
 

Transcriptional and Post-transcriptional 

Regulation of Organophosphate Degradation 

(opd) Gene in Sphingobium fuliginis ATCC 27551 
 

Thesis submitted for the degree of  

Doctor of Philosophy 

        in  

                                            Animal Biology 

By 

N. APARNA 

(15LAPH01) 

 

 

 Supervisor 

Prof. S. Dayananda 

 
 

 

 

 

 

 

 

 

 

 Department of Animal Biology  

                                   School of Life Sciences  

                                  University of Hyderabad  

    Hyderabad –500046 

   INDIA 

   2020 
 







              Acknowledgements 

 
I would like to express my deep gratitude to my supervisor, Prof. Dayananda 

Siddavattam, for suggesting me this area of research, his close guidance, timely 

suggestions, constant help and support.  

 

I thank my doctoral committee members Prof. Aparna Dutta Gupta (late), Prof. 

Appa Rao Podile and Prof. Manjula Sritharan for their constant guidance and 

encouragement.  

 

I thank the current and former Deans, School of Life Sciences, Prof. S. Dayananda, 

Prof. K.V.A Ramaiah, Prof. Reddanna, and Prof. A.S Raghavendra, for providing all 

the facilities in the school. 

 

I thank Prof. Anita Jagota, Head, Dept. of Animal Biology, and former Head’s Prof. 

Jagan Pongubala, and Prof. B. Senthil kumaran for allowing me to use the 

Department facilities. 

 

This work would have not been possible without the help of Dr. Arati Ramesh, 

Reader-F, NCBS for allowing me to work in her lab and for her valuable 

suggestions.  

 

I thank Anaganjali for helping me in all my RNA related experiments. 

 

I am thankful to Prof. Kota Arun Kumar and Ms. Dipti Singh for guiding and 

helping me in the qRT-PCR experiments.  

 

I specially thank Dr. Manjula Reddy, Principal Scientist, CCMB for providing Keio 
collection strains.  
 
I thank the help and suggestions of all the faculty members in the School of Life 

Science, and for allowing me to use their laboratory facilities at different stages of 

my work.   

 
I am thankful to my labmates Dr. Emmanuel Paul, Dr. Devi prasanna, Dr. Swetha, 

Dr. Sunil, Dr. Ashok and Dr. Venkateshwar Reddy, Dr. Devyani, Dr. Ramurthy. Dr. 

Harshitha, Dr. Hari, Ms. Annapoorni Laxman Sagar, Ms. Ganeshwari Dhurve, Mr. 

Akbar Pasha, Mr. Jay Prakash, Ms. Sandhya, for the help and enjoyable company. 

 

I thank Dr. Bindu Madhav Reddy and Ms. Navya for assisting in preparing the 

plagiarism report. 



 
The financial support provided by BBL Fellowship, DST-SERB-CII (Prime Minister’s 

Fellowship), and is greatly acknowledged.  

 
I thank DBT, ICMR, UGC, UPE-II, UGC-SAP and DBT-CREBB, Aurobindo pharma, for 

providing financial support to lab and for the infrastructural facility of the school.  

 
Thanks to the non-teaching staff Mr. Rajendra, Mr. Upendra, Mr. Mallesh and Mr. 

Krishna, Mr. Jagan, Mr. Srinu, Mr. Nikhil, Mr. Sravan and Mr. Praveen for their 

technical help.  

 
I am extremely grateful to my parents Sri. Devanand, Smt. Gowri Sankari, my 

husband Mr. Shankar and to all my family members for their love, and constant 

support during my endeavours.  

 
I thank Almighty for filling my life with such wonderful people around and also for 
giving me the patience needed to endure every difficulty encountered. 
 

 

 

 



 Table of contents 
 

1. Introduction………………………………………………………………………………………1-16 

1.1. Bacterial phosphotriesterases (PTE)……………………………………………………….....2 

1.2. Organophosphorus Acid Anhydrolase (OPAA)…………………………………………....2 

1.3. Methyl parathion hydrolase (MPH)……………………………………………………………2 

1.4. Organophosphorus Hydrolase (OPH)…………………………………………………………3 

1.5. Structural comparison of MPH with OPH…………………………………………………....5  

1.6. OPH is a lipoprotein………………………………………………………………………….............6 

1.7. OPH is part of membrane associated multi-protein complex……………………….6 

1.8. TonB dependent Transport system-iron acquisition…………………………………...7  

1.9. Regulation of iron uptake………………………………………………………………….............8 

1.10. Transcriptional regulation……………………………………………………………………….9  

1.11. Iron starvation sigma factors (σ19)………………………………………………………......9 

1.12. Post transcriptional regulation……………………………………………………………....10 

1.13. Iron Responsive Elements and Iron Regulatory Proteins………………………...11 

1.14. Iron and catabolism of aromatic compounds………………………………………….13 

1.15. Linkage between opd genes and genes coding aromatic  

Compound metabolism…………………………………………………………………………………14  

1.16a. Hypothesis……………………………………………………………………………………........17 

1.16b. Objectives…………………………………………………………………………………………..19 

2. General Materials and Methods……………………………………………………….20-39 

2.1. Growth Media…………………………………………………………………………………………26 

2.1.1. Luria-Bertani (LB) medium……………………………………………………………..........26 

2.1.2. Minimal Salts medium for E. coli……………………………………………………………26 

2.1.3. Minimal Salts medium for Sphingobium fuliginis ATCC27551………………....27 

2.2. Preparation of iron free media and solutions……………………………………...........27 

2.3. Preparation of Antibiotic & Chemical stock solutions……………………………......27 

2.4. DNA manipulation……………………………………………………………………………..........29 

2.4.1 Preparation of solutions and buffers………………………………………………..........29 

2.4.2. Solutions for plasmid isolation……………………………………………………………...29 

2.4.3. Isolation of plasmid DNA……………………………………………………………………...30 



2.4.4. Purification of plasmids using QIAgen Mini preparation kit method……….31 

2.4.5. DNA Quantification…………………………………………………………………………........31 

2.4.6. Agarose gel electrophoresis…………………………………………………………….........31 

2.4.7. Polymerase Chain Reaction (PCR)…………………………………………………………32 

2.4.8. Molecular Cloning………………………………………………………………………………...32 

2.5. Gene transfer methods………………………………………………………………………........33 

2.6. Protein Methods……………………………………………………………………………………...34 

2.7. Enzyme assays and preparation of reagents………………………………………….....37 

3. Influence of iron on expression of opd gene in Sphingobium fuliginis 

ATCC 27551(Chapter I)….……………………………………………………………………...40-59 

3.1. Objective specific methodology………………………………………………………………..40 

3.4.1. In silico studies……………………………………………………………………………………..41 

3.4.2. Growth and expression analysis of OPH under differential iron 

concentration………………………………………………………………………………………………..41 

3.4.3. Absolute quantification of opd transcripts……………………………………………..44 

3.4.4. Rapid Amplification of cDNA Ends (RACE)………………………………………….....44 

3.4.5. Construction of transcriptional fusions………………………………………………….45 

3.5 Results…………………………………………………………………………………………………….46 

3.5.1. Transcriptional regulation of opd gene……………………………………………….....46 

3.5.2. The opd gene exists as a part of iron regulon………………………………………….46 

3.5.3. Determination of transcription start site (TSS) of opd…………………………....48 

3.5.5. Functional validation of opd promoter………………………………………………......49 

3.5.6. Post-transcriptional regulation of opd gene…………………………………………...50 

3.6. Discussion……………………………………………………………………………………………....51 

4. Role of predicted fur-box motif in regulation of opd gene expression 

(Chapter II)……………….…………………………………………………………………………..60-83 

4.1. Objective specific methodology………………………………………………………………..62 

4.4.1. Amplification of fur-box motif containing DNA………………………………………63 

4.4.2. Cloning of fur gene…………………………………………………………………………….....63 

4.4.3. Expression of FurC6xHis…………………………………………………………………………..64 

4.4.4. Affinity Purification of FurC6xHis……………………………………………………………..64 



4.4.5. Electrophoretic Mobility Shift Assay (EMSA)………………………………………....65 

4.4.6. Generation fur null mutant of E. coli MG1655 AM001……………………………..65 

4.4.7. Construction of transcriptional fusions………………………………………………….66 

4.4.8. Expression of opd gene under fur negative background………………………....67  

4.5.1. Results………………………………………………………………………………………………....67  

4.5.2. Cloning of SfFur in a high copy vector…………………………………………………….67 

4.5.3. Expression of SfFurC6XHis………………………………………………………………………..68 

4.5.4. Affinity purification of FurC6xHis……………………………………………………………..69 

4.5.5. Interactions between opd promoter and SfFurC6XHis……………………………….70 

4.5.6A. Influence of Fur on the regulation of opd gene………………………………….....71 

4.5.6B. Generation of fur negative E. coli strain……………………………………………….72 

4.5.6C. Expression of opd gene in fur negative background……………………………...73 

4.6. Discussion……………………………………………………………………………………………....74 

5. Characterization of IRE-like element identified at the 5’ region of opd 

mRNA and elucidation of its role in translational inhibition of opd mRNA 

(Chapter III)………………………………………………………………………………………..85-111 

5.1. Objective specific methodology………………………………………………………………..86 

5.4.1. In vitro transcription (IVT)……………………………………………………………………87 

5.4.2. In-line Probing Assay……………………………………………………………………………90 

5.4.3. Expression of opd gene and its variants…………………………………………………91 

5.4.4. Cloning of aconitase (acn) coding gene……………………………………………….....91 

5.4.5. Expression of AcnC6xHis……………………………………………………………………….....91 

5.4.6. Affinity Purification of AcnC6xHis…………………………………………………………….92 

5.4.7. Aconitase Activity………………………………………………………………………………...92 

5.4.8. EMSA…………………………………………………………………………………………………...93 

5.5. Results……………………………………………………………………………………………………93 

5.5.1. Characterization of IREopd……………………………………………………………………..95 

5.5.2. Cloning of opd gene variants in high copy vector……………………………………97 

5.5.3. Analysis of the functional role of IREopd on opd gene expression……………..98 

5.5.4. Expression and purification of SfAconitase………………………………………….....99 

5.5.5. Aconitase activity assay………………………………………………………………………101 



5.5.6. Interactions between IREopd and SfAcnC6xHis IRP…………………………………….102  

5.6 Discussion……………………………………………………………………………………………..104 

6. Elucidation of opd element encoded small RNA-IRE interactions and their 

influence on opd gene expression (Chapter IV)….……………………………112-145 

6.1. Objective specific methodology……………………………………………………………...113 

6.4.1. Prediction of non-coding RNA……………………………………………………………..117 

6.4.2. Detection of sRNA by northern blot analysis……………………………………......117 

6.4.3. Prediction of putative promoter of sRNA coding gene, crpR54……………...118 

6.4.4. Construction of transcriptional fusions…………………………………………….....118 

6.4.5. Construction of translational fusion………………………………………………….....119 

6.4.6. Prediction of complementary base pairing between sRNA, CrpR54  

and IREopd……………………………………………………………………………………………………119 

6.4.7. Cloning of crpR54 in a high copy vector…………………………………………….....119 

6.4.8. Generation lacZ null mutant of E. coli NiCo (DE3)………………………………...120 

6.4.9. Genetic Screen to validate sRNA and IREopd interactions……………………….120 

6.4.10. Generation of opd variants………………………………………………………………..121 

6.4.10a. Cloning of full length ORF of opd gene (with IRE) in a  

low copy, expression vector…………………………………………………………………………121 

6.4.10b. Cloning of opd variant opd’ in a low copy, expression vector………….....121 

6.4.11. The effect of sRNA on expression of opd…………………………………………….122 

6.4.12. Relative quantification of opd transcripts…………………………………………..122 

6.4.13. Generation of hfq null mutant of E. coli NiCo21(DE3)…………………………122 

6.4.15. Construction of expression plasmid encoding SfHfq  

and sRNA, CrpR54………………………………………………………………………………….........124 

6.4.16. Role of Hfq in CrpR54–IREopd interactions……………………………………….....124 

6.4.17. Influence of carbon source on expression of OPH………………………………125 

6.5. Results………………………………………………………………………………………………….125 

6.5.2. Promoter validation……………………………………………………………………………128 

6.5.3. Analysis CrpR54 and IREopd interactions………………………………………………129 

6.5.4. Cloning of CrpR54 in a high copy vector……………………………………………....129 

6.5.5. Construction opd-lacZ translational fusion…………………………………………..130 



6.5.6. Generation of lacZ negative E. coli NiCo21(DE3) strain………………………...131 

6.5.7. Generation of genetic screen……………………………………………………………….132 

6.5.8. Expression of OPH from opd and opd’ genes………………………………………...134 

6.5.9. Influence of CrpR54 on expression of OPH…………………………………….…….135 

6.5.10. Role of Hfq in CrpR54 and IREopd interactions…………………………………….136 

6.5.11. Confirmation of hfq null mutant E. coli NiCo21(DE3)………………………….137 

6.5.12. Analysis of Hfq dependent interactions of sRNA-opd mRNA……………….138 

6.5.13. Influence of Carbon source on OPH expression……………………………….....139 

6.6. Discussion………………………………………………………………………………………….....142 

 Conclusion………………………………………………………………………………………………..146 

 References……………………………………………………………………………………….150-167 

 Publications 

Anti-plagiarism certificate 

 

 
 

 

 

 

 

 

 



List of Tables 

Table 1 A Antibiotics……………………………………………………………………….....21 

Table 1 B Chemicals………………………………………………………………………......21 

Table 1 C Restriction enzymes and DNA modifying enzymes……………....25 

Table 3.1 Primers used in chapter I .………………………………………………......41 

Table 3.2 Strains used in chapter I ………………………………………………….....42 

Table 3.3 Plasmids used in chapter I ………………………………………………....42 

Table.3.6 List of bacterial IREs retrieved from Rfam database……...........57  

Table 4.1 Primers used in chapter II………………………………………………......62 

Table 4.2 Strains used in chapter II…………………………………………………....62 

Table 4.3 Plasmids used in chapter II………………………………………………....63 

Table.4.6.1 List of few Fur and iron-regulated genes in E.coli K-12….......80 

Table 5.1 Primers used in chapter III.………………………………………………...86 

Table 5.2 Strains used in chapter III ……………………………………………….....87 

Table 5.3 Plasmids used in chapter III …………………………………………….....87 

Table.5.4.1.A Composition of KB buffer………………………………………….......88  

Table.5.4.1.B Standard IVT reaction …………………………………………….........88 

Table.5.4.1.C Dephosphorylation reaction of RNA……………………………....89 

Table.5.4.1.D 5’end labeling reaction of dephosphorylated RNA………....90 

Table.5.4.2.A Standard reaction conditions of In-line probing assay......90 

Table 6.1 Primers used in chapter III.……………………………………………....113 

Table 6.2 Strains used in chapter III ……………………………………………......116 

Table 6.3 Plasmids used in chapter III …………………………………………......116 

 



List of Figures 

Fig.1 The crystal structure of MPH depicting the binuclear zinc center……………..3 

Fig.2 Three dimensional structure of organophosphate hydrolase isolated from 

Brevundimonas diminuta……………………………………………………………………...................5  

Fig.3 Structural comparison between MPH and OPH………………………………………..5 

Fig.4 Prediction of Lipo-box in the signal peptide of OPH………………………………….6 

Fig.5 Purification of OPH complex…………………………………………………..........................7 

Fig.6 TonB dependent transport system…………………………………………………………..8 

Fig.7 Schematic diagram showing gene repression mediated by Ferric uptake 

regulator………………………………………………………………………………………………………...9 

Fig.8 Mechanism of signal transduction followed by sigma factors in response to 

iron……………………………………………………………………………………………………...............10 

Fig.9 Different known and potential regulatory outcomes brought about by sRNA 

base pairing with mRNAs………………………………………………............................................11 

Fig. 10 Schematic diagram showing the structure of an IRE motif.............................12 

Fig.11 Moonlighting function of aconitase-IRP....................................................................13 

Fig.12 Linkage between integrative mobilizable element (IME) borne opd gene 

and genes coding enzymes involved in aromatic compound metabolism in 

Sphinogobium fuliginis ATCC 27551.........................................................................................15 

Fig.13 The link between plasmid (pCMS1) borne opd gene and genes coding 

enzymes involved in aromatic compound metabolism in Sphingopyxis wildii.......16 

Fig.3.5.1  Prediction of the fur-box motif and promoter elements of opd gene.....46 

Fig.3.5.2  S.  fuliginis growth under iron sufficient and limiting conditions............47 

Fig.3.5.3 Influence of iron on the expression of OPH........................................................48 

Fig.3.5.4 Detection of 5’ RACE product, the sequence of RACE product...................49 

Fig.3.5.5 Construction strategy of opd-lacZ fusions...........................................................50 

Fig.3.5.5.a  Activity of the opd gene promoter......................................................................51  

Fig.3.5.6  Structure of IRE-like element identified in opd mRNA.................................52 

Fig.3.6.1 Comparison of fur-box motif of opd gene with the consensus fur-box 

motif................................................................................................................................. .......................53 



Fig.3.6.2 Consensus structure of IRE based on the IREs of known ferritin and 

transferrin receptor mRNAs.........................................................................................................55  

Fig.3.6.3 Secondary structures of transferrin receptor and ferritin IREs.................56  

Fig.3.6.4 Predicted secondary structures of 14 bacterial IREs from 

Rfam............................................................................................................................................ ............56 

Fig.3.6.5 Predicted secondary structure of IRE-like element (IREopd) along with 

the 5’UTR region of opd mRNA...................................................................................................57 

Fig. 3.6.6 The mapping of sequences of loop region..........................................................59 

Fig.3.6.7 Comparison of the 3’ Bulge region of IREs..........................................................59 

Fig.4.5.2A Construction of pNS4.................................................................................................68 

4.5.2B Construction of pNS5........................................................................................................68 

4.5.3 Expression of FurC6xHis.........................................................................................................69 

Fig.4.5.4 Affinity purification of SfFurC6XHis.............................................................................70 

Fig.4.5.5 EMSA-South western blotting...................................................................................71 

Fig.4.5.6A Similarities between E. coli and S. fuliginis Fur sequences........................72 

Fig.4.5.6B Generation of E. coli NS001.....................................................................................73 

Fig.4.5.6C Construction of transcriptional fusions with and without opdfur-box......74 

Fig. 4.6.1 Models depicting fur-box consensus sequence................................................76 

Fig.4.6.2 Comparison of opdfur-box with the Ecfur-box..........................................................77 

Fig.4.6.3 Alignment of opdfur-box with fur-box motifs identified in the well-defined 

iron response genes........................................................................................................................78 

Fig. 4.6.4 Domain organization of Fur......................................................................................80 

Fig.4.6.5 The Fur amino acid sequence alignment between S. fuliginis, E. coli and 

P. aeruginosa............................................................................................................................. ..........82 

Fig.4.6.6 Alignment of fur-box motifs.......................................................................................83 

Fig.5.5.a Diagrammatic representation of template and primers used to amplify 

ire-1 and ire-2............................................................................................................................. ........94 

Fig.5.5.b Steps followed during In vitro transcription and 5’end labeling reactions 

of ire-1 and ire-2................................................................................................................................95 

Fig.5.5.1 Validation of IRE-like element found in the 5’ coding region of opd 

mRNA......................................................................................................................... ............................96 



Fig5.5.2A In vitro validated structure of IREopd....................................................................97  

Fig.5.5.3 Functional role of IRE on opd expression............................................................98 

Fig.5.5.3.a IRE dependent translational repression of OPH...........................................99 

Fig.5.5.4 Construction of pNS10..............................................................................................100 

5.5.4.a Expression of AcnC6xHis..................................................................................................100 

Fig.5.5.4.b. Affinity purification of SfAcnC6xHis......................................................................101 

Fig.5.5.5. Aconitase activity................................................................................................ ........102 

Fig.5.5.6. EMSA to show IREopd-SfAcnC6xHis interactions..................................................104 

Fig.5.6.1. Comparison of ferritin and transferrin IREs..................................................106 

Fig.5.6.2. Structural interactions between IRE-IRP.........................................................108 

Fig.5.6.3. IRP/IRE regulatory system in ferritin and transferrin receptor 

genes..................................................................................................................................... ..............109 

Fig.5.6.4. Alignment of rabbit, B.  subtilis, S.  fuliginis, E. coli Acn 

sequences.......................................................................................................................................... .111 

Fig.6.5.1.a. The base pairing interactions between CrpR54 and 

IREopd.............................................................................................................................. .....................126 

Fig.6.5.1.b. Structure of sRNA coding gene.........................................................................127 

Fig.6.5.2. Role of CRP on expression of sRNA....................................................................129 

Fig.6.5.4. Construction of pNS13.............................................................................................130 

Fig.6.5.5. Construction of pNS14.............................................................................................131 

Fig.6.5.6. Generation of E. coli NS003....................................................................................132 

Fig.6.5.7. Two plasmid assay.....................................................................................................134 

Fig.6.5.7a. Formation of sRNA-mRNA hybrid....................................................................134 

Fig.6.5.8. Construction of pNS15.............................................................................................135 

Fig.6.5.9. CrpR54 dependent post-transcriptional regulation of opd gene 

expression.........................................................................................................................................136 

Fig.6.5.10. Alignment of SfHfq with EcHfq.............................................................................137 

Fig.6.5.11. Generation of E. coli NS002.................................................................................138  

Fig.6.5.12a The Hfq dependent interactions of sRNA-opd mRNA.............................139 

Fig.6.5.13.a Schematic representation of S. fuliginis used for growth and 

expression studies of OPH..........................................................................................................140 



Fig.6.5.13. Growth curve of S. fuliginis grown in alternative carbon 

sources................................................................................................................................................140 

Fig.6.5.14  Influence of carbon source on OPH expression..........................................141 

Fig.6.6.1  Comparison of CRP binding of E. coli with S. fuliginis.................................143 

Fig.6.6.2 Reactions catalyzed by intradiol and extradiol 

dioxygenases....................................................................................................................................144 

Fig.6.6.3 Classification of non-haem iron oxygenases that catalyze aromatic ring 

oxygenations.....................................................................................................................................145 

Fig. 7.1 Proposed model to understand the link between OPH dependent 

enhancement in iron uptake and carbon catabolism in S. fuliginis...........................149 



Abbreviations 

 

OPH   :  Organophosphorous Hydrolase 

Opd   : organophosphate degrading gene 

IRE   : Iron Response Element 

IRP   : Iron Regulatory Protein 

ATCC   : American Type Culture Collection 

IME   : Integrative Mobilizable Element 

Fur   : Ferric uptake regulator 

Acn   : Aconitase 

S.f   : Sphingobium fuliginis 

0C   : degree Celsius 

h   : hour 

ml   : millilitre 

gm   : gram 

dNTP   : deoxynucleoside triphosphate 

Fe-Ent   : Ferric-enterobactin  

IPTG   : Isopropyl β-D-1-thiogalactopyranoside  

Kb   : Kilobase  

kDa   : kilo Dalton  

μM   : Micro molar  

M   : Molar 

PCR   : Polymerase Chain Reaction  

PMF   : Proton Motive Force  

PTE   : Phosphotriesterase  

RT   : Room temperature 

SfTonBDT  : Sphingobium fuliginis TonB dependent Transport    

                                                       System  

TonBDT  : TonB dependent transport system 

Tat   : Twin Arginine Translocase  

TBDT   : TonB dependent transporter 



1 

 

 

Introduction 
 
 

 



 

2 

 

 

1.1. Bacterial phosphotriesterases (PTE): 

Phosphotriesterases (PTEs) are metallo-enzymes that hydrolyze the third ester 

bond of Organophosphate (OP) insecticides and nerve agents. They exist in all 

forms of life including bacteria, insects and mammals (Zhang et al., 2019). The 

PTEs found in bacteria are classified into three distinct structural groups viz 

Organophosphorus  acid  anhydrolase  (OPAA), Methyl  parathion  hydrolase 

(MPH) and Organophosphorus  hydrolase  (OPH), (Singh, 2009; Parthasarathy, 

2017). 

 

1.2. Organophosphorus Acid Anhydrolase (OPAA): 

Organophosphorous Acid Anhydrolase (OPAA) is an OP-degrading 

enzyme. Originally, OPAAs were isolated from Alteromonas (Cheng et al., 1993; 

Cheng et al., 1999). Although, the OPAAs hydrolyze OP compounds with high 

catalytic efficiency, the physiological substrates for OPAAs are not OP 

compounds. The OPAAs are dipeptidases and hydrolyze peptide linkage of 

dipeptides having proline at their C-terminal position  (Cheng et al., 1993). 

OPAAs are therefore renamed as prolidases and their ability to degrade OPs is 

due to structural similarity between OPs and dipeptides (Stepankova et al., 2013; 

Weaver et al., 2014). After identification of physiological substrates, the OPAAs 

are no more treated as part of PTEs. However, the physiological substrates for 

other two PTEs (MPH and OPH) are unknown. They are assumed to  have  

evolved  in  response  to  the  detrimental  effects of organophosphorous residues 

accumulated in agricultural soils due to repeated and indiscriminate use as 

insecticides (Singh et al., 2014). 

 

1.3. Methyl parathion hydrolase (MPH): 

Methyl Parathion Hydrolase is found in various phylogenetically distinct 

bacteria, and is found to be active against several organophosphates, but it has a 

narrow substrate range when compared to OPH. MPH was isolated from 

Plesiomonas sp. M6 (Zhongli et al., 2001), Pseudomonas sp. WBC-3 (Dong et al., 
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2005), Pseudomonas sp. A3 (Zhongli et al., 2001), the soil bacteria collected from 

different regions of China. Among these isolates, MPH purified from 

Pseudomonas strain is well characterized (Zhongli et al., 2001). MPH exists as a 

dimer in which each subunit has a mixed-hybrid, binuclear zinc center (Fig.1). It 

hydrolyzes a wide range of organophosphorous compounds like methyl 

parathion, DDVP, chlorpyrifos, malathion, fenitrothion (Yang et al., 2008). MPH 

has significant arylesterase and lactonase activities (Baier & Tokuriki, 2014). 

MPH possesses promiscuous esterase/lipase, lactonase, and phosphodiesterase 

activity in addition to its native phosphotriesterase activity (Baier & Tokuriki, 

2014). Methyl parathion is an ideal substrate for MPH purified from 

Pseudomonas sp. WBC-3 (Dong et al., 2005). It can degrade chlorpyrifos, ethyl 

parathion, and sumithion (Chu et al., 2003). The MPH coding methyl parathion 

degrading (mpd) genes have been isolated only from the bacterial strains 

isolated from agricultural soils of China. Their homologues are not found outside 

Chinese soils suggesting influence of local environmental factors behind the mpd 

evolution (Singh, 2009). 

 

Fig.1: The crystal structure of MPH depicting the binuclear zinc center (Dong et al., 2005) 

 

1.4. Organophosphorus Hydrolase (OPH): 

Organophosphate hydrolase (OPH) hydrolyzes the compounds that are 

structurally related to parathion. They have a broad substrate specificity, 

temperature range, pH optima and high stability (Brown, 1980; Donarski et al., 

1989; Dumas et al., 1989). OPH exhibits activity against organophosphates like 

parathion, methyl parathion and fenusulfothion and organophosphate chemical 

warfare agents like sarin, soman with high catalytic efficiency (Singh, 2009). It 
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can catalyze the cleavage of P-O bonds, P-F and P-S bonds with distinct 

efficiencies (Singh & Walker, 2006). OPH is encoded by organophosphate 

degradation (opd) gene frequently associated with mobile genetic elements like 

transposons and self-transmissible plasmids (Pandeeti et al., 2011). Initially OPH 

was characterized and purified from Flavobacterium sp. ATCC 27551, a soil 

microorganism isolated from the paddy fields of Philippines (Sethunathan & 

Yoshida, 1973). This soil isolate has recently been reclassified using polyphasic 

taxonomic tools as Sphingobium fuliginis ATCC27551 (Kawahara et al., 2010). 

Subsequently, their presence was noticed in most of the soil bacteria isolated 

from agricultural soils collected from different continents.  

OPH is a 39kDa metalloprotein and contains a homodimeric (β/α)8 barrel fold 

(Fig.2).  The active site of the native OPH contains two zinc ions per monomer, 

with direct interactions with four histidine residues and one aspartate (Omburo 

et al., 1992; Benning et al., 1994). Additionally, these metal ions are linked by a 

water molecule and a carbamoylated lysine residue (Vanhooke et al., 1996). 

Though Zn2+ ions serve as natural cofactors, they can be replaced with Co2+, Cd2+, 

Ni2+, or Mn2+ without compromising on catalytic properties of the enzyme 

(Omburo et al., 1992). The OPH producing bacteria that share either weak or no 

taxonomic relationship have been isolated from soil samples collected from 

diverse geographical regions (Sethunathan & Yoshida, 1973; Serdar et al., 1982; 

Somara & Siddavattam, 1995; Horne et al., 2002). Many of them use these OP 

compounds as source of carbon and phosphate (Singh & Walker, 2006).  Out of 

all OP degrading bacterial strains Flavobacterium sp. (ATCC 27551) 

(Sethunathan & Yoshida, 1973; Brown, 1980), isolated from the rice fields of IRRI 

and Pseudomonas diminuta (Serdar et al., 1982), isolated from sewage samples 

collected from USA were used as model systems to study genetics and 

biochemistry of OP degradation. Genome sequences are available for both of 

them and the genome based classification has re-designated both of them as 

Sphingobium fuliginis ATCC27551 and Sphingopyxis wildii (Kawahara et al., 2010; 

Parthasarathy et al., 2016; Azam et al., 2019). 
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Fig.2: Three dimensional structure of organophosphate hydrolase isolated from 
Brevundimonas diminuta (Benning et al., 2001).  

 

1.5. Structural comparison of MPH with OPH:  

  Both MPH and OPH hydrolyze identical substrates despite having no 

structural similarity between these two enzymes. Supporting their unique 

catalytic properties, these two structurally dissimilar enzymes share similar 

structure of active site (Dong et al., 2005). Both contain a similar bi-nuclear zinc 

center. The two metal ions found at active site are separated by a distance of 3.4 

Ao and are coordinated through the side chains of four histidine residues (His55, 

His57, His201 and His230) and Asp301. The metal ions are bridged via a 

carbamylate group form Lys169 and a nucleophile hydroxide ion (Benning et al., 

2001) (Fig.3). This type of functional convergence from structurally independent 

enzymes is considered as symbol of convergent molecular evolution (Tawfik, 

2006).  

 

Fig.3: Structural comparison between MPH and OPH. Panel A shows the crystal structure of 
OPH. Panel B shows the co-ordination environment provided by four histidine residues (His55, 
His57, His201, and His230), Asp301 and two zinc ions at the active site of OPH (Benning et al., 
1994, 2001). 
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1.6. OPH is a lipoprotein:  

 OPH is a membrane associated protein. It contains a signal peptide which 

is 29 amino acids in length (Mulbry & Karns, 1989a, 1989b; Gorla et al., 2009). It 

also contains a Twin Arginine Transport (Tat) motif with a consensus sequence 

of MQTRRVVLK (Gorla et al., 2009). The Tat pathway translocates fully folded 

and active proteins across the bacterial inner membrane (Sargent, 1998; Weiner 

et al., 1998). Generally the TAT motif is found in extracellular or membrane 

associated proteins with large cofactors or membrane proteins that are found to 

be part of multi-protein complexes (Berks, 1996; Berks et al., 2005). In contrast 

to the established notion, our laboratory discovered existence of fully conserved 

Tat motif (TRRVVLK) in the signal sequence of OPH. The twin arginines are 

required for the membrane targeting of OPH (Gorla et al., 2009). Interestingly, 

the signal peptide of the OPH also contains a well conserved lipo-box motif along 

with an invariant cysteine (Fig.4). This amino acid residue is linked to a diacyl 

glycerol moiety, through which OPH anchors to the inner membrane facing 

periplasmic space (Parthasarathy et al., 2016; Parthasarathy et al., 2017). 

