5-diketo-D-gluconate reductase 

2,5-diketo-D-gluconate 
DkgB 2,5-diketo-D-gluconate reductase 

2,5-diketo-D-gluconate 
GhrB 2-keto-L-gulonate/2,5-diketo-D-gluconate reductase 

5-keto-4-deoxyuronate 
KduD 2,5-diketo-3-deoxy-D-gluconate reductase 

5-keto-4-deoxyuronate 
KduI 5-keto-4-deoxyuronate isomerase 

Entner-Doudoroff 
Eda  2-keto-3-deoxy-D-gluconate 6-phosphate aldolase 

Entner-Doudoroff 
Edd D-gluconate 6-phosphate dehydratase 

D-galactarate 
GarD D-galactarate dehydratase 

D-galactonate 
DgoA 2-keto-3-deoxy-D-galactonate 6-phosphate aldolase 

D-galactonate 
DgoD D-galactonate dehydratase 

D-galactonate 
DgoK 2-keto-3-deoxy-D-galactonate kinase 

D-galacturonate 
UxaA D-altronate dehydratase 

D-galacturonate 
UxaB D-altronate oxidoreductase 

D-galacturonate/ D-glucuronate 
UxaC Hexuronate isomerase 

D-glucarate 
GudD D-glucarate dehydratase 

D-glucarate/galactarate 
GarK D-glycerate kinase 

D-glucarate/galactarate 
GarL 5-keto-4-deoxy-D-glucarate aldolase 

D-glucarate/galactarate 
GarR Tartronate semialdehyde reductase 

D-gluconate 
GntK D-gluconate kinase 

D-glucuronate 
UxuA D-mannonate dehydratase 

D-glucuronate 
UxuB D-mannonate oxidoreductase 

Hexuronate/2-keto-3-deoxy-D-

gluconate 

KdgK 2-Keto-3-deoxy-D-gluconate kinase 

L-Idonate 
IdnD L-idonate dehydrogenase 

L-Idonate 
IdnK D-gluconate kinase 

L-Idonate 
IdnO 5-keto-D-gluconate reductase 

β-D-glucuronide 
UidA β-D-glucuronidase 
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1.5.3 Components involved in regulation of sugar acid metabolism in E. coli 

In E. coli, majority of genes encoding components for transport and metabolism of 

various sugar acids are under regulation by global as well as specific regulators (Table 

1.7). Most of the sugar acid metabolic genes are under cAMP-CRP mediated carbon 

catabolite repression with a few exceptions such as the gntP, the D-gluconate transporter 

and edd and eda genes of ED pathway (Mandrand-Berthelot et al., 2004). Sugar acid 

regulators belong to different families such as GntR, LacI, IclR, TetR and CdaR (Table 

1.7). Most of the regulation is dominated by repressors with exceptions of CdaR and IdnR 

involved in regulation of D-glucarate/galactarate and L-idonate, respectively. Majority of 

the regulators exhibit autoregulation for rapidly responding to the changing 

environmental conditions.  DgoR, ExuR, UidR, and UxuR negatively regulate themselves 

while CdaR is under its positive autoregulation. However, GntR and IdnR, which regulate 

uptake and metabolism of D-gluconate and L-idonate, respectively, are constitutively 

expressed. Due to extensive isomerization, sharing of inducers or the transcriptional 

regulators, the sugar acid metabolic pathways tend to cross-communicate with each other 

(Mandrand-Berthelot et al., 2004; Rodionov et al., 2000). One of the prominent examples 

includes cross-talk among hexuronide and hexuronate pathways by cooperative regulation 

of D-glucuronidase gene, uidA by two regulators, UidR, the specific regulator as well as 

UxuR, the primary regulator of D-glucuronate metabolism. The complete induction of 

uidA requires derepression of UidR and UxuR by their cognate effectors, D-

glucuruonide/D-glucuronate and D-fructuronate, respectively (Novel and Novel, 1976; 

Ritzenthaler et al., 1983). Additional examples of cross-regulation among sugar acid 

metabolic pathways include cross-talk between L-idonate and D-gluconate metabolic 

pathways (Tsunedomi et al., 2003a; Tsunedomi et al., 2003b) as well as UxuR and ExuR 
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mediated co-regulation of hexuronate metabolism by formation of UxuR/ExuR hetero-

dimers (Tutukina et al., 2016a).  

Table 1.7 Transcriptional regulators involved in the regulation of sugar acid metabolism in 

E. coli (Mandrand-Berthelot et al., 2004) 

Family Regulator Regulation type Regulon members 

CdaR 
CdaR Activation cdaR, garD, garPLRK, gudPXD 

GntR 
DgoR Repression dgoRKADT 

GntR 
ExuR Repression exuR, exuT, uxaB, uxaCA, (uxuAB, uxuR) 

GntR 
UxuR Repression/Activation uxuAB, uxuR, (uidABC), gntP, uidR’ 

IclR 
KdgR Repression kdgT, kdgD, KduID 

LacI 
GntR Repression edd-eda, gntKU, gntT, (idnDOTR, idnK) 

LacI 
IdnR Activation idnDOTR, idnK,(gntKU, gntl) 

TetR 
UidR Repression uidABC, uidR 

 

1.6 D-galactonate sugar acid 

1.6.1 Introduction 

D-galactonate, a conjugate base of D-galactonic acid, is an aldonic sugar acid derivative 

of D-galactose where the aldehyde group (-CHO) is oxidized into carboxylic group (-

COOH) (Fig. 1.16). L-galactonate, the enantiomer of D-galactonate, differing in spatial 

orientation of hydroxyl group (-OH) at the C5 carbon is also known to exist in nature and 

is produced by enzymatic degradation of pectin by various fungi (Kuivanen et al., 2014; 

Kuivanen et al., 2012; Martens-Uzunova and Schaap, 2008). D-galactonate can undergo 

intramolecular esterification to form 5- or 6- membered cyclic lactones, D-galactono 1-4 

lactone (D-galactonic acid--lactone) or D-galactono 1-5 lactone (D-galactonic acid--

lactone) (Fig. 1.16). The D-galactonic acid--lactone is hyrolyzed fairly rapidly into D-

galactonate as compared to its 5-membered counterpart, D-galactonic acid--lactone. 
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Both linear chain and cyclic lactones are spontaneously interconvertible in their aqueous 

solutions although living systems such as bacteria and fungi have been reported to 

harbour lactonases to mediate this interconversion (De Ley and Doudoroff, 1957; Isbell 

and Frush, 1933; Shimizu et al., 1992). D-galactonate is a commercially attractive 

compound finding its application in polyester based polymer synthesis (Romero Zaliz and 

Varela, 2003, 2006). Recently, there has been a surge in biochemical synthesis of D-

galactonate using economically cheaper raw materials (Liu et al., 2014a; Liu et al., 

2014b; Ramos et al., 2017; Zhou et al., 2018). In a separate study, the end products of De 

Ley-Doudoroff pathway known to produce endogenous D-galactonate as an intermediate 

were combined with methylerythritol phosphate pathway (MEP) in an engineered E. coli 

strain to overproduce isoprenoids, another class of commercially valuable compounds 

(Ramos et al., 2014). 

 

Figure 1.16 Structure of D-galactonate and its lactone forms. D-galactonate can be derived 

from oxidation of –CHO group of D-galactose in to –COOH group. D-galactonate can undergo 

intramolecular esterification to form either - or - lactones. 
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1.6.2 D-galactonate prevalence in nature 

Several reports suggest the wide prevalence of D-galactonate in nature. D-galactonate is 

produced by a variety of organisms including various bacterial and fungal species as an 

intermediate of D-galactose metabolism through De Ley-Douduroff pathway. Bacteria 

such as Stenotrophomonas maltophilia (isolated from intestinal crypts and mucous 

membranes of mammalian hosts) (Saffarian et al., 2015), Gluconobacter liquefaciens 

(present in sugar-rich habitats) (Gupta et al., 2001), P. saccharophila (a mud bacterium), 

Azotobacter vinelandii (a free living diazotroph found in soil) (Lipman, 1903; Noar and 

Bruno-Barcena, 2018), Caulobacter crescentus (an oligotrophic aquatic bacterium) 

(Poindexter, 1964, 2015), and S. meliloti and R. meliloti (nitrogen fixing symbionts of 

legumes) (Sulieman and Tran, 2014) produce D-galactonate by enzymatic oxidation of D-

galactose  followed by isomerization to D-galactono-γ-lactone by a lactonase as an initial 

step of the De Ley-Doudoroff pathway (A.H., 1961; Arias and Cervenansky, 1986; 

Brechtel et al., 2002; De Ley and Doudoroff, 1957; Geddes and Oresnik, 2012; Kurn et 

al., 1978; Wong and Yao, 1994). Fungi such as Aspergillus niger also produce D-

galactonate from D-galactose through a non-phosphorylative De Ley-Doudoroff pathway 

(Elshafei and Abdel-Fatah, 2001). A recent study detected the presence of D-galactonate 

in cheese curd and the inoculation of cheese curd with Debaryomyces hansenii, a 

common yeast found in food items such as dairy products (Banjara et al., 2015), increased 

its concentration nearly five times, suggesting that D. hansenii can produce D-galactonate 

(Pham et al., 2019).  

Various reports have demonstrated the presence of D-galactonate in mammalian 

tissues as well as body secretions (Berry et al., 1998; Rancour et al., 1979; Rogers et al., 

1984; Schadewaldt et al., 2004). Humans produce D-galactonate especially after 

consumption of lactose-rich diet such as cheese and milk. A recent report has proposed 
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D-galactonate in human serum and urine as dietary-lactose intake marker (Münger et al., 

2017; Trimigno et al., 2018). Another recent report demonstrated postprandial increase in 

D-galactonate levels in human serum and urine as one of good proxies for genetically 

driven lactase activity suggesting its measurement in human urine can be used for 

developing a non-invasive lactose digestion test for diagnosing individuals with 

hypolactasia, a condition with poor lactose digestion (Vionnet et al., 2019). D-galactonate 

is also produced by an alternative metabolic route as a means to dispose-off excess D-

galactose in galactosemic patients, who lack the enzyme(s) of D-galactose metabolism 

(Lai and Klapa, 2004). Patients with galactosemia produce increased levels of D-

galactonate in blood and urine (Ficicioglu et al., 2005; Yager et al., 2004).  

1.6.3 D-galactonate metabolism and its regulation in E. coli 

Reports as early as 1970s suggested that exogenous D-galactonate is rapidly utilized as a 

sole source of carbon and energy by various bacteria such as non-pathogenic 

mycobacteria, Mycobacterium butyricum, and enteric bacteria including E. coli and S. 

enterica serovar Typhimurium LT-2 (Deacon and Cooper, 1977; Szumilo, 1981, 1983). 

In a classical mutagenesis based study, E. coli K-12 mutants defective in utilizing D-

galactonate as a sole carbon source were isolated and biochemically analyzed for the 

phosphorylation, hydrolysis and aldol cleavage enzymatic activities usually required for 

metabolism of sugar acids thus delineating the metabolic pathway of D-galactonate 

metabolism in E. coli (Cooper, 1978). Biochemical insights from the study suggested that 

D-galactonate is metabolized by a modified form of ED pathway, by enzymatic action of 

three enzymes designated as DgoD, DgoK and DgoA with D-galactonate dehydratase, 

kinase and phosphorylase activities, respectively. A putative transporter DgoT, was also 

suggested for transport of exogenous D-galactonate. All of the Dgo enzymes were found 

to be simultaneously produced when the cells were grown in the presence of D-
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galactonate (Cooper, 1978; Deacon and Cooper, 1977). One particular mutation led to 

simultaneous loss of all the D-galactonate metabolic activities and was proposed to affect 

the common putative promoter of the dgo genes, suggesting expression of all dgo genes 

from a common promoter. Further, the mutations corresponding to various D-galactonate 

metabolic enzymes of E. coli were genetically mapped by conjugation and were found to 

occur close to each other (Cooper et al, 1978). Based on these observations it was 

suggested that the D-galactonate metabolic genes constitute a putative operon (dgo) 

located at min 81.7 of the E. coli linkage map. Later, sequencing of the corresponding 

region and annotation found that five genes encoding a putative repressor, DgoR; a 

kinase, DgoK; an aldolase, DgoA; a dehydratase, DgoD and a putative transporter, DgoT 

are located next to each other (Babbitt et al., 1995; Burland et al., 1993). However, no 

experimental proof for the operon organization of the dgo genes was available. Although 

the enzymatic activities were determined from crude lysates prepared from cells grown in 

the presence of D-galactonate and assigned to putative genes in the original study 

(Cooper, 1978), purified proteins were used to understand structural and biochemical 

details of D-galactonate metabolism and transport much later and these studies are 

described below. 

1.6.3.1 Transport of exogenous D-galactonate 

D-galactonate is transported into the cytoplasm by a D-galactonate:H
+

 symporter DgoT. 

According to Transporter Classification Database DgoT belongs to Anion:Cation 

Symporter (ACS) family of the MFS superfamily of transporters (Pao et al., 1998; Saier 

et al., 2016). Purified and reconstituted DgoT from E. coli was shown to mediate D-

galactonate: proton symport in an electrogenic fashion. A fluorescent dye based assay 

revealed that DgoT is a specific transporter of D-galactonate as it does not transport its 

epimer, structurally varying only in the orientation of –OH group around single carbon 
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atom. Solved crystal structures of WT open to the cytoplasmic site (PDB ID: 6E9N) and 

transport-defective mutant (E133Q) in a galactonate-bound form open to the periplasmic 

side (PDB ID: 6E9O) shed light on the specificity and mechanism of D-galactonate 

transport. In contrast to other related transporters, both N- and C- terminal domains of 

DgoT play important role in substrate recognition (Fig. 1.17). Arg47 plays a specific role 

in interaction with carboxyl group of D-galactonate and further specificity in substrate 

recognition is provided by set of 9 hydrogen bonds formed between the sugar acid and the 

transporter. In substrate free-state, Glu133 and Arg47 in DgoT form a charge pair 

interaction. Asp46 and Glu133 in the periplasmic oriented protein are protonated, 

allowing the interaction of Arg47 with the carboxyl group of D-galactonate substrate 

which triggers allosteric changes in the protein from periplasmic to cytoplasmic facing 

conformation. Both the substrate and the proton are released into the cytoplasm. 

Subsequently, deprotonation of Glu133 restores its interaction with Arg47 to form a 

charge pair, reorienting the transporter from cytoplasmic to periplasmic-facing 

conformation in the process. In the next cycle, the transporter protein again accepts a 

proton for subsequent binding of another D-galactonate molecule and its transport across 

the bacterial membrane (Leano et al., 2019). 
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Figure 1.17 Transport of D-galactonate by DgoT. (A) Structure of D-galactonate transporter, 

DgoT, solved in inward (PDB ID: 6E9N) and D-galactonate-bound outward facing (PDB ID: 

6E9O)   conformations. The -helices in the structure are shown in red. The structures were made 

by using ICM browser (www.molsoft.com). (B) Close up view showing interaction of D-
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galactonate with DgoT. Amino acid residues involved in interaction (shown in orange) with D-

galactonate (shown in yellow) are labelled. The image was created by using ICM browser 

(www.molsoft.com). C) Mechanism of D-galactonate transport by DgoT (Leano et al., 2019). 

Glu133 and Arg47 amino acid residues of DgoT form a charge pair interaction and through 

proton mediated mechanism transport D-galactonate across the cell membrane. The image was 

modified from (Leano et al., 2019). 

1.6.3.2 Dehydration of D-galactonate 

Following transport into the cytoplasm, D-galactonate is dehydrated by β-elimination of 

OH
-
 by D-galactonate dehydratase, DgoD (EC:4.2.1.6) belonging to the mandalate 

racemase (MR) subgroup within the enolase superfamily to form an α-ketoacid 

derivative, 2-dehydro-3-deoxy-D-galactonate (Babbitt et al., 1995; Gerlt et al., 2005) 

(Fig. 1.18A). The structure for DgoD from E. coli could be solved only at a poor 

resolution and was used to deduce information for the biochemical behavior of mutants 

with compromised dehydratase activity, (Wieczorek et al., 1999) (Fig. 1.18B). Based on 

the structure and biochemical assays with mutants a conserved His185 in DgoD active 

site has been proposed to act as a general acid/base catalyst to abstract the α-proton to 

form an enolic intermediate, which undergoes β-elimination of the 3-hydroxyl group to 

form an α,β-unsaturated enol (Fig. 1.18A). The subsequent α,β-unsaturated enol 

tautomerizes to yield the final α-ketoacid product, 2-dehydro-3-deoxy-D-galactonate 

(Wieczorek et al., 1999). Besides His185, His285 and Glu310 were also shown to be 

important for catalytic activity of DgoD. However, structure for a similar putative D-

galactonate enolase PRK14017 from R. pickettii, an important nosocomial infectious 

bacteria (Ryan et al., 2006), was solved (PDB ID: 3RR1, 3RRA) and submitted in RCSB 

(with no accompanied publications) (Fig. 1.18C). The protein sequence alignment using 

L-align (Huang and Miller, 1991) shows that the two proteins are 83.8% identical and 
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95.0% similar. The amino acid residues His185, His285 and E310 crucial for DgoD 

activity are conserved in PRK14017. 

 

Figure 1.18 Dehydration of D-galactonate by DgoD (A) Proposed mechanism of dehydration 

by DgoD (Wieczorek et al., 1999). His185 in DgoD active site removes the α-proton to form an 

enolic intermediate. Further β-elimination of the 3-hydroxyl group leads to formation of an α,β-

unsaturated enol. The subsequent α,β-unsaturated enol tautomerizes to yield the final α-ketoacid 

product, 2-dehydro-3-deoxy-D-galactonate (B) Structure of DgoD from E. coli [reprinted 

(adapted) with permission from (Wieczorek, S.J., Kalivoda, K.A., Clifton, J.G., Ringe, D., Petsko, 

G.A., and Gerlt, J.A. (1999). Evolution of enzymatic activities in the enolase superfamily: 

identification of a "New" general acid catalyst in the active site of D-galactonate dehydratase 

from Escherichia coli. J Am Chem Soc 121, 4540-4541). Copyright (1999) American Chemical 

Society.] The structure was not submitted to RCSB due to poor resolution. (C) Solved structure of 

DgoD from R. pickettii (PDB ID: 3RR1) submitted to RCSB). The -helices are shown in red, 

while -strands are highlighted in blue. The amino acids critical for functioning of DgoD are 

labelled. The image was created by using ICM browser (www.molsoft.com). 
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1.6.3.3 Phosphorylation of 2-dehydro-3-deoxy-D-galactonate 

2-dehydro-3-deoxy-D-galactonate produced from D-galactonate is phosphorylated using 

ATP as phosphoryl-group donor to produce 2-dehydro-3-deoxy-D-galactonate 6-

phosphate by 2-dehydro-3-deoxygalactonokinase, DgoK (EC:2.7.1.58) (Fig. 1.19A). 

Experiments demonstrating enzyme activity with purified DgoK are still obscure. 

Although the crystal structure of DgoK from E. coli has not been determined, structure of 

the corresponding kinase from Klebsiella pneumoniae (DgoKKP) has been determined 

(PDB ID: 3R1X) (Michalska et al., 2011) (Fig. 1.19B). Pairwise protein sequence 

alignment using L-Align (Huang and Miller, 1991) shows both proteins share 82.2% 

identity and 94.5% similarity. The DgoKKP crystallized as a dimer of dimers while the 

analytical gel filtration suggests the dimeric configuration of the protein. Structural 

comparison with closely related members suggests that the DgoKKP belongs to Acetate 

and Sugar Kinases/Hsc70/Actin (ASKHA) family of phosphotransferases. Similar to 

other family members, the kinase exhibits a two-domain architecture, where the N- and 

C-terminal domains are separated by deep groove harboring the putative catalytic site 

(Fig. 1.19B). Dimer interface majorly created by the unique fragments of N-terminal 

domain constitutes the probable substrate binding site. Structural comparison with other 

members of the family suggests that the nucleotide docks a putative pocket in the C-

terminal domain, where a conserved loop might be involved in interacting with the 

phosphoryl groups (Michalska et al., 2011).  
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Figure 1.19 Phosphorylation of 2-dehydro-3-deoxy-D-galactonate by DgoK. (A) 2-dehydro-3-

deoxy-D-galactonate is phosphorylated with ATP as phosphoryl-group donor to yield 2-dehydro-

3-deoxy-D-galactonate 6-phosphate (B) Structure of DgoK from K. pneumoniae (DgoKKP) 

showing N and C terminal domains (PDB ID: 3R1X, (Michalska et al., 2011)). Location of 

substrate (purple) and ATP binding site (red) is highlighted. The individual monomers of DgoKKP 

are colored yellow and blue. The image was created by using ICM browser 

(www.molsoft.com). 

1.6.3.4 Retro-aldol cleavage of 2-dehydro-3-deoxy-D-galactonate 6-phosphate 

In the final step, the phosphorylated derivative 2-dehydro-3-deoxy-D-galactonate 6-

phosphate undergoes a retro-aldol cleavage mediated by 2-dehydro-3-deoxy-D-

galactonate 6-phosphate aldolase, DgoA aka KDPGal aldolase (EC:4.1.2.21) to produce 

D-glyceraldehyde 3-phosphate and pyruvate (Fig. 1.20A). The aldolase activity of DgoA 
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from E. coli has been demonstrated with purified enzyme (Ran and Frost, 2007; Walters 

et al., 2008).  DgoA can catalyze the above reaction in reverse by using pyruvate as a 

nucleophile and D-glyceraldehyde 3-phosphate as an electrophile. KDPGal aldolase as 

well as KDPG aldolase (2-dehydro-3-deoxy-D-gluconate 6-phosphate) from E. coli 

despite their very low sequence homology (25% sequence identity and 43% sequence 

similarity) catalyze similar aldol cleavage and condensation reactions, the only difference 

lying in orientation of –OH group around a single stereocenter (C4) of the substrate. The 

crystal structures for apo- and 2-dehydro-3-deoxy-D-galactonate 6-phosphate- bound 

KDPGal aldolase from E. coli have been solved (PDB ID: 2V81 and 2V82, respectively). 

The solved structure of KDPGal aldolase from E. coli is shown in Fig. 1.20B. Both 

KDPG aldolase and KDPGal aldolase have (α/β)8 barrel topology and exist as trimers in 

solution. The amino acid residues (K133/K126) and (E45/E37) important for catalysis for 

the both aldolases (KDPG /KDPGal) appear to occupy similar positions. A conserved 

lysine in the active site suggest that both KDPG and KDPGal aldoses are type I pyruvate 

aldolases as they seem to use lysine instead of zinc ion to activate the nucleophilic 

substrate, pyruvate as the Schiff base for formation of enol(ate). The substrate, 2-

dehydro-3-deoxy-D-galactonate 6-phosphate, forms a Schiff base adduct with Lys126 

where a water molecule mediates removal of proton from C4 –OH group of the substrate 

by Glu37 amino acid residue (Fig. 1.20A). Consequently, the C3-C4 bond breaks to form 

pyruvyl-enamine and D-glyceraldeyde 3-phosphate. Acidic Glu37 protonates pyruvyl-

enamine through a water molecule to form pyruvyl-Schiff base, which is finally 

hydrolyzed to form pyruvate and free enzyme. Although the amino acid residues 

constituting the substrate binding pocket show very little conservation, the amino acid 

residues relevant for catalytic activity seem to be conserved in space. Notably, Thr161 

amino acid residue in KDPG aldolase is replaced by Val154 in KDPGal aldolase. 
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Mutagenic swapping of these residues in both proteins suggests that Val154 plays 

important role in stereoselectivity of KDPGal aldolase (Walters et al., 2008). Another 

study showed that both Val154 and Ile12 amino acids are crucial for stereoselectivity of 

KDPGal aldolase and the corresponding regions can be grafted to related aldolases to 

modify their specificity (Bisterfeld et al., 2016).  