 

Fig.4: Prediction of Lipo-box in the signal peptide of OPH. Panel A shows bioinformatic 
analysis of the OPH signal peptide. The predicted SPase (Signal Peptidase) II cleavage site (green 
bar), lipo-box (green font), and the invariant cysteine residue (red font) found at the junction of 
the SPaseII cleavage site are shown. Potential SPaseI cleavage sites are indicated with red bars. 
The twin arginine motif of the Tat signal peptide is underlined. Panel B shows mature form of 
OPH is linked to diacylglycerol (Parthasarathy et al., 2016).  
 

1.7. OPH is part of membrane associated multi-protein complex:  

 Existence of Tat motif in the signal peptide of metallo-enzyme like OPH is 

rather an unusual phenomenon. While investigating further, our laboratory has 

purified membrane associated OPH and determined its native molecular mass 

(Fig.5) Both BN-PAGE and gel filtration chromatography have shown that 

molecular mass of affinity purified membrane associated OPH is 294 kDa. 
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However, the SDS-PAGE profile revealed existence of several proteins in affinity 

purified OPH revealing that it is a part of multi-protein complex (Parthasarathy 

et al., 2016). Further studies have revealed that the co-purified proteins along 

with OPH were components of outer membrane transport system, otherwise 

known as TonB Dependent Transport (TonBDT) system. The outer membrane 

localized TonB dependent transporter (TBDT), the inner membrane associated 

Proton Motive Force (PMF) components, ExbB/ExbD and energy transducer, 

TonB were found to be associated with OPH (Gudla et al., 2019). 

 
Fig.5: Purification of OPH complex. Analysis performed by a BN-PAGE (4%-16% acrylamide). 
Lane 1 shows molecular size markers. IMAC purified OPH complex is shown in Lane 2. 

 

1.8. TonB dependent transport system-iron acquisition: 

Iron acts as a cofactor for innumerable proteins involved in many 

intricate cellular processes (Miethke & Marahiel, 2007). The expression of 

bacterial iron acquisition systems is stringently regulated in response to iron, 

being increased under iron limitation (Litwin & Calderwood, 1993). So as to 

adapt to iron deprivation, many bacteria have evolved several sophisticated 

strategies to scavenge iron from the environment. The most common strategy is 

the synthesis and secretion of siderophores which are low-molecular weight 

molecules that bind iron with high affinity in the extracellular milieu and re-

enter cells using specific membrane transporters (Schaible & Kaufmann, 2004; 

Tanabe et al., 2005; Hider & Kong, 2010; Kurth et al., 2016; Lin et al., 2017). 

Siderophores are classified into different classes, such as catecholate, phenolate, 

carboxylate, hydroxamate, and mixed-ligand type (Hider & Kong, 2010). Certain 

bacteria do not have genetic makeup to synthesize siderophores but can uptake 
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heterologous ferric siderophores which are produced by other microbial species 

(Venturi et al., 1995). 

Gram negative bacteria rely on multiple mechanisms to scavenge iron, 

which is needed for their growth (Posey, 2000). One intricate mechanism is by 

the synthesis of TBDTs. In addition to ferric-siderophores a number of other 

nutrients like vitamin B12, nickel chelates, and carbohydrates are transported by 

TBDTs (Schauer et al., 2008). TBDTs show high affinity and specificity towards 

siderophores. The energy required for their transport is provided by ExbB/ExbD 

and TonB (Wiener, 2005; Ferguson & Deisenhofer, 2004; Postle, 2007). As iron 

uptake is vital for most bacteria, expression of TBDTs is tightly regulated in a 

variety of ways that include metal dependent regulators, σ/anti-σ factors, small 

RNAs and riboswitches (Noinaj et al., 2010). 

 
Fig.6: TonB dependent transport system.  Panel A shows a schematic diagram of TonB 
dependent transport system. Panel B shows typical structural features of a TonB dependent 
outer membrane Transporter (TBDT) (Gudla et al., 2019). The 22β barrel structure, N-terminal 

plug domain and ligand binding domain are indicated with arrows (Samantarrai et al., 2020). 
 

1.9. Regulation of iron uptake: 

Although, iron is an essential micro-nutrient its limitation affects the cellular 

metabolism and its excess induces toxic effects in the cells (Winterbourn, 1995; 

Kehrer, 2000). Therefore, the concentration of intracellular iron needs to be 

strictly regulated. Bacteria follow exceptionally fine regulatory mechanisms to 

maintain iron homeostasis. They include both transcriptional and post 
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transcriptional regulation mechanisms. 

 

1.10. Transcriptional regulation:  

 The regulation of iron metabolism in bacteria is typically responsive to 

iron availability. In many bacteria this regulation is mediated by ferric-uptake 

regulator (Fur). In E. coli, Fur protein controls the iron-dependent expression of 

more than 90 genes (Hantke K, 2000; Hantke, 2001). It represses transcription of 

iron uptake genes, upon interaction with Fe2+ ions and causes de-repression in 

its absence (Andrews et al., 2003). The binding of metal ions to Fur increases its 

affinity for its DNA binding site by atleast   100-fold (Helmann, 2014). 

Approximately 1µM free iron is sufficient to activate DNA binding in vitro (Ma et 

al., 2012). The Fur protein is made up of a C-terminal domain (which binds to the 

Fe2+to mediate the dimerization of Fur protein) and an N-terminal (DNA-

binding) domain (Coy & Neilands, 1991; Stojiljkovic & Hantke, 1995). The Fe2+- 

Fur complex binds at the promoter regions of Fur-repressed genes (Bagg & 

Neilands, 1985; Escolar et al., 1998). 

 
Fig.7: Schematic diagram showing gene repression mediated by Ferric uptake regulator 
(Coy & Neilands, 1991; Andrews et al., 2003) 

 

1.11. Iron starvation sigma factors (σ19): 

In addition to the Fur dependent repression and activation, the transcription 

of iron responsive genes is driven by a RNA polymerase (ββ’α2ω) containing a 

special sigma factor, σ19 also known as ECF sigma factor (extra cytoplasmic 
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sigma factor) (Helmann, 2002; Paget & Helmann, 2003). The σ19 is sequestered 

from cytoplasm by an anti-sigma factor associated with inner membrane (Visca 

et al., 2002). The membrane associated anti-σ factor interacts with outer 

membrane located TBDT only when it binds to siderophore-iron complex (Fig.8). 

Such interactions stimulate phosphorylation of anti-σ factor and the 

phosphorylated anti-σ factor does not bind to σ19 thus facilitating its release into 

cytoplasm. Once available in the cytoplasm the σ19 associates with core 

polymerase and directs transcription from iron responsive genes (Koebnik, 

2005; Llamas et al., 2014).  

 
Fig.8: Mechanism of signal transduction followed by sigma factors in response to iron. 
Panel A shows inactive state the anti-sigma factor and the sequestered membrane associated ECF 
sigma factor. Panel B shows release of ECF sigma factor from membrane in the presence of ferric-
siderophore. The TonB interacts with the outer membrane transporter, TBDT-ferric-siderophore 
and transduces signal to the anti-sigma factor. The transduced signal activates protease system 
which cleavages the trans-membrane domain of the anti-sigma factor. The ECF sigma factor 
bound to anti-sigma factor is released into the cytoplasm to activate iron responsive genes. OM, 
outer membrane; CM, cytoplasmic membrane (Llamas et al., 2014) 

 

1.12. Post transcriptional regulation: 

A quintessential way adapted by the bacteria to survive in various environmental 

conditions is by primary alteration of their gene expression, which is usually 

achieved by a complex interplay of molecular mechanisms (Fröhlich et al., 

2018).  Certain bacteria employ sRNAs to fine-tune their gene expression at the 

post-transcriptional level. They usually act by direct base-pairing interactions 

with their cognate mRNAs, which occasionally requires Hfq binding. Upon base-

pairing between sRNA and target mRNAs, the translation and/or stability of 
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these target transcripts are affected. This leads to either repression or de-

repression of gene expression (Waters & Storz, 2009). The post-transcriptional 

regulation of certain iron responsive genes occurs by the sRNA RyhB. The RyhB 

is a 90nt RNA molecule which down-regulates a set of iron- responsive genes. 

Under iron limiting condition, this sRNA is negatively regulated by Fur (Masse & 

Gottesman, 2002). The RyhB represses the mRNA of genes that are positively 

regulated by Fur (Escolar et al., 1999; Hantke, 2001).  

 
Fig.9: Different known and potential regulatory outcomes brought about by sRNA base 
pairing with mRNAs. sRNAs (red) can repress or activate translation by blocking or promoting 
ribosome binding to mRNAs (blue). sRNAs also can destabilize or possibly stabilize mRNAs by 
increasing or decreasing accessibility to ribonucleases (Storz et al., 2004). 

 

1.13. Iron Responsive Elements and Iron Regulatory Proteins: 

Iron-responsive elements (IREs) are conserved cis-regulatory mRNA 

motifs which are usually of 25-30nt in length (Theil & Eisenstein, 2000). They 

are located in the UTRs of mRNAs that code for proteins involved in iron 

metabolism. The canonical hairpin loop of an Iron response element is typically 

composed of a 6nt apical loop (5’-CAGWGH-3’; where W stands for Adenine or 

Uracil and H stands for Adenine, Cytosine or Uracil). It also consists of a stem 

region with five paired nucleotides and a small asymmetrical bulge (in the 5’ 

strand) with an unpaired ‘C’ residue on the the stem. The stem region of an iron 
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response element forms base pairs of medium stability, and folds into a α-helix 

distorted by the presence an unpaired C8 nt (in the 5’ bulge region). The base 

pairs found in IRE can follow either Watson-Crick or wobble pairing (U.G or G.U). 

The apical loop and the pseudo-triloop are separated by a conserved base pair 

(C14:G18) followed by an unpaired nt (N19, Fig.10). The C14:G18 base pair and 

the unpaired nt do not make contact with IRP, suggesting that the bridge 

C14:G18 serves only a structural function for IRP recognition. The pseudo-triloop 

and the C8 nucleotide make multiple contacts with IRP (Walden et al., 2006). 

 
Fig. 10: Schematic diagram showing the structure of an IRE motif. The rectangular region 
indicates the IRE core region. The C-bulge (C8) and 6 nucleotide apical loop are shown within a 
blue circle. The presence of possible 3’ bulge nucleotides are represented as N20b, N21b, N22b 
and N23b (Ricky S. Joshi, 2012) . 

 

IRPs (Iron regulatory proteins) recognize and interact with IREs 

exclusively found in mRNAs coded by certain iron response genes (Khan et al., 

2017; Zhou & Tan, 2017) . Aconitases are a classic example of IRPs. They are 

moon-lighting proteins which contain 4Fe-4S cluster for the enzymatic activity 

and they catalyze the inter-conversion of citrate to isocitrate in TCA cycle (Volz, 

2008; Castro et al., 2019). They are bi-functional proteins that function as IRE-

Binding Proteins (IRE-BP) and regulate iron metabolism and function as isoform 

of and enzyme catalyzing an important reaction in TCA cycle (Volz, 2008; Mande, 

2011). IRPs bind to IRE located in the un-translated region (UTR) and relieve 

translational inhibition from the target mRNA. However, when intracellular iron 
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is sufficient for various cellular activities, the IRP aconitase regains its enzyme 

activity and functions as TCA cycle enzyme (Fig.11). The IRE and IRP mediate 

post-transcriptional regulation control the expression of a number of iron 

responsive genes. IRPs recognize iron concentration and regulate the expression 

of iron responsive genes, in order to optimize cellular iron availability.  

 
Fig.11: Moonlighting function of aconitase-IRP. The mRNA binding activity of aconitase is 
regulated by the presence of an [4Fe-4S] cluster, the cofactor required for aconitase activity 
when cellular iron levels are high; the [4Fe-4S] cluster is present in aconitase and abrogates IRP 
binding. Under iron-depleted conditions the [4Fe-4S] cluster is absent, and the apo-aconitase 
functions as IRP (E. S. Hanson. & E. A. Leibold, 1999). 

 

1.14. Iron and catabolism of aromatic compounds: 

Iron availability is an essential criterion in the oxidative breakdown of 

aromatic hydrocarbon compounds. This kind of degradation by microorganisms 

occurs through several steps of oxidation, that are catalyzed by oxygenases 

(Haddock, 2010; Fuchs et al., 2011). Oxygenases are grouped into 

monooxygenases and dioxygenases. The monooxygenases aid in the 

incorporation of an O2 atom from oxygen molecule into the product while 

reducing the second atom into H2O using e- from an external donor. While the 

dioxygenases incorporate both O2 atoms into the substrate (Wang et al., 2017). 

Degradation of aromatic compounds by dioxygenases involves ring-opening step. 

Most of these oxygenases (shown in Table.1) contain iron as a cofactor for the 

activation of oxygen (Coulter & Ballou, 1999; Dinkla et al., 2001). Iron-dependent 

dioxygenases can use either heme or non heme cofactors in their active site 
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(Ohlendorf et al., 1988).  These enzymatic reactions activate certain pathways 

that facilitate the bacteria to use organic molecules as carbon and energy sources 

for their survival (Wang et al., 2017). As the availability of iron is of paramount 

importance in the oxidative degradation of hydrocarbons, the kinetics of this 

degradation might possibly be affected by iron limitation. Growth of P. putida on 

toluene is compromised under iron limiting conditions as degradation pathway 

involving toluene monoxygenase is affected (Dinkla et al., 2001). In support of 

the iron dependent activities of enzymes involved in carbon metabolism, a strong 

connection exists between carbon metabolism and iron uptake.  Crp is a global 

transcriptional regulator which is involved in the metabolism of carbon. It 

regulates the transcription of fur gene which codes for the Fur protein (Lorenzo 

et al., 1988). Different metabolic pathways in the cells are coordinated by the 

functional interactions existing between these regulons (Gutierrez-Rios, 2003). 

Many iron responsive genes are subjected to dual control by Catabolite repressor 

protein (Crp) and Ferric uptake regulator (Fur). Crp regulation of Fur-controlled 

genes and Fur regulation of Crp-controlled genes allows the integration of 

signals for iron and carbon sufficiency (Zhang et al., 2005). However, the signals 

coordinating iron and carbon metabolism are assumed to be intricate and most 

of them remain to be identified. 

 

1.15. Linkage between opd genes and genes coding aromatic compound 

metabolism:  

 Our lab has determined complete genome sequence of S. wildii and S. 

fuliginis ATCC 27551 (Parthasarathy et al., 2016; Azam et al., 2019). The   5Mb 

genome sequence of S. fuliginis ATCC 27551 with a GC content of 64.4%  is 

distributed between two chromosomes and four indigenous plasmids (Azam et 

al., 2019). Out of the four plasmids, designated as pSF1, pSF2, pSF3, and pSF4, 

only two (pSF1 and pSF2) are self-transmissible and contain the complete 

genetic repertoire for a T4SS. The other two plasmids (pSF3 and pSF4) are 

mobilizable and both showed the presence of an oriT and relaxase-encoding 

sequences. The sequence of plasmid pSF3 coincided with the previously 

determined sequence of pPDL2 and included an opd gene encoding 
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organophosphate hydrolase as a part of the mobile element (Azam et al., 2019; 

Pandeeti et al., 2012).  Both of the sequences of pPDL2 and pSF3 showed exact 

synteny, except in the region spanning 12,680–18,619bp. This region showed the 

existence of 5,939bp duplication in the sequence of pSF3. This duplication was 

seen near the opd element. In this region, the opd and mfhA genes are flanked by 

IS21 and a duplicated Tn3. Plasmid pSF3 also contains a functional integration 

module that can integrate at an attachment (attB) site such as those typically 

found in integrative mobilizable elements. These two unique structural features 

of plasmid pSF3 strongly suggest it’s involvement in the lateral transfer of the 

opd gene among soil bacteria (Pandeeti et al., 2012; Azam et al., 2019). The 

sequence of pSF3 contains other structural genes that code for dioxygenases 

involved in degradation of aromatic compounds like protocatechuate (Pandeeti 

et al., 2012). A ring cleavage dioxygenase (protocatechuate 4, 5- dioxygenase) 

encoded by ligBA and other genes involved in aromatic compound degradation 

exists as part of mobile element along with a transporter involved in transport of 

aromatic compounds (Fig.12).  

Fig.12. Linkage between integrative mobilizable element (IME) borne opd gene and genes 
coding enzymes involved in aromatic compound metabolism in Sphinogobium fuliginis 
ATCC 27551. The map indicates existence of genes involved in aromatic compound degradation 
as part of opd element. The Tn3-specific terminal repeats found upstream and downstream of 
transposable element Tn3 and y4qE are shown with arrows (Pandeeti et al., 2012). 
 

Similarly, the complete genome sequence of Sphingopyxis wildii has 

indicated the presence of a single chromosome with a size of   4.15 Mb and two 

indigenous plasmids represented, pCMS1 (65,908bp) and pCMS2 (30,654bp). 

The self-transmissible plasmid pCMS1 contains aromatic oxygenases and ring 
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cleavage dioxygenases adjacent to the opd gene coding OPH (Fig.13). In addition 

to oxygenases the mobile elements contain genes coding β-ketoadipate pathway 

involved in complete mineralization of aromatic compounds (Parthasarathy et 

al., 2016). 

 

 

 
Fig.13. The link between plasmid (pCMS1) borne opd gene and genes coding enzymes 
involved in aromatic compound metabolism in Sphingopyxis wildii. Panel A shows the 
location of opd and genes involved in aromatic compound degradation in pCMS1. Panel B shows 
the degradation pathways. 
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1.16a. Hypothesis: 

The OPH is a constitutively expressed enzyme. Available literature shows no 

regulation on expression of opd gene. However, our lab has accidentally noticed a 

sudden increase in expression of OPH when truncated opd gene coding mature 

form of OPH was cloned in E. coli expression vector (Siddavattam et al., 2006). 

This observation has just indicated existence of some regulatory switch at the 5’ 

region of opd mRNA. We could not explain the reasons as there was no 

physiological reason behind the increased expression of OPH. This increase in 

expression was noticed only when the gene’s promoter and signal peptide coding 

region was removed.  

Our recent studies started unraveling the physiological role of OPH. As described 

in earlier sections of the introduction our lab has shown existence of OPH as part 

of Ton-complex, a primary component in TonBDT system,  involved in  transport 

of nutrients  across  outer membrane (Gudla et al., 2019). Since TonBDT is 

known to transport of Fe-Ent (ferric-enterobactin) our lab has tested to know if 

Fe-Ent serves as substrate for OPH.  Our recent work showed interactions 

between OPH and Fe-Ent and suggested a role for OPH in transport of Fe-Ent 

(Parapatla et al., 2020).  In the light of these results, we have revisited the 5’ 

region of opd mRNA and tried to find a link between removal of signal peptide 

coding region of opd gene and its increased expression. Interestingly a sequence 

that showed very significant similarity to the well characterized IRE was 

identified in the region of opd mRNA that specifies signal peptide of OPH (Fig.14, 

panel A). Further examination of opd promoter region indicated presence of a 

fur-box motif suggesting that opd gene is part of iron-responsive gene (Fig.14, 

panel B). The proposed hypothesis is critically examined by following the below 

mentioned well-defined objectives, and our experimental results described in 

this thesis suggest, opd as an iron responsive gene. 
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Fig. 14: Panel A shows the structure of IRE-like element identified at the 5’ region of opd mRNA. 
The fur-box motif found overlapping opd gene promoter is shown in panel B.  
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1.16b. Objectives: 

 Influence of iron on expression of opd gene in Sphingobium fuliginis ATCC 

27551. 

  Role of predicted fur-box motif in regulation of opd gene expression.  

 Characterization of IRE-like element identified at the 5’ region of opd 

mRNA and elucidation of its role in translational inhibition of opd mRNA.  

 Elucidation of opd element encoded small RNA-IRE interactions and their 

influence on opd gene expression.
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Table 1 A. Antibiotics  

Name of the Antibiotic Name of the supplier 

Ampicillin sodium salt HIMEDIA 

Chloramphenicol HIMEDIA 

Gentamycin HIMEDIA 

Kanamycin Sulfate HIMEDIA 

PolymyxinB HIMEDIA 

Streptomycin HIMEDIA 

Tetracycline hydrochloride HIMEDIA 

 

Table 1 B. Chemicals 

Name of the Chemical Name of the Supplier 

Absolute alcohol SRL 

Acetic Acid (Glacial) SRL 

Acetone SRL 

Acetonitrile SRL 

Acrylamide Sigma-Aldrich 

Agar agar HIMEDIA 

Agarose SeaKem 

Ammonium chloride SRL 

Ammonium persulphate GE Healthcare Lifesciences 

Ammonium nitrate SRL 
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Bovine serum albumin HIMEDIA 

β-mercaptoethanol Sigma-Aldrich 

Bromophenol blue SRL 

Butanol SRL 

Calcium chloride SRL 

Calcium nitrate SRL 

Chloroform SRL 

Ches (N-cyclohexyl-2-aminoethanesulfonic 

acid) 

SRL 

Coomassie Brilliant Blue G-250 HIMEDIA 

Coomassie Brilliant Blue R-250 HIMEDIA 

Cobalt chloride SRL 

Dipotassium hydrogen phosphate Sigma-Aldrich 

2, 2’-Dipyridyl Sigma-Aldrich 

Diammonium hydrogen phosphate Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Ethylenediaminetetraacetic acid (EDTA) SRL 

Ethidium bromide HIMEDIA 

Ferrous sulphate Sigma-Aldrich 

Ficoll SRL 

Glucose HIMEDIA 

Glycerol SRL 

Glycine SRL 

Glycogen Sigma-Aldrich 

Hydrochloric acid SRL 

L-Arginine SRL 
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Iso-amyl alcohol Fischer Scientific 

Iso-propyl alcohol Fischer Scientific 

Isopropyl thiogalactopyranoside (IPTG) G-biosciences 

Lithium Chloride SRL 

Methyl parathion Sigma-Aldrich 

Magnesium sulphate SRL 

Magnesium chloride SRL 

Manganese sulphate SRL 

Methanol SRL 

NADP (Nicotinamide Adenine Dinucleotide 

Phosphate) 

Sigma-Aldrich 

Nickle Chloride SRL 

N,N’-Methylene bis acrylamide GE Healthcare Lifesciences 

N,N’-Dimethyl formamide Sigma-Aldrich 

Peptone HIMEDIA 

Phenol (water saturated) SRL 

Phosphoric acid Merck 

Ponceau Sigma-Aldrich 

ONPG (O-nitrophenyl-β-D-

galactopyranoside) 

Sigma-Aldrich 

Phenol Saturated SRL 

PIPES (piperazine-N,N′-bis(2-ethanesulfonic 

acid) 

HIMEDIA 

Potassium chloride Qualigens 



                                                                                                         

 

24 

 

Potassium hydroxide SRL 

Potassium dihydrogen ortho phosphate Merck 

PMSF GE Healthcare Life sciences 

Protease inhibitor cocktail Sigma-Aldrich 

Skimmed milk powder HIMEDIA 

Sodium acetate HIMEDIA 

Sodium carbonate HIMEDIA 

Sodium citrate SRL 

Sodium chloride SRL 

Sodium dodecyl sulfate SRL 

Sodium hydrogen orthophosphate SRL 

Sodium hydroxide SRL 

Sucrose SRL 

RNase A Thermo Fisher Scientific 

Tetra ethyl methylene diamine (TEMED) Sigma-Aldrich 

Tris-base SRL 

Triton X-100 Sigma-Aldrich 

Trizol Sigma-Aldrich 

Tryptone HIMEDIA 

Tween 20 AMRESCO 

X-gal SRL 

Xylene cyanol SRL 

Yeast extract HIMEDIA 
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Table 1 C. Restriction enzymes and DNA modifying enzymes 

Name of the Enzyme Name of the Supplier 

BamHI Thermo Fisher Scientific 

BglII Thermo Fisher Scientific 

EcoRI Thermo Fisher Scientific 

HindIII Thermo Fisher Scientific 

KpnI Thermo Fisher Scientific 

NdeI Thermo Fisher Scientific 

NotI Thermo Fisher Scientific 

PstI Thermo Fisher Scientific 

SacI Thermo Fisher Scientific 

SalI Thermo Fisher Scientific 

SmaI Thermo Fisher Scientific 

XhoI Thermo Fisher Scientific 

Alkaline Phosphatase Thermo Fisher Scientific 

T4 DNA Ligase Thermo Fisher Scientific 

Pfu DNA polymerase Thermo Fisher Scientific 

Phusion® High-Fidelity DNA 

polymerase 

New England Biolabs 

Polynucleotide kinase Thermo Fisher Scientific 

T1 RNase Thermo Fisher Scientific 

Taq DNA polymerase Thermo Fisher Scientific 
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T4 RNA polymerase Thermo Fisher Scientific 

Calf Intestinal Phophatase Thermo Fisher Scientific 

Emerald Amp Max PCR master mix Takara Bio 

DNase-I Thermo Fisher Scientific 

RNase A Thermo Fisher Scientific 

1kb DNA Ladder Thermo Fisher Scientific 

20bp DNA ladder Takara Bio 

Unstained Protein Ladder, 10-200kDa Thermo Fisher Scientific 

 
2.1. Growth Media 

The following growth media were prepared and used for the propagation of 

bacteria. The media were stringently autoclaved at 15 psi for 20min. For 

preparation of solid media, 2g of agar was added to 100ml of broth and 

sterilized. Whenever required appropriate concentrations of antibiotic and 

chemical stocks were added after cooling the medium to 500-600C.  

2.1.1. Luria-Bertani (LB) medium 

To prepare Luria-Bertani (LB) medium, peptone (10g), yeast extract (5g) and 

NaCl (10g) were dissolved in 1000ml of deionised H2O. The contents of media 

were thoroughly mixed before adjusting the pH to 7.0 with 5 N NaOH and 

sterilized as described above. 

2.1.2. Minimal Salts medium for E. coli 

Minimal media for the growth of E. coli was prepared by dissolving 1.2g of 

KH2PO4, 4.8g of K2HPO4 in 1000ml of deionised H2O. This medium was 

autoclaved at 15psi for 20 min. After sterilization, filter sterilized stock solutions 

of 10% MgSO4.7H2O, 20% CaNO3.4H2O, 1% FeSO4 and 50% glucose were added 

to the above solution to obtain concentration of 0.2g MgSO4.7H2O (2ml from 

stock), 0.04g CaNO3.4H2O (200μl from stock) 0.001g FeSO4 (1ml from stock 1% 

FeSO4) and 2ml of 50% glucose to 1000ml of above solution to get complete 

minimal salts medium. 
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2.1.3. Minimal Salts medium for Sphingobium fuliginis ATCC27551 

Minimal Salts medium for Sphingobium fuliginis was prepared by dissolving 0.5g 

of (NH4)2HPO4 and 0.1g of K2HPO4 in 1000ml of deionised H2O. This medium was 

autoclaved at 15psi for 20 min. After sterilization the solution was cooled to 

room temperature and stock solutions of 50% glucose, 1% FeSO4.7H2O, 1% 

Ca(NO3)2, 20% MgSO4.7H2O were added in such way, so as to obtain a final 

concentration of 0.1% glucose, 0.001% FeSO4.7H2O, 0.001% Ca(NO3)2, 0.01% 

MgSO4.7H2O to 1000ml of above solution to get complete minimal salts medium. 

2.2. Preparation of iron free media and solutions 

Minimal salts media and component solutions were made iron free by passing 

through chelex 100 resin (Bio-Rad). 

2.2.1. Preparation of high iron solution 

Ferrous sulphate (1%) was made by dissolving of 1g of FeSO4.7H2O in 100ml of 

deionised, iron free H2O. The stock solution was sterilized and 100μl of the above 

stock solution was added to 100ml of culture medium to give a final 

concentration of 10μg Fe/ml. 

2.2.2. Preparation of low iron solution 

A stock solution of 2μg Fe/ml was prepared by adding 20μl of 1% FeSO4 stock 

solution in 20ml of deionised iron free H2O. The stock solution was sterilized and 

1ml of the stock solution was added to 100ml of culture medium to give a final 

concentration of 0.02μg Fe/ml. 

2.2.3. Preparation of iron free glassware 

The glassware was initially soaked in 2% methanolic KOH for 24hr and rinsed 

for 3 to 4 times with deionised H2O and then subsequently soaked in 6N HCl for 

24hr and washed with deionised H2O. Then the iron free glassware was sterilized 

by autoclaving at 15psi for 20 min. 

2.3. Preparation of Antibiotic & Chemical stock solutions 

Ampicillin: The stock solution of ampicillin was prepared by dissolving 1g of 

ampicillin in 10ml of sterile deionised H2O and filtered through 0.2μM syringe 

filter. This stock solution was stored at -200C. Whenever required, 10μl of stock 

solution was added to 10ml of medium to get a final concentration of 100μg/ml 
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of ampicillin in the medium. 

Chloramphenicol: The stock solution of chloramphenicol was prepared by 

dissolving 300mg of chloramphenicol in 10ml of 70% ethanol (v/v) and filtered 

through 0.2μM syringe filter. This stock solution was stored at -200C. Whenever 

required, 10μl of stock solution was added to 10ml of medium to get a final 

concentration of 30μg/ml of chloramphenicol in the medium. 

Gentamycin: The stock solution of gentamycin was prepared by dissolving 

200mg of gentamycin sulfate in 10ml of sterile deionised H2O and filtered 

through 0.2μM syringe filter.  The stock solution was stored at -200C. Whenever 

required, 10μl of gentamycin stock solution was added to 10ml of medium to get 

a final concentration of 20μg/ml of gentamycin in the medium. 

Kanamycin: The stock solution of kanamycin was prepared by dissolving 300mg 

of kanamycin sulfate in 10ml of sterile deionised H2O and filtered through 0.2μM 

syringe filter. The stock solution was stored at -200C. Whenever required, 10μl of 

kanamycin stock solution was added to 10ml of medium to get a final 

concentration of 30μg/ml of kanamycin in the medium. 

Polymyxin B: The stock solution of polymyxin B was prepared by dissolving 

100mg of polymyxin B in 10ml of sterile deionised H2O and filtered through 

0.2μM syringe filter. The stock solution was stored at -200C. Whenever required, 

10μl of polymyxin B stock solution was added to 10ml of medium to get a final 

concentration of 10μg/ml of polymyxin B in the medium. 

Streptomycin: The stock solution of streptomycin was prepared by dissolving 

200mg of streptomycin in 10ml of sterile deionised H2O and filtered through 

0.2μM syringe filter. The stock solution was stored at -200C. Whenever required, 

10μl of streptomycin stock solution was added to 10ml of medium to get a final 

concentration of 20μg/ml of streptomycin in the medium. 

Tetracycline: The stock solution of tetracycline was prepared by dissolving 

200mg of tetracycline in 10ml of 70% ethanol (v/v) and filtered through 0.2μM 

syringe filter. This stock solution was stored at -200C. Whenever required, 10μl 

of stock solution was added to 10ml of medium to get a final concentration of 

20μg/ml of tetracycline in the medium. 
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IPTG: The stock solution (1M) was prepared by dissolving 238mg of IPTG in 1ml 

of sterile deionised H2O and stored at -200C. Whenever required, 10μl of the 

stock solution was added to 10ml of medium to get a final concentration of 1mM. 

X-Gal: The stock solution of X-gal (4%) was prepared by dissolving 40mg of  X-

gal in 1ml of N, N’-dimethylformamide. Whenever required, 10μl of stock 

solution was added to 10ml of medium. 

2.4. DNA manipulation:  

2.4.1 Preparation of solutions and buffers 

2.4.1a. TAE buffer 

A stock solution of 50x TAE (Tris-Acetate- EDTA) buffer was prepared by mixing 

242gm of Tris base, 100ml of 0.5M EDTA (pH 8.0) and 57.1 ml of glacial acetic 

acid to 900ml of deionised H2O, after complete dissolution of the contents the 

solution was made up to 1000ml with deionised H2O. Whenever required, 

appropriate volume of 50x TAE was diluted to obtain 1x TAE. 

2.4.1.b. 6x Gel loading buffer  

Bromophenol blue (12.5mg), 12.5mg of xylene cyanol FF and 7.5gm of Ficoll 

(Type 400; Pharmacia) were dissolved in 75ml of deionised H2O and finally made 

up to 100ml and stored at RT. 

2.4.1.c. Ethidium bromide 

The stock solution of ethidium bromide (100mg) was mixed with 10ml of 

deionised H2O, in an amber glass bottle. This solution was further diluted to get a 

stock concentration of 1mg/ml. While preparing agarose gel 5μl of stock solution 

was added to 100ml of gel solution to get a final concentration of 0.05μg/ml. 

2.4.2. Solutions for plasmid isolation 

2.4.2.a. Solution I: To prepare solution I comprised of 250mM glucose (10ml), 

0.2M Tris pH 8.0 (6.25ml), 1 ml 0.5M EDTA (1ml) were dissolved in 25ml sterile 

deionised H2O and finally the volume was made upto 50ml with sterile deionised 

H2O. This solution was autoclaved for 20 min at 15psi on liquid cycle and stored 

at 40C. Whenever required stock solution of DNase free RNase A was added at a 

final concentration of 100μg/ml. 

2.4.2.b. Solution II: Equal volumes of 0.4N NaOH and 2% SDS solutions were 
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freshly mixed and used as Solution II. 

2.4.2.c. Solution III (3M sodium acetate pH 4.8): To prepare Solution III, 

24.61g of CH3COONa was dissolved in 80ml of sterile deionised H2O and its pH 

was adjusted to 4.8 with glacial acetic acid. Then the volume was made upto 

100ml and stored at 40C. 

2.4.2.d. Phenol chloroform solution: Phenol chloroform was made by mixing 

equal volumes of water saturated phenol and chloroform. 

2.4.2.e. Chloroform: Isoamyl alcohol solution: Chloroform (96ml) and Isoamyl 

alcohol (4ml) were mixed and stored in amber colour bottle at 40C. 

2.4.2.f. TE buffer: Working solution of TE buffer was prepared by adding 5ml of 

0.2M Tris-Cl, 0.2 ml of 0.5M EDTA to 80ml of deionised H2O and finally upto 

100ml. This solution was autoclaved and stored at 40C. 

2.4.3. Isolation of plasmid DNA 

 Plasmid isolation was done by alkaline lysis method following standard 

procedures (Birnboim & Doly, 1979). A single colony containing desired plasmid 

was inoculated into 3ml LB medium substituted with required antibiotic and was 

incubated for 12h at 370C with shaking. Bacterial cells were harvested from a 

1ml of overnight culture by centrifuging the culture at 13,000 rpm for 1 minute. 

The pellet was then resuspended in 100μl of TEGL by vortexing it vigorously. 

This was mixed with 200μl of solution-II (freshly prepared) (equal volume of 1% 

SDS, 0.2N NaOH) and incubated on ice for 4 to 5 min before adding 150μl of ice-

cold solution-III (3M CH3COONa, pH 4.8). The contents were then thoroughly 

mixed by inverting the tube. Then tube was kept on ice for 3-5 min. The contents 

were centrifuged at 13,000 rpm for 10 min. The supernatant was then 

transferred into a fresh eppendorf tube and extracted with equal volumes of 

phenol chloroform and later with chloroform: isoamyl alcohol (24:1). The clear 

aqueous phase was again transferred to a fresh eppendorf tube and the plasmid 

DNA was precipitated by adding 1/10th volumes of 3M CH3COONa, pH 4.8 and 2 

volumes of ethanol and tubes were incubated at -800C for 20 min. The plasmid 

was collected by centrifugation at 13000rpm for 20 min. The traces of salts in the 

plasmid were removed by washing with cold 70% ethanol. The plasmid was 
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further dried and redissolved in 30μl of TE. 

2.4.4. Purification of plasmids using QIAgen Mini preparation kit method 

Plasmid DNA was purified using QIAgen mini preparation kit. The overnight 

culture obtained from growing a single bacterial colony carrying plasmid, was 

centrifuged at 13000 rpm for 1min and the supernatant was discarded. The 

pellet was resuspended in 250µl of buffer P1 and was lysed by adding 250µl of 

buffer P2 prior to mixing the tubes by inverting them 4-6 times. After lysis of the 

cells the contents were neutralized by adding 350µl of buffer N3 prior to mixing 

of the contents by inverting immediately. Then tubes were centrifuged for 10 

min to pellet down the debris. After centrifugation the supernatant was 

transferred into a QiAprep column placed in a collecting tube. The supernatant 

was allowed to pass through the column for 1 min by centrifuging at 13000 rpm. 

The column was washed with 750µl of wash buffer (PE). Finally, the DNA was 

eluted from column by adding 50µl buffer EB, followed by brief centrifugation at 

13000 rpm. The plasmid DNA was stored at -200C until further use. 

2.4.5. DNA Quantification 

The quantification of nucleic acids was done spectrophotometrically by using a 

Nano Drop ND-1000 system. About 1μl of sample were pipetted on the sample 

pedestal and the absorbance peak of nucleic acid in the sample was measured at 

260nm. Protein contamination in the sample was estimated by measuring the 

260/280 ratio of approximately 1.8 considered as pure for DNA. In addition, the 

nucleic acid purity can be further determined by measuring the ratio of 

absorbance at 260nm/230nm, which typically results in values between 1.8 to 

2.2 for nucleic acid samples without contaminants. 

2.4.6. Agarose gel electrophoresis 

A slab of 0.8% agarose was prepared by adding 0.8 g of agarose in 100ml of 

1XTAE and boiling for 3 min. This molten agarose was allowed to cool to 

approximately 450C, and 0.5ug/ml of etbr was added. This whole mixture was 

poured into the casting unit along with 1mm thickness comb, and allowed to 

solidify. The solidified gel is then then kept in electrophoresis tank  and filled 

with 1X tank-buffer (  300ml) keeping the wells towards anode side. DNA 
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samples were carefully loaded into the wells and were separated by performing 

electrophoresis applying constant voltage (100V). The molecular size markers 

were mixed with loading dye (1Kb ladder) and loaded adjacent to the wells used 

to load DNA samples and the size of unknown DNA was measured based on 

electrophoretic mobility. 

2.4.7. Polymerase Chain Reaction (PCR) 

PCR amplification reactions were carried out in a 25μl reaction volume 

contained 2.5mM MgCl2, dNTP mix containing 200μM each of dATP, dCTP, dGTP 

and dTTP mix , 10 picomoles of each forward primer (FP) and reverse primer 

(RP), 1.0U of pfu DNA polymerase, 10-20ng of plasmid or 40-80ng of genomic or 

plasmid DNA  was used as template. Amplifications were carried out in the 

thermal cycler (Bio-Rad) by adjusting the PCR programme as per the amplicon 

size and annealing temperature of the primers. Amplicons were analyzed on an 

0.8-1.0% agarose gel. 

2.4.8. Molecular Cloning 

2.4.8.a. Restriction Digestion 

Restriction digestion was carried out with the required restriction endonuclease 

(1.0U) in a volume of 20μl along with 2μl of 1X reaction buffer and 1.0μg DNA. In 

general, the reaction mixture was incubated for 2-3h at 370C according to the 

manufacturer’s instructions.  

2.4.8.b. Gel extraction  

After separation of DNA fragments generated either by restriction digestion, or 

by PCR amplification; agarose gel piece containing desired DNA fragment was 

carefully excised and placed in a clean sterile eppendorf tube. The DNA from the 

gel piece was carefully extracted by using GeneJET gel extraction kit (Thermo 

scientific) following manufacturer’s protocols. Briefly, gel piece containing DNA 

fragment was excised using a sterile scalpel and weight of the gel piece was 

measured by placing it in a clean Eppendorf tube. The gel slice was then mixed 

with one volume (v/w) of volume of binding buffer and the mixture was 

incubated at 50-600C for 10 min with intermittent mixing of the microfuge tube 

by inversion. After dissolution of the gel piece the tube was vortexed briefly 
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before loading loading the contents onto the column. The solubilized gel mixture 

(800µl) was transferred on to GeneJET purification column and centrifuged at 

13000 rpm for 1 min. To the same column, 700µl of wash buffer was added and 

centrifuged at 13000 rpm for 1 min. The column was then placed in a clean 

microfuge tube and 50µl of elution buffer was added to the column and 

centrifuged at 13000 rpm for 1 min. The eluted DNA was stored at -200C until 

further use. 

2.4.8.c. Dephosphorylation of vector  

The digested vector DNA used in ligation was dephosphorylated with FastAP 

Thermosensitive Alkaline Phosphatase (Thermo scientific) to prevent self-

ligation. Dephosphorylation reaction was performed in a 20μl reaction mix 

containing 1µg of vector and 1X buffer supplied by the manufacturer. The 

reaction was initiated by adding 1.0U of alkaline phosphatase. The contents were 

incubated at 370C for 10 min before inactivating the alkaline phosphatase by 

heating the reaction mixture at 800C for 20 min. The dephosphorylated vector 

was then stored at -200C until further use. 

2.4.8.d. DNA Ligation 

The gel extracted vector and insert DNA were subjected to ligation by using T4 

DNA ligase (Thermo scientific) and incubated at 220C for at least 12hr according 

to the manufacturer’s instructions. About 100ng of total DNA with a molar ratio 

(vector: insert) of 1:3 was used in ligation reaction. The following equation was 

used to calculate the appropriate amounts of DNA. 

 

2.5. Gene transfer methods 

2.5.1. Transformation 

The competent cells were initially thawed by placing them on ice. The ligation 

mixture/plasmid of interest was added and incubated on ice for 30 min. After 30 

min, the cells were subjected to heat shock at 420C for exactly 1 min 30 sec and 

immediately chilled on ice for 2 min. Further, 750μl of LB broth was added and 
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incubated at 370C for 45 min. The cells were collected by centrifugation and 

resuspended in 70μl of LB broth and plated on required selective LB media. 

When needed 2% X-gal and 1mM IPTG was added along with required antibiotic. 

The plates were then incubated at 370C for more than 12h for colonies to appear. 

2.5.2. Electroporation 

Cells were harvested from mid log phase cultures and made electro-competent 

by washing and incubating them on 10% ice cold glycerol. About 1 to 2μg of DNA 

was added to 100μl of electro-competent cells. The suspension was mixed by 

flicking the tube. The cells/DNA mixture was placed in a pre-chilled cuvette, 

between the electrodes and a pulse of 2.5 kV was applied for 4-5 sec using 

Genepulser (Bio-Rad, USA). Following the pulse, immediately 1 ml of autoclaved 

SOC medium [tryptone (2%), yeast extract (0.5%),  NaCl (1mM), KCl (2.5mM), 

MgCl2 (1mM), MgSO4 (10mM), glucose (20mM)] was added to the cells. The cells 

mixed in the broth were taken in a 1.5ml tube and incubated at 370C for 1 hour 

with constant shaking. After the incubation period, the cells were diluted 

appropriately in SOC medium and plated on LB agar plates containing 

appropriate antibiotics. 

2.6. Protein Methods: 

2.6.1. Solutions for SDS-PAGE 

2.6.1.a. Acrylamide mix Solution: Acrylamide stock solution (30%) was 

prepared by mixing 30g of acrylamide and 0.8g of N, N’- methylene-bis-

acrylamide in 70ml of deionised H2O. After the contents were dissolved 

completely the volume of the solution was made up to 100ml and stored at 40C. 

2.6.1.b. Resolving gel buffer: Tris base (181.71gm) was dissolved in 800ml of 

deionised H2O and pH was adjusted to 8.8 by adding 30ml of conc. HCl. Then the 

volume was made up to 1000ml with deionised H2O. The contents were 

autoclaved and allowed to cool to room temperature. SDS was added to the 

buffer to a final concentration of 0.3% by mixing adequate amounts of SDS stock 

solution. The prepared resolving buffer was then stored at room temperature 

until further use. When required the stock was used to get a final concentration 

of 390mM Tris-HCl, pH 8.8. 
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2.6.1.c. Stacking gel buffer: Tris base (121.14g) was dissolved in 800ml of 

deionised H2O and the pH was adjusted to 6.8 by adding 42ml of conc. HCl and 

finally the volume of the buffer was made up to 1000ml with deionised H2O. This 

solution was autoclaved and allowed to cool to room temperature. SDS (0.4%) 

was used in preparation of stacking buffer. The prepared resolving buffer was 

then stored at room temperature until further use. When required the stock was 

used to get a final concentration of 130mM Tris-HCl, pH 6.8. 

2.6.1.d. 2x SDS gel loading buffer: Stock solution of 2x SDS loading buffer was 

prepared by mixing 1ml of 1M Tris-Cl pH 6.8, 2g SDS, 10mg of bromophenol blue 

and 10ml of glycerol in 25ml of deionised H2O and kept at 450C for 10 min for 

complete solubilization of SDS. To this reagent 0.699ml of β-mercaptoethanol 

was added and finally made up to 50ml with deionised H2O. The loading dye was 

then distributed in 10ml aliquots and stored at -200C. While running protein 

samples on SDS-PAGE, equal volume of this buffer was added to the protein 

sample, the contents were then boiled for 5 min before loading on to the gel. 

2.6.1.c. Staining solution: 0.25g of coomassie brilliant blue (R-250) was 

dissolved in 50ml of methanol. To this solution 15ml of acetic acid was added 

and finally made up to 100ml using deionised H2O.  

2.6.1.e. Destaining solution: Methanol (30ml) is mixed with 10ml of glacial 

acetic acid before making up the volume to 100ml using deionised H2O. The 

destained gels were stored in 7% acetic acid solution. 

2.6.2. Solutions for Protein Estimation: 

2.6.2.a. Standard BSA: Stock solution (10mg/ml) of BSA (Bovine serum 

albumin) was prepared by dissolving 10mg of BSA in 0.17M NaCl. This solution 

was stored at -200C.  

2.6.2.b. Bradford’s reagent: Bradford’s reagent was prepared by dissolving 

10mg of coomassie brilliant blue G-250 in 50ml of 95% ethanol and adding 10ml 

of 85% (w/v) orthophosphoric acid was added. After complete solubilization of 

the dye the solution was made up to 100ml with deionised H2O. Finally, the 

reagent was filtered and stored in an amber bottle at 40C until further use. While 

preparing standard graph appropriate amounts of BSA stock solution was added 
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to various tubes containing 1 ml of Bradford’s reagent to get a final concentration 

of BSA in the range of 2, 4, 6, 8, 10μg. The contents were then adjusted to 1.1ml 

by adding adequate amounts of deionised H2O before storing the tubes in dark 

for 10 min. After completion of incubation period the OD of the reaction mix was 

measured at 595nm and the readings were used to prepare a standard graph 

was prepared by taking concentration of BSA on X-axis and OD values on Y-axis. 

The protein concentration in the unknown sample was measured by treating the 

sample in a similar manner and comparing its OD values with that the values 

obtained for BSA standards. 

2.6.3. Solutions for Western Blotting: 

2.6.3.a. Towbin buffer (protein transfer buffer): Tris-base (3.03g) and glycine 

(14.4g) was dissolved in 500ml of deionised H2O. After dissolution of the 

contents 200ml of CH3OH was added and volume was made up to 1000ml with 

deionised H2O. 

2.6.3.b. TBS-T Buffer: Tris-HCl: 1M, pH 7.6 (20ml), sodium chloride (8g) and 

Tween-20 (1ml) were added and volume was made up to 1000ml with deionised 

H2O. 

2.6.3.c. Blocking Reagent: The solution of skimmed milk powder (10%) was 

prepared in TBS-T buffer and was used for blocking the PVDF membrane. 

2.6.3.d. Membrane stripping solution: Membrane stripping solution was 

prepared by dissolving 1.5g of glycine, 0.1g of SDS and 1ml of tween 20 in 100ml 

of deionised H2O. The pH of this solution was adjusted to 2.2 with 6N HCl. 

2.6.3.e. Primary antibody solution: 

Primary antibody solution (2μl) of either anti-His mouse antibody (Amersham 

Biosciences) or Anti-OPH antibody was added to 10 ml of blocking reagent to get 

a titre of 1:5000 and used for probing the proteins transferred onto PVDF 

membranes. 

2.6.3.f. Secondary antibody solution: 

The secondary antibody solution of anti-mouse goat antibody (2μl) conjugated 

with HRP was added to 10 ml of blocking reagent to get a titre of 1:5000 and 

used as secondary antibody solution. 
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2.6.3.g. Ponceau S reagent: Ponceau salt (100mg) was dissolved in 100ml of 

5% acetic acid. 

2.6.3.h. Semi-Dry Western Blotting 

After protein samples were separated by SDS-PAGE, the gel was soaked in 

Towbin buffer for 5 min. Meanwhile, PVDF membrane (Amersham Hybond-ECL, 

GE healthcare) was soaked in methanol for 10 min. Two layers of pre-soaked 

filter paper (in towbin) were placed on the positive electrode of the transfer 

apparatus and the transfer membrane and the gel were sandwiched between 

two additional layers of filter paper on top. The transfer membrane was facing 

the negative electrode at the bottom of the transfer apparatus, while the gel was 

placed on top. The apparatus was assembled according to the instructions by the 

manufacturer and the transfer was performed at 18V for 40 min in the transfer 

apparatus. After transfer of the proteins, the membrane was blocked in 10% 

skimmed milk suspension in TBST at room temperature for an hour, or at 40C 

overnight, with shaking at 60 rpm. After blocking, the membrane was incubated 

with primary antibody solution using an appropriate dilution for 1h at room 

temperature with gentle shaking. The membrane was washed with TBST for 10 

min and, if appropriate, incubated with the secondary antibody at the correct 

dilution for 1h with shaking. The membrane was finally washed three to five 

times with TBST. 

2.6.4. Protein Precipitation: 

The protein sample was mixed with two times the sample volume of methanol, 

one sample volume of chloroform and three times the sample volume of 

deionised H2O. The precipitated sample was centrifuged at 13000 rpm for 5 min 

and the upper layer was discarded. It was washed with three sample volumes of 

methanol and centrifuged at 13000 rpm for 5 min. The supernatant was carefully 

removed and the pellet was air dried. The pellet obtained was finally 

resuspended in 2x Laemmli buffer or any other buffer of choice. 

2.7. Enzyme assays and preparation of reagents: 

2.7.1. Reagents for β-galactosidase assay 

Z buffer: The Z-buffer (pH 7.0) was prepared by dissolving 40mM Na2HPO4, 
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60mM NaH2PO4, 10mM KCl, 1mM MgSO4 and 50mM β-mercaptoethanol. This 

solution was stored at 40C until further use. 

ONPG (ortho-Nitrophenyl β-galactoside) substrate solution: About 400mg of 

ONPG was dissolved in 100ml of phosphate buffer prepared by dissolving 

Na2HPO4.7H2O (1.61g) and NaH2PO4.H2O (0.55g) in 90ml deionised H2O (pH 7.0). 

This solution was then transferred to an amber bottle and stored at 40C until 

further use. 

Stop solution: Sodium carbonate (1M) was prepared by dissolving 12.4g of 

sodium carbonate in 100ml of deionised H2O.  

2.7.2. β-galactosidase activity assay: 

This assay was performed by the protocol described by (Miller, 1972). About 

500μl of culture was taken from a 10ml culture and cells were harvested by 

centrifuging at 6000rpm for 10min. Then supernatant was discarded and the 

pellet was resuspended in same volume of chilled Z-buffer. The harvested cells 

were then permeabilized by adding 100μl of choloroform, 50μl of 0.1% SDS and 

mix the cells by vortex and kept at 280C for 5 min. After incubating at 280C, the 

volume of the reaction mixture was made up to 1ml using Z-buffer. In order to 

initiate the reaction 0.2ml of ONPG (4mg/ml) was added to the cell suspension. 

The samples were incubated at 280C until the faint yellow color is developed. The 

reaction was stopped by adding 0.5ml of 1M sodium carbonate solution. The 

time length of incubation was recorded. The reaction mixture was then 

centrifuged at 13000rpm for 1min and 1ml of clear supernatant was taken to 

check the absorbance at 420nm and 550nm. The β-galactosidase activity was 

measured by monitoring the yellow color (due to the release of ortho-

nitrophenol) from substrate ONPG. The β-galactosidase activity was calculated 

by using the below given formula and the specific activity was represented as 

Miller units. 

Miller Units = 1000x [(OD420-1.75xOD550)] 

TxVxOD600 

Where, 

T = time gap between addition of ONPG and addition of sodium carbonate 
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solution in min 

V = volume of the culture added to the reaction mixture 

A600 = OD600 (of the culture) 

A420 = OD420 (of the reaction mixture) 

2.7.3. Reagents for Methyl parathion activity assay 

CHES buffer: CHES buffer (200mM) was prepared by adding 4.15g of CHES to 

80ml deionised H2O at pH 9.0. The solution was made up to 100ml with 

deionised H2O. 

Substrate solution: Methyl parathion stock (0.1M) was prepared by dissolving 

26.3mg methyl parathion in 1ml of methanol. This solution was stored at 40C 

until further use. Whenever required, 200μM of the solution was used from the 

substrate stock. 

Assay Buffer: The activity assay buffer contains 20mM CHES, pH 9.0 and 50μM 

CoCl2.  

2.7.4. Parathion Hydrolase Activity Assay: 

The Reaction mixture contained methyl parathion (200μM) in 20mM CHES 

buffer (pH 9.0) (1ml). The reaction mix was incubated at 370C for 30 min. An 

increase in the absorbance at 410nm was determined, due to formation of p-

nitrophenol (Chaudhry et al., 1988). The concentration of p-nitrophenol formed 

was determined using the extinction coefficient of PNP (17500/M/cm).  

 

 

Specific activity = µM/mg of protein/min 
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Background: 

As stated in introduction, OPH exists as a membrane associated multi-

protein complex in Sphingobium fuliginis ATCC 27551. It’s associated proteins 

are the components of outer membrane transport system, also known as TonB 

dependent transport (TonBDT) system. TonBDT system comprises of an outer 

membrane transporter (TonR), and inner membrane localized energy transducer 

TonB, and proton motif pump components (ExbB/ExbD). The OPH physically 

interacts with ExbB/ExbD and TonB (Gudla et al., 2019). The outer membrane 

transport system plays a key role in acquisition of various nutrients, including 

ferric enterobactin (Fe-Ent). The OPH interacts with ferric enterobactin by 

binding to an unique site located distinctly away from the active site (Parapatla 

et al., 2020). Work done in our lab has recently demonstrated involvement of 

OPH in accelerating iron uptake. The S. fuliginis TonBDT system (SfTonBDT) 

reconstituted in E. coli has shown OPH dependent increase in iron uptake 

(Parapatla et al., 2020). Based on these observations the sequence of the opd 

gene, coding OPH, is carefully examined to identify cis-elements that respond to 

intracellular iron concentration. Experiments described in the first chapter are 

performed to identify regulatory elements such as fur-box and Iron Response 

Element (IRE) in the sequence of opd gene and opd mRNA.  

 

3.1. Objective specific methodology: 

Table 3.1: Primers used in this study 

Primer 
Name 

 

Sequence (5’-3’) Explanation 
 

5’ RACE 
Outer FP 

 

GCTGATGGCGATGAATGAACACTG Adapter specific outer 
forward primer used while 

performing 5’ RACE. 

NS1 RP ATAGGACCGCGCACGGTATTGATCC opd specific outer reverse 
primer used while 
performing 5’RACE. 

5’ RACE 
Inner FP 

 

CGCGGATCCGAACACTGCGTTTGCTGGC

TTTGATG 
Adapter specific inner 

forward primer used while 
performing 5’ RACE. 

NS2 RP TTTGCATGCTGCCCCCTT opd specific inner reverse 
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nested primer used while 
performing 5’RACE. 

NS3 FP AATTCGCATTGACATCTGACGCGTCAAC

AGTAAAAGACTGCA 

Forward (FP)/ Reverse 
primers (RP) to generate 

core opd promoter. NS3 RP GTCTTTTACTGTTGACGCGTCAGATGTC

AATGCG 

NS4 FP AATTCTAAAAGAAACAACCGGTTCACTG

CA 

Forward (FP)/ Reverse 
primers (RP) used to 
generate partial opd 

promoter. 
NS4 RP GTGAACCGGTTGTTTCTTTTAG 

NS5 RP CCGTAATGGGATAGGTCACGTTGG lacZ specific Reverse primer 
used for sequencing of 

promoter fusions 
NS6 FP AACGAGAAGGGTTGTGCTCAAGTC Forward primer used to 

perform real time PCR to 
quantify the transcripts of 

opd 
NS6 RP TGTGCTCGTGAGTCAGTGTGAAA Reverse primer used to 

perform real time PCR to 
quantify the transcripts of 

opd 
NS 7 FP ACGGACGCTAATACCGGATGA Forward primer used to 

perform real time PCR to 
quantify the transcripts of 
16s rRNA 

NS 7 RP GTACTGTCATTATCATCCCGGG Reverse primer used to 
perform real time PCR to 

quantify the transcripts of 
16s rRNA  

 

Table 3.2: Strains used in this study 

Strain Name    
 

Genotype or Phenotype Reference 

E. coli DH5α  
 

λsupE44, ΔlacU169 (Δ80 
lacZΔM15) hsdR17 recA1 
endA1 gyrA96 thi1 relA1  

(Hanahan, 1983) 
 

Sphingobium fuliginis 
ATCC 27551 

Wild type strain, 
Smr, PmBr, opd+ 

(Kawahara et al., 
2010; Sethunathan & 
Yoshida, 1973) 

 
Table 3.3: Plasmids used in this study 

Plasmid Name  Construct description  Reference  

pTZ57R/T  
 

Ampr, TA vector used for cloning of 
PCR products 

Thermo Scientific  
 

pMP220  Tetr, promoter probe vector (Spaink et al., 1987) 
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pNS1 Ampr, generated by cloning 5’ RACE 

product 
This study  
 

pNS2 Tetr, generated by cloning full 
length promoter region of opd as 
EcoRI-PstI fragment in pMP220 

This study  
 

pNS3 Tetr, generated by cloning partial 
promoter region of opd as EcoRI-
PstI fragment in pMP220 

This study  
 

 

3.4.1. In silico studies: 

The potential promoter and regulatory motifs present upstream of opd were 

predicted by using Bprom (Solovyev Victor and Salamov Asaf, 2010) and MEME 

Suite (http://meme-suite.org/tools/meme) respectively. While predicting opd 

promoter, 500 bps upstream sequence of opd gene starting from the translation 

start site was submitted to the webserver. The tool predicts promoter elements 

based on the conserved promoter motifs. To identify the presence of sequence 

motifs that serve as binding sites to any iron regulatory transcriptional factors, 

the entire opd gene along with its predicted promoter was given as input to 

MEME Suite. Further analysis was done to identify regulatory 

sequences/structures found in mRNA by using Mfold (http://www.mfold.org/) 

(Zuker, 2003) and SIREs (http://ccbg.imppc.org/sires/) (Campillos et al., 2010). 

 

3.4.2. Growth and expression analysis of OPH under differential iron 

concentration: 

The expression of OPH was analyzed under varying iron concentrations. Prior to 

performing the expression studies all the glassware and the minimal media used 

for growth was made iron free by following procedures described in general 

methods section. The culture of S. fuliginis was inoculated in LB broth with 

polymixin B (10µg/ml) and incubated in a shaker at 300C. The cells at OD600 of 

0.5-0.6 were harvested and sub-cultured in minimal media containing sufficient 

iron (10µg Fe/ml) to facilitate acclimatization. The cells were harvested and re-

inoculated in iron sufficient and limiting (0.02µg Fe/ml) media at an Optical 

density of 0.05. The cell growth was analyzed for 72h (Fig 3.5.2). Equal number 

http://meme-suite.org/tools/meme
http://ccbg.imppc.org/sires/


                                                                                                         

 

44 

 

of cells was taken from both conditions and OPH protein expression was 

analyzed by carrying out western blot using anti-OPH antibodies.   

 

3.4.3. Absolute quantification of opd transcripts 

 The quantification of opd specific transcripts was done by performing qPCR. The 

cultures of S. fuliginis were grown as described above under iron sufficient and 

limiting conditions. The total RNA was isolated from equal number of cells and 

the isolated RNA was used to synthesize cDNA.  Eppendorf qPCR machine 

operating with Realplex 2.2 software was used to perform qPCR using 30 ng 

cDNA template, 0.25 μM primers, and Brilliant SYBR Green reagents (Biorad). To 

quantify the expression levels of opd gene the amplicon (  150bp) was cloned into 

pTZ57R/T vector. In a similar way 16S rRNA gene was also cloned, which served 

as an internal control. Using the constructs as template, a 10 fold dilution series 

was made resulting in a set of standards containing 102-107copies of the target 

gene. The standards and test samples were assayed in the same run. A standard 

curve was constructed, with the logarithm of the initial copy number of the 

standards plotted along the X-axis and their respective CT values plotted along 

the Y-axis. Data were normalized to 16s rRNA and analysed by absolute 

quantification by comparing the CT value of the test sample to a standard curve. 

Finally, the copy number of opd in test sample was obtained by interpolating its 

CT value against the standard curve. 

 

3.4.4. Rapid Amplification of cDNA Ends (RACE): 

The RACE experiments were performed using the FirstChoice® RLM-RACE Kit 

(Ambion Life technologies) to validate a predicted promoter and to determine 

transcription start site of opd gene. The RNA was extracted from S. fuliginis cells 

grown to an OD of 1 in LB following the trizol method of RNA isolation described 

elsewhere in the thesis. The total RNA was isolated and its integrity was checked 

by analyzing it on agarose gel. Then it was treated with DNase I to obtain RNA 

free from DNA. The purity of RNA was confirmed by performing PCR reaction 

using opd specific primers.  After confirming that the isolated RNA is free from 
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DNA contamination, it was used to perform 5’ RACE experiment. Initially, 10μg of 

DNase treated RNA was dephosphorylated by with 1.0U of Calf Intestinal 

Phosphatase (CIP) for 1 h at 370C. The reaction was terminated and the RNA was 

extracted using acid phenol: chloroform (3:1) and then with chloroform. Later it 

was precipitated using cold isopropanol and 70% ethanol. The pure RNA 

obtained was resuspended in nuclease-free water. Subsequently, it was treated 

with Tobacco Acid Pyrophosphatase (TAP) and incubated at 370C for 1h. Then a 

45-mer RNA adapter was ligated to the 5’ end by adding T4 RNA ligase to the 

TAP treated RNA and incubated for 1 h at 370C. The adapter-ligated RNA was 

then reverse transcribed before incubating at 420C for 1 h. The cDNA thus 

synthesized was subsequently used to amplify the 5' end of opd transcript by 

performing an outer 5' RLM-RACE PCR (which uses adapter-specific outer 

forward primer and gene-specific outer reverse primer). Then a Nested PCR was 

performed by using inner 5' RLM-RACE PCR (which uses adapter-specific inner 

forward primer and gene-specific inner reverse primer). The amplicon obtained 

was cloned in pTZ57R/T vector and the recombinant plasmid was designated as 

pNS1. This plasmid was subjected to sequencing using adapter-specific primer to 

establish the transcription start point of opd. 

 Stage Reps Temp Time 
Initial denaturation 1 1 940C 3 min 

Amplification 2 35 940C 
600C 
720C 

30 sec 
30 sec 
30 sec 

Final Extension 3 1 720C 7 min 
 

3.4.5. Construction of transcriptional fusions: 

The transcriptional fusions of opd with a lacZ reporter, were constructed by 

cloning promoter elements of opd in pMP220 (promoter test vector). The 

complementary oligos containing full length (NS3FP/NS3RP) and partial 

(NS4FP/NS4RP) promoter regions were annealed independently. These set of 

self-complementary oligos appended with EcoRI and PstI were annealed, then 

ligated with pMP220 digested with the similar enzymes. Post-ligation, the 

transformants obtained after transformation of the ligation mixture into E. coli 
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DH5α were selected on LB plates supplemented with required amounts of the 

tetracycline and X-gal. The recombinant colonies were screened for the presence 

of insert by performing sequencing reaction using NS5RP. The resulting opd-lacZ 

fusions containing full length promoter and partial promoter were designated as 

pNS2 and pNS3 respectively. 