 

 Figure 1.20 Aldol cleaveage by DgoA from E. coli. (A) Mechanism of retro-aldol cleavage by 

DgoA. A water and Glu37 mediated Schiff base is formed by 2-dehydro-3-deoxy-D-galactonate 

6-phosphate and Lys126. The subsequent cleavage of C3-C4 bond results in formation of 
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pyruvyl-enamine and D-glyceraldeyde 3-phosphate. Protonation of the pyruvyl-enamine through 

acidic Glu37 and water molecule forms a pyruvyl-Schiff base, which upon hydrolysis forms 

pyruvate and free enzyme. (B) Structure of DgoA from E. coli (PDB ID: 2V82) (Walters et al., 

2008). The image was created by using ICM browser (www.molsoft.com). C) Close up view 

showing amino acid contacts made by DgoA with substrate, 2-dehydro-3-deoxy-D-galactonate 6-

phosphate (Walters et al., 2008). The -helices are shown in red, while -strands are highlighted 

in yellow. The image was created by using ICM browser (www.molsoft.com). 

D-glyceraldehyde 3-phosphate and pyruvate generated after aldol condensation 

enter the central metabolic pathway for further metabolism (Fig. 1.21). 

 

Figure 1.21 Pathway for D-galactonate metabolism in E. coli K-12. D-galactonate is 

transported across the cell membrane by DgoT, followed by its enzymatic dehydration, 

phosphorylation and finally aldol cleavage by the action of DgoD, DgoK and DgoA respectively 
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into D-glyceraldehyde 3-phosphate and pyruvate for further metabolism by glycolytic and 

tricarboxylic acid cycle pathways. 

1.6.4 Regulation of D-galactonate metabolism 

Almost all of the sugar acid metabolic genes are under dual regulation by specific as well 

as global regulators (Mandrand-Berthelot et al., 2004). The specialized transcriptional 

regulator is either transcribed as a part of the same operon or is a part of divergently 

transcribed transcriptional unit. However, in some cases the regulator gene is located at a 

distant site altogether. Here, in this section I have described the limited knowledge 

available on the regulation of D-galactonate metabolism prior to the current study. 

1.6.4.1 Regulation of D-galactonate metabolism in E. coli 

In the original classical biochemical study it was shown that the D-galactonate metabolic 

enzymes are induced only when the cells are grown in the presence of D-galactonate and 

the corresponding enzymatic activities are absent from the cells grown in other carbon 

sources such as glycerol, D-gluconate, or D-galactose, suggesting that the expression of 

Dgo enzymes is under regulation (Deacon and Cooper, 1977).  In a follow-up 

mutagenesis based study, a mutant with constitutive expression of all the Dgo enzymes 

was isolated and subsequent genetic mapping showed that the corresponding mutations 

map very close to the structural dgo genes. Thus, DgoR a putative regulator of D-

galactonate metabolism was proposed (Cooper, 1978). Later sequencing and annotation 

lead to identification of dgoR as the first gene of the putative dgo operon, encoding a 

protein with topology of a typical transcriptional regulator (Babbitt et al., 1995; Burland 

et al., 1993). In later studies, bioinformatics analysis of the transcriptional regulators with 

N-terminal wHTH DNA-binding domains suggested DgoR to be a member of GntR 

family (Rigali et al., 2002). Further, on the basis of its predicted all α-helical C-terminal 
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E/O domain, DgoR was placed in the FadR subfamily within the GntR family (Rigali et 

al., 2002). However, the experimental evidence for DgoR as a transcriptional regulator, 

including its regulatory nature and mechanism were still obscure. A global transposon 

mutagenesis based study in S. enterica serovar Typhimurium showed that a translational 

fusion of DgoT with LacZ harboring MudK transposon was expressed constitutively in 

ΔdgoR strain, and expression of DgoR from the plasmid abolished DgoT induction 

suggesting that DgoR is a repressor (Cenens et al., 2013). In the classical studies 

performed in E. coli, the activities of Dgo enzymes were drastically decreased when 

medium containing D-galactonate was supplemented with D-glucose, suggesting that the 

genes involved in D-galactonate metabolism are also subjected to carbon catabolite 

repression (Cooper, 1978).  

The transcriptional regulators involved in the regulation of sugar acid metabolism 

bind either the substrate sugar acid or its metabolic intermediate as a cue to modulate 

expression of its regulon members (Bates Utz et al., 2004; Bouvier et al., 2019; Miwa and 

Fujita, 1988; Tutukina et al., 2016a). The original mutagenesis based studies found that 

the D-galactonate kinase and aldolase enzymatic activities are still induced if the 

dehydratase, the first enzymatic activity for D-galactonate metabolism is compromised 

(Cooper, 1978). Since, no D-galactonate metabolic intermediates are produced in the 

strain lacking the dehydratase activity, it was suggested that D-galactonate itself, rather 

than its metabolic intermediates was the inducer of the dgo operon. However, the direct 

evidence for only D-galactonate as the effector for DgoR was not available. 

1.6.4.2 Regulation of D-galactonate metabolism in Salmonella by accessory factors 

In S. enterica serovar Typhimurium LT-2 the β-galactosidase activity of a strain with 

dgoA interrupted with MudJ, a LacZ expressing transposon, was found to be increased 
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approximately 500-fold by PmrA, a response regulator of a two-component regulatory 

system PmrA-PmrB, which regulates modifications in LPS to tackle the environmental 

conditions faced in vivo such as antimicrobial peptides, low magnesium and mild acidic 

pH etc.  Lack of canonical PmrA binding site upstream of dgoA suggested that PmrA 

mediated induction of dgoA may be indirect (Tamayo et al., 2002). Further, in another 

global transposon mutagenesis based study, to identify genes required for maintaining 

P22 phage in carrier state in S. enterica serovar Typhimurium, Pid (phage P22 encoded 

instigator of dgo expression) protein expressed from an uncharacterized late region of P22 

genome was found to deregulate the dgo operon (Cenens et al., 2013). In yet another 

study, in S. enterica serovar Enteritidis, the dgo operon was reported to be induced in 

cells exposed to high temperature (45°C) and chicken egg-white (Baron et al., 2017). The 

induction of dgo operon by egg-white, which does not contain D-galactonate but D-

glucose, a strong catabolite repressive carbon source, suggested that the dgo operon can 

be induced in a D-galactonate-independent manner as well, likely due to stressful 

conditions encountered during the experiment. The above examples show that at least in 

Salmonella sp. besides DgoR and cAMP-CRP, there might be auxiliary regulation on the 

dgo locus.  

1.6.5 Physiological importance of D-galactonate metabolism 

Multiple reports emphasize the role of dgo genes and D-galactonate metabolism in 

bacterial physiology. Exogenous D-galactonate is readily utilized as a sole source of 

carbon and energy by diverse microorganisms (Deacon and Cooper, 1977; Szumilo, 1981, 

1983). Further, a comparison of metabolic models of 55 fully sequenced E. coli and 

Shigella strains to correlate their metabolic potential with adaptation to different 

environments, predicted 40 strains to be capable of using exogenous D-galactonate, 

further supporting the significance of this sugar acid as a relevant carbon and energy 
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source for these enteric bacteria (Monk et al., 2013). D-galactonate operon seems to have 

importance in adaptation to specific habitats. For example, S. enterica serovar 

Typhimurium strains can utilize D-galactonate as a carbon source while this capability is 

lost in Salmonella enterica serovar Typhi strains (Seif et al., 2018) Another study shows 

that metabolism of D-galactonate may help bacteria to adapt to a new niche; Arthrobacter 

strains isolated from soil lack dgo operon and hence cannot metabolize D-galactonate. 

Interestingly, Arthrobacter arilaitensis, a major bacterial inhabitant of cheese surface 

possesses functional dgo operon acquired by horizontal gene transfer from unknown 

gram-negative bacterium and can utilize exogenous D-galactonate. This differential 

ability to utilize D-galactonate has been suggested to help A. arilaitensis adapt to the 

cheese surface (Monnet et al., 2010). 

Multiple global transcriptomic studies highlight the importance of D-galactonate 

metabolism in host-bacterial interactions. An Asymptomatic Bacteriuria (ABU) E. coli 

83972 strain able to show long term growth in human urinary tract out-competes 

uropathognenic (UPEC) strains of E. coli in human urine. Comparison of global gene 

expression profile of the ABU strain grown in human urine revealed a significant 

induction of dgo genes as compared to strain grown in MOPS-glucose medium, 

indicating that D-galactonate may be used as a carbon source in human urine for growth 

(Roos et al., 2006). In another study, co-infection of cilantro leaves with S. enterica 

serovar Typhimurium SL1344 and a plant tissue macerating bacterial pathogen, Dickeya 

dadantii led to ~3000- fold increase in the Salmonella population as compared to ~60- 

fold when D. dadantii was not included suggesting that the maceration of plant tissue by 

D. dadantii facilitates the growth of Salmonella in the lesions.  Transcriptome analysis of 

Salmonella grown on the leaf tissue macerated by D. dadantii showed a significant 

upregulation of dgo genes as compared to Salmonella grown in LB medium indicating 
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that metabolism of D-galactonate possibly generated by digestion of plant cell wall 

material by D. dadantii plays an important role in growth of Salmonella on plant soft-rot 

lesions caused by the tissue degrading D. dadantii (Goudeau et al., 2013). Similarly, 

induction of dgoT in plant-grown E. chrysanthemi 3937, a soft-rot causing plant 

pathogen, indicates the importance of D-galactonate metabolism in plant-bacterial 

interaction (Okinaka et al., 2002). In another study S. enterica serovar Typhimurium 

growing in murine macrophages showed induction of dgo genes indicating a connection 

between D-galactonate metabolism and growth in phagocytic cells (Eriksson et al., 2003). 

S. enterica serovar Enteritidis, the major cause of egg-borne infections in humans when 

exposed to egg white at high temperatures induces multiple genes to combat stressful 

conditions. Surprisingly, a 15- to 30- fold upregulation of dgo genes was also observed, 

indicating an additional uncharacterized role of D-galactonate metabolic genes in the 

bacterial physiology. Further, signature-tagged mutagenesis of Salmonella enterica 

serovar Choleraesuis, revealed that the strain mutated for dgoT, the D-galactonate 

transporter, is attenuated for paratyphoid in swines indicating is role in host-pathogen 

interaction (Ku et al., 2005).  

In a recent in vivo study, an E. coli 536 strain originally isolated from a patient 

suffering from urinary tract infection was adapted to streptomycin-treated mouse gut for a 

year. The samples isolated from the mouse feces during the course of adaptation were 

sequenced to determine the mutations acquired in the E. coli genome for adjusting to the 

mammalian gut (Lescat et al., 2016). During the study 11 independent missense 

mutations in dgoR were isolated.  Four of these mutant strains harbored additional 

missense mutations in dgoD while two strains having mutations in both dgoR and dgoD 

further acquired missense mutations in dgoT. Thus, mutations in dgo genes convergent at 

the gene level (5 exclusive mutations at the same position in dgoR) or at the metabolic 
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pathway level (additional mutations in dgoD and dgoT) accumulated during the adaptive 

process. The various mutant strains (dgoR dgoD dgoT > dgoR dgoD > dgoR) were found 

to grow faster in medium containing D-galactonate as the carbon source in that order as 

compared to the parent strain suggesting the role of dgo genes in bacterial colonization of 

the mammalian gut. Although literature survey does not suggest the presence of D-

galactonate in the mammalian gut, microbes present in mammalian gut such as S. 

maltophilia (Saffarian et al., 2015), have the potential to produce D-galactonate as an 

intermediate of D-galactose metabolic pathway (Brechtel et al., 2002). Further, D. 

hansenii, one of the most dominant fungal species present in human offspring during the 

breast-feeding period (Schei et al., 2017)  as well in human adults (Suhr and Hallen-

Adams, 2015), has been demonstrated to produce D-galactonate in cheese through De 

Ley-Doudoroff pathway (Pham et al., 2019). Interestingly, D-galactonate produced by D. 

hansenii was found to be utilized by other bacteria sharing the niche such as 

Brevibacterium aurantiacum and Hafnia alvei.  This example supports the hypothesis that 

D-galactonate produced by organisms known to inhabit mammalian gut can be used by 

other microbes. 

The above examples illustrate the physiological importance of dgo genes as well as 

D-galactonate metabolic pathway for bacteria stressing the need to investigate the 

molecular details of D-galactonate metabolism as well as its regulation and their role in 

interaction with their hosts. Recent reports show that genetic variations in the regulators 

of carbon source metabolism can affect the interaction of bacteria including pathogens, 

with their hosts. For example, an epidemic ribotype of C. difficile was found to have 

acquired single point mutation in TreR, the repressor of trehalose metabolism, enabling 

the bacteria to sense and metabolize the disaccharide at a lower concentration and exhibit 

enhanced virulence (Collins et al., 2018). In another example single nucleotide 
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polymorphism in RafR the activator of raffinose metabolism (Rosenow et al., 1999), in 

Streptococcus pneumoniae, was found to result in differential metabolism of raffinose by 

blood and ear isolates as well as influence the tropism of the bacteria for lungs vs brain 

and ear (Minhas et al., 2019). These examples alongwith the in vivo adaptation study 

which identified missense mutations in dgo genes in gut-adapted E. coli strain (Lescat et 

al., 2016) suggest that the mutations in regulators of carbon source metabolism can have 

enormous contribution in host-pathogen interaction, making a compelling case for 

investigating the molecular details of regulation of D-galactonate metabolism.  

1.7 Thesis objective 

Recent reports showing that single point mutations in the regulators involved in 

regulating metabolism of carbon sources drastically affect host-bacterial interaction 

underscore the importance of studying carbon source regulation (Collins et al., 2018; 

Lescat et al., 2016; Minhas et al., 2019). Metabolism of sugar acids has been shown to 

play a critical role in bacterial physiology such as colonization of mammalian gut 

(Sweeney et al., 1996). Multiple studies from past couple of decades suggest that 

metabolism of D-galactonate plays an important role in physiology of bacteria inhabiting 

diverse habitats (Eriksson et al., 2003; Goudeau et al., 2013; Ku et al., 2005; Lescat et al., 

2016; Okinaka et al., 2002; Roos et al., 2006). Although the structural dgo genes involved 

in the transport and metabolism of D-galactonate have been investigated, there is only 

limited information of its regulatory aspect. 

In the current work, we have used various genetic, biochemical and bioinformatics 

approaches to investigate the molecular and functional details of regulation of D-

galactonate metabolism in E. coli K-12 by DgoR. As our first objective, we validated that 

the dgo genes are required for metabolizing D-galactonate as sole carbon source by E. 

coli and further investigated the regulation exerted by DgoR on transcription of dgo 
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genes. Our findings from the first objective show that DgoR strongly represses 

transcription of dgo genes by binding two closely spaced inverted repeats overlapping the 

putative D-galactonate responsive dgo promoter. In our second objective we probed the 

molecular details of DgoR-DNA interaction. We tested several amino acids in the N-

terminal wHTH domain of DgoR for their role in interaction with its cognate DNA both 

in vitro and in vivo. Several findings from our first two objectives firmly place DgoR in 

the FadR subfamily within GntR family of transcriptional regulators: DgoR is a majorly 

α-helical protein with GntR-type N-terminal wHTH domain and a predicted FadR-like all 

helical C-terminal FCD domain, binds [5’-TTGTA(G/C)TACA(A/T)-3’] operator 

sequence matching the signature of GntR family members that recognize inverted repeats 

[5’-(N)yGT(N)xAC(N)y-3’], and shares critical protein-DNA contacts conserved in the 

GntR family. Additionally, we identified features in DgoR that are otherwise less 

common in the regulators of GntR family. In the final objective of the study we have 

investigated the effector-binding characteristics of DgoR, where we report that D-

galactonate itself, rather than its metabolic intermediate acts as the true effector of DgoR 

to relieve the DNA bound by DgoR. We also found a serine residue in C-terminal E/O 

domain of DgoR whose mutation makes DgoR less responsive to D-galactonate. 
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CHAPTER II 

Materials and Methods  
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2.1 Materials 

2.1.1 Chemicals and Reagents 

All analytical grade chemicals used in this study were procured from commercial sources. 

Fine chemicals, media components, HPLC grade solvents and reagents were purchased 

from Sigma Aldrich, HIMedia, Merck Millipore India Ltd., Rankem, USB, and Difco. 

Enzymes: restriction enzymes, Calf Intestinal Phosphatase (CIP), T4 DNA ligase, T4 

polynucleotide kinase and dNTPs were purchased from New England Biolabs. Standard 

Taq polymerase and Phusion DNA polymerase was purchased from New England 

Biolabs and Thermo Fisher Scientific. Antibodies: anti-FLAG (Sigma Aldrich), anti-His 

(Thermo Fischer Scientific), HRP-conjugated anti-MBP (New England Biolabs), HRP-

conjugated anti-Mouse (Sigma Aldrich) were used. Gel-extraction kits and plasmid 

miniprep kits were obtained from Thermo Scientific or Qiagen. Sequencing services were 

obtained from 1
st
 Base (Malaysia) or Eurofins (Bangalore, India). DNA/Protein molecular 

ladders were obtained from New England Biolabs or Thermo Fisher Scientific. All the 

carbon sources used in this study were procured from commercial sources (D-glucose 

from Fisher Scientific, and Sodium D-gluconate, D-galactose and glycerol from Sigma 

Aldrich). Calcium D-galactonate was purchased from MP Biomedicals and converted to 

D-galactonate crystals (see below). 

2.1.2 Bacterial strains and plasmids 

Table 2.1 provides a list of bacterial strains and plasmids used in the study. E. coli 

BW25113 and various deletion strains in this background were used for dilution spotting 

experiments, growth curve assays, qRT-PCR and fluorescence reporter assays. For 

deletion strains obtained from the Keio collection (Baba et al., 2006), either both 

independent clones and/or fresh transductants made by P1 transduction were analyzed to 
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rule out genetic errors. Strain DH5α was used for cloning in plasmids pACYC177, 

pRC10, and pMAL-c2. BL21(DE3) was used for protein expression and purification. 

Strain carrying deletion of the entire dgo operon was constructed using the  Red-

recombinase method. The dgoR strain (derived by flipping out the kanamycin cassette 

from the dgoR::kan strain) was used since the Venus reporter construct carried a 

kanamycin marker. 

Medium-copy promoter-less plasmid pACYC177 was used for making constructs for 

complementation experiments. IPTG-inducible plasmid pRC10 and L-arabinose-

inducible pMAL-c2 were used as vectors for cloning dgoR for high-level expression and 

purification of C-terminally 6XHis-tagged DgoR (DgoR-6XHis) and N-terminally MBP-

tagged DgoR (MBP-DgoR) respectively.  

Table 2.1 Strains and plasmids used in this study 

 

Strains/plasmids 

 

Relevant genotype 

  

Source/reference 

Strains 

DH5 

F-, (argF-lac)169, 80dlacZ58(M15), 

glnX44(AS), -
, rfbC1, gyrA96(NalR), 

recA1, endA1, spoT1, thiE1, hsdR17 

NEB 

BL21(DE3) 

F-, lon-11, (ompT-nfrA)885, (galM-

ybhJ)884, DE3 [lacI, lacUV5-T7 gene 

1, ind1, sam7, nin5], 46, [mal
+
]K-

12(
S
), hsdS10 

NEB 

BW25113 

F-, (araD-araB)567, lacZ4787 

(::rrnB-3), -
, rph-1, (rhaD-rhaB)568, 

hsdR514 

CGSC
a
, (Baba et al., 2006) 

dgoR::kan BW25113 dgoR::kan, Kan
R
 Keio collection, (Baba et al., 2006) 

dgoK::kan BW25113 dgoK::kan, Kan
R 

Keio collection, (Baba et al., 2006) 

dgoA::kan BW25113 dgoA::kan, Kan
R
 Keio collection, (Baba et al., 2006) 

dgoD::kan BW25113 dgoD::kan, Kan
R 

Keio collection, (Baba et al., 2006) 

dgoT::kan BW25113 dgoT::kan, Kan
R 

Keio collection, (Baba et al., 2006) 
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RC2132 BW25113 dgo::kan, Kan
R
 This work 

RC3067 BW25113 dgoR:3XFLAG-kan, Kan
R 

YA 

RC2069 
dgoR (Kan cassette flipped from 

BW25113 dgoR::kan) 
This work 

RC12022 
BW25113 att::[Kan promoterless-

venus oriR6K], Kan
R 

AS 

RC12023 
dgoR att::[Kan promoterless-venus 

oriR6K], Kan
R
 

AS 

RC12018 
BW25113 att::[Kan Pdgo-venus 

oriR6K], Kan
R
 

AS 

RC12020 
dgoR att::[Kan Pdgo-venus oriR6K], 

Kan
R 

AS 

RC12035 
BW25113 att::[Kan Pdgo(IR1L)-venus 

oriR6K], Kan
R
 

AS 

RC12036 
dgoR att::[Kan Pdgo(IR1L)-venus 

oriR6K], Kan
R
 

AS 

RC12040 
BW25113 att::[Kan Pdgo(IR1R)-venus 

oriR6K], Kan
R 

AS 

RC12041 
dgoR att::[Kan Pdgo(IR1R)-venus 

oriR6K], Kan
R 

AS 

RC12028 
BW25113 att::[Kan Pdgo(IR2L)-venus 

oriR6K], Kan
R
 

AS 

RC12029 
dgoR att::[Kan Pdgo(IR2L)-venus 

oriR6K], Kan
R
 

AS 

RC12031 
BW25113 att::[Kan Pdgo(IR2R)-venus 

oriR6K], Kan
R
 

AS 

RC12032 
dgoR att::[Kan Pdgo(IR2R)-venus 

oriR6K], Kan
R
 

AS 

RC12043 
BW25113 att::[Kan Pdgo(IR2L')-venus 

oriR6K], Kan
R
 

AS 

RC12047 
dgoR att::[Kan Pdgo(IR2L')-venus 

oriR6K], Kan
R
 

AS 

RC14053 
BW25113 att::[Kan Pdgo(IR3L)-venus 

oriR6K], Kan
R
 

NK 

RC14056 
dgoR att::[Kan Pdgo(IR3L)-venus 

oriR6K], Kan
R
 

NK 

RC12025 
BW25113 att::[Kan Pdgo(IR3R)-venus 

oriR6K], Kan
R
 

AS 
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RC12026 
dgoR att::[Kan Pdgo(IR3R)-venus 

oriR6K], Kan
R
 

AS 

Plasmids 

pKD13 
oriR6K, FRT-flanked Kan

R
, pANTS, 

PS1 PS4, Kan
R
 

(Datsenko and Wanner, 2000) 

pKD46 
pSC101 ori araC repA101ts ParaBAD-

red, Amp
R
 

(Datsenko and Wanner, 2000) 

pCP20 
pSC101 ori cI857 -PR flp ts, Amp

R
, 

Cam
R
 

(Datsenko and Wanner, 2000) 

pACYC177 p15A ori, Amp
R
, Kan

R
 NEB 

pBS13 
dgo promoter and dgoR-6XHis in 

pACYC177, Amp
R
, Kan

R
 

This work 

pBS14 
dgo promoter and dgoR(L34A)-6XHis 

in pACYC177, Amp
R
, Kan

R
 

This work 

pBS15 
dgo promoter and dgoR(R46A)-6XHis 

in pACYC177, Amp
R
, Kan

R
 

This work 

pBS22 
dgo promoter and dgoR(D7A)-6XHis in 

pACYC177, Amp
R
, Kan

R
 

This work 

pBS24 
dgo promoter and dgoR(S221N)-6XHis 

in pACYC177, Amp
R
, Kan

R
 

This work 

pBS35 
dgo promoter and dgoR(S51L)-6XHis in 

pACYC177, Amp
R
, Kan

R
 

This work 

pBS36 
dgo promoter and dgoR(R42C)-6XHis 

in pACYC177, Amp
R
, Kan

R
 

This work 

pBS37 
dgo promoter and dgoR(T40I)-6XHis in 

pACYC177, Amp
R
, Kan

R
 

This work 

pRC10 
pBR322 ori, -10 box of Ptrc changed to 

Plac in pTrc99a, NcoI, Amp
R
 

(Chaba et al., 2007) 

pBS2 dgoR-6XHis in pRC10, Amp
R
 This work 

pBS19 dgoR(L34A)-6XHis in pRC10, Amp
R
 This work 

pBS20 dgoR(R46A)-6XHis in pRC10, Amp
R
 This work 

pBS25 dgoR(D7A)-6XHis in pRC10, Amp
R
 This work 

pBS32 dgoR(S51L)-6XHis in pRC10, Amp
R
 This work 

pBS33 dgoR(R42C)-6XHis in pRC10, Amp
R
 This work 

pBS34 dgoR(T40I)-6XHis in pRC10, Amp
R
 This work 

pMAL-c2 
pBR322 ori, leaderless malE  MCS, 

Amp
R
 

NEB 

pBS11 dgoR cloned in pMAL-c2, Amp
R
 This work 

pINT-ts oriR6K, Int, Amp
R
 Rao lab, (Haldimann and Wanner, 
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2001) 

pVenus oriR6K, MCS venus t0 att, Kan
R
 Rao lab, (Saini et al., 2009) 

pAS1 oriR6K, MCS Pdgo-venus t0 att, Kan
R
 AS 

pAS2 
oriR6K, MCS Pdgo(IR1L)-venus t0 att, 

Kan
R
 

AS 

pAS3 
oriR6K, MCS Pdgo(IR1R)-venus t0 att, 

Kan
R
 

AS 

pAS4 
oriR6K, MCS Pdgo(IR2L)-venus t0 att, 

Kan
R
 

AS 

pAS5 
oriR6K, MCS Pdgo(IR2R)-venus t0 att, 

Kan
R
 

AS 

pAS6 
oriR6K, MCS Pdgo(IR2L')-venus t0 att, 

Kan
R
 

AS 

pAS7 
oriR6K, MCS Pdgo(IR3L)-venus t0 att, 

Kan
R
 

AS 

pAS8 
oriR6K, MCS Pdgo(IR3R)-venus t0 att, 

Kan
R
 

AS 

a
Coli Genetic Stock Center 

‘This work’ refers to strains/plasmids that were made as part of this thesis. ‘AS’, ‘NK’, 

and ‘YA’ refer to strains/plasmids obtained from Akshay Sangwan  (Sangwan, 2017; 

Singh et al., 2019), Neeladrita Kundu (Singh et al., 2019), and Yatendra Arya (Arya, 

2014), respectively. 

 

2.1.3 Primers 

Primers used for plasmid construction, qRT-PCR and for confirmation of gene disruption 

are listed in Table 2.2. Primers were designed using Gene Runner program (version 3.04; 

Hastings Software, Inc.). De-salted primers were purchased from Integrated DNA 

technologies (IDT) or Sigma Aldrich. 
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Table 2.2 List of primers used in this study 

Primers Sequence (from 5' to 3') Purpose 

Primers used for deleting genes 

YA15 
GTAAAGTAGAGAAGAACATACAGAGCACAAG

GACTCTCCATGATTCCGGGGATCCGTCGACC 

Forward primer for deleting dgo 

operon 

YA16 
GCACATATTCCACAGTTGAAGGATTAGCCAAC

GCGCTTCACATCTGTAGGCTGGAGCTGCTTCG 

Reverse primer for deleting dgo 

operon 

Primers used for verification of deletion strains 

BS13 TACAAAGTTGCCGCGTTATG 
Forward primer for verification 

of dgo::kan 

BS53 TGGATTATGCGCAGTGGTG 
Reverse primer for verification 

of dgo::kan 

SAK1 GAGGCTATTCGGCTATGACTG 
Forward primer specific to 

kanamycin cassette  

SAK2 TTCCATCCGAGTACGTGCTC 
Reverse primer specific to 

kanamycin cassette 

Primers used for cloning and verification 

BS23 
ACCGGAATTCGAAGGAGATATACATATGACTC

TCAATAAAACCGATCGCATTGTCATTAC 

Forward primer for cloning 

dgoR-6XHis in pRC10 

BS24 
CGTGGATCCTCAGTGATGATGATGATGATGT

GTGATTTCCTTTAACCTTCGTGTCGAGC 

Reverse primer for cloning 

dgoR-6XHis in pRC10 

BS25 GCTGTGGTATGGCTGTGCAGG 
Sequencing/verification primer 

for cloning in pRC10 

BS26 GCCAGGCAAATTCTGTTTTATCAG 
Sequencing/verification primer 

for cloning in pRC10 

BS137 ACCGGAATTCATGACTCTCAATAAAACCGATC 
Forward primer for cloning 

dgoR in pMAL-c2 

BS138 ACGCGTCGACTCATGTGATTTCCTTTAACC 
Reverse primer for cloning dgoR 

in pMAL-c2 

BS54 GCGTACTGCGGTGATCAAC 
Sequencing/verification primer 

for cloning in pMAL-c2 

BS55 TTCAGGCTGCGCAACTGTTG 
Sequencing/verification primer 

for cloning in pMAL-c2 

BS97 
ACCTGACGTCTATCTTTTGCCTGCGATAGCCCA

G 

Forward primer for cloning dgo 

promoter and dgoR-6XHis in 

pACYC177 

BS24 
CGTGGATCCTCAGTGATGATGATGATGATGT

GTGATTTCCTTTAACCTTCGTGTCGAGC 

Reverse primer for cloning dgo 

promoter and dgoR-6XHis in 
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pACYC177 

BS98 ATCAGTACCGACGGTGATATGG 
Sequencing/verification primer 

for cloning in pACYC177 

BS99 GGGTTATTGTCTCATGAGCGG 
Sequencing/verification primer 

for cloning in pACYC177 

Restriction sites are underlined. 

Initiation codon of dgoR is highlighted in grey box. 

6XHis tag sequence is shown in bold font. 

 

 

Primers used for creating amino acid changes in DgoR 

BS42/ 

BS43 

CGGCTGAGGCGGAAGCGTGTGAGGAGTTTGC

A/ 

TGCAAACTCCTCACACGCTTCCGCCTCAGCCG 

Internal mutagenic primers for 

creating L34A mutation 

BS48/ 

BS49 

CGCTTACCATGATCGCCAGCAACACACGAAGG

TTAAAGGAAATC/ 

GATTTCCTTTAACCTTCGTGTGTTGCTGGCGAT

CATGGTAAGCG 

Internal mutagenic primers for 

creating S221N mutation 

BS93/ 

BS94 

CGCGCAACATCATCGCAGAGGTGTTCCGTTCG/ 

CGAACGGAACACCTCTGCGATGATGTTGCGCG 

Internal mutagenic primers for 

creating R46A mutation 

BS95/ 

BS96 

CTCTCAATAAAACCGCGCGCATTGTCATTACG/ 

CGTAATGACAATGCGCGCGGTTTTATTGAGAG 

Internal mutagenic primers for 

creating D7A mutation 

BS131/ 

BS132 

CATCCGTGAGGTGTTCCGTTTGCTGATGGCGA

AGCGGCTG/ 

CAGCCGCTTCGCCATCAGCAAACGGAACACCT

CACGGATG 

Internal mutagenic primers for 

creating S51L mutation 

BS133/ 

BS134 

GAGGAGTTTGCAACCTCGTGCAACATCATCCG

TGAGGTG/ 

CACCTCACGGATGATGTTGCACGAGGTTGCAA

ACTCCTC 

Internal mutagenic primers for 

creating R42C mutation 

BS135/ 

BS136 

CTGTGAGGAGTTTGCAATCTCGCGCAACATCA

TCCGTG/ 

CACGGATGATGTTGCGCGAGATTGCAAACTCC

TCACAG 

Internal mutagenic primers for 

creating T40I mutation 

Mutated codon is underlined. 

Primers used for amplifying dgo cis-acting element for EMSA 

BS104 CGGGGTACCGCATTGTTCTTTTTGTGATC 

Forward primer for 

amplification of dgo cis-acting 

element for EMSA 
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BS105 
CCGGAATTCGACAATGCGATCGGTTTTATT

GAG 

Reverse primer for amplification 

of dgo cis-acting element for 

EMSA 

Primers used for qRT-PCR 

BS58 CGACACTGACGTACTGCAATG Forward primer for dgoR  

BS59 CGATTCAATCTGCGCCAG Reverse primer for dgoR  

BS60 ACGTCGGCTGGAAAGTTG Forward primer for dgoK  

BS61 ATTGTGTTTCTTCGCCGC Reverse primer for dgoK  

BS73 GTTGAAATCCCGCTGAATTCC Forward primer for dgoA 

BS74 TATTGGGCGTAACGATGAGCTG Reverse primer for dgoA  

BS75 GCACAAACGCATATTCCACTG Forward primer for dgoD  

BS76 AAGGGTCACGTCATAGGCTTCTG Reverse primer for dgoD  

BS77 CATTTGTTATGTCGACCGCG Forward primer for dgoT  

BS78 ATAAGTCACGCGAGAACCTACG Reverse primer for dgoT  

RS3 GTCATGCCAACCAAAATTCC Forward primer for gyrA 

RS4 ATGTGTTCCATCAGCCCTTC Reverse primer for gyrA  

RS5 TCTACCGGTTCGCTTTCACT Forward primer for recA  

RS6 GCGTGTTCAGCATCGATAAA Reverse primer for recA  

 

2.1.4 Antibiotics 

Ampicllin (100 mg/ml) and Kanmycin (30 mg/ml) stocks were prepared in autoclaved 

type I MQ water; filter-sterlized using 0.22m syringe filters (MDI) and stored at -20°C. 

2.1.5 Media 

All the media, buffers and stock solutions were prepared using type I MQ water from 

Millipore synergy system. Sterilization of the various solutions was done as 

recommended, either by autoclaving at 15 lb/inch2 (psi) pressure at 121°C for 15 minutes, 

or by using membrane (Millipore)/ syringe filters (MDI) of pore size (0.45 m or 0.22 

m).   
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2.1.5.1 Lysogeny-Broth (LB)  

5 g/liter yeast extract, 10 g/liter Bacto Tryptone, and 5 g/liter NaCl. The components were 

dissolved in 1 liter type I MQ water and autoclaved. 

2.1.5.2 Rich media  

5 g/liter yeast extract, 10 g/liter Bacto Tryptone, 2 g/liter D-glucose, and 5 g/liter NaCl. 

The components were dissolved in 1 liter type I MQ water and autoclaved. 

2.1.5.3 M9 minimal medium  

The following stocks required for M9 minimal medium were prepared separately. 

a) 10X M9 salts 

The following components were dissolved in 1 liter type I MQ water; sterilized by 

autoclaving and stored at room temperature. 

Table 2.3 Composition of 10X M9 salts 

Component Amount (per liter) 

Na2HPO4 53 g 

KH2PO4 30 g 

NaCl 5 g 

NH4Cl 10 g 

 

b) 250X vitamin stock 

The following vitamins were dissolved in 200 ml autoclaved type I MQ water; filter 

sterilized and stored at -20°C. 
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Table 2.4 Composition of 250X vitamin stock 

Component Amount (for 200 ml) 

Biotin 100 mg 

Nicotinamide 100 mg 

Riboflavin 10 mg 

Thiamine 100 mg 

c) 1 M MgSO4 

24.65 g MgSO4.7H2O was dissolved in 100 ml type I MQ water; sterilized by 

autoclaving and stored at room temperature. 

To prepare M9 minimal medium, the above components were added according to 

following composition in 1000 ml autoclaved type I MQ water. 

Table 2.5 Composition of 1X M9 minimal medium 

Component Working concentration (per liter) 

10X M9 Salts 100 ml 

1M MgSO4.7H2O 1 ml 

250X vitamins 2.5 ml 

 

2.1.5.4 Carbon sources 

Stocks of following carbon sources used in this thesis were prepared in type I MQ water 

separately; autoclaved and stored at room temperature. 20% (w/v) D-glucose, 1M D-

gluconate, 1 M D-galactose, 50% glycerol and 100 mM D-galactonate. Wherever 

required, M9 minimal medium was supplemented with one of the carbon sources:  D-

glucose (10 mM), Sodium D-gluconate (10 mM), D-galactose (10 mM), D-galactonate 

(10 mM), glycerol (0.4% v/v), or both glycerol and D-galactonate. 
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Media were solidified using 1.5% (w/v) bacto agar (Difco) when needed. When required, 

ampicillin (100 μg/ml) or kanamycin (30 μg/ml) was used. 

2.1.6 Buffers and solutions for EMSA 

Following buffers and solution were prepared for setting up EMSA. 

 

a) 40% Acrylamide:bis-Acrylamide solution 

The following components were dissolved in 100 ml type I MQ water and stored in 

amber colored bottle at 4°C. 

 

Table 2.6 Composition of 40% (w/v) Acrylamide:bis-Acrylamide solution 

Component Amount (for 100 ml) 

Acrylamide 4 g 

N,N’-methylene bis-Acrylamide 1.06 g 

 

b) 4X-Separating buffer (1.5 M Tris HCl) 

9.075 g Tris-base was dissolved in 30 ml type I MQ water and its pH was adjusted to 8.8. 

The volume was made up to 50 ml and stored at 4°C. 

 

c) 0.5 M EDTA 

14.6 g of tetra sodium EDTA was dissolved in 70 ml type I MQ water and its pH was 

adjusted to 8.8. The final volume was made up to 100 ml and stored at 4°C. 

 

d) Tris Borate EDTA (TBE) Buffer 

Following components were dissolved in 700 ml type I MQ water and its pH was 

adjusted to 8.3. Final volume was made up to 1 liter and used immediately. 
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Table 2.7 Composition of 0.5X TBE buffer 

Component Amount (per liter) 

Tris-base 5.4 g 

Boric acid 2.7 g 

0.5 M EDTA 2 ml 

 

e) 8% Native PAGE gel 

Following components were added to a 50 ml centrifuge tube mixed gently. APS and 

TEMED were added and the mixture was immediately poured in the BioRad plate 

assembly. The gel was allowed to polymerize and pre-run at 4°C for two hours using 

0.5X TBE at 60V using BioRad protein electrophoresis apparatus before loading samples. 

 

Table 2.8 Composition of 8% native PAGE gel 

Component Amount (for 1 gel) 

40% Acrylamide: bis-Acrylamide 1.4 ml 

4x Separating buffer 1.75 ml 

50% glycerol 1.75 ml 

Type I MQ water 2.1 ml 

10% APS 35 μl 

TEMED 7 μl 

 

2.2 Methods 

2.2.1 Preparation of D-galactonate crystals 

D-galactonate was prepared from its calcium salt as described elsewhere (Isbell and 

Frush, 1933). Briefly, equivalent amounts of calcium D-galactonate (2.6 g) and Oxalic 

acid (520 mg) were added to 3 ml boiling water and vortexed for 3 minutes. The milky 

solution was filtered through a 0.22 µm PVDF filter (MDI) and the filtrate was 

immediately transferred to 4C for 10-15 minutes. Excess water was removed and 
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crystals of D-galactonate were dried overnight at room temperature. D-galactonate 

crystals were stored at room temperature. The purity of D-galactonate preparation was 

assessed by NMR spectroscopy. D-galactonate crystals (5-10 mg) were dissolved in 500 

l DMSO-d6 (Sigma Aldrich) and analyzed by recording 
13

C-NMR spectra on a 400 

MHz Bruker Biospin Advance III FT-NMR spectrometer analyses. 

2.2.2 Recombinant DNA techniques and gel electrophoresis 

Protocols for PCR, manipulation of DNA, cloning, agarose gel electrophoresis, SDS-

PAGE, and transformation were modified from ‘Sambrook Molecular cloning: A 

Laboratory manual’. Plasmid isolation, PCR product purification and agarose gel 

extraction of DNA were performed with commercial kits procured from Thermo 

scientific or Qiagen as per manufacturer’s instructions. 

2.2.3 Deletion of dgo operon 

The entire dgo operon was deleted from E. coli BW25113 strain using the  Red-

recombinase method (Datsenko and Wanner, 2000).For the deletion of dgo operon, 

kanamycin cassette was PCR amplified from the plasmid pKD13 using primers YA15 

and YA16. The amplified cassettes were transformed into BW25113 expressing  Red-

recombinase enzymes from the pKD46 helper plasmid. Recombinants were selected on 

LB-kanamycin plates. Strains were PCR verified for deletion using primers specific to the 

antibiotic resistance marker (SAK1 and SAK2) and site-specific primers, BS13 and BS53 

for dgo operon deletion. dgo operon deletion was subsequently transduced into a clean 

BW25113 background using P1 phage, yielding strains RC2132. 
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2.2.4 Construction of plasmid constructs for complementation and protein 

purification 

For complementation experiments, C-terminally 6XHis-tagged dgoR was cloned in the 

medium-copy promoter-less plasmid pACYC177. The coding region of dgoR along with 

its putative promoter (446 bp upstream of the dgoR start codon) was PCR amplified using 

primers BS24 and BS97. The resulting PCR fragment was digested with AatII and 

BamHI, and ligated at the corresponding restriction sites of pACYC177 to generate 

plasmid pBS13. Various dgoR mutants in pACYC177 were created by overlap extension 

PCR using pBS13 as template, external primers BS24 and BS97, and the internal 

mutagenic primers listed in Table 2.2.  

 Plasmid pBS2 was constructed for high-level expression and purification of C-

terminally 6XHis-tagged DgoR (DgoR-6XHis). Briefly, the coding region of dgoR was 

PCR amplified using primers BS23 and BS24. The PCR product was digested with EcoRI 

and BamHI, and ligated at the corresponding restriction sites of IPTG-inducible plasmid 

pRC10. For expression and purification of various DgoR mutant proteins, mutations were 

generated by overlap extension PCR using pBS2 as template, external primers BS23 and 

BS24, and the internal mutagenic primers listed in Table 2.2. Plasmid pBS11 was 

constructed for expression and purification of MBP-DgoR by amplifying the coding 

region of dgoR using primers BS137 and BS138. The PCR product was digested with 

EcoRI and SalI, and ligated at the corresponding sites of pMAL-c2 to create an in-frame 

fusion with MBP.  

2.2.5 Growth and maintenance of bacteria 

All strains were maintained as frozen stocks containing glycerol (15% v/v) stored at -

80°C. Whenever required, desired strain was streaked on appropriate media and single 
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colonies were used for setting up cultures. Besides the specific requirement of the 

protocol, cultures were incubated at 37C. Primary cultures were grown in 3 ml LB liquid 

medium. Secondary cultures were set-up either in LB or in M9 minimal medium 

containing the desired carbon source with an initial OD of ~0.01, unless indicated 

otherwise. 

2.2.6 P1 Lysate preparation and transduction 

P1 lysate was prepared and used for moving selectable mutations of interest into desired 

genetic background according to protocol described in (Miller, 1972) with minor 

modifications. 

2.2.6.1 P1 lysate preparation: 

Overnight cultures of the donor strains grown in 3 ml LB at 37°C were diluted 1:100 into 

5 ml LB supplemented with 5 mM CaCl2 and incubated at 37°C for 90 minutes. 20 μl of 

P1 phage stock was added and incubation at 37°C was continued till the culture lysed. 50 

μl chloroform (Sigma Aldrich) was added to the lysed cultures and shaken for 2 minutes. 

Cell debris was separated by centrifugation at room temperature. The clear supernatant 

(P1 lysate) was transferred to fresh centrifuge tubes containing 50 μl chloroform and 

stored at 4°C. 

2.2.6.2 P1 transduction:  

1ml overnight culture of recipient strain in LB was pelleted and re-suspended in 500μl 

solution containing 5 mM MgSO4 and 10 mM CaCl2. To 100 μl aliquot of re-suspended 

cells 100μl of desired P1 lysate was added, while another 100 μl aliquot was left 

untreated. Both aliquots were incubated at 30°C in a water bath for 30 minutes. Cells 

were pelleted down and re-suspended in 1 ml LB supplemented with 10 mM sodium 
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citrate and incubated at 37°C for 1 hour in a water bath. Cells were pelleted, washed with 

1 ml LB twice and re-suspended in 100 μl LB. Re-suspended cells were spread on LB 

agar plates supplemented with 10 mM sodium citrate and appropriate antibiotic and 

incubated at 30°C for 16-18 hours. 60 μl of P1 lysate was spread as a control. Colonies 

obtained after incubation were re-streaked twice on LB agar plates with sodium citrate 

and suitable antibiotic and incubated at 37°C. Transductants were confirmed by colony 

PCR using primers mentioned in Table 2.2. 

2.2.7 Dilution spotting 

Overnight cultures of various strains in LB were pelleted and re-suspended in M9 

minimal medium without any carbon source and normalized to a similar OD450. 5 µl of 

serially diluted re-suspended cells were spotted on M9 minimal agar plates containing the 

carbon source of choice. Plates were incubated at 37C and imaged using the Gel Doc 

XR
+
 imaging system from Bio-Rad. 