 

3.5 Results: 

3.5.1. Transcriptional regulation of opd gene: 

The in silico studies performed using Bprom tool have predicted the presence of 

promoter hexameric sequences at -10 (TAAAAG) and -35 (TTGACA) regions. 

These promoter hexamers have shown resemblance with the consensus E. coli 

promoter sequences. Interestingly the MEME Suite has detected the existence of 

a putative fur-box motif, overlapping the predicted -10 hexameric sequence of 

opd promoter (Fig. 3.5.1, panel A).  

 
Fig.3.5.1. Prediction of the fur-box motif and promoter elements of opd gene. The putative 
promoter elements are underlined. The putative fur-box motif overlapping the -10 promoter 
hexamer is highlighted in a dotted red box. 

 

3.5.2. The opd gene exists as a part of iron regulon: 

After gaining insights through in silico studies further experiments were 

conducted to assess if opd existed as a part of iron regulon. Initially S. fuliginis 

cells were grown under iron limiting and iron sufficient conditions. As shown in 

Fig.3.5.2 the cells have grown slowly under iron limiting condition. This is rather 

expected growth phenotype and this type of growth pattern is commonly seen in 

all most all bacteria when grown under iron limiting conditions.   

 The culture grown under these two physiological conditions were then 
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harvested and the levels of OPH expression determined by performing western 

blot. The protein profile found in cells grown under iron limiting and iron 

sufficient conditions are shown in Fig.3.5.3 panel A. There exists no visual 

difference in protein profile of the cells grown under these two physiological 

conditions. However, the western performed using anti-OPH antibodies has 

shown at least two-fold increase in expression of OPH under iron limiting 

condition, suggesting that expression of OPH is induced under iron limiting 

condition (Fig.3.5.3, panel B). Further experiments were conducted to assess 

whether the enhanced OPH production is due to increased transcription of opd 

gene.  An absolute quantitative real-time PCR was performed to quantify opd 

specific transcripts in cells grown under iron sufficient and iron limiting 

conditions. Interestingly a three-fold increase in opd specific transcript was 

found in cells grown under iron limiting conditions when compared to the cells 

grown under iron sufficient conditions suggesting that there is an increased 

transcription of opd gene in cells grown under iron limiting condition (Fig.3.5.3, 

panel C). 

 
Fig.3.5.2. S.  fuliginis growth under iron sufficient and limiting conditions 

 
 
 
 



                                                                                                         

 

48 

 

  
Fig.3.5.3. Influence of iron on the expression of OPH. Panel A indicates 12.5% SDS-PAGE 
profile of soluble proteins extracted from the cell grown in iron sufficient (lane 2) and limiting 
conditions (lane 3). The molecular size markers are loaded in lane 1. The corresponding western 
blot probed with anti-OPH antibodies is shown in panel B. Increase in expression of OPH in cells 
grown under iron limiting condition (lane 2) is seen as an increase in the intensity of OPH specific 
signal. The quantitative real-time PCR profile is shown in panel C. Increase (three-fold) in opd 
specific transcript is seen in cells grown under iron limiting conditions.  
 

3.5.3. Determination of transcription start site (TSS) of opd: 

The in silico studies have indicated existence of a promoter motif upstream of opd. 

The functional status of this predicted promoter was validated by performing both 

in vitro and in vivo studies. Initially, the 5’ RACE was performed to determine exact 

TSS of opd gene. The transcriptional start site analysis was carried out as described 

in methods section described in this chapter. A  100 bp amplicon was obtained from 

a PCR with the adapter-specific forward and opd specific inner reverse primer 

(Fig.3.5.4, panel B). This amplicon was then cloned and the resulting recombinant 

plasmid, pNS1 was subjected to sequencing using adapter specific primer. The 

sequence of RACE specific amplicon is shown in Fig.3.5.4, panel D. The sequence 

when read from 5’ to 3’ direction clearly shows sequence of the adapter primer 

ligated to the opd mRNA. The adapter specific sequence was then followed by 

opd gene sequence and it started with ‘T’ suggesting that the transcription from 

opd gene is initiated from the T residue. Interestingly, the promoter hexamers 

predicted using in silico tools were exactly -10 and -35 base pairs upstream of 

the TSS suggesting that both in silico and in vitro studies are in total agreement in 

identifying the promoter motif of opd gene.  
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Fig.3.5.4. Detection of 5’ RACE product. Panel A indicates 1% formaldehyde showing the 
integrity of the isolated RNA from S. fuliginis cells. Panel B.  Agarose gel (2.5%) showing the 
amplicon obtained after performing nested PCR reaction. The 113bp amplicon is shown with a 
black arrow. Panel C shows the plasmid pNS1 map indicating the cloning of RACE product in 
vector pTZ57R/T. 

 

 
The sequence of RACE product. Panel D indicates the sequence chromatogram of the RACE 
product. The adapter specific sequence and sequence corresponding to opd gene are indicated 
with black and red colored boxes. The TSS of opd gene is indicated by an inverted black arrow. 
Panel E shows the opd gene sequence showing TSS (shown with an inverted red triangle) and 
promoter and putative fur-box motif. The sequence shown with grey shade indicates -10, -35 
hexamers of the promoter. The predicted fur-box motif is shown in red dotted box. 

 

3.5.5. Functional validation of opd promoter: 

The promoter motif mapped following the determination of transcription start 

site was validated by performing in vivo studies. The opd-lacZ fusions were 

constructed by including both -35 and -10 promoter hexamers. The resulting 

plasmid pNS2 contains the core promoter of opd gene fused to promoter-less 
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lacZ gene of pMP220 (promoter test vector). Another opd-lacZ fusion, pSN3 was 

generated by fusing partial promoter (only -10 hexamer) of opd gene to lacZ.   

The construction strategies followed while generating opd-lacZ fusions are 

shown in Fig.3.5.5. The sequence of the opd-lacZ fusions were determined to 

assess proper cloning of opd promoters in promoter test vector. After 

ascertaining proper construction of promoter fusions, the plasmids pSN2 and 

pSN3, were transformed independently into the E. coli DH5α cells along with 

vector pMP220.  These cells were then used to assay promoter activity by 

measuring the β-galactosidase. Initially the cells containing promoter fusions 

were plated on X-gal containing LB plates along with control culture having 

empty vector. As shown in Fig.3.5.5.a, panel A only cultures having full length 

promoter-lacZ fusion (pNS2) turned into blue color. The cells containing empty 

vector or containing opd-lacZ fusion generated by cloning only -10 hexamer 

remained pale in color suggesting lack of lacZ activation in these cells. Further 

quantification of β-galactosidase activity in these cells reconfirmed the results 

obtained through qualitative assays. As shown in Fig.3.5.5.a, panel B, 157 units of 

β-galactosidase activity were found in cells containing pNS2 as against to 36 

units obtained in cells harbouring pNS3. These results indicate that the promoter 

element determined through 5’ RACE is functional.  

 
Fig.3.5.5. Construction strategy of opd-lacZ fusions 
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Fig.3.5.5.a. Activity of the opd gene promoter. Panel A indicates qualitative β-galactosidase 
activity assay. Panel B shows the histograms indicating β-galactosidase activity as Miller units in 
E. coli DH5α cells transformed with pNS2, pNS3 and empty vector, pMP220. 

 

3.5.6. Post-transcriptional regulation of opd gene:  

Further investigation was carried out using Mfold and SIREs web server to 

identify the presence of regulatory elements that contributes for the post-

transcriptional regulation of opd gene. Interestingly, a structural element that 

matches with the structure of Iron Response Element was identified in the 5’ 

coding region of opd mRNA (Fig.3.5.6). An IRE molecule comprises of a single 

stem-loop and a bulge region (Walden et al., 2006). IREs have been identified in a 

variety of prokaryotes and eukaryotes, but their validations have been limited to 

eukaryotic (ferritin and transferrin receptor) mRNA (Walden et al., 2012). As a 

similar structure was identified in opd gene, attempts were made to elucidate 

base-pairing interaction among the predicted IREs by using dot-bracket notation 

(Mattei et al., 2014). This was performed with the aid of RNA secondary 

structure prediction web server 

(https://rna.urmc.rochester.edu/RNAstructureWeb/). Fig.3.5.1B, shows base 

pairing interaction of the stem-loop region of opd IRE, in which symbol ‘.’ codes 

for an unpaired base and symbol ‘( )’ for an open base pair. This clearly shows 

the conservation of stem-loop structured IREs, in various mRNAs coding for 

proteins involved in iron metabolism. 
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Fig.3.5.6. Structure of IRE-like element identified in opd mRNA. Panel A indicates structural 
comparison of IRE elements identified in prokaryotic and eukaryotic m RNAs. The opd mRNA 
which forms similar IRE-like secondary structure is highlighted in red box. The IRE-like structure 
formed at the 5’ coding region of opd mRNA is shown in panel B. 

 

3.6. Discussion: 

Iron is indispensable for cell growth and survival for most bacteria. 

Organisms respond to environmental cues such as iron availability, by regulating 

the expression of many gene clusters as an iron stimulon, with the help of 

various transcriptional regulators (Baichoo & Helmann, 2002). Ferric uptake 

regulator (Fur), is one of the best characterized master regulator of iron-

dependent gene expression (Hantke, 2001; Quatrini et al., 2005). Fur is a DNA 

binding protein that interacts with consensus motif known as a fur-box. It 

utilizes Fe2+ as a corepressor and blocks the target gene transcription (Bagg & 

Neilands, 1987).  

In addition to Fe2+, DNA binding by Fur can be activated by other divalent 

metal ions in vitro (Bagg & Neilands, 1987; de Lorenzo et al., 1987; Ochsner et al., 

1995; Mills & Marletta, 2005; Gao et al., 2008). The fur-box motifs are typically 

located in proximity of the −10 and/or −35 σ70 promoter elements of target 

genes (Escolar et al., 1999). It consists of a 19-bp inverted repeat consensus 

sequence (5’ GATAATGATAATCATTATC 3’) in E. coli (de Lorenzo et al., 1987). 

Fur protein typically binds to the target DNA that has recognizable sequence 

similarity to the consensus of E. coli fur-box motif. The Fur interacts with 

consensus of three hexameric repeats 5’-NAT(A/T)AT-3’ regardless of 
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orientation and number (de Lorenzo et al., 1987; Escolar et al., 1999; Cornelis et 

al., 2009). Usually, fur-boxes have a high content of adenine and thymine bases 

(Berg et al., 2020). 

Various bacteria show a varying range of 50 to 80% sequence identity 

with the consensus sequence (Baichoo & Helmann, 2002; Sebastian et al., 2002; 

Thompson et al., 2002; Ahmad et al., 2009; Pedersen et al., 2010). Canonical fur-

box motifs have been identified in various genera such as Legionella 

pneumoniae (Hickey & Cianciotto, 1994), Campylobacter jejuni (Chan et al., 

1995), Pseudomonas aeruginosa (Ochsner & Vasil, 1996), N. gonorrhoeae (Desai 

et al., 1996), V. anguillarum (Chai et al., 1998), V. cholerae (Watnick et al., 1998) 

and Y. pestis (Fetherston et al., 1999). Incomplete target fur-box consensus has 

also been identified in certain microbes (Friedman & O’Brian, 2003; Wexler et al., 

2003).  

 A fur-box motif was identified, overlapping the -10 hexameric sequence 

and TSS of opd gene. The putative fur-box was rich in A/T bases (   65%). The 

sequence similarity between fur-box motif of opd gene was compared with the 

consensus fur-box motif found in other bacterial genes involved in regulation of 

iron uptake. There exists 50% identity and 82 % similarity between consensus 

fur-box motif and the predicted fur-box motif identified in opd gene (Fig. 3.6.1). 

 
Fig.3.6.1. Comparison of fur-box motif of opd gene with the consensus fur-box motif.  

 

In most Gram-negative bacteria, including E. coli, Fur acts as 

transcriptional regulator and modulates the transcription of iron uptake genes to 

control cytoplasmic levels of iron (Seo et al., 2014). Fur in coordination with a 

novel sigma factor, otherwise known as Extra-cytoplasmic factor (ECF) 

modulates the transcriptional regulation of genes required for uptake of iron. 

Genes encoding iron starvation sigma factor are expressed constitutively along 

with its cognate anti sigma factor (Cornelis et al., 2009). Under iron sufficient 

condition they exist in inactive state.  The membrane associated anti-sigma 
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factor sequesters the ECF sigma factor and takes it to the membrane, preventing 

binding of ECF sigma factor to the promoters of Fur regulated genes. When the 

anti-sigma factor receives an activation signal, the proteolysis mediated by 

RseP/MucP cleaves the trans-membrane domain of the anti-sigma factor and 

facilitates its release into cytoplasm.  Thus activated form of ECF sigma factor 

interacts with core RNA polymerase and binds to the genes responsible for 

theuptake of iron,  as Fur protein is no longer capable of binding to the Fur box in 

the absence of iron (Llamas et al., 2014). Under iron-sufficient conditions, the 

Fe2+-Fur (holo-Fur) protein is active and hence can bind to fur-box motif, 

blocking access to ECF-RNA polymerase (RNAP) complex to DNA causing 

repression of its cognate genes but under iron deplete conditions, Fur (Apo-Fur) 

protein is inactive and loses the ability to bind the fur-box motif, exposing the 

promoters of gene involved in iron uptake causing de-repression of iron 

responsive genes (Calderwood & Mekalanos, 1988).  

The experimental results described in this chapter show the presence of a 

fur-box motif overlapping the promoter region of opd gene. Further, the 

enhanced expression of OPH is apparent in S. fuliginis cells grown under iron 

limiting condition (Fig.3.5.3). Supporting this observation, the qPCR data has 

clearly shown existence of three fold increase in opd specific transcripts in cells 

grown under iron limiting condition.  The de-repression of opd gene expression 

is very clear from the data generated through western blot and qPCR 

experiments.   Existence of fur-box motif overlapping -10 promoter region if seen 

together with elevated transcription opd gene and expression of OPH clearly 

suggests existence of Fur mediated regulation in opd gene expression. Further 

experiments are therefore planned to elucidate the role of Fur protein in 

regulation of opd gene expression. 

In eukaryotes and certain prokaryotes, iron homeostasis is mostly 

mediated by post-transcriptional gene control mechanisms (Martínez-Pastor et 

al., 2013).This kind of regulation is caused by certain stem-loop RNA structures 

which are approximately   30 nucleotides long known as Iron-Response Elements 

(IREs)  (Rouault, 2006; Muckenthaler et al., 2008). They are located either in the 
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5’ or 3’ untranslated regions of the mRNA. In an iron dependent manner, IREs 

interact with Iron Regulatory Proteins (IRPs). They regulate iron responsive 

genes by either activation or repression of the IRE containing mRNAs. The 

classical examples of eukaryotic mRNA containing IREs are ferritin and 

transferrin receptors (Walden et al., 2006). The cellular iron status determines 

the recognition and binding of IRPs to IREs. Under low iron levels, IRPs bind to 

IREs, but under iron excess conditions, no interaction is observed. The binding 

position of IRE on the transcript determines the fate of IRP-bound mRNA 

(Martínez-Pastor et al., 2013). The bacterial IREs have been less characterized till 

date yet there are few examples of IREs identified in bacteria, which have the 

conserved structural motif. The interactions between IRE and IRP are in the 

picomolar range and are strong and selective (Walden et al., 2006). The 

identified eukaryotic IREs contain a conserved sequence of  5’- CAGUGX -3’ in 

their loop region, where X can be either an Adenine, Cytosine or Uracil but never 

a Guanine residue (Addess et al., 1997). In eukaryotic IREs sequence of loop 

region and the bulge ‘C’ are critical for the interaction of IRE/IRP. Deletion or 

substitution of any base in the loop region, significantly reduces its interaction 

with the IRP (Jaffrey et al., 1993; Walden et al., 2012). 

 
Fig.3.6.2. Consensus structure of IRE based on the IREs of known ferritin and transferrin 
receptor mRNAs (Jaffrey et al., 1993)  
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Fig.3.6.3. Secondary structures of transferrin receptor and ferritin IREs (Walden et al., 
2012) 

As stated earlier the bacterial IREs are not so well characterized. 

Therefore, an attempt was made to gain an in-depth view on bacterial IREs. The 

sequences and structures of 14 bacterial IREs found in Rfam database 

(http://rfam.xfam.org/family/RF02253#tabview=tab4) were procured and 

compared with the predicted IRE found in opd mRNA. Mapping of different 

bacterial IRE with opd mRNA, gave an idea of the sequence conservation in the 

critical loop region. Nearly in 12 out of 14 bacterial IREs have a 5’ bulge and 6 out 

of 14 IREs have a 3’ bulge, although nucleotide in the bulge was not necessarily a 

‘C’. The secondary structure of opd mRNA showed that the stem-loop remained 

unaltered even in the presence of its 5’UTR. The literature suggests that the ‘C’, 

which is present in the bulge region of IREs, is in-dispensable for the binding of 

IRP. 

 
Fig.3.6.4. Predicted secondary structures of 14 bacterial IREs from Rfam 

 

 

http://rfam.xfam.org/family/RF02253#tabview=tab4
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Fig.3.6.5. Predicted secondary structure of IRE-like element (IREopd) along with the 5’UTR 
region of opd mRNA. The opd start codon and IRE-like element are indicated in green and red 
colored boxes respectively. 
 

Table.3.6. List of bacterial IREs retrieved from Rfam database. 

S.No. Sequence of the 
loop region (5’- 3’) 

Organism Name of the gene 
controlled 

1 ACACUG Shewanella violacea DSS12 
 
 
Aphanizomenon flos-aquae 
LD13 

glutaryl-CoA 
dehydrogenase 
 
poly(A) polymerase 

2 CAGUGU Arthrobacter aurescens TC1 
 
 
 
Haematospirillum jordaniae 
 
Legionella sp. LegA 
 
 
Bacillus sp. FJAT-27986 
 
 
Saccharothrix sp. NRRL B-
16348 

putative ABC 
transporter, ATP-
binding protein 
 
DNA helicase II 
 
Transposase IS66 
family protein 
 
lipid hydroperoxide 
peroxidase 
 
Hypothetical protein  
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3 GCAGUGUG Marinobacterium sp. ST58-
10 

Hypothetical protein 

4 AGU Rufibacter sp.DG15C peptidase S66 
5 GCAG Faecalibacterium prausnitzii 

SL3/3 
Holliday junction 
DNA helicase subunit 
RuvA 

6 CAGCGC Natronomonas pharaonis 
DSM 2160 
 
 
Desulfovibrio sp. 
6_1_46AFAA 

Sec-independent 
protein translocase 
protein (TatC) 
 
hypothetical protein 

7 CAGCGU Lysobacter sp. Root96 hemolysin III 
8 CAGUGA Candidatus Izimaplasma sp. 

HR1 
Peptidyl-prolyl cis-
trans isomerase B 

9 GAACU Sphingobium fuliginis 
ATCC27551 

Organophosphate 
hydrolase 

 

After performing initial analysis on the structure of bacterial IREs, the 

sequence of loop region of opd IRE (5’ GAACU 3’) was manually compared with 

the IREs found in 14 different bacteria. Interestingly, four bases out of five bases 

found in the loop region of opd IRE are conserved. The first base in the loop 

region of bacterial IREs is majorly a purine (R). It is ‘G’ in opd IRE.  The second 

base had an equal propensity of being ‘A’ or ‘C’; the opd IRE has ‘A’. The third 

base of bacterial IREs is always a purine (R); the opd IRE has ‘A’.  The fourth 

base was pyrimidine majority of bacterial IREs (Y); the opd IRE has ‘C’.  Finally 

the fifth base in majority of bacterial IREs is a Pyrimidine (Y); interestingly, the 

opd has ‘U’ at this position (Fig. 3.6.6). Further the bulge region of opd IRE was 

mapped against seven IREs having a 3’bulge. This comparison suggested that the first 

base in bulge region is usually a purine in all bacterial IREs, however, in opd IRE it is 

‘U’. There exists an equal propensity of ‘C’ or ‘A’ conservation in the second position 

of bulge region. The opd IRE has ‘C’ residue at similar position (Fig.3.6.7). 
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Fig. 3.6.6. The mapping of sequences of loop region as mentioned in table 3.6 
 

 
Fig.3.6.7. Comparison of the 3’ Bulge region of IREs. The two nucleotides in 3’ bulge are 
indicated by bold characters 

 
The data generated in the first chapter has clearly shown i) existence of fur-box 

motif overlapping the -10 region of the opd promoter motif, ii) shows iron 

dependent transcriptional regulation and finally iii) an IRE-like element that 

shares structural similarity to both prokaryotic and eukaryotic IREs. Further 

experiments were designed to elucidate the role of fur-box motif and IRE-like 

element in regulating the expression of opd gene. Details of experimental design 

and the inferences drawn from the results are described in subsequent chapters.  
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Chapter-II 
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Background: 

The objective of work described in the current chapter is to understand 

the functional status of predicted iron-responsive cis-regulatory elements 

identified in opd gene. In bacteria, gene regulation occurs in various levels. The 

initiation of gene transcription is regulated by transcriptional factors, usually 

transcriptional regulator proteins which modulate promoter activities. These 

proteins affect the expression of their cognate genes by binding to the promoter 

region of the genes and affecting transcription either positively or negatively. 

This subsequently alters abundance of their mRNAs and proteins. Besides 

transcriptional regulation, post-transcriptional regulation occurs through 

mechanisms, such as mRNA processing, regulation using riboswitches, or by 

antisense and small regulatory RNA (DebRoy, 2014). This kind of regulation 

(either transcriptional or post-transcriptional) occurs in an iron dependent 

manner in some bacteria and many eukaryotes.  

Iron is essential as well as detrimental to cells, majorly due to production 

of ROS. Thus, the influx of iron into the cell and its intracellular processing is 

compactly regulated. This kind of regulation is carried out by the iron-dependent 

transcriptional regulator Fur (Ferric Uptake Regulator), in many bacteria. Fur 

coordinates with the concentration of intracellular Fe2+ and with the expression 

of genes involved in its metabolism (Mey et al., 2005). This effect is brought 

about by the cue of cytoplasmic ferrous ion concentration. The Fur protein binds 

to the DNA motif, otherwise known as fur-box identified overlapping promoter 

elements of iron responsive genes in an iron-dependent manner and regulates 

expression of iron responsive genes. The results described in previous chapter 

gave a prima facie evidence of the existence of opd as a part of iron regulon (Fig. 

3.5.3).  Further, a putative fur-box motif was identified in the promoter region of 

opd gene. These two observations, if seen together with the induction of opd gene 

expression under iron limiting conditions, indicate involvement of Ferric Uptake 

Regulator (Fur) in regulation of opd gene expression. The experiments described 

in this chapter unravel the role Fur protein in regulation of opd gene expression.   
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4.1. Objective specific methodology: 

Table 4.1: Primers used in this study 
Primer 
Name 

Sequence (5’-3’) Explanation 

NS8FP AAAGAATTCCCAACTGGTACACTCTTAC Forward and reverse 
primers used to amplify 

fur-box motif from 
Sphingobium fuliginis. 

The EcoRI and XbaI sites, 
appended to the primers 
facilitate cloning of opd 

promoter region in 
promoter test vector, 

pMP220. 

NS8RP AAATCTAGACTCTGCTTGCAGCGACTGGT 

NS9FP AAACATATGAACCGCAAGATCGACGTCG Forward primer used to 
amplify fur gene from 

Sphingobium fuliginis. The 
NdeI site appended to 
facilitate cloning of fur 

gene in pET23b vector is 
underlined.  

NS9RP AAACTCGAGGCTCTTGCGGTCGAGCGCGA Reverse primer used to 
amplify fur gene from 

Sphingobium fuliginis. The 
XhoI site appended to 
facilitate cloning of fur 

gene in pET23b vector is 
underlined.  

NS10 FP TACCTGTACAATGTCCCG Primers used to amplify  
fur region in E. coli 

MG1655 AM001 
NS10RP AGTGTACGCGTACTGGATTA 

 
Table 4.2: Strains used in this study 
Strain Name    

 

Genotype or Phenotype Reference 
E. coli DH5α  
 

λsupE44, ΔlacU169 (Δ80 
lacZΔM15) hsdR17 recA1 
endA1 gyrA96 thi1 relA1  

(Hanahan, 1983)  
 

Sphingobium fuliginis ATCC 
27551 

Wild type strain, 
Smr, PmBr, opd+ 

(Kawahara et al., 
2010; 
Sethunathan & 
Yoshida, 1973) 
 

E. coli Bl21-DE3  
 

F– ompT gal dcm lon hsdSB(rB–mB–

) λ(DE3 [lacI lacUV5-T7p07 ind1 

sam7 nin5]) [malB+]K-12(λS)  

 

(Studier & Moffatt, 

1986) 
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E.coli NiCo (DE3) BL21(DE3) glmS6Ala slyD-CBD 
can-CBD arnA-CBD 

(Robichon et al., 
2011) 

E. coli BW25113 ∆fur::kan Δ(araD-araB)567, 
ΔlacZ4787(::rrnB-3), F- λ-, rph-
1, Δ(rhaD-rhaB)568, hsdR514 

(Baba et al., 2006; 
Datsenko & 
Wanner, 2000) 

E. coli K-12MG1655 AM001 MG1655 with lacZ deletion (Madikonda et al., 

2020) 

E. coli NS001 Kmr. E. coli MG1655∆ lac 
derivative. Generated by 
deleting fur gene. 

This study 

 
Table 4.3: Plasmids used in this study 
Plasmid Name  
 

Construct description  
 

Reference  
 

pET23b  
 

Ampr. The T7 promoter driven 
expression vector. Facilitates 
expression of cloned genes with C-
terminal 6xHis-tag.  

Novagen  
 

pMP220  
 

Tetr, promoter probe vector (Spaink et al., 1987) 

pNS4 Ampr, plasmid generated by cloning 
fur gene of Shingobium fuliginis in 
vector pTZ57R/T.  

This study 

pNS5 Ampr, Expression plasmid generated 
by cloning fur gene of Shingobium 
fuliginis in pET23b as NdeI and XhoI 
fragment. Codes FurC6xHis.  

This study  
 

pNS6 Tetr, generated by cloning full length 
promoter region of opd along with 
the putative fur-box motif as EcoRI-
XbaI fragment in pMP220 

This study  

 

 

4.4.1. Amplification of fur-box motif containing DNA: 

The amplification of opd gene with fur-box motif opd was performed by PCR 

using primer set NS8FP/ NS8RP. The obtained PCR amplicon was gel excised and 

purified by method described elsewhere in thesis. 

 

4.4.2. Cloning of fur gene: 

The fur gene of S. fuliginis was amplified from the genomic DNA with NS9FP/ 

NS9RP having NdeI and XhoI restriction sites. The obtained amplicon was gel 

extracted and ligated to the easy cloning vector pTZ57R/T. Post-ligation, the 
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transformants obtained after transformation of the ligation mixture into DH5α 

were selected on LB plates supplemented with appropriate amounts of 

ampicillin, IPTG, X-gal. The recombinant plasmids isolated from transformants 

were sub-cultured and screened for the existence of insert by digesting the 

recombinant plasmid with NdeI and XhoI. Thus the plasmid obtained was 

designated as pNS4.  

The fur gene from pNS4 was excised by digesting the plasmid with NdeI - XhoI 

and the excised fur fragment was then ligated to pET23b digested with similar 

enzymes. Post-ligation, the transformants obtained after transformation of the 

ligation mixture into DH5α were selected on LB plates having appropriate 

amounts of ampicillin. The plasmids isolated from transformants were sub-

cultured and screened for the existence of insert and thus obtained recombinant 

plasmid was named as pNS5, which codes for Fur protein with a C-terminal His-

tag (FurC6xHis). 

 

4.4.3. Expression of FurC6xHis: 

 Following successful generation of the recombinant expression plasmid 

coding for FurC6xHis, the plasmid pNS5, was transformed into BL21-DE3 cells to 

check for the expression of Fur protein. The E. coli Bl21-DE3 (pNS5) was 

cultured till mid-logarithmic phase at 370C and the FurC6xHis expression was 

induced by supplementing 1.0mM IPTG. Cultures were subsequently incubated 

for 3h before analyzing the cultures to detect the expression of FurC6xHis as 

soluble cytoplasmic protein. Following incubation, 1ml cells were lysed by 

sonication with amplitude 30%, temperature 40C, 30 sec on and off sonic cycles. 

The lysate was subjected to centrifugation for 5 minutes at 13,000 rpm to get rid 

of debris. Clear lysate obtained was suspended in appropriate volumes of 2X 

loading dye and the samples were boiled and analyzed on SDS-PAGE (15%) to 

detect FurC6xHis by performing western blot using antibodies against His-epitope. 

 

4.4.4. Affinity Purification of FurC6xHis: 

 The cell pellet obtained from 1000ml culture, after 3h induction using 
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1.0mM IPTG was resuspended in 10ml of 20mM Tris-HCl (pH7.8) and 300mM 

NaCl. After thorough resuspension of the pellet, 1mM PMSF along with 50µg 

lysozyme were added and this mixture was kept for lysis and vortexed at room 

temperature for 1h. The partially lysed cells were subjected to sonication and the 

cell lysate was centrifugation at 40C as described above. The cell-free lysate 

obtained was applied to the activated Ni-NTA column, pre-equilibrated with 

Tris-HCl (20mM, pH7.8), NaCl (300mM) and imidazole (20mM). After passing the 

soluble cell lysate fraction through the column matrix, column was washed with 

10 CVs of 20mM Tris-HCl (pH7.8), 300mM NaCl and 50mM imidazole and eluted 

with different concentrations (50mM, 100mM, 200mM, 300mM, 400mM) of 

imidazole. The elutions were analyzed on SDS-PAGE (15%) to check the purity of 

the FurC6xHis protein. 

 

4.4.5. Electrophoretic Mobility Shift Assay (EMSA): 

South-western blotting 

The fur-box motif and Fur interactions were tested by performing a DNA-protein 

EMSA. The promoter region of opd including the fur-box motif was amplified and 

purified as discussed in 4.4.1. This served as the DNA component of EMSA. The 

typical EMSA reaction contained 0.5pmol of DNA with increasing concentration 

(12-32pmol) of purified FurC6xHis protein, with or without 1mM MnSo4 and 2,2’-

dipyridyl in binding buffer (20mM Tris (pH 7.5), 5mM DTT, 50mM MgCl2, 

200mM KCl, 0.5% tween20) (Fujita et al., 2020). The reaction mix was then 

incubated for 30min at 200C along with a control reaction prepared by omitting 

Fur protein. Following incubation, the reaction mixtures were separated on 8% 

non-denaturing PAGE.  The resolved DNA-FurC6xHis complexes were transferred 

onto PVDF membrane and incubated with anti-His antibody (HRP conjugated) at 

RT for 1 hour. After incubation blot was developed to detect the His-tagged Fur 

protein in the DNA-FurC6xHis complexes. 

 

4.4.6. Generation fur null mutant of E. coli MG1655 AM001: 

Initially the E. coli BW25113 ∆fur::kan  was obtained (generous gift from Dr. 
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Manjula Reddy, CCMB, Hyderabad) and used to generate fur null mutant of E. coli 

MG1655AM001 strain by following P1 Transduction method (Thomason et al., 

2007). 