2.2.8 Growth curves 

Cells grown overnight in LB were pelleted, washed and re-suspended in M9 minimal 

medium. For growth curves in shake flasks, cells were re-inoculated in 25 ml M9 minimal 

medium supplemented with the desired carbon source (in 125 ml flasks) to an initial 

OD450 of ~0.01. Cultures were incubated in water bath (New Brunswick Scientific) 

maintained at 37C, samples were withdrawn at various time points and OD450 was 

measured. For growth curves in 96-well plates (Falcon, Corning technologies), cells were 

re-inoculated in 200 μl M9 minimal medium supplemented with the desired carbon 

source to a starting OD450 of ~0.03, using a robotic liquid handling system (Tecan). Plates 

were incubated in a shaker at 37C, and OD450 of the cultures was measured at hourly 

intervals (Tecan Infinite M200 monochromator). The incubator shaker and microplate 
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reader were integrated with the liquid handling system, and the transfer of plates between 

shaker and reader was automated. 

2.2.9 RNA isolation, cDNA preparation and quantitative RT-PCR 

Secondary cultures were grown in 25 ml M9 minimal medium with desired carbon source 

to OD450 ~0.5. 20 ml samples were collected. Chilled ethanol containing 5% water-

saturated phenol was added to the samples followed by centrifugation for 2 min. Cell 

pellets were stored at -80C after flash freezing in liquid nitrogen until use. Total RNA 

was extracted by hot phenol method as described previously (Agrawal et al., 2017). Cell 

pellets were suspended in 1300 μl lysis solution (320 mM Na acetate pH 4.6, 8% SDS 

and 16 mM EDTA, Ambion). The lysate was added to 2 ml phenol (Ambion) and 

incubated at 65C for 5 min with intermittent vortexing. The samples were then chilled on 

ice for 5 min and centrifuged for 10 min at 14,000 rpm at 4C. The supernatant was 

extracted with phenol:chloroform mixture twice and RNA was precipitated with 2.5 

volumes of pre-chilled absolute ethanol (Merck). RNA was pelleted and washed with 

70% ethanol and air-dried. RNA pellet was suspended in 35 µl nuclease free water and 

treated with Turbo DNA-free Turbo DNAse (Applied Biosystems) according to the 

manufacturer’s protocol to avoid genomic DNA contamination. 4 μg RNA was used to 

prepare cDNA using SuperScript III Reverse Transcriptase (Applied Biosystems) using 

protocol described previously. qRT-PCR was carried out with Power Sybrgreen PCR 

master mix (Applied Biosystems) as per the manufacturer’s recommended protocol using 

50 ng cDNA as template and 5 pmol of each forward and reverse primer listed in Table 

2.2. qRT-PCR was performed using Quant Studio 6 Flex system (Applied Biosystems). 

Data were analyzed as described previously using recA and gyrA as internal controls. 
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2.2.10 Western blotting 

The expression of C-terminally 3XFLAG-tagged DgoR (DgoR-3XFLAG), DgoR-6XHis, 

and MBP-DgoR was monitored by Western Blot analysis. Samples were electrophoresed 

on SDS-PAGE and transferred to nitrocellulose membrane (Bio-Rad). The membrane 

was blocked with 5% (w/v) skimmed milk prepared in TBST buffer (pH 7.6) at 4C 

overnight and probed with anti-FLAG (1:1000, Sigma Aldrich) or anti-His (1:1000, 

Thermo Fisher Scientific) primary antibody and HRP-conjugated anti-Mouse (1:5000, 

Sigma Aldrich) secondary antibody. Wherever required anti-MBP conjugated to HRP 

(1:5000, New England Biolabs) was used. Blots were developed with the SuperSignal 

West Dura Extended Duration Substrate (Pierce). Signal was captured with LAS4000 

(GE healthcare) or on an X-ray film (Fujifilm). 

2.2.11 Protein overexpression and purification 

2.2.11.1 Overexpression and purification of DgoR-6XHis 

BL-21(DE3) bearing plasmids constructed for overexpression of WT or mutant DgoR-

6XHis proteins (Table 2.1. described previously) were cultured in 400 ml LB at 37°C till 

OD600 reached ~0.5 and induced with 0.5 mM IPTG overnight at 18°C. Cells were 

harvested by centrifugation at 10,000X g for 10 min at 4°C and stored at -80°C until use. 

Cell pellet was re-suspended in 20 ml lysis buffer (50 mM sodium phosphate (pH 7.5), 

300 mM NaCl, 1 mM PMSF and 20 mM imidazole) and disrupted using sonicator 

(QSonica, 20 Amplitude, 15 sec On and 30 sec off for 5 minutes) on ice. The cell debris 

was removed by centrifugation at 15,000 X g for 10 min at 4°C and the supernatant was 

incubated with 1 ml Co-NTA beads (Pierce) on ice for 90 min with continuous shaking. 

All purification procedures were carried out with pre-chilled buffers. Beads were washed 

with 40 bed volumes of wash buffer A (50 mM sodium phosphate (pH 7.5), 1 M NaCl 
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and 20 mM imidazole), followed by washing with 40 bed volumes of wash buffer B (50 

mM sodium phosphate (pH 7.5), 300 mM NaCl and 60 mM imidazole), and finally the 

protein was eluted using 5 ml elution buffer (50 mM sodium phosphate (pH 7.5), 300 mM 

NaCl and 500 mM imidazole). The eluted protein was dialysed against buffer protein 

dialysis buffer (20 mM Tris (pH 8.0), 300 mM NaCl, 1 mM DTT and 10% (w/v) 

glycerol) at 4°C. 

2.2.11.2 Overexpression and purification of MBP-β-gal α fragment and MBP-DgoR 

BL-21 DE3 bearing either pMAL-c2 or pBS11 (described previously) was cultured in 400 

ml rich media at 37°C till OD600 reached ~0.5 and induced  with 1 mM IPTG for 4 hours 

at 37°C. The cells were harvested by centrifugation and stored at - 80°C until use. Cell 

pellet was re-suspended in column buffer (20 mM HEPES (pH 7.5), 300 mM NaCl and 1 

mM EDTA) according to 5 ml/g cell pellet and lysed by sonication. Cell debris was 

removed by centrifugation and the supernatant was incubated with 200 l amylose resin 

(New England Biolabs) for 90 min at 4°C. Amylose beads were washed with five bed 

volumes of column buffer and finally eluted with one bed volume of column buffer 

containing 10 mM maltose (Fisher Scientific).  

Purity of the proteins was assessed by SDS-PAGE and stored at -80°C until use. The 

proteins were quantified by Bradford reagent, using bovine serum albumin as standard, as 

per the manufacturer’s protocol (Sigma Aldrich). 

2.2.12 Circular dichroism 

Far-UV CD spectra of WT and mutant DgoR-6XHis were measured in a Chirascan 

spectrophotometer (Applied Photophysics). The spectra were collected at 25°C using 5 

μM DgoR-6XHis in a quartz cuvette with a 1 mm path length. Spectra were recorded in 
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triplicate within 200 nm to 280 nm range with a step size of 1 nm. The average values of 

each spectrum were corrected for contribution of buffer. The millidegree ellipticity at 

each point was plotted as a function of wavelength. Deconvolution of CD spectra was 

performed using the BeStSel server (Micsonai et al., 2018; Micsonai et al., 2015). 

Secondary structure assignment to modelled structure of DgoR was made by using 2Struc 

server using DSSP method (Kabsch and Sander, 1983; Klose et al., 2010). 

2.2.13 Protein cross-linking 

WT or mutant DgoR-6XHis proteins at 10 μM final concentration were mixed with 

increasing concentrations of glutaraldehyde (50% w/v, Sigma Aldrich) in a 20 μl reaction 

prepared in protein dialysis buffer. Samples were incubated at room temperature for 5 

min. The reaction was terminated by boiling the sample in reducing SDS sample buffer at 

95C for 10 min. Samples were run on a 15% SDS-PAGE and stained with Coomassie 

brilliant blue. 

2.2.14 Protein pull-down 

DgoR-6XHis was overexpressed in BL-21 DE3 cells as mentioned previously and the 

cells were harvested by centrifugation. The cell pellet was re-suspended in lysis buffer 

(50 mM sodium phosphate pH 7.5, 300 mM NaCl, 1mM PMSF and 20 mM imidazole) 

and lysed by sonication. Cell debris was removed by centrifugation and the supernatant 

was incubated with 60 μl Co-NTA beads (Thermo Scientific) at 4°C for 90 min with 

gentle shaking. Beads were washed with 35 bed volumes of chilled lysis buffer and 

equally split into two fractions. Equimolar amounts of purified MBP-DgoR or MBP-β-gal 

α fragment were added to individual fractions and a portion from each suspension was 

saved as ‘input’. The remaining suspension was incubated at 4°C for 20 min. The beads 

were then washed with 25 bed volumes of column buffer (20 mM Tris pH 7.4, 200 mM 
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NaCl and 1 mM EDTA). Finally, the proteins were eluted with 120 μl elution buffer (50 

mM sodium phosphate pH 7.5, 300 mM NaCl and 300 mM imidazole) and saved as ‘pull-

down’. Input and pull-down samples were boiled at 95C for 10 min in reducing Laemelli 

buffer and subjected to 15% SDS-PAGE followed by western blotting.  

2.2.15 Electrophoretic Mobility Shift Assay (EMSA) 

Primer BS105 was 5’ end-labeled with P
32 

using T4 polynucleotide kinase (NEB) and [γ -

32
P]dATP. 194 bp wild-type or mutated dgo cis-acting elements were PCR amplified with 

primers BS104 and 
32

P-labeled BS105 using appropriate pVenus constructs (refer to 

TableXX) as the template. The 5’ end-labeled DNA fragments were gel purified using 

QIAquick Gel Extraction Kit (Qiagen) and quantified. 20 μl EMSA reactions were set up 

in protein dialysis buffer (20 mM Tris pH 8.0, 300 mM NaCl, 10% glycerol, 1mM DTT) 

supplemented with 10 mM MgCl2 and 1 mM PMSF. In each reaction, 20 nM WT or 

mutated labeled DNA was incubated with purified WT or mutant DgoR-6XHis in the 

presence of 1 μg herring sperm DNA (Promega) at 27°C for 30 min. The samples were 

loaded onto a pre-run 8% native polyacrylamide gel and electrophoresed at 60 V for 6 

hours at 4°C in 0.5X TBE buffer. The electrophoresed gel was exposed to a 

phosphorimager screen overnight, and the band patterns were visualized using a 

PhosphorImager (Fuji or Bio-Rad). To test for the possible effectors, DgoR-6XHis was 

incubated with various carbohydrates and D-galactonate catabolic intermediates at 37°C 

for 20 min before incubation with DNA. 

2.2.16 Fluorescence reporter assay 

1 ml overnight cultures of reporter strains set up in LB were pelleted and re-suspended in 

1 ml M9 minimal medium without any carbon source. Re-suspended cells were 

normalized to OD450 4 and used to inoculate 200 μl M9 minimal media (initial OD450 
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0.03) supplemented with glycerol alone or glycerol and D-galactonate in a 96-well, black, 

clear-bottom plate (Costar, Corning). The plates were incubated at 37°C with shaking in a 

shaker-incubator integrated with liquid handling system (Tecan). Fluorescence was 

measured in exponential phase with microplate reader (Tecan Infinite M200 

monochromator) in top mode with excitation and emission wavelength 498 nm and 568 

nm, respectively. OD450 and fluorescence measurements were corrected for background. 

Averaged fluorescence normalized to OD450 from three biological replicates was plotted 

in a bar graph along with their standard deviation.  

2.2.17 Bioinformatics analysis  

The amino acid sequence of full-length DgoR was submitted to the Robetta server (Kim 

et al., 2004) for model building. The model build by Robetta was used for analysis. The 

PDB database ws searched for proteins with a structure similar to that of the N-terminal 

wHTH domain of DgoR (from amino acids 1 to 73) using the DALI server (Holm and 

Laakso, 2016). The DALI server was also used to generate structure-based sequence 

alignment of DgoR with selected members of the GntR family. ICM-Browser 

(www.molsoft.com) was used for model visualization, structure comparisons and 

analysis, and preparation of related figures. Sequences corresponding to ~300 bp 

upstream of dgoR initiation codon and 194 bp dgo cis-acting element used for 

constructing reporter constructs were analyzed for promoter elements using bTSSfinder 

(Shahmuradov et al., 2017) and BPROM (Solovyev and Salamov, 2011). The 194 bp dgo 

cis-acting element was used for prediction of cAMP-CRP binding sites using Virtual 

footprint program (Münch et al., 2005). 
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CHAPTER III 

DgoR negatively regulates D-galactonate metabolism  

in E. coli 
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3.1 Introduction 

The common gut bacterium E. coli can utilize a variety of sugar acids, i.e., hexonates, 

hexuronates, hexuronides, and aldarates, as carbon and energy sources (Mandrand-

Berthelot et al., 2004). Utilization of sugar acids has been implicated in the colonization 

of E. coli in the mammalian gut. The gut microbiota liberates sugar acids from 

polysaccharides present in nutrients ingested by the host and the mucosal layer that lines 

the intestinal epithelial cells (Conway and Cohen, 2015; Peekhaus and Conway, 1998; 

Sweeney et al., 1996). Certain gut microbes also produce sugar acids from simple sugars 

as catabolic intermediates of metabolism (Brechtel et al., 2002; Hommes et al., 1989). 

Antibiotic treatment has also been reported to induce the host to oxidize sugars present in 

the gut into sugar acids (Faber et al., 2016). E. coli degrades sugar acids via the Entner-

Doudoroff (ED) or Ashwell pathway into glyceraldehyde 3-phosphate and pyruvate, 

which further enter the central metabolism through glycolysis and the tricarboxylic acid 

cycle, respectively (Ashwell et al., 1958; Mandrand-Berthelot et al., 2004; Peekhaus and 

Conway, 1998).  

In E. coli, the sugar acid metabolic pathways are regulated by specific 

transcriptional regulators belonging to CdaR (e.g., CdaR, D-glucarate/galactarate), GntR 

(e.g., ExuR, D-galacturonate/D-glucuronate; UxuR, D-glucuronate/β-D-glucuronides/D-

gluconate; LgoR, L-galactonate), IclR (e.g., KdgR, 2-keto-3-deoxy-D-gluconate), LacI 

(e.g., GntR, D-gluconate/L-Idonate; IdnR, L-Idonate/D-gluconate), or TetR (e.g., UidR, 

β-D-glucuronides) families of transcriptional regulators. Majority of these regulators 

exert negative control over their regulon members, although IdnR and CdaR are known to 

mediate a positive regulation over their respective metabolic pathways. Besides their 

dedicated specific regulators, sugar acid metabolism is positively regulated by cAMP-

CRP mediated carbon catabolite repression system (Mandrand-Berthelot et al., 2004). 
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D-Galactonate, a hexonate sugar acid, was first reported as a carbon source for E. 

coli in studies conducted in the 1970s (Deacon and Cooper, 1977). In these studies, 

through chemical mutagenesis screening coupled with biochemical assays and genetic 

mapping, it was shown that D-galactonate is metabolized via modified ED pathway. 

Briefly, D-galactonate is transported into the cytoplasm by a putative major facilitator 

superfamily (MFS) transporter, DgoT and dehydrated to 2-dehydro-3-deoxy-D-

galactonate by the D-galactonate dehyradatase, DgoD. The dehydrated product is 

phosphorylated by a kinase, DgoK, in an ATP dependent manner to form 2-dehydro-3-

deoxy-D-galactonate 6-phosphate. Finally, the phosphorylated product is cleaved by an 

aldolase, DgoA to form glyceraldehyde 3-phosphate and pyruvate, which subsequently 

enter the central metabolism (Fig. 3.1A) (Cooper, 1978). Deacon and Cooper observed 

high activity of the D-galactonate catabolic enzymes in the crude lysates prepared from E. 

coli grown in D-galactonate but not in other carbon sources, viz., D-glucose, D-gluconate 

or glycerol, suggesting that the D-galactonate catabolism is under specific regulation 

(Deacon and Cooper, 1977). In a follow-up study by Cooper, mutations in the genes 

encoding D-galactonate metabolic enzymes and the transporter were found to be in close 

proximity. In the same study a mutation in the putative promoter was also isolated that 

simultaneously stopped the synthesis of all the catabolic enzymes of D-galactonate 

pathway. Based on these observations, it was proposed that the dgo genes constitute a 

putative operon (Cooper, 1978). Later, whole genome sequencing led to the annotation of 

this putative operon as dgo operon consisting of five genes; dgoR, dgoK, dgoA, dgoD and 

dgoT in that order (Fig. 3.1B) (Babbitt et al., 1995; Burland et al., 1993). In the study by 

Cooper a mutation mapping close to the predicted dgo operon was also identified which 

resulted in the constitutive expression of all three Dgo enzymes; thus a regulator of D-

galactonate metabolism, DgoR was suggested (Cooper, 1978). In later studies, 
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bioinformatics analysis of transcriptional regulators harboring N-terminal winged helix-

turn-helix (wHTH) DNA-binding domains predicted DgoR to be a member of the GntR 

family (Rigali et al., 2002). On the basis of the similarity of the C-terminal effector-

binding and oligomerization (E-O) domain, DgoR has been placed in the FadR subfamily 

within the GntR family (Jain, 2015; Rigali et al., 2002). 

 

Figure 3.1 D-galactonate metabolism in E. coli K-12. (A) Pathway of D-galactonate transport 

and degradation in E. coli K-12. (B) A schematic of the chromosomal organization of the putative 

dgo operon in E. coli K-12. Filled arrows (not drawn to scale) show the direction of dgo genes, 

and the bent arrow indicates the direction of transcription. 

 

D-galactonate is a widely prevalent aldonate sugar acid. Bacteria such as 

Stenotrophomonas maltophilia, an inhabitant of intestinal crypts and mucous membranes 

of mammalian hosts (Saffarian et al., 2015); Azotobacter vinelandii, a free living soil 

bacterium (J.G., 1903); Gluconobacter liquefaciens, a dweller of sugar-rich habitats 

(Gupta et al., 2001); and Pseudomonas saccharophila, a mud bacterium (Gomila et al., 

2007), enzymatically produce D-galactonate as an intermediate in D-galactose catabolic 

pathway (A.H., 1961; Brechtel et al., 2002; De Ley and Doudoroff, 1957; Wong and Yao, 

1994). Several studies have reported the presence of D-galactonate in mammalian tissues 

as well as in body fluids especially when individuals are fed a D-galactose rich diet. 
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Although humans produce D-galactonate in small quantities, its levels increase in 

galactosemic patients, who are deficient in enzyme/s required for D-galactose 

assimilation. In such individuals, D-galactose is converted into D-galactonate and 

galactitol by alternative metabolic pathways where only a small fraction of D-galactonate 

is metabolized in the liver and the majority of the non-metabolized fraction is excreted in 

the urine. (Ficicioglu et al., 2005; Lai and Klapa, 2004; Münger et al., 2017; Rancour et 

al., 1979; Trimigno et al., 2018; Vionnet et al., 2019; Yager et al., 2004).  

Several genome-scale studies from past couple of decades emphasize the 

physiological importance of D-galactonate metabolic pathway in enteric bacteria. 

Transcriptome analysis of S. enterica strains growing in diverse niches such as, in soft-

rotted leaves, in murine macrophages or exposed to egg white showed significant 

upregulation of dgo genes (Baron et al., 2017; Eriksson et al., 2003; Goudeau et al., 

2013). Similarly, dgo genes were found to be significantly induced in an asymptomatic 

bacteriuria E. coli strain cultured in human urine (Roos et al., 2006). Genome-scale 

metabolic models of 55 fully sequenced E. coli and Shigella strains predicted 40 of these 

strains to grow on D-galactonate (Monk et al., 2013). In another study, a mutant library 

screening of swine paratyphoid causing S. enterica serovar Choleraesuis revealed that 

mutation in dgoT leads to attenuation for infection in pigs (Ku et al., 2005). Importantly, 

in a study where an E. coli strain isolated from a patient suffering from urinary tract 

infection was evolved in the streptomycin-treated mouse gut for a year and sequenced to 

decipher changes leading to in vivo adaptation, dgo operon was found to be one of the 

dominant targets of the adaptation process implying the role of dgo genes in the bacterial 

colonization of the mammalian gut (Lescat et al., 2016). 

The above-mentioned examples of D-galactonate prevalence in nature and the 

proposed significance of dgo genes emphasize the importance of investigating D-
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galactonate metabolism in enteric bacteria. Although there are a few biochemical studies 

on Dgo enzymes (Babbitt et al., 1995; Ran et al., 2004; Walters et al., 2008; Wieczorek et 

al., 1999), and very recently the structure of DgoT has revealed it to belong to the SLC17 

family of the anion:cation symporter MFS superfamily (Leano et al., 2019), there are no 

details on the regulation of D-galactonate metabolism by DgoR. In this chapter, we aimed 

at investigating the role of DgoR in the regulation of D-galactonate metabolism in E. coli 

K-12. We showed that the putative dgo operon is under strong negative regulation by 

DgoR and that this repression is lifted specifically in the presence of D-galactonate. DgoR 

binds two inverted repeats overlapping the putative dgo operon promoter suggesting that 

DgoR occludes binding of RNA polymerase (RNAP) to repress the transcription of the 

putative dgo operon. Finally, the DgoR operator sequence matches the signature of GntR 

family members that recognize inverted repeats. 

 

3.2 Results 

3.2.1 The putative dgo operon is required for D-galactonate metabolism 

Earlier studies showed the involvement of the putative dgo operon (Fig. 3.1B) in D-

galactonate metabolism by isolating mutants unable to grow on D-galactonate as the sole 

carbon source (Cooper, 1978). However, the growth phenotype of strains carrying a clean 

deletion of dgo genes had not been reported. Therefore, before performing a detailed 

investigation on the role of DgoR, we validated the involvement of the predicted dgo 

operon in metabolizing D-galactonate. 

 When we initiated our studies, D-galactonate was commercially available only as 

a hemi-calcium salt. However, the hemi-calcium D-galactonate resulted in the formation 

of white insoluble precipitates in the M9 minimal medium which we desired to use to 

restrict carbon source available to E. coli. Therefore, using a previously described method 
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we titrated hemi-calcium D-galactonate with oxalic acid to get crystals of D-galactonate 

(Isbell and Frush, 1933). To determine the quality of the crystalline D-galactonate 

preparation, D-galactonate sample was dissolved in DMSO-d6 and analysed by 
13

C-NMR 

spectroscopy. NMR spectra indicated that the preparation of D-galactonate was pure and 

free of any lactone contamination (Fig. 3.2) (Bock K. and C., 1983; Liu et al., 2014a; 

Wehrli et al., 1997). The D-galactonate crystals prepared in the lab were readily soluble 

in the M9 minimal medium. We tested the utilization of crystalline D-galactonate by E. 

coli K-12 BW25113 by assessing the growth of bacteria on solid M9 minimal medium 

supplemented with D-galactonate. As a control, the growth of E. coli was also monitored 

on solid M9 minimal medium supplemented with D-glucose. E. coli was able to grow on 

M9 minimal medium supplemented with D-galactonate as the carbon source (Fig. 3.3A). 

Further, growth analysis in liquid M9 minimal medium supplemented with D-galactonate 

showed that E. coli grows in D-galactonate with a generation time of ~1.8 hours (Fig. 

3.3B). Thus D-galactonate crystals prepared in the lab were used as a carbon source for 

further experiments. A separate batch of D-galactonate crystals prepared in the lab was 

also independently tested for purity by NMR, and used in some of the experiments along 

side to ensure reproducibility (Nongthombam, 2015).  
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Figure 3.2 Crystalline D-galactonate prepared in the lab is pure. Crystalline D-galactonate 

prepared in the lab was analysed by 
13

C-NMR spectroscopy. Crystalline D-galactonate 

preparation is in acidic form and free of any lactone intermediate contamination.  

 

Figure 3.3 Crystalline D-galactonate prepared in the lab is used as a carbon source by E. 

coli. (A) Crystalline D-galactonate supports the growth of WT strain on solid minimal medium. 

Dilutions of cultures were spotted on M9 minimal medium containing either D-glucose or D-

galactonate as the carbon source. Experiment was repeated 3 times. A representative data set is 

shown. (B) WT strain can use crystalline D-galactonate as a carbon source in liquid medium. WT 

strain was grown in shake flask in minimal medium containing D-galactonate as the carbon 

source. The experiment was performed 3 times. A representative data is shown.  

  

Strains with individual dgo genes replaced by kanamycin cassette (dgoR::kan, 

dgoK::kan, dgoA::kan, dgoD::kan and dgoT::kan) were obtained from the Keio collection 
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(Baba et al., 2006) and verified by PCR. In addition, in the present study, the complete 

putative dgo operon was replaced with kanamycin cassette using λ Red recombinase 

system to obtain dgo::kan strain. Growth of various dgo strains was assessed on M9 

minimal agar medium containing either D-glucose or D-galactonate as the carbon source. 

In contrast to normal growth of strains on D-glucose, none of the dgo strains except 

dgoR::kan strain showed growth on D-galactonate (Fig. 3.4). Hence we confirmed that 

the dgo gene products are required for metabolizing D-galactonate. 

 

Figure 3.4 Putative dgo operon is involved in the metabolism of D-galactonate. Dilutions of 

the cultures were spotted on M9 minimal medium containing either D-glucose or D-galactonate as 

the carbon source. The experiment was repeated 3 times. A representative data set is shown.  

 

3.2.2 DgoR negatively regulates D-galactonate metabolism  

To investigate the regulatory role of dgoR in D-galactonate metabolism, we assessed the 

growth of dgoR deletion strain in medium containing D-galactonate as the carbon source. 

Since as mentioned in the previous section, dgoR deletion strain did not display any 

phenotype on the solid medium (Fig. 3.4), we assessed the growth of dgoR::kan strain in 

liquid medium supplemented with D-galactonate. The dgoR::kan strain showed 

significantly faster growth in D-galactonate as compared to the WT. Growth comparison 

of WT and dgoR::kan in additional carbon sources i.e., D-glucose, D-gluconate and D-

galactose showed that the faster growth phenotype of dgoR deletion strain is specific to 

D-galactonate (Fig. 3.5). The dgoR alongwith ~400 bp upstream region carrying the 
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putative promoter was cloned in pACYC177 for complementation experiments. DgoR 

was His-tagged at the C-terminus. Expression of DgoR from this construct (pBS13) 

complemented the accelerated growth phenotype of dgoR::kan in D-galactonate (Fig. 

3.6). Collectively, these data indicate that DgoR is a negative regulator of D-galactonate 

metabolism.  

 

Figure 3.5 Deletion of dgoR leads to faster growth of E. coli in D-galactonate. WT and 

dgoR::kan strains were grown in shake flasks in minimal medium containing one of the indicated 

carbon sources, and OD450 was measured. The experiment was performed 3 times. A 

representative data set is shown.  
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Figure 3.6 dgoR cloned in plasmid complements the faster growth phenotype of dgoR::kan 

in D-galactonate. WT and dgoR::kan strains carrying either empty plasmid (pACYC177) or 

pACYC177 with dgoR (pdgoR) were grown in 96-well plates in minimal medium containing 

either D-glucose or D-galactonate as the carbon source, and OD450 was measured. The experiment 

was done 3 times; each experiment had 3 technical replicates. A representative data set, with 

average and SD of technical replicates, is shown.  

  

Transcriptional regulators usually bind a regulatory DNA sequence to modulate 

the transcription of their regulon members. Depending upon whether the binding of 

transcriptional regulator to the DNA enhances or reduces the expression of the regulon 

member, they are classified as positive or negative regulators, respectively, although 

some transcriptional regulators are known to exhibit dual behaviour (Madan Babu and 

Teichmann, 2003; Perez-Rueda and Collado-Vides, 2000). In order to investigate the 

regulatory nature of DgoR over the putative dgo operon, we sought to compare the 

transcript levels of various dgo genes in WT and dgoR deletion strains. Certain carbon 
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sources are known to suppress the metabolic genes of other carbon sources by carbon 

catabolite repression (Görke and Stülke, 2008), thus in order to avoid complications due 

to carbon catabolite repression, we cultured WT and dgoR::kan strains in M9 minimal 

medium supplemented with glycerol, owing to its mild carbon catabolite repression (Chan 

et al., 2002; Hogema et al., 1997). Transcript levels of various dgo genes were determined 

by qRT-PCR. In comparison to WT, all the dgo gene transcripts were constitutively 

expressed in the dgoR::kan strain (Fig. 3.7). The expression of dgo genes ranged from 

~100- to 1200- fold. The considerable expression of dgo genes in the absence of DgoR 

established that the putative dgo operon is under strong negative regulation by DgoR. 

 

Figure 3.7 DgoR negatively regulates transcription of the putative dgo operon. WT and 

dgoR::kan strains were grown in minimal medium containing glycerol as carbon source until 

exponential phase. RNA was isolated, and transcript abundance of dgo genes was assayed by 

qRT-PCR. Data were normalized to the transcript levels of dgo genes in WT and represent the 

average (± SD) of 3 independent experiments. 

 

3.2.3 The dgo genes are transcriptionally induced by D-galactonate  

In an earlier study, the enzymatic activities corresponding to D-galactonate dehydratase 

(DgoD), 2-dehydro-3-deoxygalactonate kinase (DgoK) and 2-dehydro-3-

deoxygalactonate 6-phosphate aldolase (DgoA) were found at high levels in the cell-free 

extracts prepared from WT cells grown in D-galactonate but not in the extracts prepared 
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from cells grown in glycerol, D-gluconate or D-galactose (Deacon and Cooper, 1977). To 

futher investigate the regulation of putative dgo operon at a transcriptional level, we 

employed qRT-PCR to determine the levels of various dgo transcripts in WT cells grown 

in M9 minimal medium supplemented with different carbon sources viz. D-glucose, D-

gluconate, D-galactose, D-galactonate, glycerol or glycerol supplemented with D-

galactonate. We found that of all the tested carbon sources, the dgo genes are induced at a 

transcriptional level specifically in the presence of D-galactonate (Fig. 3.8A). Also, in 

contrast to glycerol or D-galactose grown cells, the expression of various dgo genes was 

much lower in cells grown in D-glucose or D-gluconate which can be attributed to much 

stronger carbon catabolite repression of the latter carbon sources (Chan et al., 2002; 

Hogema et al., 1997). To validate our above findings at a protein level, we used a strain 

where the chromosomal dgoR was tagged with a 3XFLAG tag at the C-terminus end 

(Table 2.1, strain RC3067). Consistent with the qRT-PCR data, C-terminally 3XFLAG-

tagged DgoR was observed at a higher level specifically in the presence of D-galactonate 

(Fig. 3.8B). Taken together, our data show that the dgo genes are specifically induced in 

the presence of D-galactonate. 
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Figure 3.8 Putative dgo operon is significantly induced by D-galactonate. (A) Putative dgo 

operon is induced at a transcriptional level by D-galactonate. WT strain was grown in minimal 

medium supplemented with carbon sources indicated in the figure. RNA was isolated in the 

exponential phase and processed for qRT-PCR. Data were normalized to the transcript levels of 

dgo genes in WT grown in minimal medium containing D-glucose. Data represent the average (± 

SD) of three independent experiments. (B) DgoR protein levels are higher in D-galactonate-

grown cells. The strain expressing C-terminally 3XFLAG-tagged DgoR from the chromosome 

was grown in minimal medium supplemented with one of the indicated carbon sources. Cells 

were harvested in the exponential phase and processed for Western blotting using anti-FLAG 

antibody. WT cells grown in D-glucose were taken as negative control. The band corresponding 

to DgoR-3XFLAG is indicated (Mol. wt. ~27 kDa). ‘*’ indicates non-specific band detected by 

anti-FLAG antibody and serves as a control for equal loading of samples.  
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3.2.4 DgoR binds to the DNA sequences upstream of the putative dgo operon  

Recognizing and binding to a suitable regulatory DNA sequence as well as the 

modulation of this DNA binding in response to appropriate signal constitutes the 

fundamental activities central to the functioning of a typical transcriptional regulator. A 

majority of GntR family transcriptional regulators bind inverted repeat sequences on 

DNA (Hoskisson and Rigali, 2009; Jain, 2015; Rigali et al., 2002; Suvorova et al., 2015). 

A search in the RegPrecise database, a manually curated database comprising of 

transcriptional regulons reconstructed on the basis of comparative genomics, found three 

inverted repeats upstream of the dgoR start codon in E. coli (hereafter designated as IR1, 

IR2 and IR3) (Fig. 3.9A) suggesting that DgoR binds the DNA sequences upstream of 

putative dgo operon to regulate itself and other genes in the putative dgo operon 

(Novichkov et al., 2013). Each inverted repeat comprises of two conserved half sites 

separated by a central non-conserved C/G base.  Whereas IR1 is a perfect inverted repeat, 

IR2 and IR3 have one mismatch each in either right or left half of the inverted repeat, 

respectively. This arrangement of inverted repeats seems to be more or less conserved in 

other members of Enterobacteriaceae (Novichkov et al., 2013). 

To test whether DgoR binds to the DNA sequences upstream of putative dgo 

operon, we performed radioactive EMSAs. For this, we overexpressed and purified C-

terminally 6×His tagged DgoR (Fig. 3.9B). The DgoR-6×His could be purified to a final 

concentration of ~15 μM; attempts to purify the protein at a higher concentration led to 

aggregation of the protein. The pAS1 construct where ~200 bp DNA sequence upstream 

of the putative dgo operon harbouring the three inverted repeats (hereafter, referred to as 

the dgo cis-acting element) (Fig. 3.9A) is cloned upstream of a yellow fluorescent 

reporter in the plasmid pVenus (Table 2.1), was used for amplification of dgo cis-acting 

element using 
32

P-labelled primer. In the EMSA, the labelled cis-acting element was 
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incubated with different concentrations of purified DgoR-6XHis. DgoR shifted the 

labelled dgo cis-acting element in a concentration dependent manner to form a single 

DNA-protein complex (Fig. 3.9C). Further, addition of unlabelled dgo cis-acting element 

in 200-fold excess of labelled DNA completely abolished the interaction of DgoR with 

labelled DNA (Fig. 3.9C). These results show that DgoR binds to sequence upstream of 

the putative dgo operon. 

 

Figure 3.9 DgoR binds its cis-acting element. (A) The sequence of the ~200 bp cis-acting 

element used in EMSAs. Lowercase letters are used to denote the start codon of dgoR. The 

sequence of promoter elements (-35 and -10 boxes) in the upstream region of dgoR, predicted by 

both BPROM and bTSSfinder, is highlighted in gray boxes. The cAMP-CRP binding sites, site 1 

and site 2 predicted by vitrtual footprinting are underlined by dashed line and wavy line, 

respectively. The three inverted repeats (IR1, IR2 and IR3) are underlined using solid lines. 

Arrows depict the left and right halves of the repeats. (B) SDS-PAGE of purified DgoR-6XHis. 

WT strain carrying pBS2 (C-terminally His-tagged dgoR cloned in pRC10, Table 2.1) was 

induced with IPTG. Cells were harvested and processed for protein purification using Co-NTA 

resin. Lane M represents the molecular mass markers (in kDa). The band corresponding to DgoR-

6XHis is indicated (Mol. wt. ~27 kDa). The tagged protein could be purified to a final 

concentration of ~15 μM. (C) EMSA shows the binding of purified DgoR to the cis-acting 
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element. 20 nM 
32

P-labeled DNA fragment was incubated with different concentrations of 

purified DgoR-6XHis with or without the unlabeled cis-acting element. Samples were resolved on 

native PAGE and subjected to autoradiography. 

 

3.2.5 DgoR binds to two closely spaced inverted repeats overlapping the putative dgo 

promoter in the dgo cis-acting element 

We next investigated the importance of three inverted repeats in the dgo cis-acting 

element. In this direction, we used plasmid constructs carrying WT or mutated dgo cis-

acting elements cloned upstream of a yellow fluorescent reporter in the pVenus plasmid 

(pAS1-pAS8; Table 2.1) for amplification of 
32

P- labeled fragments for EMSA. The 

mutant cis- elements had the inverted repeats disrupted individually by creating 

substitution or deletion mutations in either left or right half of the inverted repeat (Fig. 

3.10A). 
 
The 

32
P-labelled WT or mutant dgo cis-elements were incubated with purified 

DgoR-6XHis in an EMSA. Whereas similar to previous result, DgoR shifted the WT cis-

acting element, the protein was unable to shift the DNA mutated for either IR1 or IR2 

(DNA fragments: IR1L, IR1R, IR2L, IR2R and IR2L’) (Fig. 3.10B). In contrast, DNA 

fragments bearing mutation in IR3 (DNA fragments: IR3L and IR3R) formed protein-

DNA complexes similar to the WT cis-acting element (Fig. 3.10B). Taken together, these 

in vitro findings suggest that out of the three inverted repeats, only IR1 and IR2 are 

critical for DgoR to bind the dgo cis-acting element. 

Further, we investigated the significance of inverted repeats in vivo. For this, we 

used the WT and ΔdgoR strains carrying either the promoter-less pVenus plasmid or the 

Venus reporter constructs, pAS1 to pAS8 integrated at the chromosomal attλ site in a 

single copy (Table 2.1). We first ensured that our reporter construct mimics the regulation 

at the dgo locus by comparing the fluorescence of the reporter expressed from the WT 

dgo cis- acting element in WT and ΔdgoR strains in both noninducing (M9 minimal 
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containing glycerol) and inducing (M9 minimal containing glycerol and D-galactonate) 

medium.  Whereas in the WT strain fluorescence from the reporter was found to be 

increased in the presence of D-galactonate as compared to the noninducing condition 

(Fig. 3.10C), the same reporter construct displayed constitutive fluorescence in the 

noninducing medium in dgoR deletion background validating that the reporter construct 

mimics the regulation at the dgo locus (Fig. 3.10C).  

One of the mechanisms by which transcriptional repressors downregulate 

transcription is that they bind to a site overlapping the promoter thereby interfering with 

the binding of RNAP (Rojo, 1999). Hence, in order to interpret the results from in vivo 

fluorescence reporter assay for IR mutants, it was important to consider the location of 

the dgo promoter.  We used BPROM and bTSSfinder programs to predict the -10 and -35 

promoter elements in the dgo cis-acting element (Shahmuradov et al., 2017; Solovyev and 

Salamov, 2011). Interestingly, the common -35 and -10 promoter elements predicted by 

both the programs were found to overlap with IR1 and IR2 sites, respectively (Fig. 

3.10A). A separate set of experiments conducted in our lab (Neeladrita Kundu, Ph.D. 

student) showed that the predicted -35 and -10 promoter elements indeed constitute the 

dgo promoter. Both WT and ΔdgoR reporter strains carrying dgo cis- acting element 

truncated either for -35 element or both the -10 and -35 elements showed near-

background fluorescence in noninducing (M9 minimal containing glycerol) as well as 

inducing (M9 minimal containing glycerol and D-galactonate) medium  (Fig. 3B, (Singh 

et al., 2019)).  

The left half of IR1 overlaps with the predicted -35 element, whereas the right half 

of IR1 overlaps a few base pairs of the spacer region between the predicted -35 and -10 

elements (Fig. 3.10A). In the ΔdgoR background, both the IR1L and IR1R constructs 

exhibited fluorescence similar to that of the reporter construct harboring the WT cis-
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acting element (Fig. 3.10C). These data show that mutations in IR1 do not abrogate 

promoter activity. Importantly, both constructs showed constitutive fluorescence in the 

WT strain, suggesting a complete loss of DgoR repression (Fig. 3.10C). These results 

correlate with the defective binding of purified DgoR with IR1L and IR1R constructs in 

EMSA (Fig. 3.10B). Together these data reveal that IR1 is important for DgoR to bind the 

cis-acting element to repress transcription of the putative dgo operon. 

The right half of IR2 overlaps with the predicted -10 box of the dgo promoter 

(Fig. 3.10A). In the dgoR deletion background, the IR2R construct exhibited lower 

fluorescence than the construct harbouring the WT cis-acting element, suggesting that 

mutations in the predicted -10 box compromise promoter activity (Fig. 3.10C). 

Interestingly, mutations in the left half of IR2 (IR2L and IR2L’) which lie outside the 

predicted -10 box also exhibited low fluorescence in the dgoR deletion background, 

suggesting that the region adjacent to -10 also contributes to the promoter activity (Fig. 

3.10C). Further, in WT cells grown under noninducing conditions, all IR2 mutants 

exhibited slightly higher fluorescence than the WT cis-acting element, indicating that 

mutations in IR2 compromise DgoR binding (Fig. 3.10C). These observations are again 

in line with that of our in vitro EMSA findings, where cis-acting element carrying 

mutations in IR2 did not bind DgoR (Fig. 3.10B). These results show that IR2 is essential 

for binding of DgoR to the dgo cis-acting element. 

Consistent with the observation that IR3 does not overlap with the promoter (Fig. 

3.10A), in the dgoR deletion background, both IR3L and IR3R reporter constructs 

exhibited fluorescence equivalent to that of the construct carrying the WT cis-acting 

element. Similarly, the WT strain carrying IR3L and IR3R reporter constructs showed 

regulatory behaviour analogous to that of the strain carrying WT fragment (Fig. 3.10C). 

These data correlate with the ability of purified DgoR to bind IR3L and IR3R fragments 
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in EMSA (Fig. 3.10B). Thus, the IR3 site is not necessary for the interaction of DgoR 

with its cis-acting element.  

Collectively, from our in vitro EMSA and in vivo fluorescent reporter studies, we 

find that DgoR binds IR1 and IR2 sites in the dgo cis-acting element for repression of the 

putative dgo operon. The fact that the DgoR binding site overlaps with the putative dgo 

promoter suggests that DgoR occludes the binding of RNAP for repressing the 

transcription of the putative dgo operon. 
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Figure 3.10 Inverted repeats, IR1 and IR2, overlap with the promoter and are critical for 

binding of DgoR to its cis-acting element. (A) The sequence of a region of the dgo cis-acting 

element showing mutations created within the three inverted repeats. The sequence of a region of 

the WT cis-acting element and its various mutants (IR1L, IR1R, IR2L, IR2R, IR2L’, IR3L and 

IR3R) are shown where the predicted promoter core elements (-35 and -10 boxes) are highlighted 

in gray boxes,  the three inverted repeats (IR1, IR2 and IR3) are underlined, left and right halves 

of the repeats are shown by arrows, nucleotide substitutions in the inverted repeats are shown in 

bold and nucleotide deletions in the inverted repeats are shown by a line (-). L and R in the names 

of the inverted repeat mutants denote whether the mutations are in the left or right half of the 

inverted repeat. For example, IR1L and IR1R denote that the mutations are in the left and right 

half of IR1, respectively. (B) EMSA shows that IR1 and IR2 are critical for binding of DgoR to 
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its cis-acting element in vitro. 20 nM 
32

P-labeled WT and various mutant fragments were 

incubated with (+) or without (-) 1.2 μM purified DgoR-6XHis. Samples were resolved on native 

PAGE and subjected to autoradiography. (C) Fluorescence assay reveals the requirement of IR1 

and IR2 in the cis-acting element for binding of DgoR in vivo. Reporter strains were grown in M9 

minimal medium supplemented either with glycerol or with glycerol and D-galactonate to 

exponential phase. Fluorescence was measured and normalized to OD450 of the samples. Data 

represent the average (± SD) of 3 independent experiments. (One biological replicate of the 

fluorescence reporter assay for a subset of the IR mutants was also perfomed in (Sangwan, 

2017)). 

 

3.3 Discussion 

Despite considerable evidence on the importance of D-galactonate metabolic pathway in 

the physiology of enteric bacteria, in-depth details of its regulation even in E. coli, which 

is known to utilize D-galactonate since the 1970s, were still inadequate. Since the 

classical genetic and biochemical studies conducted in 1970s in E. coli, although a few 

studies biochemically characterized DgoD and DgoA enzymes involved in D-galactonate 

metabolism (Babbitt et al., 1995; Ran et al., 2004; Walters et al., 2008; Wieczorek et al., 

1999), and very recently, DgoT was characterized for its role in transporting D-

galactonate across the bacterial membrane (Leano et al., 2019), investigations on the role 

of DgoR in D-galactonate metabolism was still missing. In the work presented in this 

chapter, we investigated the molecular and functional insights into the regulation of D-

galactonate metabolism by DgoR in E. coli.  

Both the faster growth in D-galactonate and a considerable increase in dgo 

transcript levels in cells lacking dgoR (Figs. 3.5 and 3.7), suggest the strong repression of 

D-galactonate metabolism by DgoR. These results are in line with constitutive expression 

of a putative dgo promoter-reporter construct in a ΔdgoR strain observed in a study 

reported at the time our current work was in progress (Lescat et al., 2016). Further, the 

dgo transcript levels increase in the presence of D-galactonate (Fig. 3.8A), consistent with 
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earlier reports that the activity of Dgo enzymes (Deacon and Cooper, 1977) and the 

expression of a dgo promoter-reporter construct (Lescat et al., 2016) are induced under 

similar conditions. In addition, similar to other sugar acid metabolic pathways 

(Mandrand-Berthelot et al., 2004), D-galactonate metabolism is also positively regulated 

by cAMP-CRP driven carbon catabolite repression system. An earlier study showed that 

D-glucose represses the expression of D-galactonate catabolic enzymes (Cooper, 1978). 

We also find that dgo transcript levels are higher (~1.5- fold to 3- fold) in E. coli grown in 

a non-catabolite-repressing (glycerol) or a mild catabolite-repressing (D-galactose) 

carbon source in comparison to their levels in catabolite-repressing substrates (D-glucose 

and D-gluconate) (Chan et al., 2002; Hogema et al., 1997) (Fig. 3.8). In fact, an analysis 

of the dgo cis-acting element by virtual footprint predicts the presence of two cAMP-CRP 

binding sites (Fig. 3.9A) (Münch et al., 2005). While our work was in progress, a high-

throughput plasmid-based reporter study confirmed the presence of predicted cAMP-CRP 

binding site 1 (Fig. 3.9) (Belliveau et al., 2018). Collectively, these results suggest that 

the putative dgo operon is under dual regulation: negative regulation by DgoR and 

positive regulation by cAMP-CRP system. Additional experiments such as in vitro 

binding of cAMP-CRP complex to the dgo cis-acting element and in vivo reporter assay 

with D-glucose grown cells in the presence and absence of exogenous cAMP 

supplementation are required for detailed understanding of regulation by cAMP-CRP. 