Transduction 

a) Phage P1 lysate preparation: In order to create fur null mutant of E. coli, 2.0 

ml of overnight culture of donor ∆fur::kan from E. coli BW25113 strain having a 

mutation in fur gene was mixed with 0.2ml of P1 phage and incubated at 370C 

without shaking to facilitate phage adsorption. About 10ml of LB broth and 

sterile CaCl2 (5mM) was added to this infection mixture prior to its incubation 

with shaking at 370C for 4 to 6 h or till the complete lysis of cells. After observing 

the cell lysis, 0.2ml of chloroform was added to the phage lysate to stop further 

growth of cells. This preparation was subjected to centrifugation for 10 minutes 

at 6000 rpm to separate cellular debris. The obtained supernatant containing 

transducing particles was stored at 40C until further use. 

b) Phage infection: To the 2ml of overnight culture of E. coli MG1655 AM001 

cells, 5mM CaCl2 and 0.2ml of phage preparation was added. After addition of 

phage lysate, the cells were incubated at 370C for about 15 min to allow phage 

adsorption. Unadsorbed phage particles were removed by centrifugation for 10 

minutes at 6000 rpm. Further 5ml of LB broth containing 10mM sodium citrate 

was added to the infected E. coli cells and allowed to incubate for 45min at 370C. 

Finally, they were harvested and resuspended in 0.2ml of LB broth and plated on 

LB agar plates containing 10mM sodium citrate and 50μg/ml of kanamycin. The 

mutation in fur gene was verified by PCR amplification with NS10FP/NS10RP 

which were designed 100bp upstream and downstream of the fur gene of E. coli. 

Thus obtained strain named as E. coli NS001, is resistant to kanamycin.  

 

4.4.7. Construction of transcriptional fusions: 

The transcriptional fusion of opd were generated using lacZ as a reporter gene 

The fusion, containing fur-box motif along with the core promoter elements of 

opd was generated by cloning it in pMP220 (promoter test vector). This region 

was initially PCR amplified using primer set NS8FP and NS8RP appended with 
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EcoRI and XbaI. The amplicon obtained was digested with respective restriction 

enzymes and ligated to pMP220 digested with the similar enzymes. Post-ligation 

the transformants obtained after transformation of the ligation mixture into E. 

coli DH5α were selected on LB plates supplemented with appropriate amounts of 

tetracycline and X-gal. The colonies obtained were screened using restriction 

digestion. The resulting opd-lacZ fusion including fur-box motif was designated 

as pNS5. 

 

4.4.8. Expression of opd gene under fur negative background: 

The transcriptional fusions, pNS2 and pNS5 were independently transformed 

into fur positive E. coli MG1655 AM001 and fur negative E. coli NS001 cells. The 

transformants were subjected to β-galactosidase activity assay to assess the 

expression of lacZ gene of the transcriptional fusions. 

 

4.5.1. Results:  

Gene regulatory mechanisms involve certain DNA motifs that serve as 

targets for transcription factors (Hutchins et al., 2013). Transcription factors 

interact with distinctive response elements at the promoter elements of certain 

genes, and affect their expression (Lee & Young, 2013). This kind of interactions 

can be detected by using EMSA (Garner & Revzin, 1986; Carey, 1991; Fried & 

Garner, 1998;). Therefore this mobility shift was exploited to elucidate the 

interactions between fur-box motif and SfFurC6XHis.  

 

4.5.2. Cloning of SfFur in a high copy vector: 

The interactions between fur-box containing opd promoter region and 

SfFur C6XHis were demonstrated by performing south-western blots. Initially fur 

gene from S. fuliginis was amplified using primer set NS9FP/NS9RP. The 423bp 

amplicon was checked on a 0.8% agarose gel and the excised fragment was 

purified before ligating it to pTZ57R/T vector. The resulting recombinant 

plasmid was named as pNS4 (Fig.4.5.2A panel A). 
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Fig.4.5.2A. Construction of pNS4. Panel A shows 0.8% agarose gel used to separate fur gene. 
Molecular size markers are loaded in lane 1. The amplified fur gene is loaded in lanes 2 and 3. 
Panel B shows image of agarose gel (0.8%) indicating the molecular marker (lane 1) undigested 
pNS4 (Lane 2) and pNS4 digested with NdeI and XhoI. The band corresponding to the vector and 
insert containing fur gene are shown with arrows (lane 3).  Panel B shows map of pNS4. 
 

 Before proceeding to the further experiments, the fur gene of S. fuliginis 

was sequenced to ascertain that no mutations were inserted while amplifying the 

gene from the chromosomal DNA. The mutation free fur gene was then released 

from pNS4 as NdeI/XhoI fragment and ligated to the expression vector pET23b. 

The resulting recombinant plasmid was named as pNS5 (Fig.4.5.2B).  

 
4.5.2B. Construction of pNS5. Panel A shows image of 0.8% agarose gel indicating molecular 
marker in lane 1, undigested pET23b vector in lane 2 and pET23b digested with NdeI/XhoI in 
lane 3.Panel B shows image of 0.8% agarose gel indicating molecular marker (lane 1), undigested 
pNS5 (lane 2) and pNS5 digested with NdeI/XhoI. The band corresponding to the vector and 
insert containing fur gene are shown with arrows (lane 3). Panel B shows map of pNS5. 

 

4.5.3. Expression of SfFurC6XHis: 

 The E. coli BL21 (pNS5) culture was grown to mid-logarithmic phase to 

induce expression of SfFurC6XHis following procedures explained in methodology 

section. Proteins obtained from the harvested cells of 1 ml culture were analyzed 

on 12.5 % SDS-PAGE to identify expression of SfFurC6XHis.  As seen in Fig.4.5.3, a 

thick protein band (approximately 16kDa) was found only in proteins extracted 

from induced cultures (lane 3, Fig.4.5.3). Such band was weak in uninduced 
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cultures indicating over expression of SfFurC6XHis in BL21 cells. The western blots 

performed by using anti-His antibodies confirmed that the thick protein band 

found in induced cultures is SfFurC6XHis (Fig.4.5.3, panel B, lane 3). 

  
4.5.3. Expression of FurC6xHis. Panel A shows coomassie stained 12.5% SDS-PAGE to analyze the 
expression of FurC6xHis. Lane 1 shows the molecular marker, lane 2 shows protein uninduced 
whole cell lysate, lane 3 shows 3h induced protein. Panel B shows a corresponding western blot 
probed with anti-His antibodies to detect the expression of FurC6xHis. 

 

4.5.4. Affinity purification of FurC6xHis: 

 Once the expression of sfFurC6xHis was standardized, the protein 

purification was performed using Ni-NTA matrix as described in the 

methodology section. The clear lysate containing SfFurC6XHis was obtained by 

inducing the expression of SfFurC6XHis in 1000 ml of BL21 (pNS5) cells.  The clear 

lysate was passed through a 1.5cmX14cm Ni-NTA column at a flow rate of 

1ml/minute. After passing the clear lysate through column it was washed 

extensively and the SfFurC6XHis adsorbed to the column was eluted by passing 

elution buffer (20mMTris and 300mM NaCl) containing various concentrations 

of imidazole. Each fraction was then analyzed on 12.5 % SDS-PAGE and the 

purity of SfFurC6XHis was ascertained. As shown in Fig.4.5.4, elution of SfFurC6XHis 

started with 100 mM imidazole and elution was continued till the imidazole 

concentration increased to 400 mM. The pure SfFurC6XHis was obtained when 

eluted using 300mM imidazole (Fig.4.5.4 Lane 8). The fractions obtained with 

300 mM imidazole were pooled and the concentration of pure SfFurC6XHis was 
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determined and stored at -300C until further use. 

 
Fig.4.5.4. Affinity purification of SfFurC6XHis:  The coomassie stained 15% SDS-PAGE (15%) 
showing the various stages of SfFurC6XHis purification.  Lane 1 shows the molecular marker, lane 2 
shows soluble protein fraction containing SfFurC6XHis , lane 3 indicates flow-through fraction, lane 
4 shows wash fraction, lanes 5 to 9 corresponds to  fractions obtained when eluted using 50mM, 
100mM, 200mM, 300mM, 400mM. Panel B indicates the pure SfFurC6XHis. 

 

4.5.5. Interactions between opd promoter and SfFurC6XHis: 

 There exists significant similarity between opd fur-box (opdfur-box) and 

consensus fur-box motif identified overlapping the promoter motifs of various 

iron responsive genes.  Therefore, initial attempts were made to perform in vitro 

assays to assess the interactions between opdfur-box and SfFurC6XHis. As described 

previously, the opdfur-box was amplified and SfFurC6XHis was overexpressed and 

purified. These two components were used to assess interactions in a metal 

dependent manner. South-western blots, developed by antibodies against His 

epitope were used to monitor the mobility shift of SfFurC6XHis when bound to 

opdfur-box. The opdfur-box concentration was kept constant (0.5pm), and incubated 

with increasing concentrations of SfFurC6XHis in the presence of metal ion. A clear 

shift was observed when the incubation mixture was analyzed on an 8% non-

denaturing PAGE indicating the formation of opdfur-box-SfFurC6XHis. The 

concentration of opdfur-box -SfFurC6XHis complex increased with an increase of 

SfFurC6XHis indicating the formation of concentration dependent opdfur-box-

SfFurC6XHis complexes in the reaction mixture. Formation of such complexes got 

abrogated in the absence of metal ions. This experiment gave clear in vitro 
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evidence on the existence of specific interactions between opdfur-box and 

SfFurC6XHis. Inclusion of metal chelators in reaction mix caused dissociation of the 

opdfur-box-SfFurC6XHis complex (Fig 4.5.5, Lane 9) suggesting the interactions 

between opdfur-box and SfFurC6XHis are dependent on metal ions.  

 
Fig.4.5.5. EMSA. South-western blotting in which 8% native PAGE was used to analyze the 
mobility shift, observed due to formation of opdfur-box-SfFurC6XHis complex.  The free SfFurC6XHis and 
opdfur-box-SfFurC6XHis complex formed in a metal ion dependent manner are shown with red arrows.  

 

4.5.6A. Influence of Fur on the regulation of opd gene: 

The EMSA experiments helped in gaining clear in vitro evidence on opdfur-box and 

SfFurC6XHis interactions. In order to gain supporting evidence, in vivo experiments 

were performed using E. coli as model system.  The amino acid sequence of EcFur 

shows 70% similarity with the SfFur (Fig.4.5.6A). Since there is such a high 

degree of conservation, E. coli was used as a model system to evaluate the role of 

Fur protein on regulation of opd gene. 



                                                                                                         

 

72 

 

Fig.4.5.6A. Similarities between E. coli and S. fuliginis Fur sequences. 
 

4.5.6B. Generation of fur negative E. coli strain: 

Since considerable homology exists between Fur proteins of E. coli and S. 

fuliginis we have exploited available genetic tools to delete fur gene from E. coli 

and to perform opd expression studies in fur positive and negative background. A 

fur null mutant was generated in E. coli MG1655 AM001strain by transducing it 

with phage P1 particle propagated using E. coli BW25113 ∆fur::kan strain in 

which fur gene is replaced with   kanamycin cassette (Methodology 4.4.6). The 

kanamycin resistant colonies were taken and colony PCR was performed using 

primer set NS10FP/NS10RP to detect replacement of fur with kanamycin 

cassette. As seen in Fig.4.5.6B, panel B in all kanamycin resistant colonies an 

amplicon with a size of 1.5 Kb got amplified rather 500 bp amplicon seen in fur 

positive E. coli MG1655 AM001strain. The resulting strain is designated as E. coli 

NS001 and stored at -800C as a glycerol stock. When necessary E. coli NS001 was 

sub-cultured and used for opd expression studies. 
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Fig.4.5.6B. Generation of E. coli NS001. The schematic representation of strategy used to delete 
fur gene from E. coli MG1655 AM001 strain is shown in panel A. Panel B shows replacement of fur 
gene with kanamycin cassette.  Lane 1 of 0.8% agarose gel represents molecular weight marker. 
Lane 2 represents amplicon generated when PCR was performed using primer set NS10FP/NS10 
RP and fur negative E. coli BW25113 ∆fur::kan. Lanes 3 and 4 show amplicon size generated in a 
similar PCR reaction using kanamycin resistant colonies of E. coli NS001. No template (negative) 
control is shown in lane 5. The lane 6 represents amplicon obtained in a PCR reaction having wild 
type E. coli MG1655 AM001 (positive control) colony.   

 

4.5.6C. Expression of opd gene in fur negative background:  

The fur negative E. coli NS001 cells were used to assess Fur dependency 

on opd gene expression. While elucidating Fur role on opd gene expression two 

transcriptional fusions were generated as explained in methodology section. One 

of them pNS2 contains only core promoter and the other one pNS6 contains core 

promoter along with the fur-box motif (opdfur-box). The E. coli, fur positive cells as 

well as E. coli NS001 cells, having fur negative background were transformed 

independently with pNS2 and pNS6 and the LacZ activity was measured. In E. coli 

MG1655 AM001 (pNS2), the Fur independent de-repression was clearly seen 

(Fig. 4.5.6C-panel B, sector IV) as EcFur cannot interact with opd-lacZ fusion as 

pNS2 is constructed by omitting opdfur-box. However, the Fur dependent 

repression was evident in E. coli MG1655 AM001 (pNS6), due to interaction of 

EcFur with the opdfur-box found in pNS6 (Fig. 4.5.6C, Panel B sector II and III). 

However, this repression was not seen in E. coli NS001 (pNS6) cells as there 

exists no indigenous Fur (EcFur) protein in NS001 strain (Figure 4.5.6C, Panel C, 

sector-II and III).  There was no Fur influence on LacZ activity in E. coli cells 

having pNS2 indicating lack of Fur interaction with opd promoter in the absence 
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of opdfur-box motif (Fig. 4. 5. 6C, panel C, sector 4).   

 

 
Fig.4.5.6C. Construction of transcriptional fusions with and without opdfur-box.. Panel A 
indicates extent of opd promoter taken while constructing opd-lacZ fusion. Inclusion of opdfur-box is 
clearly seen only in pNS6.  Panel B indicate quantitative assays showing influence of Fur protein 
on LacZ activity. Sector-I shows E. coli MG1655 AM001 (pMP220). Sector II & III corresponds to 
E. coli MG1655 AM001 (pNS6). Sector-IV shows E. coli MG1655 AM001 (pNS2). Panel C. E. coli 
NS001 (pMP220), Sector II & III show E. coli NS001 (pNS6). Sector IV shows E. coli NS001 (pNS2). 
Panel D shows the quantitative lacZ activity measured in miller units. 

 

4.6 Discussion: 

Bacteria are always prone to dynamic environments in which nutrient 

attainability may increase or decrease substantially. They respond to these 

variations by altering their gene expression thus, express various enzymes on 

the basis of the source of carbon and other nutrients available to them (Jacob & 

Monod, 1961; Lawrence, 2002). In bacteria, both transcription and translation 

are integrated in space and time and are tightly regulated. This kind of regulation 

is critical for the survival of bacteria (McGary & Nudler, 2013). 
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 The modulation of iron uptake and its usage are crucial for the bacterial 

growth and to avoid iron toxicity. In certain bacteria, this regulation relies on the 

master regulator, Fur (Ferric uptake regulator) (Mey et al., 2005). Fur stringently 

modulates the expression of genes involved in iron homeostasis (Tanui et al., 

2017). Fur, was initally identified in E. coli. It is a global transcriptional regulator 

involved in iron metabolism  (Hantke, 2001). Bacteria having high genomic 

Guanine and Cytosine content, utilise the diphtheria toxin repressor (DtxR) to 

regulate homeostasis  of iron (Andrews et al., 2003; Giedroc & Arunkumar, 

2007). 

The E. coli Fur exists as a paradigm for the expanding family of 

metalloregulatory proteins. Homologs of Fur are identified in certain bacteria 

such as Zur (regulator for uptake of zinc) and PerR (peroxide repressor), 

Manganese uptake regulator Mur (regulator for uptake of manganese) (Hantke, 

1981, 1984; Bsat et al., 1998; Gaballa & Helmann, 1998; Escolar et al., 1999; 

Menscher et al., 2012). These proteins inclusive of Fur need a bound divalent 

metal ion for DNA binding, in vivo and all these proteins exist in mutually 

exclusive regulons (Helmann, 1998) . The E. coli Fur protein is encoded by the 

chromosomally located fur gene (approx. 500bp long). It is a  homo-dimeric 

protein made up of 17kDa monomers (Bagg & Neilands, 1987; Saito et al., 1991).  

The Fur mediated repression is caused when the Fur protein recognizes a 

19-bp inverted repeat known as fur-box or iron-box 

(GATAATGATAATCATTATC). It was previously proposed that 19-bp (9-1-9) 

inverted repeat depicts the binding site of a one Fur dimer (de Lorenzo et al., 

1987). In E. coli, two Fur dimers recognize the 19-bp Fur box and interact with 

major grooves of the DNA, on the opposite faces through a helix-turn-helix-HTH 

binding motif.  An alignment of fur-motif of E. coli and B. subtilis revealed 

existence of a distinctly conserved, 15-bp (7-1-7) repeat existing twice within 

this 19-bp consensus.  This 19-bp box can be interpreted as head-to-head-to-tail 

repeat of the GATAAT (hexamer) (Baichoo & Helmann, 2002). These simple 

hexameric repeats demonstrate a strong binding to Fur. The symmetric AT-AT 

core within the hexamer could possibly bind with Fur dimer (Escolar et al., 1998, 
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1999). 

 
Fig. 4.6.1. Models depicting fur-box consensus sequence. (A) The Classical fur-box motif with 
19-bp inverted repeat sequence, originally envisioned to bind a single Fur dimer is shown in 
panel A. An alternative view proposing repeated arrays of three or more copies of the hexamer 
GATAAT (Luc  a Escolar et al., 1998, 1999) in fur-box motif is shown in panel B. The fur-box with 
three GATAAT motifs in a head-to-head-to- tail (6-6-1-6) array is shown in panel C. The 19-bp 
fur-box with two overlapping heptamer inverted repeats [(7-1-7)2] that together define a 21-bp 
sequence (Baichoo & Helmann, 2002) is shown in D.  
 

The standard interpretation shown in Fig. 4.6.1 panel D is a palindrome 

composed of two 9-base pair inverted repeats. It can also be conceived the as an 

array of three repeats of 6-base pairs (one inverted and two direct) of the 

sequence “NATA/TAT”. The binding sites of Fur, can be assembled by merging 

several repeats in distinctive orientations (Escolar et al., 1999). 

The consensus of fur-box motif of E. coli when compared with that of S. 

fuliginis revealed quite interesting observations (Fig.4.6.2). The order of Adenine 

and Thymine base pairs in the fur-box seems to permit many variations.  

Sequences recognized by Fur appear to be thoroughly degenerate. In the absence 

of precise sequence specificity, the base pair substitutions are allowed without 

loss of functionality (Deng et al., 2015). In agreement of this proposition the 

opdfur-box failed to share similarity throughout the typical consensus fur-box. The 

opdfur-box did not have the typical 5’-GATAAT-3’ conserved hexamer in 7-1-7 

consensus fur-box-motif. Instead it contained 5’-TAAAAGA-3’ in the first 7 bases 

of the conserved fur-box. Likewise, in the second seven bases of conserved fur-

box the opdfur-box contained 5’ ACAACCG 3’ (Fig. 4.6.3).  
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Fig.4.6.2. Comparison of opdfur-box

 with the Ecfur-box: The consensus sequence logo, prepared 
by using MEME Suite in shown.  The height of individual letters within a stack of letters 
represents the relative frequency of that letter at a given position. The overall height of the stack 
represents the degree of conservation at that position. 

 

There exist considerable deviations in the opdfur-box motif. A comparative 

analysis was done by comparing fur-box motifs identified among various well 

defined iron responsive genes. The aligned sequences (Fig.4.6.3), disclosed the 

conservation of a 15-bp core region (7-1-7 repeat) instead of the classic 19-bp 

repeat. Escolar et al., 1998 showed the 19-bp inverted repeat, which can be 

viewed as three GATAAT hexamers in a head-to-head-to tail (6-6-1-6) 

orientation as shown in Fig.4.6.1 panel A. The 7-1-7 heptamer motif is closely 

linked to the proposed hexameric motif (Baichoo & Helmann, 2002). 
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Fig.4.6.3. Alignment of opdfur-box with fur-box motifs identified in the well-defined iron 
 response genes.  

 

When many operator sequences were aligned to inspect the structure of 

fur-box motifs, they showed at least one overlapping 7-1-7 motif with a six-base 

offset (either to the left or to the right of the sequence (Fig.4.6.3).  As seen in 

Fig.4.6.3, only in the first six operators five out of seven residues of the 

conserved heptamer residues are matched in the left overlapping motif, and as a 

corollary, the central base of the 7-1-7 motif shown in the alignment is a C, 

corresponding to the conserved C in the left overlapping 7-1-7 motif. Similarly, 

the yxeB and yfmC operators appear to have right overlapping motifs and have 
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the expected central G residue in the aligned 7-1-7 motif. However, one-half of 

the aligned operator sites do not have obvious overlapping heptamer repeats 

(less than four of six matches with the additional flanking bases) and may 

represent sites that have only one 7-1-7 motif. For these sites there is little 

apparent conservation of the central base in the 7-1-7 motif. Although they are 

less conserved, all the operator regions interact with as little as nano Molar 

concentrations of Fur (Baichoo & Helmann, 2002).  

When opdfur-box was inspected for the presence of 7-1-7 symmetric dyad 

conservation (dark green dotted box in Fig. 4.6.3) interestingly, we found a 

match of 11 bases out of 15 base core region. The left overlap showed 5 matches 

(second base was ‘A’ instead of conserved ‘G’; sixth base was ‘G’ instead of 

conserved ‘A’). The right overlap showed 5 matches (second and fifth bases were 

‘C’ instead of conserved ‘T’, and the seventh base was ‘G’ instead of conserved ‘A’. 

The purine mismatches are highlighted in dark red while pyrimidine mismatches 

are highlighted in dark blue. The perfect matches are presented in bold font and 

rest of the mismatched bases are represented in normal font and rarely present 

in aligned sequences. Despite of these differences he SfFur interacted with the 

opdfur-box and SfFur. The formation of opdfurbox-SfFur complex is dependent on 

metal ions (Fig. 4.5.5), indicating clearly that the opdfur-box serves as target to the 

SfFur repressor.  

After analyzing opdfur-box further analysis has also been done to analyze 

the structural features of the SfFur proteins. The EcFur is a dimeric protein and 

contains two metal-binding sites per subunit. It can bind to chemically related 

metal ions in vitro (Co2+ and Mn2+ etc.,) (Bagg & Neilands, 1987). The binding of 

metal ions enhances the affinity of Fur protein for its DNA-binding, several fold 

(Smith et al., 1996).  The Fur protein is activated in the following order Zn2+≫ 

Co2+> Fe2+> Mn2+ (Mills & Marletta, 2005). Each Fur subunit has, C-terminal 

dimerization domain and an N-terminal DNA binding domain (Coy & Neilands, 

1991; Deng et al., 2015). 
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Fig. 4.6.4. Domain organization of Fur. Representation of the N-terminal DBD (cyan), hinge 
(green) and C-terminal DD (magenta) (Deng et al., 2015)  

 

Dimerization Domain is rich in Histidine residues, and is implicated to 

bind the Fe2+ ions to cause dimerization, whereas the DNA Binding Domain 

ineracts with fur-box (Holm et al., 1994; Coy & Neilands, 1991; Stojiljkovic & 

Hantke, 1995). The physiological function of Fur is to repress the iron acquisition 

genes under iron sufficiency but the genes with ‘non-iron’ functions (Table 

4.6.1.) such as flagella chemotaxis, methionine biosynthesis etc., are also 

repressed by Fur.  

Gene Function Reference 

acnA Aconitase, [Fe-S] protein (M. J. Gruer & Guest, 1994) 
Bfd Release of iron from Bfr (Quail et al., 1996) 
Bfr Iron storage (Masse & Gottesman, 2002) 
Cir Ferric dihydroxybenzoate uptake (Litwin & Calderwood, 1993) 
cyoA Terminal respiratory oxidase subunit (Stojiljkovic et al., 1994) 
entABC

DEF 
Enterobactin biosynthesis (Litwin & Calderwood, 1993) 

entS Export of enterobactin (Furrer et al., 2002) 
fecABC

DE 
Ferric dicitrate transport (Litwin & Calderwood, 1993) 

fepA Ferri-enterobactin transport (Litwin & Calderwood, 1993) 
flbB Motility (Stojiljkovic et al., 1994) 
purr Purine regulon regulation (Stojiljkovic et al., 1994) 
ryhB Small regulatory RNA (Masse & Gottesman, 2002) 
sdhCDA

B 
TCA cycle (Park & Gunsalus, 1995) 

tonB Siderophore and vitamin B12 
transport 

(Litwin & Calderwood, 1993) 

fumA Aerobic fumarase, [Fe-S] protein (Park & Gunsalus, 1995) 
fumB Anaerobic fumarase, [Fe-S] protein (Tseng, 2006) 
nrdHIEF Deoxyribonucleotide reductase 2 (Vassinova & Kozyrev, 2000) 

 
nohB Phage function (Vassinova & Kozyrev, 2000) 
gpmA Glycolysis (Vassinova & Kozyrev, 2000) 

 
Table.4.6.1. List of few Fur and iron-regulated genes in E.coli K-12 (Stojiljkovic et al., 1994; 
Park & Gunsalus, 1995; Touati, 1988; Vassinova & Kozyrev, 2000; Tanui et al., 2017). 
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According to (Deng et al., 2015), in P. aeruginosa, binding of the metal ion 

to Fur induces conformational changes in the DNA Binding Domain. Each holo-

Fur monomer consists of two metal binding sites. The site 1 links DNA Binding 

Domain and Dimerzation Domain. It contains a Mn2+ ion that is hexacoordinated 

by H33 and H81 from the DNA Binding Domain and H88, H90 and E1010 from 

the Dimerzation Domain. Mn2+ is also hexacoordinated by H87, D89, E108, H125 

and Q111 in site 2. The site 1 is adequate for in vitro binding of Fur-DNA, site 2 is 

unessential for binding of DNA but binding activity substantially reduced upon 

its disruption.  

 Further structural studies of Fur from P. aeruginosa demonstrated DNA 

recognition with either base read out or shape read out mechanisms (Deng et al., 

2015). In DNA-protein interactions, when a protein recognizes distinctive 

chemical structures of DNA bases it is termed as ‘base readout’. ‘Shape readout’ 

is when the protein recognizes a sequence dependent DNA shape (Rohs et al., 

2010). The amino acids of Fur from P. aeruginosa (Lysine15, Tyrosine56, and 

Arginine57) recognize DNA using various unique modes of interaction. The first 

mode being base readout, in which the phenyl ring of Tyrosine56 forms vander 

waals interactions with one or two consecutive Thymine bases in the major 

groove, such as the –CH3 groups of Thymine15 and Thymine16 of feoAB1 

operator or Thymine12 of fur-box. The loss of Thymine nts impaired the 

interactions between DNA and Fur, indicating that ‘Thymine’ is crucial for direct 

contact with Fur. The base readout mode is another mechanism followed in 

which, Arginine57 gets inserted into the major groove, forming bidentate 

hydrogen bonds between its guanidium group and O6 and N7 atoms of 

conserved ‘Guanine’ (G7) of the feoAB1 operator or G10 of fur-box. Arginine57 

also forms a hydrogen bond with Thymine15 of P. aeruginosa fur-box. The DNA 

binding ability was severly disrupted when Arginine57 was mutated and in the 

next recognition mode i.e., in shape readout, Lysine15 of the L1 loop gets 

inserted into the minor groove with certain interactions with DNA. These 

interactions are not base specific (Slattery et al., 2014; Deng et al., 2015). Further 

structural analysis proved that Lysine15 recognizes DNA using minor-groove 
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shape read out (Deng et al., 2015). 

Under iron sufficient conditions, Fur acts as Holo-Fur, binds ferrous iron 

(Fe2+) and dimerizes. The resulting dimeric complex interacts with the fur motif, 

located within the promoter regions of Fur-regulated genes. This enhances 

extreme conformational changes and confers DNA-binding capacity which 

occludes the interaction with RNA polymerase thus represses transcription. This 

interaction results in transcriptional repression of genes involved in iron 

acquisition and storage (Crosa, 1997). Under iron limiting conditions, Fur acts as 

Apo-Fur and remains as a monomer. This form has low propensity to bind DNA, 

thus leading to de-repression of its cognate genes in vivo (Coy & Neilands, 1991; 

Escolar et al., 1998; Lee & Helmann, 2007). 

The SfFur is a 16kDa protein, which showed 70% similarity in amino acid 

sequence with EcFur. The amino acids lys15, Tyr56, Arg57 are conserved in SfFur, 

similar to E. coli and P. aeruginosa (Fig.4.6.5). As described by (Deng et al., 2015), 

the recognition of fur motif DNA by lys15, could probably occur through a shape 

read out mechanism. The residues Tyr56 and Arg57 follow a base read out 

mechanism and have the propensity to interact with T15, T16 and G7 residues, 

which are the supposed recognition elements essential for direct contact with 

Fur (Fig.4.6.6). The shape read out mechansim, rather than sequence specific 

recognition, serves as an important feature of the Fur proteins. This property of 

shape recognition rather than sequence recognition, confers a global regulatory 

function to Fur. 

 
Fig.4.6.5.The Fur amino acid sequence alignment between S. fuliginis, E. coli and P. 
aeruginosa. The black boxes indicate the conserved amino acid residues of Lys15, Tyr56 and 
Arg57 which interact with fur-box motif.  
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Fig.4.6.6. Alignment of fur-box motifs.  The red arrows indicate conserved residues of G7, T12, 
T15, T16 of fur-box motif that directly interact with Fur protein. 

 

In addition to these structural similarities between opdfur-box and SfFur 

protein with the well characterized fur-boxes and Fur proteins, the in vitro 

evidence generated through EMSA (Fig.4.5.5) and in vivo evidence gathered by 

using opd-lacZ fusions (Fig. 4.5.6C) provide undisputable evidence to show that 

opd gene is part of Fur regulon and provides experimental evidence for induction 

of opd gene expression under iron limiting conditions (see first chapter results).  
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Chapter-III 
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Background: 

The preceding chapters are dedicated to describe transcriptional regulation of 

organophosphate degradation gene. As described in the first chapter an IRE 

element is identified at the 5’ end of opd mRNA (IREopd). The in silico studies 

described in the first chapter have indicated structural similarities between 

IREopd and IREs identified in mRNAs coding proteins involved in iron 

metabolism. The current chapter is devoted to elucidate structure and function 

of IREopd. The regulation of cellular iron metabolism by IREs is a type of well-

studied translational control system in eukaryotic organisms. IRE along with 

riboswitches exist as a part of structural RNA molecules in the UTRs. They play 

an important role in translational control (Hubert et al., 1996; Nudler, 2004; 

Winkler, 2005). IREs are approximately 30nt long, single stem-loop forming 

sequences. They are involved in regulation at the level of translational initiation 

or at the mRNA stabilization. They are found in several mRNAs of divalent metal 

transporter, ferroportin, mitochondrial aconitase, erythroid aminolevulinic acid 

synthase, transferrin receptor, ferritin (Piccinelli & Samuelsson, 2007). The IREs 

are extensively studied and characterized in eukaryotes but only a few 

prokaryotic IREs are known till date (Harrell et al., 1991; Alen & Sonenshein, 

1999; Erlitzki et al., 2002; Banerjee et al., 2007; Fitzgerald & Semler, 2009). They 

exist either at 5’UTR or at 3’UTR. Depending on the location of their existence 

and also on the iron status of the cell, they interact with certain proteins termed 

as Iron Regulatory Proteins (IRPs) or Iron Response Element Binding Proteins 

(IRE-BP) and either enhance or inhibit the translation of their cognate mRNAs in 

vivo. Usually aconitases act as IRPs. Interestingly, the IRE-like element was 

neither found in the 5’ or 3’UTR of opd mRNA, rather it was predicted in the 5’ 

coding region. This unusual location has led us to investigate the structure of this 

IRE-like element and its interactions with aconitase from S. fuliginis as the IRP. 