Our work shows that DgoR forms a single complex at the dgo operator 

comprising of two inverted repeats that are likely on the same face of the DNA (the 

distance between the inverted repeats is 10 bp, i.e., 1 helix turn) (Figs. 3.9, A and C). 

Importantly, the inverted repeat sequences recognized by DgoR [5’-

TTGTA(G/C)TACA(A/T)-3’] (Fig. 3.10), match the signature of GntR family regulators 

that also bind inverted repeats [5’-(N)yGT(N)xAC(N)y-3’], where x and y indicate the 
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number of nucleotides, which varies (Hoskisson and Rigali, 2009; Jain, 2015; Rigali et 

al., 2002; Suvorova et al., 2015). Detailed studies involving determination of 

stoichiometry of DgoR-DNA complex would be required to delineate the mode of 

binding of DgoR to the dgo cis-acting element. In addition to identifying the cAMP-CRP 

binding site, the above mentioned high-throughput plasmid-based reporter study reported 

a region in the dgo cis-acting element to harbor putative overlapping DgoR- and RNAP-

binding sites (Belliveau et al., 2018). Importantly, the region identified in this study 

encompasses the sites determined by our single-copy reporter assays and EMSAs, 

providing strong support to our findings. Using fluorescent reporter and RT-PCR based 

experiments performed in our lab, we also validated the putative dgo promoter in the dgo 

cis-acting element (Neeladrita Kundu, Ph.D. student, unpublished data and Fig. 3, (Singh 

et al., 2019)). The DgoR-binding sites overlap the dgo promoter indicating that DgoR 

represses transcription of the putative operon by occluding the binding of RNAP (Fig. 

3.10A). Further experiments such as competition assays of RNAP holoenzyme and DgoR 

for binding dgo cis-acting element are required to validate this model (Hernandez-Arriaga 

et al., 2009). 

Information from the work presented in this thesis, as well as from work published 

in another report (Belliveau et al., 2018) suggests that the D-galactonate responsive dgo 

promoter is under complex regulation.  The -35 as well as -10 sequences of the dgo 

promoter overlap with the two inverted repeats IR1 and IR2 recognized by DgoR, 

respectively. Besides, the -35 region also overlaps with cAMP-CRP binding site (Figure 

3.9A) thus classifying the dgo promoter as a class-II promoter. Interestingly, we note that 

the nucleotide substitutions in the IR1L site although change the DgoR binding site 

drastically by breaking the symmetry of the inverted half required for the binding of 

DgoR, simultaneously lead to changes in the -35 element as well as the overlapping 
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cAMP-CRP binding site.  We find that although mutations in IR1L discrupt the binding 

of DgoR to the dgo cis-acting element (Fig. 3.10B), it does not negatively affect the dgo 

promoter activity due to changes in the -35 element (Fig. 3.10C). Further, we find that 

mutations in IR1L does not impact much on the integrity of the cAMP-CRP binding site 

(Virtual footprint server originally used to predict the site identifies the same site as 

cAMP-CRP binding site in both WT and IR1L DNA fragments). It is well reported that 

cAMP-CRP complex enhances the promoter activity at class II promoters by actively 

interacting with the transcriptional machinery to facilitate initial binding of RNAP to the 

promoter as well as transition into open complex (Savery et al., 1998). The fact that 

reporter construct lacking -35 element as well as the cAMP-CRP binding site (Δ-35 

construct) completely loses the promoter activity suggests a strong positive role of the 

cAMP-CRP on expression of dgo promoter (Fig. 3B, (Singh et al., 2019)). It seems that 

mutations in -35 element are compensated by the stronger positive role of cAMP-CRP 

complex (Figure 3.10C). Further in vitro and in vivo experiments involving carefully 

planned mutations in the dgo cis-acting element will be required to understand the 

complex regulation at the dgo promoter. 
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CHAPTER IV 

DgoR shares conserved and semiconserved protein-

DNA contacts with the GntR family of transcriptional 

regulators  
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4.1 Introduction 

The transcriptional regulators are categorized into families based on the presence of 

conserved motifs and their mode of DNA binding (Ishihama, 2009). GntR family 

transcriptional regulators are characterized by similarity in their N-terminal winged helix-

turn-helix (wHTH) domain (Pfam accession number PF00392) (Haydon and Guest, 1991; 

Rigali et al., 2002; Suvorova et al., 2015). Further, based on the topology of C-terminal 

effector-binding and oligomerization (E/O) domain, the GntR family members have been 

subdivided into seven subfamilies: FadR, HutC, MocR, YtrA, AraR, PlmA and DevA 

(reviewed in (Hoskisson and Rigali, 2009; Jain, 2015)). FadR subfamily is characterized 

by an all helical C-terminal E/O domain [recognized as FCD (Pfam accession number 

PF07729) or FadR_C- domain (Pfam accession number PF07840)] consisting of either 

six (VanR subgroup) or seven (FadR subgroup) antiparallel helices organized in a bundle. 

HutC subfamily bears a α/β C-terminal [UTRA domain (Pfam accession number 

PF07702)] comprising of three α-helices surrounding a core of beta sheet made of six 

anti-parallel beta strands. MocR members have a comparatively longer α/β C-terminal 

domain with homology to aminotransferase class I domain (Pfam accession number 

PF00155). YtrA subfamily has a shorter fish-hook shaped domain containing only two 

helices. AraR presents a peculiar case of fusion between a GntR-type wHTH (Pfam 

accession number PF0039) domain with C-terminal having homology to that of LacI 

family of transcriptional regulators (InterPro IPR028082 Peripla_BP_I). C-terminal E/O 

domains of DevA and PlmA harbor topologies distinct from other subfamily members 

which are not well characterized. 

The three regulatory components involved in regulation by various GntR family 

members; DNA-binding domain, E/O domain and the cognate operator impose spatial 

and structural constraints on each other dictating conserved or semiconserved features of 
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the family. Variations in the linker connecting the DNA-binding wHTH to the C-terminal 

E/O domain as well as the manner of oligomerization of monomers in the regulator 

contribute to variations in the operator sequence recognized by different transcriptional 

regulators even within the same subfamily (Hoskisson and Rigali, 2009; Jain, 2015; 

Rigali et al., 2002; Suvorova et al., 2015). Most of the GntR family members bind A/T 

rich palindromic or pseudo-palindromic DNA. A comparison of predicted or 

experimentally determined binding sites recognized by the GntR family transcriptional 

regulators shows that nearly all bind sites resembling the consensus sequence [5’-

(N)yGT(N)xAC(N)y-3’] where the number (x,y) and the nucleotide (N) surrounding the 

constant GT/AC pair varies.  The centre of the palindrome appears to be more conserved 

than the A/T rich peripheral regions. The number of A and T residues vary among the 

different GntR subfamilies, for FadR subfamily the operator consensus deduces to [5’-

(N)yGTM-(N)0-1-KAC(N)y-3’], where ‘M’ represents A or C nucleotide and ‘K’ 

represents G or T nucleotide (reviewed in (Suvorova et al., 2015)). The typical distance 

between conserved GT/AC pair in the DNA binding sites of most of the FadR-subfamily 

members is 3 nucleotides (for example FadR of E. coli and LldR of C. glutamicum), or 2 

nucleotides (for example GntR of B. subtilis, and UxuR of E. coli) (Suvorova et al., 

2015). Many of the FadR subfamily members do not bind the operators matching the 

above mentioned consensus such as AphS of Comamonas testosteroni (Q9RHW8), 

ATAAAACTATCGATAAAA; BioR of Agrobacterium tumefaciens (A9CJW2), 

TTATMKATAA; CitO of Enterococcus faecalis (Q2KKB8), 

TGTTTTTTTGATGTTCTTTTTGTTT; while NanR of E. coli (P0A8W0), TGGTATAW 

is known to recognize direct repeats (Arai et al., 1999; Blancato et al., 2008; Condemine 

et al., 2005; Kalivoda et al., 2013; Rodionov and Gelfand, 2006). A deluge of 

experimental studies on GntR family regulators show that these transcriptional regulators 
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generally form homodimers by making a number of contacts in the C-terminal E/O 

domain, although TreR, a HutC subfamily member was shown to adopt a tetrameric 

organization (Jain, 2015; Rezacova et al., 2007). The spatial arrangement of monomers in 

the dimers differs even amongst the same subfamily members and affects how they 

interact with their cognate operator DNA (Gao et al., 2008; Jain, 2015). However, most of 

the GntR family members including the FadR subfamily transcriptional regulators bind as 

dimers where wHTH domain of each monomer contacts one half of the symmetrical 

inverted DNA repeat. 

The majority of details on DNA-protein interaction in the GntR family have been 

derived from a limited number of solved DNA-bound structures (Fillenberg et al., 2015; 

Jain, 2015; Jain and Nair, 2013; Shi et al., 2015; Suvorova et al., 2015; van Aalten et al., 

2001; Xu et al., 2001). The structural data shows that despite the weak amino acid 

sequence similarity in the wHTH domain of the GntR family (~25%), the base specific 

interactions are conserved. The DNA-protein complex is dominated by non-specific 

interactions between the amino acid residues of the regulator and the sugar-phosphate 

backbone of DNA, and only limited base-specific contacts are made. The canonical 

wHTH domain is comprised of a HTH motif followed by a ‘wing’ motif involving two β-

strands connected by a small loop. The HTH motif contains two helices, α2 and α3 

connected by a loop where α3 helix termed as the ‘recognition’ helix makes sequence 

specific contacts with cognate DNA (Fig. 4.1). The N-terminal amino acid residues of α1 

helix along with some of the preceding amino acids, usually make nonspecific contacts 

with the sugar-phosphate backbone of the DNA and provides stability to the contacts 

made by the downstream amino acids (van Aalten et al., 2001). The recognition helices of 

the two monomers are inserted in the same central major groove to make base-specific 

contacts, while the two wings are docked into the flanking minor grooves of the DNA. In 
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this arrangement, the recognition helix is oriented roughly orthogonal to the DNA, where 

only residues present in its N-terminus contact the major groove. Notably, a conserved 

arginine in the N-terminus of recognition helix participates in forming bidentate hydrogen 

bond with a guanine residue in the major groove of DNA serving as a conserved feature 

of the GntR family. On similar lines, presence of a smaller amino acid such as glycine at 

the tip of the wing, which facilitates deeper contact into the minor groove, is another 

conserved feature of this family (van Aalten et al., 2001). 

  

Figure 4.1 Model showing secondary structural elements in wHTH domain of AraR bound 

to its operator DNA (PDB ID: 4EGY). The information regarding structure of DNA bound 

AraR was taken from (Jain and Nair, 2013). The image was created in ICM browser 

(www.molsoft.com). 

 

In this chapter, using a combination of genetics, biochemical, biophysical and 

bioinformatics approaches, we probed the features of DgoR involved in interaction with 

its cognate operator DNA. We showed that similar to other FadR subfamily members, 

DgoR is a largely helical protein, oligomerizes independent of DNA and exists majorly as 

dimers. The N-terminal wHTH domain of DgoR is involved in binding to the dgo cis-

acting element. DgoR exhibits various features of DNA-protein interaction that are 

conserved or semiconserved in the FadR subfamily members. 
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4.2 Results 

4.2.1 DgoR is a majorly -helical protein 

Previous bioinformatics analysis based on the presence of N-terminal wHTH domain and 

all helical C-terminal domain (Pfam accession number PF07729) predicted DgoR to be a 

member of the FadR subfamily within the GntR family of transcriptional regulators 

(Rigali et al., 2002; Suvorova et al., 2015). To confirm the above annotation we predicted 

the tertiary structure of DgoR using the Robetta server (Kim et al., 2004). The predicted 

structure showed the presence of an N-terminal wHTH DNA-binding domain and a C-

terminal seven helical domain (Fig. 4.2A). Further, we recorded the Far-UV CD spectrum 

of purified DgoR. Purified DgoR exhibited a signature of a majorly helical protein (Fig. 

4.2B). We used the server, BeStSel (Micsonai et al., 2018; Micsonai et al., 2015) to 

analyze the Far-UV CD spectrum of DgoR. Deconvolution suggested a composition of 

74.9% helix, 0.0% antiparallel -sheet, 0.0% parallel -sheet, 9.3% turn and 15.8% other. 

We also calculated the secondary structure content of DgoR using 2Struc (DSSP) 

(Kabsch and Sander, 1983; Klose et al., 2010), which indicated a composition of 76.2% 

helix, 3.5% sheet and 20.3% other. Thus both CD spectra and the predicted tertiary 

structure suggest that DgoR is a majorly helical protein, a signature of FadR subfamily of 

transcriptional regulators. 
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Figure 4.2 DgoR is a majorly helical protein. (A) Predicted structure of DgoR. The full-length 

amino acid sequence of DgoR was submitted to Robetta server for model building. The structure 

of a monomer of DgoR is shown. The N- and C- termini of the protein and its secondary structure 

elements are labeled. The N-terminal wHTH DNA-binding domain is shown in blue, and the C-

terminal E-O domain is represented in green. (B) DgoR shows Far-UV CD spectrum of a mostly 

α-helical protein. Far-UV CD spectrum of purified DgoR-6XHis was recorded to determine its 

secondary structure. The experiment was performed 3 times. A representative data is shown. 

 

4.2.2 Purified DgoR mainly exists as a dimer in solution 

Most GntR family proteins exist as oligomers (Jain, 2015). To determine whether DgoR 

forms oligomers in vitro, DgoR-6XHis was immobilized on Co-NTA beads and incubated 

either with MBP-β-gal α fragment or MBP-DgoR. DgoR-6XHis was eluted using 

imidazole. Whereas MBP-β-gal α fragment did not co-elute with DgoR-6XHis, MBP-

DgoR was pulled down by DgoR-6XHis suggesting that DgoR molecules interact with 

each other to form oligomers (Fig. 4.3A). Further, to identify the composition of 

oligomers, purified DgoR-6XHis was cross-linked with increasing concentrations of 

glutaraldehyde. Chemical cross-linking yielded dimer as the major oligomeric form. The 

higher order crosslinked species of DgoR-6XHis obtained with increasing concentrations 

of glutaraldehyde could be due to the non-specific crosslinking capacity of glutaraldehyde 
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(Fig. 4.3B). In subsequent studies, the size exclusion gel chromatography and analytical 

ultracentrifugation experiments conducted in our lab have also confirmed that DgoR 

exists as a dimer in solution (Garima Arya, unpublished data). 

 

 

Figure 4.3 DgoR mainly exists as a dimer in solution. (A) DgoR oligomerizes in vitro. DgoR-

6XHis from cell lysate was immobilized on Co-NTA beads to which either purified MBP-DgoR 

or MBP-β-gal α fragment was added. A portion of these suspensions was saved as input. The 

remaining suspension was incubated and proteins were finally eluted as pull-down. Samples were 

run on SDS-PAGE and processed for Western blotting using anti-MBP (upper panel) and anti-His 

(lower panel) antibody. ‘*’ indicates band corresponding to MBP which likely arises due to 

spontaneous degradation of MBP-β-gal α fragment. Three independent experiments were 

performed. A representative data is shown. (B) Dimer is the major oligomeric form of DgoR. 10 

µM DgoR-6XHis was cross-linked with different concentrations of glutaraldehyde and the cross-

linked products were separated on 15% SDS-PAGE. Lane M represents the molecular mass 

markers (in kDa). Bands corresponding to the monomer (Mol. wt. ~27 kDa) and dimer (Mol. wt. 

~ 54 kDa) forms of DgoR-6XHis are indicated. Three independent experiments were performed. 

A representative data is shown. 
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4.2.3 Missense mutations in the DNA-binding domain abrogate interaction of DgoR 

with the dgo cis-acting element 

The N-terminal wHTH domain involved in DNA binding is composed of a tri-helical core 

followed by two beta strands connected through a small loop, designated as the “wing” 

motif (Fig. 4.2A). To ascertain whether secondary structure elements in the predicted 

DNA-binding domain of DgoR are involved in protein-DNA interaction, we created a 

missense mutation in each of the three -helices (D7A in α1, L34A in α2 and R46A in 

α3), which are either conserved across the GntR family or reported to be functionally 

important in other characterized members (Rigali et al., 2002) (see discussion below).  In 

addition, in a recent study where a human urinary tract isolate of E. coli was introduced in 

the streptomycin-treated mouse gut and mutations in the evolved lineages were followed 

over a span of a year, three missense mutations were independently recovered in the 

predicted α2-α3 region of DgoR. These data suggested the importance of de-repression of 

dgo operon in bacterial adaptation in the mouse gut. Indeed, the evolved lineages grew 

faster than the parental strain in D-galactonate implying a potential benefit to the evolved 

strains in utilizing this carbon source (Lescat et al., 2016). However, because there were 

mutations at additional loci in the evolved strains, a re-examination of dgoR mutations in 

a clean background coupled with testing their DNA-binding ability was imperative to 

assess their true contribution to the upregulation of dgo operon and adaptation in the host. 

To this end, we created mutations in dgoR corresponding to the three missense mutations 

(T40I, R42C and S51L) isolated in the above study. 

To test the DNA binding ability of the DgoR mutants, we cloned dgoR carrying 

these mutations in IPTG inducible plasmid pRC10. The resulting plasmids (Table 2.1, 

pBS19, pBS20, pBS25, pBS32, pBS33 and pBS34) were used to overexpress and purify 

mutant DgoR as C-terminal His-tagged proteins. Far-UV CD spectra of the purified 
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proteins showed that the mutants are folded (Fig. 4.4). Deconvolution of the CD spectra 

using BeStSel suggested that the mutations do not significantly alter the secondary 

content of the protein except for S51L mutant which showed ~16 % decrease in the 

helical content compared to the WT protein (Table 4.1). In addition, crosslinking of 

purified DgoR mutants with glutaraldehyde showed that similar to WT, they dimerize in 

solution (Fig. 4.5). 

 

                    

Figure 4.4 Various DNA-binding domain mutants of DgoR are folded. Far-UV CD spectra of 

WT DgoR-6XHis and its various mutants (5 µM) were recorded. The experiment was performed 

3 times. A representative data is shown. 
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Table 4.1 Secondary structure content of WT and mutant DgoR proteins deconvoluted from 

their CD spectra 

 

 

WT D7A L34A T40I R42C R46A S51L 

Helix 72.9 70.1 74.9 74.7 76.9 70.4 61 

Antiparallel 0.1 2.5 0 0 0 0 0 

Parallel 0 0 0 0 0 0 1.4 

Turn 10 11.1 7.5 9.4 9.3 8.5 11.8 

Other  17 16.4 17.6 15.8 13.7 21.1 25.8 

 

 

 
 

Figure 4.5 DNA-binding domain mutants form dimer as the main product upon 

glutaraldehyde cross-linking. 10 μM WT DgoR-6XHis and its various mutants were cross-

linked with different concentrations of glutaraldehyde and the cross-linked products were 

separated on 15% SDS-PAGE. Lane M represents the molecular mass markers (in kDa). Bands 

corresponding to the monomer (Mol. wt. ~27 kDa and dimer (Mol. wt. ~54 kDa) forms of DgoR-

6XHis are indicated.  

     DgoR 

% Secondary   

structure content 
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To determine if the chosen mutations in the three -helices ((D7A, L34A and 

R46A), and missense mutations (T40I, R42C and S51L) isolated in (Lescat et al., 2016) 

affect DgoR binding to its cis-acting element, the radiolabelled dgo cis-acting element 

was incubated with either WT DgoR-6XHis or its various mutants. In contrast to WT, all 

the tested mutants of DgoR were unable to shift the labelled dgo cis-acting element 

suggesting that the above mutations abrogate the binding of DgoR with the cis-acting 

element (Fig. 4.6). 

 

Figure 4.6 Mutations in the N-terminal wHTH domain of DgoR abrogate its binding to the 

dgo cis-acting element. DNA-binding domain mutants do not bind the cis-acting element in vitro. 

20 nM 
32

P-labeled DNA fragment was incubated either with 1.2 µM WT DgoR-6XHis or its 

various mutants. Samples were resolved on native PAGE and subjected to autoradiography.  

 

4.2.4 Amino acid substitutions in the DNA binding domain leads to loss of DgoR 

mediated repression over D-galactonate metabolism 

Our work from previous chapter showed that deletion of dgoR leads to elimination of 

repression over D-galactonate metabolism which manifests as faster growth of dgoR::kan 

strain in medium containing D-galactonate as the carbon source (Fig. 3.5, Chapter 3). 

Further, expression of WT DgoR from a plasmid with dgoR cloned with its promoter 

(Table 2.1, pBS13) complements the accelerated growth phenotype (Fig. 3.6, chapter 3). 

To investigate the ability of DgoR carrying mutations in the DNA binding domain to 

repress D-galactonate metabolism, we cloned various dgoR mutants along with dgo 
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promoter in pACYC177, and transformed the resultant plasmid constructs (Table 2.1, 

pBS22, pBS14, pBS15, pBS37,pBS36, and pBS35) and pBS13 carrying WT dgoR in 

dgoR::kan strain. The dgoR::kan strain expressing either WT or mutant DgoR was 

cultured in M9 medium containing D-galactonate as the carbon source. Consistent with 

the loss of DNA-binding ability observed in EMSA (Fig. 4.6), the mutants could not 

complement the growth phenotype of dgoR::kan in D-galactonate (Fig. 4.7). Further, we 

determined the expression of DgoR variants in the complementation strains in the non-

inducing medium (M9 medium supplemented with glycerol), using Western blotting. The 

expression of DgoR mutants from their native promoter largely correlated with their 

repressor ability (Fig. 4.8). Whereas WT DgoR could not be detected due to auto-

repression, D7A, T40I, R42C, R46A and S51L exhibited significant expression. Although 

the L34A mutant could not be detected likely due to its rapid degradation, its low-level 

expression inside the cell is evident from the ability of this mutant to exhibit weak 

dominant negative phenotype (see below, Fig. 4.10). 

 

Figure 4.7 DNA-binding domain mutants fail to complement the faster growth phenotype of 

dgoR deletion strain in D-galactonate. WT and various dgoR mutants cloned in pACYC177 

[pdgoR(WT): pBS13, pdgoR(D7A): pBS22, pdgoR(L34A): pBS14, pdgoR(R46A): pBS15, 

pdgoR(T40I): pBS37, pdgoR(R42C): pBS36, and pdgoR(S51L): pBS35], were individually 
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transformed in a dgoR::kan strain. Cultures were grown in 96-well plates in minimal medium 

containing D-galactonate as the carbon source, and OD450 was measured. The experiment was 

performed 3 times; each experiment had 3 technical replicates. A representative data set, with 

average and SD of technical replicates, is shown. 

 

 

Figure 4.8 The expression of WT DgoR and various DNA-binding mutants from the native 

promoter largely correlates with their repressor ability. Strains described in the legend to 

figure 4.7 were grown in minimal medium supplemented with glycerol. Cells were harvested and 

processed for Western blotting using anti-His antibody. Two independent experiments were 

performed. A representative data is shown. 

 

4.2.5 DNA-binding defective mutants of DgoR are incapable of repressing 

expression of the fluorescent reporter from the dgo promoter 

We further tested the ability of the DNA-binding defective mutants of DgoR to repress 

expression from the dgo promoter in vivo. For this, we expressed either WT or mutant 

DgoR proteins from pACYC177 in a ΔdgoR reporter strain (Result section 3.2.5, Chapter 

3). In the non-inducing medium, in contrast to the significant repression of the reporter in 

ΔdgoR expressing WT DgoR from the plasmid, the mutants behaved similar to ΔdgoR 

carrying empty plasmid, i.e., exhibited constitutive expression of the reporter (Fig. 4.9). 

In the inducing medium, as expected, all strains exhibited comparable reporter expression 

(Fig. 4.9). Taken together, our results emphasize that D7, L34, T40, R42, R46 and S51 

amino acid residues are important for DgoR to bind its cis-acting element to repress dgo 

operon. 
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Figure 4.9 Fluorescence assay shows that DNA-binding domain mutants are unable to 

repress expression from the dgo promoter in vivo. Plasmids [pdgoR(WT): pBS13, pdgoR(D7A): 

pBS22, pdgoR(L34A): pBS14, pdgoR(R46A): pBS15, pdgoR(T40I): pBS37, pdgoR(R42C): 

pBS36, and pdgoR(S51L): pBS35] were individually transformed in a ΔdgoR strain carrying 

fluorescent Venus reporter on the chromosome under the control of dgo promoter. Strains were 

grown in minimal medium supplemented either with glycerol or with glycerol and D-galactonate 

to exponential phase. Fluorescence was measured and normalized to OD450 of the samples. Data 

represent the average (± SD) of 3 independent experiments. 

 

4.2.6 DgoR oligomerizes in vivo 

In our in vitro assays, we had observed that DgoR forms oligomers (Fig. 4.3). We made 

use of the DNA-binding-defective mutants, D7A, L34A, R46A, T40I, R42C and S51L to 

investigate whether DgoR also oligomerizes in vivo. For this, we expressed either WT or 

mutant DgoR proteins from pACYC177 in a WT reporter strain. In the non-inducing 

medium, whereas the WT protein from the plasmid did not affect the expression of Venus 

reporter, mutant DgoR proteins increased reporter expression (Fig. 4.10). These results 

suggest that the DNA-binding-defective mutants expressed in trans oligomerize with WT 

DgoR from the chromosome interfering with its binding to the cis-acting element thereby 

exhibiting dominant negative phenotype. On the other hand, as expected, under inducing 

conditions, all strains exhibited similar expression of the Venus reporter (Fig. 4.10). 
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Figure 4.10 DgoR oligomerizes in vivo. DNA-binding-defective mutants exhibit dominant 

negative phenotype. The empty plasmid pACYC177 and various constructs, described in the 

legend to figure 4.7, were individually transformed in the WT strain carrying Venus reporter 

(under the control of native dgo promoter) on the chromosome. Strains were grown in minimal 

medium supplemented either with glycerol or with glycerol and D-galactonate to exponential 

phase. Fluorescence was measured and normalized to OD450 of the samples. Data represent the 

average (± SD) of 3 independent experiments. (One biological replicate of the fluorescence 

reporter assay for the mutants shown in the left panel was also perfomed in (Sangwan, 2017)). 

 

4.3 Discussion 

Transcriptional regulators belonging to the GntR family share multiple features such as 

structural similarity in their N-terminal DNA-binding domain, oligomeric status as well 

as similarities in the sequence of their cognate operator DNA. A number of DNA-protein 

contacts are conserved among the GntR family regulators. However, heterogeneity in the 

topological architecture of the C-terminal E/O domain among the various subfamilies and 

the organization of monomers in the oligomers also result in DNA-protein recognition 

features that are either semiconserved or unique even among the same subfamily 

members. In this chapter we established DgoR as a member of the FadR subfamily within 

the GntR family of transcriptional regulators. Further, as discussed below we compared 
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DgoR with other GntR family members for attributes that are conserved or semiconserved 

in the family.  

Prediction of tertiary structure suggested that along with a typical N-terminal 

GntR-type wHTH domain, DgoR harbors an all helical C-terminal E/O domain. Predicted 

structure showed that the E/O domain of DgoR bears seven α-helices arranged in a bundle 

suggesting it to be a member of the FadR subgroup within the FadR subfamily (Fig. 

4.2A). Further, a majorly α-helical far-UV CD profile of purified DgoR, similar to 

another FadR subfamily member McbR, validated the placement of DgoR in the FadR 

subfamily (Fig. 4.2B) (Lord et al., 2014). GntR family members including FadR 

subfamily members have been shown to dimerize independent of DNA (reviewed in 

(Jain, 2015)). The in vivo oligomerization of GntR family regulators such as FadR from 

E. coli, and GntR and AraR from B. subtilis were demonstrated by dominant negative 

behavior of their DNA-binding defective mutants (Franco et al., 2006; Raman et al., 

1997; Yoshida et al., 1993). Here, the DNA-binding defective mutants of DgoR also 

exhibited negative dominance when expressed in trans (Fig. 4.10). Also, similar to TraR 

from Streptomyces nigrifaciens, pull down experiments showed that DgoR can 

oligomerize independent of DNA (Fig. 4.3A) (Kataoka et al., 2008). Finally, chemical 

crosslinking of purified protein showed that DgoR majorly exists as dimers (Fig. 4.3B). 

The dimeric status of DgoR has also been validated by size exclusion gel chromatography 

and analytical ultracentrifugation experiments conducted in our lab (Garima Arya, 

unpublished data).  

The mechanistic details of the interaction between the wHTH domain and the 

operator is derived mainly from the DNA-bound structures of GntR family regulators 

belonging to different subfamilies [AraR subfamily: B. subtilis AraR (Jain and Nair, 

2013); FadR subfamily: E. coli FadR (van Aalten et al., 2001; Xu et al., 2001) and V. 
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cholerae FadR (Shi et al., 2015); and HutC subfamily: B. subtilis NagR (Fillenberg et al., 

2015)], and genetic/biochemical characterization of these and additional GntR members 

(Arai et al., 1999; Franco et al., 2006, 2007; Gao et al., 2008; Kalivoda et al., 2013; Lord 

et al., 2014; Raman et al., 1997). DgoR binds the operator sequence [5’-

TTGTA(G/C)TACA(A/T)-3’] matching the signature of FadR subfamily members that 

recognize inverted repeats [5’-(N)yGTM-(N)0-1-KAC(N)y-3’] (Hoskisson and Rigali, 

2009; Jain, 2015; Suvorova et al., 2015). To understand how amino acid residues in DgoR 

mutated in this study affect its DNA-binding ability, we obtained the DNA bound state of 

DgoR by superimposing wHTH domain of a DgoR monomer onto the wHTH domain of 

E. coli FadR bound to its operator (PDB ID: 1H9T) (Fig. 4.11).  

 

 

Figure 4.11 Proposed DNA-binding model of DgoR. The DNA bound state of DgoR was 

obtained by superposition of N-terminal wHTH domain of DgoR (blue) onto the operator-bound 

structure of N-terminal wHTH domain of E. coli FadR (grey) (PDB ID: 1H9T). Amino acid 

residues in the wHTH domain of DgoR chosen for mutation in this study are shown as sticks and 

labeled. 
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In the characterized GntR family proteins, amino acid residues in 1 make non-

specific contacts with the phosphate backbone and support the specific contacts made by 

the downstream residues (Fillenberg et al., 2015; Gao et al., 2008; Jain, 2015; Shi et al., 

2015; van Aalten et al., 2001; Xu et al., 2001). In the DgoR-DNA model, although the 

side chain of D7, an 1 residue, points towards the DNA, it does not make any contact 

(Fig. 4.11). However, similar to the DNA-binding defect of D7A mutant of DgoR, a 

previous study on another FadR subfamily member, AphS, reported a loss of repression 

by a mutant harboring mutation in the corresponding 1 residue, E17 (Arai et al., 1999). 

A Glu or Asp residue is present at the analogous position in several GntR family 

members (Rigali et al., 2002), thus an acidic residue at the start of 1 may play an 

important role in the repressor ability of these regulators.  

 Residues in 2 and 3 form specific contacts in the major groove with 3 

defining a larger part of the specificity and hence termed as the ‘recognition helix’ (Jain, 

2015). The information that amino acid substitution of several residues in 2-3 

abrogated the interaction of DgoR with its operator (Fig. 4.6), further underscores the 

importance of wHTH motif in DNA recognition by GntR family regulators. 

Corresponding to the 2 residue, L34 in DgoR, a hydrophobic amino acid is present in a 

majority of the GntR family members (Fig. 4.12) (Rigali et al., 2002). Mutation of an 

equivalent Leu in FadR (L37A) and AraR (L33S) led to a weak dominant negative 

phenotype and poor expression of the protein, respectively, suggesting that this 

hydrophobic amino acid is important for protein stability (Franco et al., 2006, 2007; 

Raman et al., 1997). On similar lines, we observed a weak dominant negative phenotype 

of L34A mutant of DgoR and were unable to detect its expression from the native dgo 

promoter (Fig. 4.10 and Fig. 4.8). In the DgoR-DNA model, we find that L34 is part of a 
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hydrophobic core further emphasizing that a hydrophobic amino acid at this position is 

structurally important in GntR family regulators (Fig. 4.13). Additionally, the importance 

of L34 residue in DNA-binding is evident from both the inability of L34A to form 

protein-DNA complex in vitro and negative dominance in vivo (Fig. 4.6 and Fig. 4.10). In 

the DgoR-DNA model, L34 interacts with two hydrophobic residues I45 and F49 located 

in 3 (Fig. 4.13). Because mutating L34 to A will reduce hydrophobicity and increase the 

distance of I45 and F49 from 2, we suggest that the recognition helix might get re-

oriented affecting its contact with DNA.  

 

 

Figure 4.12 Structure-based sequence alignment of N-terminal wHTH DNA-binding domain 

of GntR family members. Amino acid sequence of the N-terminal wHTH domain of DgoR is 

aligned with that of GntR family members for which either the DNA-bound structures are solved 

(BsAraR, PDB ID: 4EGY; EcFadR, PDB ID: 1H9T; VcFadR, PDB ID: 4P9U; and BsNagR, PDB 

ID: 4WWC) or the structure of their apo-form is modeled on DNA (CgLldR, PDB ID: 2DI3), 

using DALI server (Holm and Laakso, 2016). Vertical arrows indicate amino acid residues in the 

wHTH domain of DgoR mutated in this study. Secondary structure elements are indicated in bars 

(-helices) and horizontal arrows (-strands). ‘*’ shows the presence of Arg residue at this 

position in GntR members that recognize ‘TGGT’ motif in the operator (see below Fig. 4.15). 

Abbreviations: Ec, E. coli; Bs, B. subtilis; Vc, V. cholerae; and Cg, C. glutamicum. 
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Figure 4.13 Amino acid contacts of L34 in wHTH of DgoR. Model shows hydrophobic 

interaction of L34 in 2 with I45 and F49 in 3 (recognition helix). 

 

Similar to the DNA-binding defect of R42C and R46A in DgoR, mutation of Arg 

residues at equivalent positions in 3 in several other GntR family members 

compromises their repressor ability (Franco et al., 2006, 2007; Gao et al., 2008; Raman et 

al., 1997). From the available DNA-bound structures, it is evident that both Arg residues 

interact with a common Glu residue in 2, which orients them such that arginine 

corresponding to R42 makes a specific contact with guanine (G-3) while arginine 

equivalent to R46 interacts non-specifically with the phosphate backbone (Fillenberg et 

al., 2015; Gao et al., 2008; Jain and Nair, 2013; Shi et al., 2015; van Aalten et al., 2001; 

Xu et al., 2001). In the DgoR-DNA model, we observe the interaction of R42 and R46 

with an equivalent Glu residue, E31 in 2 (Fig. 4.14), which leads us to speculate that 

these Arg residues make similar contacts with DNA as observed in other characterized 

members (Fig. 4.12). GntR family regulators that recognize ‘TGGT’ motif in the operator 

make a specific contact with ‘G-4’ through an Arg residue conserved in these members 

(Fig. 4.15 and Fig. 4.12) (Fillenberg et al., 2015; Gao et al., 2008; Rigali et al., 2002; Shi 

et al., 2015; van Aalten et al., 2001; Xu et al., 2001). However, GntR family proteins 

including DgoR that recognize ‘TTGT’ motif lack the analogous Arg (Fig. 4.15 and Fig. 
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4.12) (Jain and Nair, 2013; Rigali et al., 2002), emphasizing that differences in the 

operator sequence are reflected in the amino acid sequence of their cognate regulators. 

 

 

Figure 4.14 Amino acid contacts of R42 and R46 in wHTH of DgoR. The model shows E31 in 

2 forming a salt bridge with R42 and R46 in 3. 

 

 

Figure 4.15 Comparison of operator sequences of GntR family members. Binding sites of 

DgoR (IR1 and IR2) are compared with the operator sequences of GntR family members used to 

either solve the DNA-bound structures of their wHTH domain (BsAraR, EcFadR, VcFadR, and 

BsNagR) or biochemically test the binding to its transcriptional regulator (CgLldR). Nucleotides 

in the inverted repeat that are conserved and/or involved in making specific contacts with the 

protein are highlighted in gray boxes. Abbreviations: Ec, E. coli; Bs, B. subtilis; Vc, V. cholerae; 

and Cg, C. glutamicum. 

 

The DNA-binding defect of T40I and S51L cannot be explained from the DgoR-

DNA model. Although the side chain of T40 points towards the DNA, there is no 
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interaction with the DNA (Fig. 4.11). In a majority of the GntR family regulators, a 

hydrophobic amino acid is present at a similar position (Fig. 4.12) (Rigali et al., 2002). 

The residue S51 does not face the DNA (Fig. 4.11), and the nature of amino acid at a 

similar position is highly variable across the GntR family (Fig. 4.12) (Rigali et al., 2002). 

The Far-UV CD spectra shows that there is ~16 % decrease in helical content of S51L 

mutant (Fig. 4.3). The altered conformation of S51L could be responsible for its loss of 

DNA binding.  Future studies aimed at solving the structure of DgoR alone and in 

complex with its operator might explain the importance of these amino acid residues in 

the functioning of the repressor.  

Our work in this chapter, besides providing a fundamental understanding of the 

interaction between DgoR and its cognate operator DNA, also emphasizes that 

upregulation of dgo genes caused by disruption of the interaction of DgoR with its 

operator determines the colonization efficiency of E. coli isolates. This is evident from 

our observation that missense mutations in dgoR (T40I, R42C and S51L) selected in a 

urinary tract isolate of E. coli adapated to the mammalian gut (Lescat et al., 2016) are 

DNA-binding defective and result in constitutive expression of dgo genes. The above 

information combined with the study where a comparison of a panel of 340 natural 

isolates of E. coli revealed variations in dgoR (Galardini et al., 2017) stress the 

importance of studying the effect of genetic variations in dgoR in the natural isolates on 

their colonization in biological niches. 
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CHAPTER V 

D-galactonate is the physiological effector of DgoR  
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5.1 Introduction 

In order to sense change in the environment, transcriptional regulators bind relevant 

metabolites, ions, or drug molecules as effectors. Binding of effectors usually brings 

about a conformational change in the protein, thus altering its DNA-binding ability. The 

binding of effector can either increase (activator) or decrease (repressor) the affinity of 

the regulator to its cognate DNA. This allows transcriptional regulators to act as 

molecular switches to turn on or off the expression of its regulon members in response to 

an appropriate signal. GntR family transcriptional regulators are involved in regulating 

diverse physiological processes such as metabolism, virulence, biofilm production, 

plasmid transfer, etc (Hoskisson and Rigali, 2009; Rigali et al., 2002). GntR family 

regulators display modularity in their function, where the N-terminal wHTH domain and 

the C-terminal E/O domain are responsible for binding cognate operator DNA and the 

effector, respectively. GntR family members involved in regulating various metabolic 

pathways in bacteria bind either the substrate itself or its metabolic intermediate or both 

as their effectors (Bates Utz et al., 2004; Bouvier et al., 2019; DiRusso et al., 1992; 

DiRusso et al., 1998; Hoskisson and Rigali, 2009; Jain, 2015; Kalivoda et al., 2003; Lee 

et al., 2000; Miwa and Fujita, 1988; Tutukina et al., 2016a). Binding of the effectors 

induces an allosteric change in the E/O domain, which in turn alters the conformation of 

the DNA-binding domain thus modulating the DNA binding properties of the regulator 

(reviewed in (Jain, 2015)).  

Within the GntR family, the various subfamilies have topologically distinct E/O 

domains. Thus, the molecular mechanism underlying effector mediated regulation of 

DNA binding is quite different among the subfamilies (reviewed in (Jain, 2015)). For 

example B. subtilis NagR (YvoA), a member of HutC subfamily, forms homodimers and 

has a canonical E/O domain bearing an α/β topology [UTRA domain (Pfam accession 
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number PF07702)] (Aravind and Anantharaman, 2003; Fillenberg et al., 2016; Fillenberg 

et al., 2015). In the DNA-bound state, the amino acid residues in the region connecting 

the DNA-binding and the effector-binding domains constitute a partially disordered loop. 

Upon binding its effector, this region undergoes a dramatic loop-to-helix transition 

ultimately leading to forced separation of DNA-binding domain in a ‘jumping jack’-like 

fashion due to its 122° rotation with respect to the E/O domain (Resch et al., 2010). The 

C. glutamicum CGL2947, a member of YtrA subfamily harbors a typically shorter ‘fish-

hook’ shaped E/O domain comprised of two α-helices. Comparison of CGL2947 bound to 

2-methyl-2,4-pentanediol (MPD) (a component of the crystallization buffer) with that of 

its apo- form led to the suggestion regarding its effector binding mode (Gao et al., 2007). 

Two monomers interact through their E/O domain to form a functional homodimer, 

where the α-helices in the E/O domain of the two monomers intertwine to form an 

effector-binding cavity. In the apo- form, the two recognition helices in the N-terminal 

DNA-binding domain are 64 Å  apart ideal for binding two adjacent major grooves of the 

operator DNA. Binding of MPD leads to conformational changes in the effector binding 

pocket, which are transmitted to the DNA-binding domain such that the effective distance 

between the two α-helices is decreased to 56 Å, making the regulator unsuitable to bind 

the DNA (Gao et al., 2007). 

Within the FadR subfamily, effector-induced allosteric changes have been 

elucidated only for FadR from E. coli, V. cholera, and V. alginolyticus by a comparison of 

their apo-, DNA- and/or effector-bound structures (Gao et al., 2017; Shi et al., 2015; van 

Aalten et al., 2001). The effector, fatty acyl-CoA binds E. coli FadR in a cavity in the E/O 

domain more than 30 Å away from the wHTH DNA binding motif. Binding of acyl-CoA 

induces dramatic conformational changes in the E/O domain, causing the α8 helix to push 

against the α4 linker helix which in turn makes additional contacts with α1 to tilt and 
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displace the entire wHTH motif with respect to the E/O domain. (Fig. 5.1). Overall hinge-

bending motion in the protein dimer in the opposite direction leads to a separation of 

~7.2  Å of the α3 DNA recognition helices resulting in the loss of DNA binding (Fig. 5.1) 

(van Aalten et al., 2001). Random mutagenesis coupled with biochemical studies also 

yielded information on the amino acid residues involved in the interaction of E. coli FadR 

with fatty acyl-CoA (Raman and DiRusso, 1995). Likewise, a few genetic/biochemical 

studies have identified amino acid residues important for other FadR subfamily regulators 

(Blancato et al., 2016; Franco et al., 2006; Lee and Kim, 2001; Lord et al., 2014). Further, 

a limited number of structural studies on the apo- form have led to a prediction of the 

effector binding cavity in some of the transcriptional regulators belonging to the FadR 

subfamily (Gao et al., 2008; Little et al., 2018; Lord et al., 2014; Pinheiro et al., 2018).  

 

Figure 5.1 Schematic depicting molecular basis of fatty acyl-CoA mediated relief of DNA 

binding by FadR. The recognition helix (α3), linker helix (α4), α1 helix, α2 helix and, α8 helix 

of the E/O domain are shown in red, orange, blue, brown and green, respectively. The effector 

fatty acyl-CoA (myristoyl-CoA) is shown in purple. The arrows depict the conformational 

changes induced in FadR upon binding fatty acyl-CoA. The schematic was drawn using 

information provided in (van Aalten et al., 2001). 

 



145 
 

Amongst the FadR subfamily members involved in regulating the metabolism of 

various sugar acids, the associated physiological effectors are known for B. subtilis GntR 

(D-gluconate), E. coli UxuR/ExuR (D-glucuronate/D-galacturonate) and Polaromonas sp. 

JS666 GguR (5-keto-4-deoxy-D-glucarate/galactarate) (Bates Utz et al., 2004; Bouvier et 

al., 2019; Miwa and Fujita, 1988; Tutukina et al., 2016a). A random mutagenesis screen 

conducted in 1990s identified a couple of amino acids in the E/O domain of the B. subtilis 

GntR which were suggested to be involved in the interaction with its effector, D-

gluconate (Yoshida et al., 1995). Another computational modelling and docking based 

study predicted the amino acid residues important for interaction of E. coli UxuR and 

ExuR with their effectors (Tutukina et al., 2016b). Thus, clearly there are not enough in-

depth studies addressing the molecular details of the interaction of the FadR subfamily 

sugar acid metabolism regulators with their cognate effectors (Jain, 2015). E. coli DgoR, 

which we have characterized as the negative regulator of D-galactonate metabolism can 

serve as a paradigm for such studies (Singh et al., 2019). To initiate work in this direction, 

we identified the physiological effector of DgoR.  

In this chapter, we investigated the effector binding characteristics of DgoR. We 

find that similar to B. subtilis GntR, the substrate of the metabolic pathway, D-

galactonate, serves as the true effector of DgoR. Our data reveals that D-galactonate and 

not the D-galactonate catabolic intermediates or other structurally related carbohydrates 

interferes with the binding of DgoR to the target DNA. Further, we find that mutation of 

S221 amino acid in the E/O domain of DgoR leads to defects in D-galactonate mediated 

derepression of the dgo promoter. 
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5.2 Results 

5.2.1 D-galactonate is the specific effector of DgoR 

A previous report showed that the activities of DgoK and DgoA, the catabolic enzymes 

involved in D-galactonate metabolism, are induced in cell lysates prepared from dgoD 

mutant grown in medium supplemented with D-galactonate. Given that DgoD is involved 

in catalyzing the first metabolic reaction in D-galactonate metabolism, no D-galactonate 

catabolic intermediate are supposed to be produced in a dgoD mutant. Thus, it was 

proposed that D-galactonate itself acts as the effector to induce expression of various 

components involved in D-galactonate metabolism (Cooper, 1978). However, since the 

catabolic pathways of sugar acids cross-talk with each other either due to their enzymatic 

inter-conversion or shared transcriptional regulators (Mandrand-Berthelot et al., 2004), it 

is important to examine whether D-galactonate is the true effector of DgoR. 