 

 

 

 



                                                                                                         

 

86 

 

5.1. Objective specific methodology: 

Table 5.1: Primers used in this study 
NS11 FP TAATACGACTCACTATAGGG Forward primer appended 

with  T7 promoter sequence, 
used to amplify IREopd  coding 

DNA and non-IRE coding 
DNA to be used as templates 
to generate RNA molecules 

with and without IRE 
through  in vitro 

transcription 
NS11 RP GCAATCGCAAGGGGGCAG Reverse primer used to 

amplify non-IRE coding DNA.  
NS12 RP GCTCGGCGGCCTGGCTGGGTG Reverse primer used to 

amplify IREopd coding DNA. 
NS13 FP GCAAGGGGGCCATATGCAAACGAGA

AGGG 

 
 
 

 

Forward primer used to 
amplify ORF of opd gene with 
IRE. The NdeI site appended 

to facilitate cloning in 
pET23b is underlined. 

NS14 FP GGGTGCGCGAGCGTGCATATGTCGA

TCGGCACAGGC 

 

Forward primer used to 
amplify opd gene without IRE 
(opd∆IRE). The NdeI site 
appended to facilitate cloning 
in pET23b is underlined. 

NS13 RP GGATCCAGATGCTCGAGTGACGCCC

GC 

 

Reverse primer used to 
amplify both opd and opd∆IRE 
genes. The XhoI site 
appended to facilitate cloning 
is underlined. 

NS15 FP AAACATATGACCGCCATCGGACAGG

ACACT 

Forward primer used to 
amplify aconitase from S. 

fuliginis. The NdeI site 
appended to facilitate cloning 

in pET23b is underlined.   
NS15 RP AAACTCGAGGGCGGCGAGCTTGCGC

AGCACAT 

Reverse primer used to 
amplify aconitase from S. 

fuliginis. The XhoI site 
appended to facilitate cloning 

in pET23b is underlined.  
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Table 5.2: Strains used in this study 
E. coli DH5α  
 

λsupE44, ΔlacU169 (Δ80 
lacZΔM15) hsdR17 recA1 endA1 
gyrA96 thi1 relA1  

(Hanahan, 1983)  
 

Sphingobium 
fuliginis ATCC 
27551 

Wild type strain, 
Smr, PmBr, opd+ 

(Kawahara et al., 
2010; Sethunathan & 
Yoshida, 1973) 
 

E.coli NiCo (DE3) BL21(DE3) glmS6Ala slyD-CBD can-
CBD arnA-CBD 

(Robichon et al., 
2011) 

 
Table 5.3: Plasmids used in this study 
pET23b  
 

Ampr. The T7 promoter driven expression vector. 
Facilitates expression of cloned genes with C-
terminal 6xHis-tag.  
 

Novagen  
 

pMP220  
 

Tetr, promoter probe vector (Spaink et al., 
1987) 

pPHYS Ampr, Expression plasmid generated by cloning 
full length ORF of opd gene including IRE in 
pET23b as NdeI and XhoI fragment. Codes 
OPHC6xHis.  

(Siddavattam et 

al., 2006) 

pPHNS Ampr, Expression plasmid generated by cloning 
truncated opd without IRE (opd∆IRE - deletion of 
86bp from translational start site) in pET23b as 
NdeI and XhoI fragment. Codes N29ΔOPHC6xHis (OPH 
lacking first 29 amino acids representing signal 
peptide).  

(Pandey et al., 

2009)  

pPHIR Ampr, Expression plasmid generated by cloning 
opd variant, opd’ having non-complementary 
mutations at the third base of the codon at the 
IRE region of opd in pET23b as NdeI and XhoI 
fragment. Codes OPHC6xHis.  

(Pandey et al., 

2009)  

pNS10 Ampr, Expression plasmid generated by cloning 
aconitase gene of S. fuliginis in pET23b as NdeI 
and XhoI fragment. Codes AconitaseC6xHis. 

This study  

 

 

5.4.1. In vitro transcription (IVT): 

The T7 polymerase based IVT requires a pure linear DNA template having a T7 

promoter, rNTPs, T7 RNA polymerase. In vitro transcription (IVT) assays have 

been developed and widely used for to study the molecular mechanisms involved 

in transcription (Yang & Ma, 2016). The IVT was performed using a 46bp IREopd 

coding DNA, designated as ire-1 and a 35bp non-IRE forming control-DNA, 
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designated as ire-2, through-out the study. 

The amplification of ire-1 and ire-2 was performed by PCR using primer set NS11 

FP/NS12RP and NS11FP/NS11RP respectively. The obtained PCR amplicon was 

gel excised and purified by following method described elsewhere in thesis. The 

IVT reaction was performed using the purified ire-1 and ire-2 to generate ire-1 

and ire-2 to RNAs, in vitro. The Keift and Batey (KB) buffer was used to perform 

IVT (Furukawa et al., 2015). 

KB Buffer 

component 

Final 

concentration 

HEPES (pH 7.5) 80mM 

DTT 40mM 

Mgcl2 24mM 

Spermidine 2mM 

Table.5.4.1.A. Composition of KB buffer 

The procedure used to perform IVT is shown in the table 5.4.1.B. Briefly, 

The in vitro transcription of RNA was facilitated by the usage of T7 RNA 

polymerase, for 2.5 hours at 370C. Quenching of the reactions were done by using 

equal volume 8 M urea containing dye. RNA was subjected to an 8% urea-PAGE 

and visualized by UV-shadowing using F254 from Merck Millipore. The RNA was 

extracted from the gel via passive elution, precipitated using 3M CH3COONa (pH 

5.2) and then with ice cold C2H5OH (70%). Quantification of the purified RNA 

was done by measuring absorbance at 260 nm. 

Component Volume 

DNA template 1-1.5 µg 

10X KB 2.5 µl 

25mM NTP 2.5 µl 

T7 polymerase (1.0 U) 1 µl 

Nuclease Free Water 

(NFW) 

upto 25 µl 

Table.5.4.1.B Standard IVT reaction  
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The pure RNA obtained after IVT was subjected to dephosphorylation 

using 1U of calf Intestinal Phosphatase (CIP), to facilitate subsequent end-

labeling of the RNA. The Table. 5.4.1.C. shows the standard reaction condition of 

RNA dephosphorylation. The RNA was incubated with CIP for 15 minutes at 500C 

and heat inactivated at 950C for 2.5 minutes. The CIP treated RNA was subjected 

to treatment with phenol: chloroform: isoamyl alcohol (1µl of 20mg/ml 

glycogen-RNA grade procured from Invitrogen) and subsequently precipitated 

with 3M CH3COONa (pH 5.2) and then with ice cold C2H5OH (70%). The purified 

RNA was quantified using nanodrop by measuring the absorbance at 260nm. 

Component Volume 

RNA template 5-10 pmol  

10X CIP buffer 2 µl 

CIP (1.0 U) 2 µl 

Nuclease Free Water 

(NFW) 

upto 20 µl 

Table.5.4.1.C Dephosphorylation reaction of RNA 

 The dephosphorylated RNA was then subjected to T4 Polynucleotide 

Kinase (PNK) treatment with radiolabeled γP32 isotope and incubated for 30 

minutes at 370C. Standard labeling reaction is shown in Table 5.4.1.D. The 

labeling reaction was quenched by adding equal volume of 8M urea dye and the 

RNA was subjected to a 8% urea PAGE. The labeled RNA on gel was visualized 

using autoradiography. The RNA of interest was excised and extracted using 

passive elution, precipitated using 3M sodium actetate pH 5.2 and then with 70% 

ice cold ethanol. The purified RNA was resuspended in NFW and 1µl of 

resuspended oligo was subjected to scintillation counter and the counts were 

measured.  
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Component Volume 

RNA  20 pmol  

5X PNK buffer 4 µl 

PNK (1.0 U) 2 µl 

*γP
32

 5 µl 

Nuclease Free Water 

(NFW) 

upto 20 µl 

Table.5.4.1.D. 5’end labeling reaction of dephosphorylated RNA 
 

5.4.2. In-line Probing Assay: 

In-line probing assay relies on the cleavage of RNA based on its structure 

(Regulski & Breaker, 2008). The In-line probing reaction has four lanes viz. a No 

reaction lane, RNaseT1 lane, OH lane, In-line lane and the buffer compositions 

and reaction conditions are as shown in Table.5.4.2A. 

 No 

Reaction 

RNaseT1 

ladder 

OH ladder In-line 

Buffer 

Composition 

- T1 buffer 0.5 M Na2CO3 

(pH 9.0 at 

23°C) and 10 

mM EDTA 

100 mM Tris–

HCl (pH 8.3 at 

20°C), 40 mM 

MgCl2, and 200 

mM KCl 

Reaction 

conditions 

- Incubated for 

20min at 

50:C 

Incubated for 

5min at 95:C 

Incubated for 

48hr at RT 

Table.5.4.2.A. Standard reaction conditions of In-line probing assay 

 

 The non-IRE forming RNA as well as IREopd containing RNA, which was 

previously end-labeled was taken at 25kcpm/µl. This was subjected to reaction 

conditions, independently as mentioned in Table.5.4.2.A. The reactions were 

quenched by adding equal volume of loading 8M urea dye and the RNA was 

subjected to a 10% urea PAGE. 
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5.4.3. Expression of opd gene and its variants: 

 Following successful generation of the recombinant expression plasmids coding 

for OPHC6xHis, N29ΔOPHC6xHis and OPHC6xHis; the plasmids pPHYS, pPHNS and pPHIR 

were independently transformed into E. coli NiCo (DE3) cells and the expression 

of OPH was assessed by following procedures elaborated in methodology 

section. E. coli NiCo (DE3) cells having plasmids pPHYS, pPHNS and pPHIR were 

cultured till mid logarithmic phase at 370C and the OPH expression was induced 

by supplemeting 1.0mM IPTG. Cultures were subsequently incubated for 3h 

before analyzing the cultures to detect the expression of OPH as soluble 

cytoplasmic protein. Following incubation, 1ml cells were lysed by sonication 

with amplitude 30%, temperature 40C, 30 sec on and off sonic cycles. The lysate 

was centrifuged for 5 minutes at 13,000 rpm to get rid of debris. Clear lysate 

obtained was suspended in appropriate volumes of 2X loading dye and the 

samples were boiled and analyzed on SDS-PAGE (12.5%) to detect OPHC6xHis by 

performing western blot using antibodies against His-epitope. 

 

5.4.4. Cloning of aconitase (acn) coding gene: 

The aconitase (acn) gene of S. fuliginis was amplified from the genomic DNA 

usingNS15FP/NS15RP having with NdeI and XhoI restriction sites. The PCR 

based amplicon was gel extracted and ligated to the expression vector pET23b. 

The transformants obtained after transformation of the ligation mixture into 

DH5α were selected on LB plates supplemented with appropriate amounts of 

ampicillin. The recombinant plasmid isolated from transformants were sub-

cultured and screened for the existence of insert by digesting the recombinant 

plasmid with the same enzymes. Thus obtained plasmid was designated, pNS10 

which codes for Aconitase protein with a C-terminal His-tag (AcnC6xHis). 

 

5.4.5. Expression of AcnC6xHis: 

Following successful generation of the recombinant expression plasmid coding 

for AcnC6xHis, the plasmid pNS10, was transformed into E. coli NiCo (DE3) cells to 

check for the expression of Aconitase protein. The E. coli NiCo (pNS10) was 
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cultured till mid-logartmic phase at 370C and the AcnC6xHis was induced by 

supplanting with 1.0mM IPTG. Cultures were subsequently incubated for 3h 

before analyzing the cultures to detect the expression of AcnC6xHis as soluble 

cytoplasmic protein. Following incubation, 1ml cells were lysed by sonication 

with amplitude 30%, temperature 40C, 30 sec on and off sonic cycles. The lysate 

was subjected to centrifugation for 5 minutes at 13,000 rpm to get rid of debris. 

The clear lysate obtained was suspended in appropriate volumes of 2X loading 

dye and the samples were boiled and analyzed on SDS-PAGE (10%) to detect 

AcnC6xHis by performing western blot using antibodies against His-epitope. 

 

5.4.6. Affinity Purification of AcnC6xHis: 

The cell pellet obtained from 2000ml culture, after 1.5h induction using 1.0mM 

IPTG was resuspended in 10ml of 20mM Tris-HCl (pH7.8). Once after thorough 

re-suspension of the pellet, 1mM PMSF along with 50µg lysozyme were added 

and this mixture was kept for lysis and vortexed at room temperature for 1h. The 

partially lysed cells were subjected to sonication and centrifugation at 40C as 

described above. The clear cell lysate obtained was applied to the activated Ni-

NTA column, pre-equilibrated with Tris-HCl (20mM, pH7.8), NaCl (500mM) and 

imidazole (20mM). After passing the soluble cell lysate fraction through the 

column matrix, column was washed with 10 CVs of Tris-HCl (20mM, pH7.8), NaCl 

(500mM) and imidazole (50mM) and eluted with different concentrations of 

imidazole. The elutions were examined on 10% SDS-PAGE, to monitor the purity 

of the AconitaseC6xHis protein. 

 

5.4.7. Aconitase Activity: 

 Aconitase activity was assayed with isocitrate as substrate (Murari et al., 

2015). The enzyme was reconstituted with ferrous ions to fill in the iron-sulfur 

clusters, so as to ensure the enzyme activity. The Fe-S cluster reconstitution of 

SfAconitase was performed chemically by incubating the protein in buffer 

containing 50mM Tris/HCl pH8.0 with ferrous ammonium sulphate hexahydrate 

(0.5mM), sodium sulfide (0.5mM) in the presence of dithiothreitol (5mM), for 
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60min at RT (Selezneva et al., 2013). The apoenzyme was prepared by 

incubating with the protein with 0.5mM EDTA for 15min at 200C to chelate iron 

present in the form of iron-sulphur clusters. The activity was monitored by 

incubating 50µg of pure protein with 1mM isocitrate in a buffer containing 

50mM Tris/HCl, pH7.5, and 5mM MnCl2. The conversion of isocitrate into cis-

aconitate was measured as an increase in absorbance at 240nm.  

 

5.4.8. EMSA: 

The interactions between IREopd and IRP were determined by performing 

Electrophoretic Mobility Shift Assay (EMSA). While performing EMSA, in vitro 

transcribed RNA containing IREopd was incubated with purified aconitase protein. 

A typical EMSA reaction contained 20cps RNA with increasing concentrations 

(0.3-30µM) of purified AconitaseC6xHis protein, with or without 0.5mM EDTA and 

FeSo4 in binding [Tris/HCl (10mM, pH 7.8), DTT (2mM), KCl (50mM), glycerol 

(10%)] buffer. The reaction mix was then incubated for 30min at 200C along with 

a control reaction prepared by omitting IRP. Following incubation, the reaction 

mixtures were separated via electrophoresis on 5% non-denaturing PAGE.  The 

resolved RNA-protein complexes were visualized using autoradiography. 

 

5.5. Results: 

The pure RNA molecule is an essential requirement while performing molecular 

characterization experiments, especially while analyzing the in vivo structure of 

RNAs (Artsimovitch & Henkin, 2009). The pure RNA molecules required for 

structural determination are obtained by performing IVT experiments. The IVT 

requires a linear fragment of PCR amplified DNA with a T7 promoter. In this 

study two such PCR products were generated. One of them is ire-1 and it contains 

T7 promoter region followed by opd gene coding IRE region (vide methods 

section).  The second fragment (ire-2) generated is a control DNA with T7 

promoter. The DNA region that followed T7 promoter is the DNA region not 

specifying the IRE.  The sequence details of ire-1 and ire-2 DNA molecules are 

given in Fig.5.5.a.  
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Fig.5.5.a. Diagrammatic representation of template and primers used to amplify ire-1 and 
ire-2. Panel A corresponds to the 46bp, IREopd coding ire-1 DNA. Panel B corresponds to the 35bp, 
non-IRE coding ire-2 DNA. In both panels, three ‘G’ residues are indicated in bold and the DNA to 
be in vitro transcribed is highlighted in a red box.  

 

  In an attempt to validate existence of IREopd IVT was performed by using 

ire-1 and ire-2 as DNA template. After terminating the IVT reaction, the 

transcribed RNAs were analyzed on an 8% Urea-PAGE. The gel was placed on a 

serene wrap and the transcribed RNA was visualized by using UV-shadowing. 

Indicating successful transcription a 46nt IREopd and 35nt long control RNAs 

were noticed in IVT reactions performed using ire-1 and ire-2 as templates 

(Fig.5.5.b panel C). These RNA molecules were end radiolabelled using *γP32 ATP.  

After this 5’ end labeling of RNA, they were analyzed on a 8% urea PAGE. Labeled 

RNA was visualized using autoradiography (Fig.5.5.b panel D). The gel pieces 

containing radiolabelled RNA were excised and subjected to passive elution. 

After elution, the gel was subjected to autoradiography to confirm the precise 

excision of radiolabelled RNA (Fig.5.5.b panel E).  
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Fig.5.5.b. Steps followed during In vitro transcription and 5’end labeling reactions of ire-1 
and ire-2. Panel A shows 3% agarose gel used to separate ire-1 and ire-2 DNA. Molecular size 
markers are loaded in lane 1 and 7. The amplified ire-1 and ire-2 are loaded in lanes 2, 3 and 
lanes 4, 5, 6 respectively. Panel B shows steps involved in T7 dependent in vitro transcription. 
Panel C corresponds to 8% denaturing PAGE used to separate the transcripts formed after IVT 
reaction by using UV-shadowing. The arrow marks indicate ire-1 RNA in lane 1 and ire-2 RNA in 
lane 2. Panel D shows 8% denaturing PAGE used to separate the 5’ end labeled RNA. Size controls 
are shown in lanes 1-3. Lanes 4 and 5 show radiolabelled RNA. Panel E shows the post-excision 
gel image corresponding to panel D. The red boxed regions are highlighted to indicate proper 
excision of radiolabelled RNA 

 
5.5.1. Characterization of IREopd: 

In-line probing assay was done to elucidate the structure of IREopd found at the 5’ 

end of opd mRNA. The in vitro transcribed and radiolabelled RNA was subjected 

to in-line assay. This assay has four reaction lanes, among which NR corresponds 

to no reaction lane and it contains only radiolabelled RNA along with loading 

dye. Treatment of RNA with T1 RNase, generates a ladder as it cleaves the 

phosphodiester bond succeeding each ‘G’ residue and this reaction is shown in 

lane indicated as T1 ladder. In control reaction where ire-2 is included there are 

thirteen G residues. Corresponding to that number of G residues we found 13 

bands, suggesting that T1 RNase treatment worked as expected (Fig. 5.5.1, Panel 

A, lane T1). Similarly, in 46 nt long IREopd there are nineteen G residues and 



                                                                                                         

 

96 

 

hence 19 bands were identified (Fig. 5.5.1, Panel B, lane T1). In OH reaction, the 

RNA is subjected to partial hydrolysis and hence a ladder is generated in both 

control and IREopd mRNAs. In the In-line assay hydrolysis of RNA is based on 

structure. The base paired regions found in RNA are protected from hydrolysis 

while looped regions are susceptible. As shown in Fig.5.5.1, Panel A there exists 

no difference between OH and in-line lanes in the reaction mix containing ire-2 

suggesting that there exists no secondary structure in the ire-2 (Fig.5.5.1, Panel 

A,  lanes OH and in-line). However, in the in-line reaction performed including 

IREopd there are no bands in the ladder corresponding to C11 to G17 and C20 to 

C23. However, intense bands were seen from U24 to G28; C18 and U19 

suggesting existence of a loop in this region.  Based on in-line probing analysis 

the secondary structure found in ire-1 is validated (Fig.5.5.1, Panel C) and is 

compared with the structure of IREopd predicted using in silico tools. 

 
Fig.5.5.1. Validation of IRE-like element found in the 5’ coding region of opd mRNA. Panel A 
and B show a 10% Urea-PAGE gel to perform the structural analysis of ire-2 (control RNA) and 
IREopd (ire-1) respectively.   NR lane indicates the RNA loaded without any reaction condition. The 
T1 reaction lane indicates RNA, which was loaded after incubation with T1 RNase for 20min at 
50:C to analyse the ‘G’ residues. The alkaline hydrolysis (OH) lane indicates the ladder formed 
when the RNA was incubated with buffer for 5min at 95:C. The in-line lane indicates reaction 
mixture of RNA loaded after incubation at room temperature for 48hr. The structured regions of 
the In-line reaction lane of IREopd are indicated in red and blue boxes and the un-structured 
region is indicated by white box. Panel C shows the validated structure of IREopd  
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5.5.2. Cloning of opd gene variants in high copy vector: 

This structural analysis validated the predicted IRE-like element and determined 

its structure as a simple stem-loop with a pseudo loop in its left arm (Fig.5.5.2.A). 

After establishing the structure its influence on translation of opd mRNA was 

elucidated by constructing expression plasmids pPHYS and pPHNS. In pPHYS the 

ORF of opd gene was fused to transcriptional signals of an expression vector. The 

second expression plasmid pPHNS contains truncated opd gene, opd∆IRE in which 

the sequence specifying IRE-like structure in opd mRNA is eliminated and fused 

to the transcriptional signals of the vector.  These two constructs code opd 

mRNAs with (pPHYS) and without (pPHNS) IREopd.  Since transcriptional signals 

are identical in these two constructs if there exists any difference in the levels of 

OPH expression it should to be due to influence of IREopd on translation of opd 

mRNA.  

 
Fig5.5.2.A. In vitro validated structure of IREopd. The IRE-like element consists of a single stem-
loop region with a pseudo loop present on its left arm. 
 

Thirdly, full length opd ORF with mutations in IRE region, designated as 

opd’ was constructed by introducing non-complimentary mutations. Since the 

predicted IRE is in coding region, the non-complementary mutations are 

introduced at every third base of each codon.  Primary aim of generating opd’ is 

to have opd ORF coding wild type OPH without IRE structure in opd mRNA. This 

opd’ bearing such non-complementary mutations did not alter the primary 

protein sequence but remarkably disrupted the secondary structure of opd 

mRNA. opd’ was PCR amplified with NS13FP/ NS13RP having NdeI and XhoI 

restriction sites. 
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5.5.3. Analysis of the functional role of IREopd on opd gene expression: 

 The expression plasmids pPHYS and pPHNS were independently 

transformed in E. coli NiCo (DE3) cells and the quantity of OPH coded by these 

two expression plasmids was estimated by assessing the signal intensity of 

OPHC6XHis and N29∆OPHC6XHis.  A significant increase in OPH expression was seen in 

cells having expression plasmid pPHNS constructed using opd∆IRE  (Fig.5.5.3, 

panel B, lane 3) when compared to OPH encoded pPHYS, constructed using full 

length ORF of opd gene (Fig.5.5.3, Panel B, lane 2). This clearly indicated a 

repressive role of IRE on the expression of OPH. OPH expression in E. coli NiCo 

(pPHIR) was also assessed to know if the reduced expression of OPH is due to 

existence of IRE in opd mRNA.  As stated before, the pPHIR was generated by 

cloning opd’ in pET23b vector. In opd’ the IRE-like structure is totally lost 

(Fig.5.5.3.a, Panel B) due to introduction of non-complementary bases at the 

third codon. Interestingly, the levels of OPH encoded by pPHIR significantly 

increased, suggesting existence of IRE dependent translational repression on 

expression of OPH (Fig.5.5.3.a, Panel C). 

 
Fig.5.5.3. Functional role of IRE on opd expression. Panel A shows diagrammatic 
representation of the extent of opd region used to construct pPHYS and pPHNS. Panel B shows 
the coomassie stained, 12.5% SDS-PAGE and its corresponding western blot probed with anti-His 
antibodies. Lane 1 shows the molecular marker, lanes 2 and 3 show expression of OPHC6XHis and 

N29∆OPHC6XHis respectively. 
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Fig.5.5.3.a. IRE dependent translational repression of OPH. Panel A shows diagrammatic 
representation of the extent of opd region used to construct pPHYS and pPHIR. The loss of IREopd 

caused by introduction of non-complementary mutations at every third base of the codon is 
shown in a circle is shown in panel B.  Panel C shows the coomassie stained, 12.5% SDS-PAGE 
and corresponding western blot probed with anti-His antibodies. Lane 1 shows the molecular 

marker, lane 2 and 3 show levels of opd and opd’ coded OPHC6XHis 

 

5.5.4. Expression and purification of SfAconitase: 

 IRE dependent translational regulation is mediated through IRE and IRP 

interactions. The IRP is apo-aconitase. Under iron limiting conditions the apo-

aconitase interacts with IRE and influences the mRNA stability and translation 

efficiency (Cairo & Recalcati, 2007). Since IREopd has considerable structural 

similarity with the well characterized IREs, an attempt is made to see if IREopd 

interacts with apo-aconitase by performing RNA-protein EMSA.  

 Initially expression studies of SfAconitase (SfAcn) were carried out in E. coli 

and affinity purification of SfAcn was done by following strategies shown in 

Fig.5.5.4.b. The Sfacn gene was cloned in expression vector pET23b as an NdeI 

and XhoI fragment and expression of SfAcn was induced as described in materials 

and methods section (Fig.5.5.4).  
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Fig.5.5.4. Construction of pNS10. Panel A shows 0.8% agarose gel used to analyze Sfacn. 
Molecular size markers are loaded in lane 1. The amplified Sfacn is loaded in lanes 2 and 3. Panel 
B shows image of agarose gel (0.8%) indicating the molecular marker (lane 1) undigested pNS10 
(Lane 2) and pNS10 digested with NdeI and XhoI. The band corresponding to the vector and 
insert containing Sfacn gene are shown with arrows (lane 3).  Panel C shows map of pNS10 

 

As seen in Fig.5.5.4.a, a thick protein band (approximately 98kda) was observed 

and was found only in proteins extracted from induced cultures (lane 3, 

Fig.5.5.4.a). Such band was absent in uninduced cultures indicating over 

expression of SfAcnC6XHis in E. coli NiCo (DE3) cells. The western blots performed 

by using anti-His antibodies confirmed that the thick protein band found induced 

cultures is SfAcnC6XHis (Fig. 5.5.4.a lane 3). 

 
5.5.4.a. Expression of AcnC6xHis. Panel A shows coomassie stained 10% SDS-PAGE to analyze the 
expression of AcnC6xHis. Lane 1 shows the molecular marker, lane 2 shows protein uninduced 
whole cell lysate, lane 3 shows 1.5h induced protein. Panel B shows a corresponding western blot 
probed with anti-His antibodies to detect the expression of AcnC6xHis. 
 

Once the expression of SfAcnC6xHis was standardized, the protein 

purification was performed using Ni-NTA matrix as described in the 

methodology section. The clear lysate containing SfAcnC6xHis was obtained by 

inducing the expression of SfAcnC6xHis in 2000 ml of E. coli NiCo (DE3) (pNS10) 
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cells.  The clear lysate was passed through a 1.5cmX14cm Ni-NTA column at a 

flow rate of 1ml/minute. After passing the clear lysate through column it was 

washed extensively and the SfAcnC6xHis adsorbed to the column was eluted by 

passing elution buffer (20mMTris/HCl and 500mM NaCl) containing 200mM 

imidazole. Elution fraction was then analyzed on 10% SDS-PAGE and the purity 

of SfAcnC6xHis was ascertained (Fig.5.5.4.b, lane 8). The fractions obtained with 

200mM imidazole were pooled and the concentration of pure SfAcnC6xHis was 

determined and stored at -300C until further use.  

 
Fig.5.5.4.b. Affinity purification of SfAcnC6xHis:  Panel A shows coomassie stained 10% 
SDS-PAGE showing the various stages of SfAcnC6xHis purification.  Lane 1 shows the molecular 
marker, lane 2 shows proteins extracted from uninduced cultures, lane 3 indicates whole cell 
lysate fraction obtained from induced cultures, lanes 4 & 5 show pellet soluble protein fractions 
from induced cultures. The clear lysate used as input is shown in lane 6. The proteins found in 
flow-through fraction is shown in lane 7, lane 8 corresponds to elution fraction, obtained when 
eluted using 200mM imidazole. Panel B indicates the pure SfAcnC6xHis. 

 

5.5.5. Aconitase activity assay: 

Aconitase or aconitate hydratase is an  iron-sulfur cluster (4Fe-4S) containing 

protein  which catalyzes the 

reversible isomerization of citrate to isocitrate via cis-aconitate (Trujillo et al., 

2010). It is the second enzyme involved in krebs cycle of eukaryotic respiration 

(Ciccarone et al., 2018). The activity of aconitase is due to the presence of intact 

iron-sulfur clusters within the enzyme. The enzyme activity is reduced when 

these clusters are disrupted (Theil, 2015). Aconitases act as moon lighting 

enzymes in response to iron status in the cell (Marcos et al., 2014). Under iron 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/iron-sulfur-proteins
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/iron-sulfur-proteins
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/isomerization
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/citrate
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/isocitric-acid
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marcos%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=25566229
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sufficient conditions, when the iron-sulfur clusters are filled in, they act in 

conversion of citrate to isocitrate while under iron limiting conditions, the iron-

sulfur clusters are disturbed, then they act as RNA binding proteins (IRP), bind to 

their cognate IRE molecules and function by modulating their expression 

(Harrell et al., 1991; Erlitzki et al., 2002; Mande, 2011). The aconitase activity 

was measured before proceeding to elucidate the RNA binding activity of SfAcn. 

This experiment was performed by using 50µg of pure protein with or without 

EDTA and isocitrate was used as a substrate. This metal chelator was used to 

chelate the iron from Fe-S clusters found in aconitase. The protein was 

reconstituted with ferrous ammonium sulfate to re-establish the iron-sulfur 

clusters. The absorption at 240nm was measured to detect the formation of cis-

aconitate and the activity was indicated as µM/min/mg of protein. As shown Fig. 

5.5.5, aconitase activity was significantly lowered when the protein was treated 

with EDTA, clearly indicating the loss of intact iron-sulfur clusters of the protein. 

  
Fig.5.5.5. Aconitase activity: The aconitase activity determined for 50µg of aconitase (Fe) and 
apo-aconitase (EDTA).  

 

5.5.6. Interactions between IREopd and SfAcnC6xHis IRP: 

As described in the preceding chapters and sections a novel secondary structure 
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that shows similarity with well characterized IREs exists at the 5’ coding region 

of opd mRNA. It shared structural similarity with a few well characterized IREs. 

This IRE-like element was structurally characterized and was proved to possess 

a simple stem-loop structure which is a well-defined characteristic feature of 

IREs. The IRE interacts with IRP under iron limiting conditions and post-

transcriptionally regulates the expression of its cognate genes. Usually, 

aconitases serve as IRPs. Once the structure of IREopd was determined, initial 

attempts were made to perform in vitro assays to assess the interactions 

between IREopd and SfAcnC6xHis. As described previously, the IREopd was generated 

through IVT and SfAcnC6xHis was overexpressed and purified. Further experiments 

were conducted to assess metal dependent interaction between these two 

components. EMSA experiments were conducted to detect mobility shifts due to 

formation of IREopd-SfAcnC6xHis complexes. During EMSA experiments the IREopd 

concentration was kept constant (20cps), and incubated with increasing 

concentrations of SfAcnC6xHis in the absence of metal ion. A clear shift in 

electrophoretic mobility was observed in the mobility of IREopd when it is 

incubated with SfAcnC6xHis indicating the formation of IREopd- SfAcnC6xHis complex. 

The concentration of IREopd-SfAcnC6xHis complex increased with an increase of 

SfAcnC6xHis indicating the formation of concentration dependent IREopd-SfAcnC6xHis 

complexes in the reaction mixture. Formation of such complexes got abrogated 

in the presence of metal ions (Fig.5.5.6, lane 9). This experiment gave a clear in 

vitro evidence on the interactions existing between IREopd/SfAcnC6xHis. Including 

the metal chelators in reaction mixture enhanced association of the 

IREopd-SfAcnC6xHis complex (Lanes 2-8, Fig.5.5.6) suggesting that the interactions 

between IREopd-SfAcnC6xHis are dependent on metal ions.  
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Fig.5.5.6. EMSA to show IREopd-SfAcnC6xHis interactions. Panel A shows the shift in the mobility 
of radiolabeled IREopd caused due to binding of SfAcn to IREopd (indicated by dark red arrows) in 
the absence of metal ions. Panel B depicts binding constant determined for SfAcn and IRE 
interactions. 