Amongst all tested sugars/sugar acids, only D-galactonate abrogates the binding of 

DgoR to its cis-acting element 

To determine if D-galactonate is a specific effector of DgoR, we incubated DgoR with its 

cis-acting element in the presence of various concentrations of D-galactonate, sugars (D-

glucose and D-galactose) and an epimer of D-galactonate (D-gluconate) (Fig. 5.2). 

Whereas D-galactonate relieved DNA bound by DgoR in a concentration-dependent 

manner, other tested carbohydrates did not affect the binding of DgoR to its target DNA 

(Fig. 5.3). 
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Figure 5.2 Structures of various carbohydrates incubated with DgoR in EMSA. Structures of 

D-glucose, D-gluconate, D-galactose and D-galactonate are shown. The –OH varying amongst the 

different epimers is highlighted in gray box. The structural information of the molecules was 

obtained from EcoCyc database (Keseler et al., 2017). 

 

 

Figure 5.3 D-galactonate releases DgoR from its target DNA. 1.2 μM DgoR-6XHis was 

incubated with indicated concentrations of various carbohydrates for 20 min. 20 nM 
32

P-labeled 

dgo cis-acting element was added to the samples and incubated for 30 min. Samples were 

resolved on native PAGE and subjected to autoradiography. 
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Intermediates of the D-galactonate metabolic pathway do not interfere with the binding of 

DgoR to its cis-acting element 

Several FadR subfamily transcriptional regulators recognize both the substrate and its 

metabolic intermediates as effectors to regulate the transcription of their cognate regulon 

members (Bates Utz et al., 2004; Bouvier et al., 2019; DiRusso et al., 1992; DiRusso et 

al., 1998; Hoskisson and Rigali, 2009; Jain, 2015; Kalivoda et al., 2003; Lee et al., 2000; 

Miwa and Fujita, 1988; Tutukina et al., 2016a). To determine if in addition to D-

galactonate, any of its catabolic intermediates affect the DNA-binding ability of DgoR, 

we incubated DgoR with its cis-acting element in the presence of 2-dehydro-3-deoxy-D-

galactonate, 2-dehydro-3-deoxy-D-galactonate 6-phosphate, D-glyceraldehyde 3-

phosphate and pyruvate (Fig. 5.4). None of the intermediates could abrogate DNA 

binding by DgoR (Fig. 5.5). 

Taken together, our data provide evidence that D-galactonate is the specific effector of 

DgoR. 
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Figure 5.4 Structures of D-galactonate and intermediates of the D-galactonate metabolic 

pathway in E. coli. The structural information of the molecules was obtained from EcoCyc 

database (Keseler et al., 2017). 

 

Figure 5.5 D-galactonate catabolic intermediates do not release DNA bound by DgoR. 1.2 

μM DgoR-6XHis was incubated with indicated concentrations of various D-galactonate catabolic 
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intermediates for 20 min. 20 nM 
32

P-labeled dgo cis-acting element was added to the samples and 

incubated for 30 min. Samples were resolved on native PAGE and subjected to autoradiography. 

 

5.2.2 D-galactonate binds DgoR-DNA complex with μM affinity 

To determine the binding affinity of DgoR with its cognate effector, purified DgoR-

6XHis was mixed with various concentrations of D-galactonate and incubated with 
32

P-

labeled dgo cis-acting element. The fraction of DgoR-DNA complex dissociated with 

increasing amount of D-galactonate was used to calculate apparent KD of D-galactonate 

for DgoR-DNA complex (Fig. 5.6), and was estimated to be 55  6 M. 

 

 

Figure 5.6 Determination of the apparent dissociation constant of D-galactonate. (A) EMSA 

shows titration of DgoR-DNA complex with D-galactonate. 20 nM 
32

P-labeled DNA fragment 

was incubated with 1.2 M purified DgoR-6XHis and the protein-DNA complex was titrated with 

indicated concentrations of D-galactonate. (B) The plot shows the fraction of free DNA as a 

function of D-galactonate concentration. The fraction of free DNA quantified from image shown 
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in panel A was plotted against D-galactonate concentration. Three independent experiments were 

performed to determine apparent KD. A representative data set is shown. 

 

5.2.3 S221N mutant of DgoR exhibits super-repressor phenotype 

Structure based sequence alignment of the E/O domain of DgoR with the well-

characterized member of FadR subfamily, E. coli FadR, revealed that DgoR shares a 

serine amino acid at 221 position with serine at 219 position of FadR (Fig. 5.7) (Rigali et 

al., 2002). S219N mutant of FadR has a reduced affinity towards its cognate effector fatty 

acyl-CoA and thus showed a non-inducible, super-repressor phenotype (Raman and 

DiRusso, 1995). 

 

  

Figure 5.7 DgoR and FadR share a common serine amino acid residue in the E/O domain. 

Structure based sequence alignment of DgoR and FadR was performed using DALI (Holm and 

Laakso, 2016). The common serine amino acid is enclosed in the red box. The secondary 

structural elements; helices (H), β-strands (E) and loops (L) of DgoR and FadR are indicated. 
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To determine if similar to FadR, mutation of S221 residue in DgoR (S221N) 

interferes with D-galactonate mediated derepression of dgo genes, dgoR with S221N 

mutation was cloned with its promoter in plasmid, pACYC177 (Table 2.1, pBS24). 

Plasmids pBS13 and pBS24 were used to express either WT or S221N mutant of DgoR-

6XHis in dgoR::kan strain, respectively. The strains were cultured in M9 medium 

supplemented with D-galactonate as the carbon source. Expression of S221N mutant led 

to slower growth in D-galactonate compared to WT indicating defective derepression of 

dgo operon by the S221N mutant (Fig. 5.8).  

 

 

Figure 5.8 S221N mutant exhibits slower growth in D-galactonate. WT and S221N dgoR 

mutant cloned in pACYC177 [pdgoR(WT): pBS13 and pdgoR(S221N): pBS24], were individually 

transformed in a dgoR::kan strain. Cultures were grown in 96-well plates in minimal medium 

containing D-galactonate as the carbon source, and OD450 was measured. The experiment was 

performed 3 times; each experiment had 3 technical replicates. A representative data set, with 

average and SD of technical replicates, is shown. 

 

 Further, to determine the effect of S221N mutation in DgoR on the regulation of 

the dgo promoter, we expressed WT as well as S221N mutant DgoR in a ΔdgoR reporter 

strain (Result section 3.2.5, Chapter 3). Both WT DgoR and the S221N mutant repressed 

the reporter in the non-inducing medium (Fig. 5.9). However, in the presence of D-

galactonate, whereas significant reporter expression was observed for the strain 
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expressing WT DgoR, the reporter strain expressing S221N mutant exhibited weak 

induction suggesting that S221N exhibits stronger repression over the dgo promoter as 

compared to the WT (Fig. 5.9).  

Taken together, both the complementation and fluorescence reporter assays validate that 

S221 amino acid residue is important for the functioning of DgoR as the regulator of dgo 

operon. 

 

 

Figure 5.9 Fluorescence reporter assay shows that S221N mutant is defective in 

derepression of the dgo promoter in vivo. Plasmids [pdgoR(WT): pBS13, and pdgoR(S221N): 

pBS24] were individually transformed in a ΔdgoR strain carrying fluorescent Venus reporter on 

the chromosome under the control of dgo promoter. Strains were grown in minimal medium 

supplemented either with glycerol or with glycerol and D-galactonate to exponential phase. 

Fluorescence was measured and normalized to OD450 of the samples. Data represents average  

SD of technical replicates of an individual experiment.  
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5.3 Discussion 

Several FadR subfamily regulators are known to govern metabolism of a variety of 

carbon sources such as fatty acids, sialic acid, L-lactate and other substrates emerging 

from central metabolism (Hoskisson and Rigali, 2009; Jain, 2015; Rigali et al., 2002). 

Besides DgoR that regulates D-galactonate metabolism in E. coli, FadR subfamily 

members also control the metabolism of sugar acids such as D-gluconate, D-glucuronate, 

D-galacturonate, and D-glucarate (Mandrand-Berthelot et al., 2004). These regulators 

employ substrate (e.g. E. coli NanR: N-acetylneuraminic acid, B. subtilis GntR: D-

gluconate), metabolic intermediate (e.g. E. coli FadR: long-chain fatty acyl-CoA, 

Polaromonas sp. JS666 GguR: 5-keto-4-deoxy-D-glucarate/galactarate) or both (e.g. R. 

leguminosarum MatR: malonate and citrate, E. coli UxuR: D-glucuronate and D-

fructuronate) as their effectors (Tables 5.1 and 5.2) (Bates Utz et al., 2004; Bouvier et al., 

2019; DiRusso et al., 1992; DiRusso et al., 1998; Hoskisson and Rigali, 2009; Jain, 2015; 

Kalivoda et al., 2003; Lee et al., 2000; Miwa and Fujita, 1988; Tutukina et al., 2016a). 

From these examples, it is evident that whereas some FadR subfamily members 

(including ones that regulate sugar acid metabolism) only bind their substrates or 

intermediates, others bind both. 

Table 5.1 Effectors of FadR subfamily members involved in regulating metabolism of 

various carbon sources 

 

Regulator Organism 

Substrates and intermediates tested 

(+ and – indicate whether tested compounds 

serve as effectors or not)  
Reference 

Substrate  Intermediate 

FadR E. coli 
Long-chain fatty 

acids (LCFA) (-) 
Long-chain fatty acyl-CoA (+) 

(DiRusso et 

al., 1992) 

(DiRusso et 

al., 1998) 

MatR 

R. 

leguminosaru

m 

Malonate (+) Citrate (+) 
(Lee et al., 

2000) 

NanR E. coli 
N-acetylneuraminic 

acid (Neu5Ac) (+) 

N-acetylmannosamine 

(ManNAc) (-) and N-

acetylglucosamine (GlcNAc) (-) 

(Kalivoda et 

al., 2003) 
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Table 5.2 Effectors of FadR subfamily transcriptional regulators involved in regulating 

sugar acid metabolism. 

 

Regulator Organism 

Substrates and intermediates tested 

(+ and – indicate whether tested 

compounds serve as effectors or not)  
Reference 

Substrate  Intermediate 

GntR B. subtilis Gluconate (+) 6-phosphogluconate (-) 
(Miwa and 

Fujita, 1988) 

GguR 
Polaromonas 

sp. JS666 

D-glucuronate (-)/ 

D-galacturonate (-)/ 

D-glucarate (-)/ 

meso-galactarate (-) 

5-keto-4-deoxy-D-

glucarate/galactarate 

(KDG) (+) 

(Bouvier et al., 

2019) 

UxuR E. coli 

 

Glucuronate (+) 

 

Fructuronate (+) 

(Bates Utz et al., 

2004; Tutukina 

et al., 2016a) 

 

 

Our work shows that DgoR binds only the substrate of the metabolic pathway that 

it regulates, i.e., D-galactonate. D-galactonate prevented the binding of DgoR to its cis-

acting element in a concentration-dependent manner. Other carbohydrates including two 

sugars D-glucose and D-galactose as well as the sugar acid, D-gluconate, an epimer of D-

galactonate differing only in the spatial orientation of one -OH group around the fourth 

carbon did not affect the binding of DgoR to DNA (Fig. 5.2 and 5.3). Further, none of the 

D-galactonate catabolic intermediates abrogated the DgoR-operator interaction 

suggesting that similar to B. subtilis GntR, the substrate itself acts as the true effector of 

DgoR (Fig. 5.4 and 5.5) (Miwa and Fujita, 1988). Our observations are also in line with 

an earlier study which showed that the enzymatic activities of D-galactonate catabolic 

enzymes, the kinase (DgoK) and the aldolase (DgoA) are significantly induced in cell 

extracts prepared from a dgoD mutant grown in D-galactonate supplemented medium. 

Because, the dehydratase, DgoD catalyzes the first step in D-galactonate metabolism and 

hence no catabolic intermediates are expected to accumulate in a dgoD mutant, it was 

suggested that D-galactonate itself is the inducer of dgo operon (Cooper, 1978).  
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Binding of effectors induces a conformational change in the GntR family 

regulators including the various FadR subfamily members, which alters the DNA-binding 

ability of the regulator (reviewed in (Jain, 2015)). In limited proteolysis digestion 

experiments performed in our lab (Garima Arya, Ph.D. student), we found that binding of 

D-galactonate also induces a conformational change in DgoR. Compared to DgoR alone 

or DgoR incubated with D-gluconate, the protein incubated with D-galactonate was less 

accessible to trypsin digestion and showed a different digestion pattern (Fig. 8C, (Singh et 

al., 2019)) indicating that D-galactonate binds and induces a conformational change in 

DgoR. 

Since the C-terminal effector-binding E/O domain of FadR subfamily is different 

from other GntR subfamilies, the comparison of DgoR with respect to its binding affinity 

with cognate effector can only be made with FadR subfamily members. As shown in the 

table below (Table 5.3), effector affinity has been determined for only a few FadR 

subfamily members using different techniques, and the KD varies from nM to M range. 

We determined the affinity of D-galactonate by titrating DgoR-DNA complex with D-

galactonate in an EMSA experiment. The apparent KD was estimated to be 55  6 M 

(Fig. 5.6). Among the FadR subfamily members involved in regulating sugar acid 

metabolism for which effectors are known (B. subtilis GntR, E. coli UxuR, E. coli ExuR, 

and Polaromonas sp. JS666 GguR), information on the affinity with effectors is available 

only for B. subtilis GntR. In the latter case, KD has been determined by equilibrium 

dialysis that involved two components: effector and protein. However, in our case, we 

have determined the apparent KD of D-galactonate by EMSA where in addition to protein 

and effector, DNA is also present. Thus, the KD values for B. subtilis GntR- D-gluconate 

and E. coli DgoR- D-galactonate cannot be directly compared. To draw a meaningful 

comparison of effector affinities amongst FadR subfamily members that regulate sugar 
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acid metabolism, efforts have to be directed in future studies towards determining the 

binding parameters of multiple regulators with their cognate effectors using similar 

techniques. 

Table 5.3 Effector binding affinity of FadR subfamily transcriptional regulators 

 

Regulator Organism Effector 

Dissociation 

constant 

(KD) 

Technique used 

for KD 

determination  

Reference 

CitO E. faecalis Citrate 1.2 ± 0.2 M 
Isothermal Titration 

Calorimetry 

(Blancato et al., 

2016) 

FadR E. coli 

Long-

chain fatty 

acyl-CoA 

5nM – 250 

nM 
EMSA 

(DiRusso et al., 

1992) 

45-369 nM 
Isothermal Titration 

Calorimetry 

(DiRusso et al., 

1998) 

GntR B. subtilis 
D-

gluconate 
5.3 M 

Equilibrium 

dialysis 

(Yoshida et al., 

1995) 

 

Among the FadR subfamily regulators, E. coli FadR, V. cholerae FadR and V. 

alginolyticus FadR are the well-characterized members of FadR subfamily till date (Gao 

et al., 2017; Jain, 2015; Shi et al., 2015; van Aalten et al., 2001; Xu et al., 2001). A 

random mutagenesis screen identified the amino acid residues critical for interaction of E. 

coli FadR with its effector, fatty acyl-CoA (Raman and DiRusso, 1995). Mutation of one 

particular S219 amino acid in E. coli FadR was characterized in further detail. The 

transcriptional reporter assay showed that the FadR S219N mutant was defective in 

induction by fatty acids and behaved like a super-repressor. Further in vitro investigations 

showed that the mutant was unable to release the bound DNA even in the presence of its 

effector, fatty acyl-CoA (Raman and DiRusso, 1995). In a subsequent study, solved 

structure of FadR bound to its effector helped in assigning roles to the amino acids 

identified in the screen as either directly interacting with fatty acyl-CoA, or playing an 

important role in conducting the allosteric change required to release the bound DNA 

(van Aalten et al., 2001; Xu et al., 2001). Structure showed that the S219 residue directly 

interacts with the pantothenic moiety of fatty acyl-CoA and thus plays a critical role in 
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the effector mediated release of DNA bound by FadR. Along similar lines, solved 

structures of the effector bound FadR homologues in V. cholerae and V. alginolyticus 

showed that although they harbor additional effector binding sites, the known effector-

regulator interactions in E. coli FadR are conserved in Vibrio FadR proteins including the 

interaction equivalent of S219 in E. coli FadR (Gao et al., 2017; Shi et al., 2015).  

Structure based sequence alignment shows that DgoR and FadR share the 

homologous serine residue in their E/O domain (Fig. 5.7) (Rigali et al., 2002).  We asked 

whether the corresponding S221 amino acid is important for functioning of DgoR. 

Similar to FadR, transcriptional reporter assay shows that the DgoR mutated for the serine 

(S221N mutant) is defective in induction by D-galactonate and hence behaves as a super-

repressor, suggesting that the serine residue plays an important role in the functioning of 

DgoR (Fig. 5.8 and 5.9). There can be three mechanistic explanations for the super-

repressor phenotype of the S221N mutant: 1) the mutant has increased affinity for the 

operator DNA, 2) the mutant cannot bind D-galactonate altogether or binds very weakly, 

and/or 3) the mutant can bind D-galactonate but is not conducive to conformational 

change necessary for releasing DNA. Future experiments involving comparison of the 

affinity of the mutant with operator and D-galactonate will be required to understand the 

mechanistic basis of the super-repressor phenotype of the S221 mutant. In the ongoing 

experiments in our lab, using random mutagenesis based genetic screen and 

computational docking, we are trying to identify the D-galactonate binding pocket in 

DgoR. The genetic screen followed by complementation and fluorescence reporter assay 

identified S221L mutant as a super-repressor. Further, computational docking of modeled 

DgoR with D-galactonate predicted that S221 amino acid could be involved in direct 

interaction with D-galactonate (Garima Arya et al., unpublished data). Structure based 

sequence alignment shows that the concerned serine is not conserved amongst the FadR 
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subfamily members involved in regulating metabolism of other sugar acids. However, 

transcriptional reporter assays with B. subtilis GntR where the positional equivalent 

valine was mutated to leucine/phenylalanine (V220L/F) shows that this mutant also 

behaves as a super-repressor, suggesting that the size rather than the nature of the amino 

acid is important at this position. Further, similar to DgoR, computational docking of 

GntR with D-gluconate indicates the direct interaction of the valine residue with the 

effector (Garima Arya et al., unpublished data).  

Given the physiological importance of sugar acid metabolism  and the fact that 

there are only a limited number of studies on the interaction of FadR transcriptional 

regulators involved in regulation of sugar acid metabolism with their cognate effectors, in 

future focus should be channeled on determining the molecular details of their interaction 

with the corresponding effectors. Till date, there are no solved effector bound structures 

of any of the FadR subfamily regulators involved in regulation of sugar acid metabolism. 

Solving the structures of regulators in their apo-, DNA- or effector- bound states will 

enable a deeper understanding of how the binding of relevant effectors modulates the 

DNA binding ability of the FadR transcriptional regulators dedicated to regulating sugar 

acid metabolism in bacteria. Such studies on investigating the structural and molecular 

details of the interaction of DgoR with D-galactonate can lead the way for other FadR 

subfamily members that regulate sugar acid metabolism. 
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CHAPTER VI 

Summary and Future Prospects 
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Summary and future prospects 

In the present study, we investigated interactions between the dgo operon repressor, 

DgoR with its operator and effector. The combined results provide evidence that DgoR 

represses the D-galactonate metabolic pathway by binding two closely spaced inverted 

repeats in the dgo cis-acting element and employs a derepression mechanism using D-

galactonate as a specific effector molecule. Our findings that DgoR is a majorly α-helical 

protein with GntR-like N-terminal wHTH domain and a predicted all helical C-terminal 

FCD domain common to FadR subfamily members, binds [5’-TTGTA(G/C)TACA(A/T)-

3’] operator sequence matching the signature of GntR family members that recognize 

inverted repeats [5’-(N)yGT(N)xAC(N)y-3’], and shares conserved as well as semi-

conserved  protein-DNA contacts of the GntR family, strongly place DgoR in the FadR 

subfamily within the GntR family of transcriptional regulators.  Importantly, our work 

showed that the recently identified dgoR missense mutations in E. coli, adapted to the 

mammalian gut, abrogate the interaction of DgoR with its operator DNA, asserting that 

mutations in the dgo- regulatory elements are selected in the host to allow simultaneous 

induction of dgo genes.  

 Although we identified the DgoR binding site in the dgo cis-acting element, the 

binding-mode of DgoR to the two inverted repeats is still elusive. Determining whether 

DgoR binds the two inverted repeats as two individual dimers or as a dimer of dimers, 

will be important for contributing to the limited information available for binding of GntR 

family regulators to their cognate operator DNA. While the third inverted repeat in the 

dgo cis-acting element was not found to be critical for regulation by DgoR, based on 

previous reports regarding complex regulation of other operons such as lac and gal 

involving multiple operators, the importance of the third inverted repeat cannot be ruled 

out and it may be involved in DNA looping or binding to yet unidentified protein for 
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regulation of dgo operon in a different context. From our current work, and a recently 

published report we gather that the dgo promoter is under dual regulation where besides 

negative regulation by DgoR, it is positively regulated by cAMP-CRP. The published 

report has investigated the role of only one of the two predicted cAMP-CRP binding sites 

in the dgo cis-acting element.  Probing the role of the third inverted repeat and the 

additional putative cAMP-CRP binding site may reveal additional layers of regulation on 

the expression and role of dgo genes.  

Till date, in-depth details and underlying mechanism for effector mediated regulation of 

sugar acid metabolism by FadR subfamily members such as ExuR, UxuR, and LgoR from 

E. coli; GguR from Polaromonas and Ralstonia sp. as well as GntR from B. subtilis have 

not been explored. In an ongoing project in our lab, we are investigating the molecular 

details of effector-binding properties of DgoR which can serve as a template for building 

and comparing similar information from other sugar acid metabolism regulators 

belonging to FadR subfamily. The in vivo study where E. coli adapted to the mammalian 

gut was reported to accumulate mutations in dgoR and the report on the comparison of a 

panel of 340 natural isolates of E. coli which shows that there are genetic variations in 

dgoR combined together suggest that differential regulation of dgo operon might play an 

important role in the adaptation of E. coli isolates to their diverse natural habitats. Thus in 

future it will be interesting to investigate the effect of natural genetic variations in dgoR 

on the colonization of biological niches by these bacteria. Further, multiple genome-level 

studies from past couple of decades have implicated the role of dgo genes in the 

interaction of enteric bacteria with their hosts. The fundamental molecular and functional 

insights regarding the interaction of DgoR with its cognate DNA gained from the work 

presented in this thesis and the identification of D-galactonate as an effector of DgoR 

from this study coupled with the ongoing project on the investigation of DgoR-
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galactonate interaction sets the stage for understanding the regulation of D-galactonate 

metabolism in additional enterobacterial strains and its potential role in mediating host-

bacterial interactions. 
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