 

5.6 Discussion: 

 Cellular iron metabolism is stringently regulated all living organisms  

(Hentze & Kuhn, 1996; Crosa, 1997; Selezneva et al., 2013). Iron regulatory 

proteins (IRPs) play a central role in this iron mediated post-transcriptional 

regulation where they modulate expression of other proteins involved in 

maintaining iron homeostasis. They possess Fe–S clusters (Beinert, 1997; Bian & 

Cowan, 1999; Kiley & Beinert, 2003). IRPs control translation process by 

interacting with IREs often identified either at  5′ or 3′ un-translated regions of 

the  mRNAs (Selezneva et al., 2013).  The IRPs do not have an RNA binding 

domain but they recognize and interact with several IREs with affinities ranging 

upto picomolar concentrations (Volz, 2008). The secondary structure of IREs 

contain two separate regions that play a crucial role in recognition of IRPs: an 
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apical loop and a mid-stem bulge (Walden et al., 2006, 2012). 

In eukaryotes, an important reaction of iron deprivation is the non-

enzymatic activity of iron responsive proteins (Hentze & Kuhn, 1996; Rouault & 

Klausner, 1996). Aconitase (Acn) is the second enzyme of citric acid cycle and 

contains 4Fe-S cluster, that stereo-specifically converts citric acid to isocitric acid 

via cis-aconitate (Ciccarone et al., 2018). Under conditions of iron starvation the 

protein loses its Fe-S clusters. The apo-aconitase thus formed binds IREs found 

in mRNAs. Interactions between IRE-IRP either shield the mRNAs against 

degradation or repress their translation (Ma et al., 2012; Zhou & Tan, 2017). The 

rabbitIREferitin is located at the 5’ un-translated of its mRNA. The translation of this 

ferritin mRNA is inhibited when this is bound by a apo-Acn (Aziz & Munro, 

1987). Contrarily, rabbitIREtransferrin is located at the 3’ un-translated region of its 

mRNA. Interaction of IRP at this region, enhances the stability of the mRNA 

(Owen & Kühn, 1987; Casey et al., 1988). In both circumastances, interaction 

occurs under iron depletion (Constable et al., 1992).  

 This exceptional enzymatic or regulating behaviour of IRP (aconitase) is 

elucidated in certain bacteria (Gardner, 1997; Gardner et al., 1997; Wilson et al., 

1998; Alen & Sonenshein, 1999; Tang & Guest, 1999; Serio et al., 2006; Banerjee 

et al., 2007). Aconitase from bacteria, are classified into two types. AcnA is 

identical to eukaryotic aconitases and is expressed under stress. AcnB functions 

majorly as a TCA enzyme (Gruer et al., 1997; Williams et al., 2002). Both AcnA 

and AcnB interact with unique sequences in the 3’ un-translated regions of acnA 

and acnB mRNAs in 4Fe-4S free forms (Tang & Guest, 1999). Hence, the inactive 

aconitases moderate a post-transcriptional autoregulatory switch. 

 The BsAcn and MtbAcn interact with IRE-like elements, similarly as in 

eukaroytes (Alen & Sonenshein, 1999; Banerjee et al., 2007). The BsAcn is 

required in modulating genes coding for major respiratory oxidases, iron uptake 

system and also in sporulation (Alen & Sonenshein, 1999; Serio et al., 2006). 

Much information on M. tuberculosis Acns is not available, the available literature 

indicates  existence of roles in iron homeostasis for the MtbAcn (Banerjee et al., 

2007). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/aconitase
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The five conserved nucleotides CAGUG found in the apical loop region of each 

IRE sequence forms the terminal pseudo-triloop, with the AGU triplet at the apex 

(Selezneva et al., 2013). The other main structural characteristic is the conserved 

C8 hinge in the middle of the stem. This hinge region is capable of forming 

several interactions when bound to IRP. The Cytosine at position 1 forms a base 

pair with Guanine at position 5 (Addess et al., 1997; McCallum & Pardi, 2003). 

This base pairing interaction is assumed to enhance IRP binding to IRE (Addess 

et al., 1997; Henderson et al., 1994). Most IREs have a conserved C residue, five 

bases upstream of the CAGUGN sequence, creating a bulge in the hairpin, 

whereas others, present in ferritin mRNAs, instead have a conserved bulge/loop 

UGC/C. In the UGC/C-type IRE the G and C are paired (Gdaniec et al., 1998), and 

the results of in vitro selection experiments indicated that this base pair favours 

high-affinity binding by IRPs (Butt et al., 1996). IRE stems forms an A-helix with 

a small distortion due to the conserved, unpaired C or the internal loop bulge 

(Gdaniec et al., 1998). The helix between the UGC/C distortion and the apical 

loop seems significant since it contributes to protein binding (Leibold et al., 

1990). 

 
Fig.5.6.1. Comparison of ferritin and transferrin IREs. (A) Secondary structures of transferrin 
receptor 1 B and ferritin H IREs. The GC base pair at the bottom of the TfR B IRE (grey box) was 
introduced for stability. The outlined regions have the same three-dimensional structures 
(Walden et al., 2012). 
 

IRP is a bi-functional protein. In one mode of operation, IRP binds to 
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stem–loop of iron-responsive element (IRE) in mRNAs encoding proteins of iron 

metabolism to control their rate of translation. In its other mode, IRP functions 

as cytoplasmic aconitase to correlate iron availability with the energy and 

oxidative stress status of the cell. The highly specific binding between IRE and 

IRP occurs through two separate binding interfaces that contribute to strong 

RNA:protein interactions. Approximately two dozen hydrogen bonds are 

identified in the crystal structure of the IRP:ferritin IRE complex but only five 

amino acids make base-specific contacts and these putative bonds are sequence 

specific. Though these hydrogen bonds do not constitute the strongest 

interactions between protein and RNA, they are responsible for binding 

specificity (Morozova et al., 2006). The five amino acid residues of IRP - Arg269, 

Ser371, Lys379, Ser681, and Asn685 have been identified to strongly interact 

with IRE (Selezneva et al., 2013). In a mutagenesis study, each of the five base-

specific amino acids was changed to alter binding at each site. Analysis of IRE 

binding affinity and translational repression activity of the resulting IRP mutants 

showed that four of the five contact points contribute uniquely to the overall 

binding affinity of the IRP:IRE interaction, while one site was found to be 

unimportant. The stronger-than-expected effect on binding affinity of mutations 

at Lys379 and Ser681, residues that make contact with the conserved 

nucleotides G16 and C8, respectively, identified them as particularly critical for 

providing specificity and stability to IRP:IRE complex formation. Arg269, Ser371, 

Lys379, and Ser681-significantly impaired interaction of IRP with ferritin IRE, 

confirming the importance of these bonds for IRP:IRE recognition. The base-

specific RNA-binding residues are not part of the aconitase active site but their 

substitutions can affect the aconitase activity of holo-IRP, positively or negatively 

(Selezneva et al., 2013). 
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Fig.5.6.2. Structural interactions between IRE-IRP. The five IRP1 residues that form base-
specific hydrogen bonds to the IRE RNA in the IRP1:IRE complexes. The IRE (cartoon) is shown 
as bound to the IRP protein (solvent-accessible surface). The amino acids Arg269, Lys379, and 
Asn685 are visible (yellow), while Ser371 and Ser681 are hidden from view. Details of the five 
base-specific contacts are shown by insets. Note that these residues are different from the four 
aconitase active-site arginines (Arg536, Arg541, Arg699, and Arg780) previously studied based 
on homology modeling (Hirling et al., 1994; Philpott et al., 1994; Butt et al., 1996; Selezneva et al., 
2013). 

 

Ferritin and transferrin receptor mRNA are two classical examples of 

eukaryotic IREs. The mechanism of interactions between these IREs and their 

cognate IRPs are extensively elucidated. Ferritin mRNAs, encoding the subunits 

of a large iron storage protein, contain a regulatory sequence in the 5' noncoding 

region that is conserved among all vertebrates (Theil, 1990). The conserved 

mRNA sequence, IRE, is a 28-nucleotide hairpin loop, which is required for self-

regulation of ferritin synthesis by iron; IRE flanking sequences form a 9- to 17-

base-paired stem near the cap (Wang et al., 1990; Wang et al., 1991). Increased 

cellular iron acts as the regulatory signal, increasing ferritin synthesis and iron 

storage by recruiting ferritin mRNA for polyribosomes, while decreasing 

transferrin receptor synthesis and iron uptake by degrading the receptor mRNA 

(Zahringer et al., 1976; Casey et al., 1988; Müllner & Kühn, 1988; Koeller et al., 

1989). Concerted regulation of the mRNA for the two metabolically related 

proteins uses the same RNA-protein interactions (Owen & Kühn, 1987; Aziz & 

Munro, 1987; Casey et al., 1988; Caughman et al., 1988; Koeller et al., 1989; Theil, 

1990). Opposite effects of iron on translation of ferritin mRNA and 

destabilization of the transferrin receptor mRNA coincide with the different 
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locations of the IRE, in either the 5' noncoding region (ferritin mRNA) or the 3' 

noncoding region (transferrin receptor mRNA) (Harrell et al., 1991). 

 
Fig.5.6.3. IRP/IRE regulatory system in ferritin and transferrin receptor genes. In the case 
of ferritin mRNA, when iron is depleted, IRP binds IREferritin present at its 5’UTR and represses the 
translation. Under iron excess condition, IREferritin cannot bind IRP hence enhances translation. On 
the other hand, in the case of transferrin mRNA, when iron is depleted, IRP binds IREtransferrin 
present at its 3’UTR and enhances the stability of transferrin mRNA. Under iron excess condition, 
IREtransferrin cannot bind IRP hence causes endonucleolytic cleavage of transferrin receptor 
mRNAs.   
 

  Based on available literature, an attempt was made to understand 

interactions between IREopd and SfAcn. As discussed previously, the location of 

opd IRE is unique. It is identified in the coding region of opd mRNA. The location 

of IRE did not influence interactions between IREopd and SfAcn IRE.  The IREopd   

interacts with IRP with a similar binding affinity (at picomolar concentration) as 

a conventional IRE.  

 Before proceeding to understand the structural aspects pertaining to the 

binding of IRE
opd and IRP, attempts were made to compare the SfAcn sequence 

with four Acn paralogs Viz. E. coli (acnA, acnB); B. subtilis, M. tuberculosis and 

rabbit. The SfAcn showed 64% and 25% homology with EcacnA and EcacnB 

respectively; 55% similarity with BsAcn and MtbAcn and 52% with rabbitAcn. The 

alignment of SfAcn with the structurally characterized Acns of rabbit 

(eukaryotic), B. subtilis and E. coli (prokaryotic) helped to gain insights on IREopd 

and SfAcn interactions. Interestingly, the amino acids that facilitate interactions 

between IRE and IRPs were conserved in SfAcn. In fact, there exists absolute 
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conservation at positions of R269, and S681 and at position R379 instead of 

arginine lysine (K379) is identified. If the charge conservation is seen both of 

them have basic side chains, at this position.  Interestingly, the other amino acid 

residues showing minimum hydrogen bond distances during IRE-IRP 

interactions (Walden et al., 2012) are also found to be conserved in SfAcn. They 

are H207, R269, N298, E302, T438, N439, N535, R536, P682, G684, S708, G710, 

R728, R780 and D781.  

The structural similarities between IREopd and SfAcn, if seem together with 

EMSA results generated in this study, clearly indicate a role for OPH in iron 

metabolism (Fig.5.5.6). However, how the IREopd and SfAcn interactions relieve 

IREopd   mediated translational repression is difficult to explain with available 

data. The IREopd dependent translational repression of opd mRNA is clear as the 

relief of translational inhibition is clearly seen in expression constructs made 

using opd∆IRE and opd’ (Fig.5.5.3 and Fig.5.5.3.a). In opd’ the IRE structure is 

destabilized and the OPHC6XHis encoded by opd’ has also gone up. The enhanced 

OPH translation encoded by mRNA transcribed from opd’ gene could be due to 

destabilization of the stem loop structure of IRE, which is rather masking the 

translational initiation site (Fig.5.5.3.a; Fig.6.5.7a). It is not clear from the data 

presented in this chapter if such destabilization of IRE is possible due to SfIRP-

IREopd interactions.  Further experiments were conducted to understand the role 

of IRE mediated translational inhibition of opd gene expression and described in 

fourth chapter.  



                                                                                                         

 

111 

 

 
Fig.5.6.4. Alignment of rabbit, B.  subtilis, S.  fuliginis, E. coli Acn sequences. The amino acid 
residues essential for IRE interaction with IRP are highlighted in a red box.  
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Background: 

In the preceding chapters of the thesis, we have described the experiments 

performed to gather evidence on transcriptional regulation of opd gene.  The 

third chapter of the thesis is devoted to describe experiments performed to 

prove existence of IRE element in opd mRNA. The current chapter describes 

experiments conducted to elucidate the role of IRE in post-transcriptional 

regulation of opd gene.  The secondary structures of mRNA, like IRE elements or 

pseudoknots serve as targets either to regulatory proteins such as IRE and 

regulatory small RNAs. Depending on the physiological cues they interact with 

the mRNA secondary structures and regulate the gene expression by either 

inhibiting or activating the process of translation (Jagodnik et al., 2017; Leppek 

et al., 2018). Although, the physiological significance was unclear, in the third 

chapter the interactions between IREopd–SfAcn (IRP) interactions were 

demonstrated.  This chapter describes identification of a small regulatory RNA in 

the intergenic region of opd and istB genes, and its role on expression of opd gene 

by establishing direct interactions with IREopd. 

6.1. Objective specific methodology: 

Table 6.1: Primers used in this study 
NS16 P TTGTCGAGGCGGTGCTTTCATCTGCTGTGCT

G 

Oligonucleotide 
complementary to 
sRNA, CrpR54 used 

as probe while 
performing northern 

blot analysis.  
 

NS17 
FP 

AATTCCTGCTGTGCTGAACGGCCTTCCGCTA

CGCTCTGCA 

Forward (FP)/ 
Reverse primers 

(RP) used to 
generate the core 

promoter of crpR54-
gene encoding sRNA, 

CrpR54. The EcoRI 
and PstI sites 
appended to 

facilitate cloning in 
pMP220 are 
underlined.   

NS17 
RP 

GAGCGTAGCGGAAGGCCGTTCAGCACAGCAG

G 
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NS18 
FP 

AATTCCCTGATCAGAAAACCCCTCATCTGCT

GTGCTGAACGGCCTTCCGCTACGCTCTGCA 

Forward (FP)/ 
Reverse primers 

(RP) used to 
generate the 

promoter of crpR54-
gene encoding sRNA, 

CrpR54 along with 
crp binding motif. 
The EcoRI and PstI 
sites appended to 

facilitate cloning in 
pMP220 are 
underlined.    

NS18 
RP 

GAGCGTAGCGGAAGGCCGTTCAGCACAGCAG

ATGAGGGGTTTTCTGATCAGGG 

NS19 
FP 

TCTAGAAGACCGTTCAGCACAGCAGATGAAA

GCACCGCCTCGACAAGAGGCTTTTTGTTCAA

TCCAAAGCTT 

Complementary 
oligos used to anneal 

while obtaining 
sRNA gene, crpR54 of 
S. fuliginis. The XbaI 

and HindIII sites 
appended to 

facilitate cloning in 
pET23b are 
underlined.   

NS19 
RP 

AAGCTTTGGATTGAACAAAAAGCCTCTTGTC

GAGGCGGTGCTTTCATCTGCTGTGCTGAACG

GTCTTCTAGA 

NS20 
FP 

AAAGAATTCCCAACTGGTACACTCTTAC Forward primer 
(FP)/ Reverse 
primers (RP) used to 
amplify IREopd along 
with the core 
promoter of opd 
gene. The EcoRI and 
BamHI sites, 
appended to the 
primers facilitate 
cloning of opd gene 
promoter in the 
translational fusion 
vector, pRS552. 

NS20 
RP 

AAAGGATCCCACCCAGCCAGGCCGCCGAG 

NS21 
FP  
 

GCCAGAATTCAGGGAGACCACAACGGTTTCA

CT 
Forward (FP) / 
reverse (RP) primers 
used to amplify full 
length ORFs opd and 
opd’ genes from 
expression plasmids 
pPHYS/pPHIR. The 
EcoRI/ BamHI sites 
appended to 
facilitate cloning of 

NS21 
RP 

GCCAGGATCCCAAAAAACCCCTCAAGACCC 
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opd gene and its 
variant opd’ in low 
copy expression 
vector pMMB206 are 
underlined.   

NS22 
FP 

AAACATATGGCCGACAAAGTGAACAAC Forward primer 
(FP)/ reverse primer 
(RP) used to amplify 
hfq from S. fuliginis. 
The NdeI/XhoI sites 
appended to 
facilitate cloning in 
pET23b are 
underlined.  

NS22 
RP 

AAACTCGAGATCCTCGCCCTCACCCTC 

NS23 
FP 

TAGCTCACTCATTAGGCACC Forward and reverse 
primers used to 
amplify  lacZ region 
from the genomic 
DNA of  E.coli 
NiCo21(DE3) 

NS23 
RP 

ATATGGAAACCGTCGATATT 

NS24 
FP  
 

AGGCTGAATGTGTACAATTGAGACG Forward (FP) and 
reverse primers (RP)  
used to amplify  hfq 
region from the 
genomic DNA of  
E.coli NiCo21(DE3) 

NS24 
RP  

ACAGGATCGCTGGCTCCC 

NS25 
FP 

AAAAGGCTTTAATACGACTCACTATAGG 

 

Forward primer 
used to amplify the 
Sfhfq gene from 
pNS16 which carries 

Sfhfq as an NdeI/XhoI 
fragment cloned in 
pET23b (along with 
the T7 promoter) 
using vector specific 
primer. The HindIII 
site appended to 
facilitate cloning in 
pET23b- crpR54 
(pNS13) is 
underlined  
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Table 6.2: Strains used in this study 
E. coli DH5α  
 

λsupE44, ΔlacU169 (Δ80 
lacZΔM15) hsdR17 recA1 endA1 
gyrA96 thi1 relA1  

(Hanahan, 1983)  
 

Sphingobium 
fuliginis ATCC 
27551 

Wild type strain, 
Smr, PmBr, opd+ 

(Kawahara et al., 2010; 
Sethunathan & 
Yoshida, 1973) 

E.coli NiCo 
(DE3) 

BL21(DE3) glmS6Ala slyD-CBD 
can-CBD arnA-CBD 

(Robichon et al., 2011) 

E. coli BW25113 

∆hfq::kan 

Δ(araD-araB)567, 
ΔlacZ4787(::rrnB-3), F- λ-, rph-
1, Δ(rhaD-rhaB)568, hsdR514, 
∆hfq::kan 

(Baba et al., 2006; 
Datsenko & Wanner, 
2000) 
 

E. coli BW25113 

∆lacZ::kan 

Δ(araD-araB)567, 
ΔlacZ4787(::rrnB-3), F- λ-, rph-
1, Δ(rhaD-rhaB)568, hsdR514, 
∆lacZ::kan 

(Baba et al., 2006; 
Datsenko & Wanner, 
2000) 
 

E. coli NS002 Kmr. E. coli NiCo (DE3) 
derivative. Generated by 
deleting hfq gene.  

This study 

E. coli NS003 Kmr. E. coli NiCo (DE3) 
derivative. Generated by 
deleting lacZ gene. 

This study  

E. coli K-12 
MG1655 AM001 

MG1655 with lacZ deletion (Madikonda et al., 
2020) 

 
Table 6.3: Plasmids used in this study 
pET23b  
 

Ampr. The T7 promoter driven expression vector. 
Facilitates expression of cloned genes with C-
terminal 6xHis-tag.  
 

Novagen  
 

pMP220  
 

Tetr, promoter probe vector (Spaink et 
al., 1987) 

pRS552 Ampr, Kmr. translational fusion vector with lacZ 
reporter gene. 

(Simons et 
al., 1987) 

pMMB206 Cmr, low copy, broad host range, mobilizable 
expression vector. Facilitates expression of cloned 
genes from an IPTG inducible tac promoter. 

  

 

(Morales et 
al., 1991) 

pNS11 Tetr, crpR54-lacZ transcriptional fusion. Generated 
by cloning promoter of crpR54gene as EcoRI-PstI 
fragment in pMP220. 

This study  

pNS12 Tetr, lacZ transcriptional fusion. Generated by 
cloning promoter of crpR54 gene along with the 
CRP binding motif, as EcoRI- PstI fragment in 
pMP220.  

This study 
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pNS13 Ampr, plasmid generated by cloning crpR54 gene 
of S. fuliginis in pET23b as XbaI and HindIII 
fragment. Codes sRNA, CrpR54. 

This study 

pNS14 Ampr, Kmr, opd -lacZ translational fusion. 
Generated by cloning the promoter of opd gene 
along with IREopd coding sequence in pRS552 as 
EcoRI and BamHI fragment.   

This study 

pSM5 Cmr, Low copy expression plasmid.  Generated by 
ligating   full length ORF of opd gene in pMMB206 
as EcoRI and BamHI fragment. Codes OPHC6xHis. 

(Siddavatta

m et al., 

2003) 

pNS15 Cmr, low copy expression plasmid.  Generated by 
ligating   full length ORF of opd’ gene in pMMB206 
as EcoRI and BamHI fragment. Codes OPHC6xHis. 

This study 

pNS16 Ampr, Expression plasmid. Generated by cloning 
hfq gene of S. fuliginis in pET23b as NdeI and XhoI 
fragment. Codes HfqC6xHis.  

This study 

pNS17 Ampr, expression plasmid. Generated by cloning 
Sfhfq gene amplified from pNS16 along with T7 
promoter as a HindIII-XhoI fragment in pET23b-
crpR54 (pNS13). Codes HfqC6xHis and sRNA, 
CrpR54. 

This study 

 

6.4.1. Prediction of non-coding RNA: 

 The presence of any non-coding RNAs in the indigenous plasmid (pPDL2) 

of S. fuliginis was predicted by using sRNAscanner webserver 

(http://cluster.physics.iisc.ernet.in/sRNAscanner/) (Sridhar et al., 2010). The 

analysis of non-coding RNA was done by giving the plasmid sequence of pPDL2 

to the sRNAscanner.  

 

6.4.2. Detection of sRNA by northern blot analysis: 

 In order to validate the expression of predicted non-coding sRNA, 

northern blot analysis was performed using total RNA isolated from S. fuliginis 

cultures grown to early log, log and stationary phases in LB medium. The 

methodology of RNA isolation is described elsewhere in the thesis. The RNA 

isolated from E. coli, in a similar manner served as a negative control. The RNA 

was analyzed on a 7M urea-PAGE. Prior to electrophoresis, the wells of the gel 

were flushed with 1X TBE buffer and was subjected to a pre-run for 45 min at 

http://cluster.physics.iisc.ernet.in/sRNAscanner/
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room temperature. The RNA samples were prepared by mixing 30μg of RNA with 

appropriate amount of loading dye having 7M urea. Subsequently, the samples 

were resolved on a 15% urea-PAGE. Following electrophoresis, RNA was 

transferred onto a NC membrane using Transblot transfer (BioRad) unit for 1h at 

18 V. After successful transfer, the RNA was immobilized onto the membrane by 

UV crosslinking using the Stratagene crosslinker for 2 min at 1200 KJ. The UV 

cross linked membrane was subjected to pre-hybridization by soaking the 

membrane in 40 ml of PerfectHyb Plus hybridization buffer (Sigma-Aldrich) for 

3h at 650C. Following pre-hybridization, the radiolabelled probe complementary 

to sRNA was added and incubated at 400C for 16-20h with constant rotation. 

Subsequently, the blot was washed thrice with 2X SSC buffer at an interval of 5 

min and was exposed to a phosphor imaging screen to visualize the sRNA 

specific signal. 

 

6.4.3. Prediction of putative promoter of sRNA coding gene, crpR54: 

The potential promoter of the gene encoding sRNA and regulatory motifs present 

upstream of sRNA coding region were predicted by using the online tool Bprom 

(Solovyev Victor and Salamov Asaf, 2010) and MEME Suite (http://meme-

suite.org/tools/meme) respectively. While predicting sRNA promoter, 100 bps 

upstream sequence of sRNA gene, was submitted to the webserver. This tool 

predicts promoter elements based on the conserved promoter motifs. To identify 

the presence of sequence motifs that serve as binding sites to any carbon 

responsive regulatory proteins, the gene encoding sRNA along with its predicted 

promoter was given as input to MEME Suite. 

 

6.4.4. Construction of transcriptional fusions: 

The crpR54 -lacZ fusions were constructed by cloning the promoter elements of 

sRNA coding gene, crpR54 in pMP220 (promoter test vector). The 

complementary oligos NS17FP/NS17RP were annealed to generate the promoter 

region of crpR54, whereas the complementary oligos NS18FP/NS18RP were 

annealed to get the DNA with the promoter of crpR54 along with CRP binding 

http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
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motif. These set of self-complimentary oligos appended with EcoRI and PstI were 

annealed before ligating to pMP220 digested with the similar enzymes. After 

ligation, the transformants obtained after transformation of the ligation mixture 

into DH5α were selected on LB agar plates supplemented with appropriate 

amounts of of tetracycline and X-gal and couple of recombinant colonies with 

blue colour were sent sequencing using NS5RP. The resulting lacZ fusions were 

designated as pNS11 and pNS12. 

 

6.4.5. Construction of translational fusion: 

 The opd-lacZ translational fusion was generated by translationally fusing 

opd gene promoter along with the DNA region coding IREopd to the promoter less 

lacZ gene of pRS552. This region was amplified with NS20FP/NS20RP with EcoRI 

and BamHI restriction sites. Amplicon of 227bp was analyzed on a 0.8% agarose 

gel and then subjected to purification by gel extraction using methods mentioned 

earlier in the thesis. The purified amplicon was ligated to pRS552 digested with 

similar enzymes. After ligation, the transformants obtained after transformation 

of the ligation mixture were selected on LB agar plates supplemented with 

appropriate amounts of ampicillin and X-gal. The resulting lacZ translational 

fusion was designated as pNS14. 

 

6.4.6. Prediction of complementary base pairing between sRNA, CrpR54 

and IREopd: 

 Once the sRNA expression was confirmed using northern blotting, further 

attempts were made to analyze interactions between sRNA and IREopd using 

Bielefeld Bioinformatics Server-BiBiServ (https://bibiserv.cebitec.uni-bielefeld.de/).  

 

6.4.7. Cloning of crpR54 in a high copy vector: 

 The gene coding for sRNA was generated. By annealating self-

complementary NS19FP/NS19RP oligos appended with XbaI and HindIII sites. 

The annealed oligos were ligated to similarly digested pET23b vector. The 

transformants obtained after transformation of the ligation mixture into DH5α 

https://bibiserv.cebitec.uni-bielefeld.de/
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were selected on LB plates supplemented with appropriate amounts of 

ampicillin. The recombinant plasmids isolated from transformants were sub-

cultured and screened for the existence of insert by isolating recombinant 

plasmid and digestion with XbaI and HindIII enzymes. The cloned gene was 

verified by sequencing using vector specific primer. The resulting plasmid was 

designated as pNS13.   

 

6.4.8. Generation lacZ null mutant of E. coli NiCo (DE3): 

 Initially the E. coli BW25113 ∆lacZ::kan was obtained (generous gift from 

Dr. Manjula Reddy, CCMB, Hyderabad) and used to generate lacZ null mutant of 

E. coli NiCo21(DE3) strain by following P1 Transduction method (Thomason et al., 

2007). 

Transduction 

a) Phage P1 lysate preparation: In order to create lacZ null mutant of E. coli 

NiCo21(DE3), 2.0 ml of overnight culture of donor E. coli BW25113 strain having 

∆lacZ::kan was mixed with 0.2ml of P1 phage and incubated at 370C without 

shaking to facilitate phage adsorption. About 10ml of LB broth and sterile CaCl2 

(5mM) was added to this infection mixture prior to its incubation with shaking at 

370C for 4 to 6 h or till the complete lysis of cells. After observing the cell lysis, 

0.2ml of chloroform was added to the phage lysate to avoid further growth of the 

cells. This preparation was subjected to centrifugation for 10 min at 6000 rpm to 

remove cellular debris. The obtained supernatant containing transducing 

particles was stored at 40C until further use.  

b) Phage infection: To the 2ml of overnight culture of E. coli NiCo21(DE3) cells, 

5mM CaCl2 and 0.2ml of phage preparation was added. After addition of phage 

lysate, the cells were incubated at 370C for about 15 min to allow phage 

adsorption. Unadsorbed phage particles were separated by centrifugation for 10 

min at 6000 rpm. Further 5ml of LB broth containing 10mM sodium citrate was 

added to the infected E. coli cells and allowed to incubate for 45min at 370C. 

Finally the harvested cells were resuspended in 0.2ml of LB broth, plated on LB 

agar plates containing 10mM sodium citrate and 50μg/ml of kanamycin. Finally 
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the mutation in lacZ gene was confirmed by performing PCR amplification by 

using primer set NS23FP/NS23RP which were designed taking DNA region 

100bp upstream and downstream of the lacZ from E. coli. Thus obtained strain 

named as E. coli NS003, was resistant to kanamycin.  

 

6.4.9. Genetic Screen to validate sRNA and IREopd interactions:  

The genetic screen was developed by using two compatible plasmids. One of 

them was pNS13, which codes for sRNA, CrpR54. The other plasmid was opd-lacZ 

translational fusion, pNS14 (The opd gene promoter along with the DNA region 

coding IREopd is fused with promoter less lacZ gene). In order to validate the 

interactions of sRNA and IREopd, E. coli NS003 (pNS13) was transformed with 

pNS14.  Then the E. coli NS003 (pNS13+pNS14) cells were plated on X-gal 

containing LB plates, in the presence and absence of IPTG.  If CrpR54 interacts 

with IREopd upon induction of its expression the E. coli NS003 cells containing 

pNS14 should show lac positive phenotype on an X-gal plate. The E. coli NS003 

(pNS13) and E. coli NS003 (pNS14) cells served as controls and remain lac 

negative both in presence and absence of IPTG.  

 

6.4.10. Generation of opd variants: 

6.4.10a. Cloning of full length ORF of opd gene (with IRE) in a low copy, 

expression vector 

The plasmid pPHYS400 (Pandey et al., 2009) was used as a template to amplify 

full length ORF of opd gene (with IRE) using NS21FP/NS21RP primer set 

appended with EcoRI and BamHI. The amplicon was gel extracted and ligated to 

pMMB206 digested with similar enzymes. The transformants obtained after 

transformation of the ligation mixture into DH5α were selected on LB agar plates 

supplemented with appropriate amounts of chloramphenicol, IPTG and X-gal. 

The recombinant plasmids isolated from transformants were sub-cultured and 

screened for the existence of insert by isolating recombinant plasmid followed by 

digesion using EcoRI and BamHI. Resulting plasmid was designated as pSM5 and 

codes for OPHC6xHis  (Siddavattam et al., 2003). 
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6.4.10b. Cloning of opd variant opd’ in a low copy, expression vector 

The plasmid pPHIR400 (Pandey et al., 2009) was used to amplify opd’  having 

non-complementary mutations at the third base of  IREopd  coding region using 

NS21FP/NS21RP primer set appended with EcoRI and BamHI. The amplicon was 

gel extracted and ligated to pMMB206 digested with similar enzymes. The 

transformants obtained after transformation of the ligation mixture into DH5α 

were selected on LB agar plates supplemented with appropriate amounts of 

Chloramphenicol, IPTG and X-gal. The plasmids obtained from transformants 

were sub-cultured and screened for the existence of insert by isolating 

recombinant plasmid and digestion with EcoRI and BamHI. The plasmid thus 

obtained, was designated as pNS15 and codes for wild type OPHC6xHis as 

mutations were introduced at the third base of the codon. 

 

6.4.11. The effect of sRNA on expression of opd: 

 Following successful generation of the low copy, expression plasmids 

(pSM5 and pNS15) coding for OPHC6xHis, they were independently transformed 

into E. coli NiCo cells. The expression of OPHC6XHis was assessed by co-

transforming E. coli NiCo (pSM5) and (pNS15) cells with pNS13 coding sRNA, 

CrpR54. The E. coli NiCo (pSM5+pNS13) and E. coli NiCo (pNS15+pNS13) cells 

were cultured till mid exponential phase at 370C and the expression of OPH and 

sRNA, CrpR54 were induced for 1h after adding 1.0mM IPTG. Following 

incubation, 1ml cells were lysed by sonication with 30% amplitude, 40C 

temperature, 30 sec on and off sonic cycles. The cellular lysate was centrifuged at 

13,000 rpm for 5 min to remove the debris. Clear lysate obtained was suspended 

in appropriate volumes of 2X loading dye and the samples were boiled and 

analyzed on an SDS-PAGE (12.5%) and a corresponding western blot was carried 

out with the aid of anti-His antibodies. 

 

6.4.12. Relative quantification of opd transcripts: 

 The expression levels of opd were quantified using RNA extracted from E. 

coli NiCo (pSM5 + pNS13) and E. coli NiCo (pNS15 + pNS13). The cultures were 
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grown in LB medium and induced with IPTG, as described above. The total RNA 

was isolated from these cultures and the relative quantification was performed 

following the procedures mentioned elsewhere in the thesis. The primer sets 

NS6FP/NS6RP and NS7FP/NS7RP were used to quantify the expression levels of 

opd and 16SrRNA respectively. The relative expression of opd with respect to 

16SrRNA coding gene was calculated using 2-ΔCt method (Livak & Schmittgen, 

2001). 

 

6.4.13. Generation of hfq null mutant of E. coli NiCo21(DE3): 

Initially the E. coli BW25113 ∆hfq::kan was obtained (generous gift from Dr. 

Manjula Reddy, CCMB, Hyderabad) and used to generate hfq null mutant of E. coli 

NiCo21(DE3) strain by following P1 Transduction method (Thomason et al., 

2007). 

Transduction 

a) Phage P1 lysate preparation: The hfq null mutant of E. coli NiCo21(DE3) was 

created following P1 transduction method described in earlier section except 

that ∆hfq::kan mutant  of E. coli BW25113 strain was used as donor.  

6.4.14. Analysis of Hfq dependent interactions of sRNA, CrpR54 and IREopd: 

The interaction between sRNA, CrpR54 and IREopd was analyzed in both hfq 

positive and negative backgrounds. The expression plasmid, pSM5 (full length 

ORF of opd gene) and   pNS13 (which codes for sRNA, CrpR54) were co-

transformed into hfq positive E. coli NiCo21(DE3) cells and hfq negative E. coli 

NS002 cells. The expression of OPH and sRNA, CrpR54 were induced by addition 

of 1.0mM IPTG. They were grown at 370C for 1h after induction. Cells were 

harvested from 1 ml of induced cultures were mixed with appropriate amounts 

of 2X loading dye before boiling the contents for 5 min in a boiling water bath. 

The contents were then briefly spun at a maximum speed in microfuge and 10µl 

of clear soluble fraction was analyzed on a 12.5% SDS-PAGE. The corresponding 

western blot was performed using antibodies aginst His epitope, to analyze the 

positive/negative influence of Hfq on interactions between CrpR54 and OPH.   
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6.4.15. Construction of expression plasmid encoding SfHfq and sRNA, 

CrpR54: 

 An expression plasmid is generated to co-express crpR54 ans SfHfq This 

strategy involves two steps. The initial step is cloning of Sfhfq gene in high copy 

expression plasmid, pET23b. In this, hfq gene was amplified from S. fuliginis 

using NS22FP and NS22RP appended with NdeI and XhoI respectively. The 

amplified fragment was gel extracted and purified following the procedure 

described in methodology section. The purified DNA fragment was ligated to 

similarly digested pET23b vector. After ligation, the ligation mixture was 

transformed into E. coli DH5α cells and the transformants were selected on LB 

agar plates substituted with appropriate amounts of ampicillin. The recombinant 

plasmids isolated from transformants were sub-cultured and screened for the 

existence of insert by isolating recombinant plasmid and digestion with NdeI 

/XhoI enzymes. The plasmid obtained was designated pNS16 and codes for 

SfHfqC6xHis.  

In the subsequent step, the sRNA, CrpR54 coding plasmid (pNS13) was used to 

sub-clone Sfhfq gene. The Sfhfq gene, cloned as an NdeI and XhoI fragment in 

pNS16 was taken as a template to amplify Sfhfq along with the T7 promoter using 

NS25FP appended with HindIII and NS22 RP appended with XhoI. The amplified 

fragment was gel extracted and purified following the procedure described in 

methodology section. The purified DNA fragment was ligated to similarly 

digested pNS13 vector. After ligation, the mixture was transformed into E. coli 

DH5α cells and the transformants were selected on LB agar plates substituted 

with appropriate amounts of ampicillin. The recombinant plasmids isolated from 

transformants were sub-cultured and screened for the existence of insert by 

isolating recombinant plasmid and digestion with HindIII and XhoI. The plasmid 

thus obtained was designated as pNS17 and codes for SfHfqC6xHis and sRNA, 

CrpR54. 

 

6.4.16. Role of Hfq in CrpR54–IREopd interactions:  

The Hfq role on sRNA, CrpR54 and IREopd interactions were determined by 
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transforming the E. coli NS002 (pSM5+pNS13) cells with pNS17. The expression 

of sRNA, CrpR54, Hfq and OPH were induced as described in methods section. 

The E. coli NS002 (pSM5+pNS13) and E. coli NiCo21(pSM5+pNS13) served as 

control. The cell growth was allowed till mid log phase and expression of sRNA, 

CrpR54, OPH and Hfq were induced as described in materials and methods 

section. The expression levels of OPH were monitored by western blot against 

His epitope. 

 

6.4.17. Influence of carbon source on expression of OPH:  

 Initially, the cells of S. fuliginis were grown in rich LB medium, till the 

OD600 of the culture is reached to 0.60. Then the cells were harvested and re-

inoculated in Minimal salts medium (OD600 of 0.20) having either glucose, or 

protocatechuate or 3,4-dihydroxybenzoic acid and grown till 0.5 OD (in cells 

grown in glucose), 0.45 OD (in cells grown in protocatechuic acid or 3,4-

dihydroxybenzoic acid). Subsequently, the cells (1ml) from each subset were 

harvested by spinning at 6000 rpm for 10min at 40C. The proteins extracted from 

cell pellet were used to analyze on SDS-PAGE and to perform western blot using 

anti-OPH antibodies. The cultures grown under similar conditions were used to 

extract total RNA and subsequently to quantify opd mRNA by performing qPCR 

as described elsewhere in the thesis. The relative expression of opd was 

calculated using 2-ΔCt method. The 16S rRNA served as internal control (Livak & 

Schmittgen, 2001). 

 

6.5. Results: 

 Here the main objective is to identify regulatory RNA that influences the 

translation of opd gene in S. fuliginis. The regulatory small RNAs are two types, 

cis-encoded sRNAs and trans-encoded sRNAs. Since opd gene is found as part of 

plasmid pPDL2 borne integrative mobilizable element the sequence of pPDL2 

was used as input to the sRNAscanner webserver 

(http://cluster.physics.iisc.ernet.in/sRNAscanner/). Interestingly, a 54nt non-coding 

RNA coding gene was found in this intergenic region found between opd and istB 

http://cluster.physics.iisc.ernet.in/sRNAscanner/
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gene of IS-element IS21. The RNA hybrid prediction webserver (bibiserve) has 

shown a potential base pairing with an mfe of -36.4kcal/mol. There existed 

potential base pairing of sRNA with IREopd, initiated at left arm of the stem and 

has gone upto the right arm of stem through the loop region of IREopd (Fig 6.5.1.a) 

Such extensive complementarity between the predicted sRNA and one of the 

arms of the stem region of IREopd suggested a regulatory role for sRNA in 

expression of opd gene.  

 
Fig.6.5.1.a. The base pairing interactions between CrpR54 and IREopd. Panel A indicates the 
predicted interactions between sRNA and IREopd with a minimum free energy of -36.4kcal/mol. 
The complementary base pairing is clearly shown in the panel B. In both the panels red font 
corresponds to mRNA of IREopd and green font corresponds to sRNA. Pseudo loop of IREopd is 
indicated by dark yellow color in panel B. 

 

Before going into the details of its regulatory role a detailed analysis was 

done on the promoter element and regulatory elements of sRNA coding gene. 

The putative promoter region was initially mapped using Bprom (Solovyev 

Victor and Salamov Asaf, 2010).  As indicated in Fig. 6.5.1.b, the sRNA coding 

sequence starts from ‘T’ and ends at ‘A’ (Fig. 6.5.1b, panel B). The promoter 

region overlaps the inverted repeat sequence found at the terminus of IS element 

IS21. The promoter hexamers of gene encoding sRNA were identified to be 

‘GCTACG’ as the -10 box and ‘CTGCTG’ as the -35 box. The predicted promoter 

region is identified within the right IR (inverted repeat) sequence of IS element 

of IS21. The left arm of inverted repeat overlapped the -35 hexameric sequence 



                                                                                                         

 

127 

 

of the promoter of sRNA coding gene (Fig. 6.5.1.a).  

Once the promoter was mapped using in silico tool, further analysis was 

made to identify regulatory region, if any (overlapping promoter region). About 

150 bp, found upstream of the putative TSS was given as input to RegRNA 

(http://regrna.mbc.nctu.edu.tw/html/prediction.html), a regulatory motif finder, 

which predicts regulatory motifs in the vicinity of promoter sequence. A 

sequence motif that shows strong similarity to the crp binding motif was 

identified overlapping the predicted promoter motif of sRNA coding gene. This 

observation gave a preliminary indication on its role in carbon catabolism 

(Fig.6.5.1.b).  

 
Fig.6.5.1.b. Structure of sRNA coding gene: Panel A shows genetic map of the DNA region 
containing opd and sRNA coding genes. Panel B shows the nucleotide sequence of the intergenic 
region found between istB and opd genes.   The gene coding for sRNA is shown in green color box. 
The putative promoter elements are underlined and indicated as -10 and -35 in blue font. The 
sequence of crp binding motif overlapping the -35 sequence is highlighted. The inverted repeat 
sequence of IS-element IS21 is indicated with dark arrows. The predicted Rho-independent 
terminator sequence is indicated by dotted lines. The experimentally validated promoter element 
of opd gene is underlined and indicated with red color font. 

 

 

http://regrna.mbc.nctu.edu.tw/html/prediction.html
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6.5.2. Promoter validation: 

 The functional status of in silico predicted promoter and crp binding motif 

was elucidated by performing in vivo studies. Initially two transcriptional fusions 

were generated as described in methodology section of this chapter. One of them 

pNS11 contained only core promoter sequence fused to the promoter less lacZ 

gene of promoter test vector pMP220. In the second plasmid, pNS12, core 

promoter along with the crp binding motif was fused to the lacZ gene (Fig.6.5.2, 

panel A). Both the plasmids were independently transformed in E. coli MG1655 

AM001.The E. coli AM001 (pNS11) cells and E. coli AM001 (pNS12) cells were 

then used to measure promoter activity by performing qualitative and 

quantitative β-galactosidase assay. In qualitative assays performed to determine 

promoter activity of sRNA coding gene the E. coli AM001 (pNS11) containing 

sRNA promoter-lacZ fusion was plated on LB, X-gal plate (sector I) along with E. 

coli AM001 (pNS12) containing sRNA promoter+crp binding motif-lacZ fusion 

(sector II); E. coli AM001 empty vector (pMP220) cells (sector IV) and E. coli 

AM001 (pNS2), containing opd promoter lacZ fusion was used as positive control 

(sector III). As seen in Fig 6.5.2, panel C, E. coli AM001 (pNS11) (sector I) showed 

intense blue color which indicated that the promoter element predicted using in 

silico tools was functional.  Interestingly, LacZ activity was drastically reduced in 

E. coli AM001 (pNS12) (sector II), similar to E. coli AM001 empty vector 

(pMP220) control (sector IV). 

 In cells containing promoter test vector pMP220 (sector IV) there exists 

no promoter and hence appearance of pale colored colonies is expected. 

However, in sector containing E. coli AM001 (pNS12) appearance of pale colored 

colonies indicates existence of regulatory role for the predicted crp-binding motif 

overlapping sRNA gene promoter. The E. coli Crp protein must have bound to the 

crp motif sequence repressing the expression of lacZ gene. Similar trend was 

seen in quantitative assays (Fig.6.5.2, panel D).  About 150 Miller units of β-

galactosidase activity was obtained with E. coli AM001 (pNS11) cells, whereas 

the activity with E. coli AM001 (pNS12) cells were marginal (50 Miller units) and 

was close to the activity observed with control cultures of E. coli AM001 
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(pMP220). The data obtained here clearly show repressive role of crp-motif in 

expression of sRNA coding gene. While validating this observation further 

experiments were conducted. The Crp is known to regulate carbon catabolism. It 

represses the genes or operons involved in alternate carbon catabolism. Further 

the Crp responsive genes show growth dependent expression (Guebel & Torres, 

2018). In early growth phase, where there exists no nutrient limitation the Crp 

responsive genes are repressed (Li et al., 2002). However, in stationary phase 

they are de-repressed. If the sRNA coding gene has role in carbon catabolism it 

should show growth phase dependent expression. As hypothesized the sRNA 

showed less expression in early growth phase and its expression reached to 

maximum during stationary phase suggesting a role for this sRNA coding gene in 

carbon catabolic regulation hence the gene coding sRNA is designated as crpR54.  

 
Fig.6.5.2. Role of CRP on expression of sRNA. Panel A shows extent of promoter region fused 
while generating crpR54-lacZ fusions, pNS11 and pNS12. Panel B indicates a representative LB 
plate showing sectors used in qualitative β-galactosidase activity assay. Panel C shows the 
qualitative β-galactosidase activity assay of E. coli AM001 obtained in E. coli AM001 cells 
transformed with pNS11 (sector I), pNS12 (sector II), pNS2 (opd-lacZ fusion positive control) 
(sector III) and empty vector, pMP220 (sector IV). Results of quantitative β -galactosidase 
activities obtained in these cells are shown in panel D.   

 

6.5.3. Analysis CrpR54 and IREopd interactions: 

The predicted interactions between CrpR54 and IREopd suggest influence of sRNA, 

CrpR54 on expression of opd gene. In order to validate these interactions a two-

plasmid assay was developed. One of the plasmid codes CrpR54 from an IPTG 
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inducible promoter. The second compatible plasmid codes for a full length 

OPHC6XHis from a tac promoter. Expression of full length OPH in presence and 

absence of sRNA CrpR54 indicates its influence on expression of opd gene. 

 

6.5.4. Cloning of CrpR54 in a high copy vector:  

The gene encoding sRNA, crpR54 along with its putative transcriptional start site 

was generated by annealing self-complementary primer set NS19FP/NS19RP, 

appended with XbaI and HindIII restriction sites. The 60bp product was ligated 

to pET23b vector digested with the same enzymes. Thus obtained plasmid was 

named as pNS13 (Fig.6.5.4, panel C). Before proceeding to the further 

experiments the cloned crpR54 gene of S. fuliginis was sequenced to ascertain 

that no mutations were inserted while cloning (Fig.6.5.4, panel D). 

 
Fig.6.5.4. Construction of pNS13.  The pNS13 digested with XbaI and HindIII is shown in panel 
3.  Molecular size markers are loaded in lane 1. The undigested pNS13 is loaded in lanes 2 and 4. 
The pNS13 digested with XbaI and HindIII is loaded in lanes 3 and 5. The arrow marks show the 
release of insert containing crpR54. Lanes 5 and 6 indicate undigested and digested pET23b 
vector, used as a positive control for digestion. Panel C shows plasmid map of pNS13. Panel D 
shows the sequence of pNS13 using vector specific primer. The red box indicates the sequence of 
CrpR54. 
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6.5.5. Construction opd-lacZ translational fusion: 

 The promoter region of opd gene along with IREopd was subjected to PCR 

using NS20FP/NS20RP attached with EcoRI/BamHI respectively. The amplicon 

obtained was digested with the above mentioned enzymes. Then ligated to 

pRS552 digested with the similar enzymes. The cloning strategy followed fuses 

opd gene along with IREopd specifying region coding the first 29 N-terminal amino 

acids of OPH in frame of lacZ gene specifying the β-galactosidase. The resulting 

lacZ fusion including IREopd was designated as pNS14. 

 
Fig.6.5.5. Construction of pNS14. Panel A shows the extent of opd region used to generate opd-
lacZ fusion pNS14. Panel B shows 0.8% agarose gel used to analyze the amplicon of opd gene 
promoter along with the region specifying IREopd. Molecular size markers are loaded in lane 1. 
Lanes 2 and 3 show the amplicon containing desired opd promoter region. Panel C shows the 
digestion profile of pNS14. Molecular size markers are loaded in lane 1. The pNS14 digested with 
EcoRI/BamHI is loaded and the bands corresponding to the vector and insert containing IREopd 
are shown with arrows (lane 2). Undigested pNS14 is loaded in lane 3. Panel D shows plasmid 
map of pNS14. 

 

6.5.6. Generation of lacZ negative E. coli NiCo21(DE3) strain: 

Plasmid pNS13 codes sRNA CrpR54 from a T7 promoter, whereas the 

pNS14 codes fusion protein N29OPH-LacZ from the native opd gene promoter. In 

order to monitor CrpR54 influence on expression of N29OPH-LacZ, a lacZ null 

mutant of E. coli NiCo21(DE3) strain is required. Therefore the lacZ  negative 
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derivative of E. coli NiCo21(DE3), E. coli NS003 was generated by transducing E. 

coli NiCo21(DE3) with phage P1 particle propagated using E. coli BW25113 

∆lacZ::kan strain in which lacZ gene is replaced with  kanamycin cassette. The 

kanamycin resistant colonies were taken and colony PCR was performed using 

primer set NS23FP/NS23RP to detect replacement of lacZ with kanamycin 

cassette. As seen in Fig.6.5.6, panel B in all kanamycin resistant colonies an 

amplicon with a size of 1.5 Kb got amplified rather 500 bp amplicon seen in lacZ 

positive E. coli NiCo21(DE3) strain (Fig.6.5.6, panel B). The resulting strain was 

designated as E. coli NS003 and stored at -800C as a glycerol stock. When 

necessary E. coli NS003 was sub-cultured and used for analyzing expression of 

opd translational fusion. 

 
Fig.6.5.6. Generation of E. coli NS003. The strategy used to delete lacZ gene from E. coli 
NiCo21(DE3) strain is shown in panel A. Agarose gel (0.8%) indicating amplification of lacZ gene  
from NiCo21(DE3)  is shown in panel B. Lane 1 represents molecular weight marker. Lane 2-6, 8, 
9 and 11 represent amplicons generated from wild type E. coli NiCo21(DE3) cells. Lanes 10 
shows amplicon size generated in a similar PCR reaction using E. coli NS003. No template 
(negative) control is shown in lane 7.  

 

6.5.7. Generation of genetic screen: 

 A genetic screen was developed using E. coli NS003, plasmid pNS13 

coding CrpR54 and translation fusion pNS14 coding fusion protein N29OPH-LacZ. 

In the translational fusion the 5’ region of opd gene along with IREopd is fused in 

frame of the lacZ gene and hence codes for N29OPH-LacZ fusion protein. 

Expression levels of N29OPH-LacZ can be monitored by measuring LacZ activity. 

The E. coli NS003 (pNS13) was co-transformed either with pNS14 or with 

pMP220, promoter probe vector. The LacZ activity was measured qualitatively 

and quantitatively after inducing the expression of sRNA, CrpR54 with 1mM 

IPTG. The blue color phenotype of the colonies was observed on an X-gal plate 

only when N29OPH-lacZ fusion protein was expressed from plasmid pNS14. Since 
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the 5’ region of opd gene along with IREopd was fused to the lacZ gene, levels of β-

galactosidase activity will be minimal as the IREopd masks translational initiation 

site (Fig.6.5.7a) of the opd-lacZ chimeric mRNA. However, if sRNA, CrpR54 

disrupts IREopd and exposes translational initiation site, the LacZ activity goes up 

as IREopd disruption leads to the enhanced production of N29OPH-LacZ protein. As 

expected in plates made without IPTG the expression of sRNA, CrpR54 is 

negligible and hence there will be no disruption to the IREopd. Therefore, 

expression levels of N29OPH-LacZ will be low, yielding low levels of β-

galactosidase activity. In accordance with the proposed hypothesis there was 

negligible amounts of blue color in E. coli NS003 (pNS13+pNS14) cells (Fig.6.5.7. 

panel C, sector IV). They appeared pale in color as seen in control cultures of E. 

coli NS003 (pNS14+pET23b) cells (sector I), E. coli NS003 (pNS13) cells (sector 

II) and E. coli NS003 (pNS14) cells (sector III). In a similar assay done in 

presence of IPTG, a clear blue color was seen in E. coli NS003 (pNS13+pNS14) 

indicating enhanced expression of N29OPH-LacZ chimeric protein in presence of 

sRNA, Crp54 (sector IV). Such activity was not seen in control cultures. The 

quantitative assays clearly indicated an increased β-galactosidase activity only in 

E. coli NS003 (pNS13+pNS14) cells. 
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Fig.6.5.7. Two plasmid assay. Panel A shows functional details of genetic screen. Panel B 
indicates a representative LB+X-gal plate used for the two plasmid assay. Panel C shows either 
uninduced or induced E. coli NS003 (pNS14+pET23b) cells in sector I, E. coli NS003 (pNS13) cells 
in sector II, E. coli NS003 (pNS14) cells in sector III, E. coli NS003 (pNS14+pNS13) cells in sector 
IV. The red triangle is indicative of enhanced LacZ activity in E. coli NS003 (pNS14+pNS13) cells 
under IPTG induction. The values of quantitative assays from similar cultures are shown in panel 
D.  

 

Fig.6.5.7a. Formation of sRNA-mRNA hybrid. The sRNA base pairs with the opd mRNA region 
and occludes the translation initiation site and also interacts by direct base pairing with the left 
arm of IREopd. The red font indicates transcript of opd mRNA (starting from TSS till IRE region) 
and green font indicates sRNA and its base pairing. The translation initiation site is highlighted in 
a red triangle. The blue box highlights IREopd. 
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6.5.8. Expression of OPH from opd and opd’ genes:  

 The earlier work from our laboratory had explained generation of opd’ 

gene (Pandey et al., 2009). In opd’ the IREopd structure is disrupted. While 

validating the influence of IREopd on expression of OPH a low copy, expression 

plasmid pNS15 was generated by cloning the opd’ in low copy number 

expression vector pMMB206. The full length ORF of  opd’ gene along with the 

upstream sequence including RBS was amplified from a previously constructed 

high copy, expression plasmid pPHIR by using NS21FP/NS21RP, appended with 

EcoRI and BamHI sites. The plasmid map of pNS15 is shown in (Fig.6.5.8, Panel 

C).  The plasmid pSM5 constructed by cloning the ORF of opd gene was used as an 

expression plasmid coding OPH from a wild type opd gene having intact IREopd 

(Siddavattam et al., 2003). Both the constructs code for OPHC6xHis. 

 
Fig.6.5.8. Construction of pNS15. Panel A shows 0.8% agarose gel used to analyse the amplicon 
of opd’ (with non-complementary mutations introduced in third base of every codon in IREopd 

region). Molecular size markers are loaded in lane 1. Lanes 2 shows the amplicon of opd indicated 
by an arrow. Panel B shows the digestion profile of pNS16. Molecular size markers are loaded in 
lane 1. Undigested pNS15 is loaded in lane 2. The pNS15 digested with EcoRI/BamHI is loaded 
and the bands corresponding to the vector and insert are shown with arrows (lane 3). Panel C 
shows plasmid map of pNS15. 

 

6.5.9. Influence of CrpR54 on expression of OPH: 

The genetic screen gave clear indication on positive influence of CrpR54 on 

N29OPH-LacZ expression. Therefore, further experiments were conducted to 

validate influence of CrpR54 on the expression of OPH. Previous studies from our 

laboratory have generated a low copy expression vector pSM5 which codes OPH 

from IPTG inducible tac promoter. In this study, a similar expression plasmid 
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was generated using similar vector backbone by cloning opd variant opd’ in 

which IREopd was disrupted. These two expression plasmids are compatible to 

the pNS13, which codes CrpR54 from a T7 promoter.  E. coli NiCo cells were then 

independently transformed with plasmids pSM5 and pNS15. These cells were co-

transformed with crpR54 encoding pNS13. These E. coli NiCo (DE3) cells with 

appropriate controls were induced with 1mM IPTG and incubated for 1hr. The 

expression levels of OPH from these cultures were analyzed by performing 

western blots using anti-OPH antibodies. A considerable elevation of OPH 

expression was observed in cells having expression plasmid pSM5 and CrpR54 

encoding pNS13 (Fig.6.5.9, panel B, lane 3) when compared to the levels of OPH 

coded by pSM5 in the absence of pNS13 (Fig.6.5.9, panel B, lane 2). As shown in 

third chapter the opd’ (in which IRE-like structure is disrupted) encoded mRNA 

was shown to enhance OPH expression in cultures having expression plasmid 

coding OPH from opd’ gene (Page No. 99, Fig.5.5.3.a). Interestingly the sRNA, 

CrpR54 influence on expression of OPH was not seen in cultures expressing OPH 

from opd’ gene, probably due to its lack of interactions with CrpR54. The 

influence of IREopd on translational repression of opd’ mRNA was not seen as 

mutations introduced in opd’ gene disrupted IREopd structure (Fig.6.5.9, panel B, 

lane 4 and 5). If these observations are seen along with reporter assays 

performed involving genetic screen, a clear inference can be drawn on a CrpR54 

dependent post-transcriptional regulation in opd expression. Supporting this 

proposition, no difference in the quantities of opd specific mRNA was seen in all 

these cultures, suggesting that the CrpR54 dependent increase in OPH expression 

was due to increased translational efficiency (Fig.6.5.9, panel C).  
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Fig.6.5.9. CrpR54 dependent post-transcriptional regulation of opd gene expression. Panel 
A shows the extent of opd region used to construct pSM5 and pNS15. Panel B shows the 
coomassie stained, 12.5% SDS-PAGE and its corresponding western blot probed with anti-His 
antibodies, showing the expression of OPHC6XHis. Lane 1 shows the molecular marker, lane 2 
indicates expression of OPHC6XHis from E. coli NiCo(pSM5+pET23b) cells. Lane 3 shows E. coli 
NiCo (pSM5+pNS13) cells. Lane 4 shows E. coli NiCo (pNS15+pET23b) cells. Lane 5 shows E. coli 
NiCo (pNS15+pNS13) cells.  Panel C indicates relative quantification of opd transcripts in total 
RNA isolated from the cultures isolated from the cells grown under similar conditions. 
 
 

6.5.10. Role of Hfq in CrpR54 and IREopd interactions:  

Hfq is an RNA chaperone which facilitates formation of sRNA-mRNA 

hybrid. The results described in earlier sections clearly show existence of 

interactions between IREopd and CrpR54. It is not known if Hfq is required for 

IREopd-CrpR54 interactions. Therefore, the influence of Hfq on CrpR54 and IREopd 

interactions is studied in E. coli as there exist significant (55%) similarities 

between EcHfq and SfHfq (Fig.6.5.10).  

Fig.6.5.10. Alignment of SfHfq with EcHfq. 

 



                                                                                                         

 

138 

 

6.5.11. Confirmation of hfq null mutant E. coli NiCo21(DE3): 

Initially hfq null mutant was generated in E. coli NiCo21(DE3) strain by 

transducing it with phage P1 particle propagated using E. coli BW25113 

∆hfq::kan strain in which hfq gene is replaced with kanamycin cassette. The 

kanamycin resistant colonies were taken and colony PCR was performed using 

primer set NS24FP/NS24RP to detect replacement of hfq with kanamycin 

cassette. As seen in Fig.6.5.11, panel B in all kanamycin resistant colonies an 

amplicon with a size of 1.5 Kb got amplified rather 500 bp amplicon seen in hfq 

positive E. coli NiCo21(DE3) strain. The resulting strain is designated as E. coli 

NS002 and stored at -800C as a glycerol stock. When necessary E. coli NS002 was 

sub-cultured and used for opd expression studies. 

 

 
 

Fig.6.5.11. Generation of E. coli NS002. Strategy followed  to delete hfq gene from E. 
coli NiCo21(DE3) strain is shown in panel A. Panel B shows 0.8% agarose gel to analyse the 
amplicon generated when PCR was performed using primer set NS24FP/NS24RP.  Lane 1 shows 
molecular weight marker. Lane 2 represents no template control PCR reaction. Lane 3 indicates 
negative control. Lane 4 shows E. coli BW25113 ∆lacZ::kan. Lane 5 shows amplicon size 
generated in a similar PCR reaction using kanamycin resistant colonies of E.coli NS002. The lane 
6 represents amplicon obtained in a PCR reaction having wild type E. coli NiCo21(DE3) having 
intact hfq gene. 

 

6.5.12. Analysis of Hfq dependent interactions of sRNA-opd mRNA: 

 After successful deletion of hfq gene we have co-expressed both OPH and 

CrpR54 in E. coli NS002 by transforming pSM5 and pNS13 in both Hfq (E. coli 

NiCo) positive and negative E. coli NS002 cells.  The expression levels of OPH 

were examined by performing western blots against His epitope. Fig.6.5.12.a, 

panel B, lane 3, shows that the OPH expression got enhanced in  Hfq positive 
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back ground  and its expression got drastically reduced  in E. coli NS002 

(pSM5+pNS13) cells generated by deleting hfq gene. When  E. coli NS002 (pSM5) 

cells were complemented by transforming pNS17 encoding both sRNA, CrpR45 

and  Hfq from a T7 promoter the expression levels of OPH were increased and its 

level of expression was comparable to OPH expression obtained in hfq positive 

cells (Fig.6.5.12a, panel B, lane 6).  These results clearly indicate requirement of 

Hfq to facilitate interactions between sRNA and IREopd. 

 
Fig.6.5.12a. The Hfq dependent interactions of sRNA-opd mRNA: Whole cell lysate loaded on 
a 12.5% SDS-PAGE after induction with 1mM IPTG is shown in panel A. Lane 1 corresponds to 
molecular marker. Lane 2 indicates expression of OPH in E. coli NiCo (pSM5+pET23b) cells. Lane 
3 shows E. coli NiCo (pSM5+pNS13) cells. Lane 4 indicates E. coli NS002 (pSM5+pET23b cells. 
Lane 5 shows E. coli NS002 (pSM5+pNS13) cells. Lane 6 shows E. coli NS002 (pSM5+pNS17). 
Panel B shows its corresponding western blot probed with anti-His antibodies to detect the 
expression of OPHC6XHis. 

 

6.5.13. Influence of Carbon source on OPH expression: 

 S. fuliginis utilizes several aromatic carbon compounds as a unique source of 

carbon. Utilization of aromatic compounds requires unique catabolic pathways, 

where ring cleaving oxygenases play a critical role. These monooxygenases and 

dioxygenases require non-heme iron as cofactor (Fig.6.6.3). Previous studies 

from our lab have shown involvement of OPH in outer membrane transport, 

especially in transport of Ferric-enterobactin (Parapatla et al., 2020). Since 

growth on aromatic compounds necessitates increased iron influx, further 

studies were conducted to test influence of carbon source on OPH expression.  

The S. fuliginis cells were grown using  3,4-Dihydrobenzoic acid (protocatechuic 

acid) and 2,4-Dihydrobenzoic acid as carbon source (Fig. 6.5.13.b) and the 

proteins extracted were subjected to SDS-PAGE (Fig.6.5.14, panel A).  
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Fig.6.5.13.a. Schematic representation of S. fuliginis used for growth and expression 
studies of OPH. 

 

.  Initially growth of the bacteria was assessed for atleast 40h. The growth 

was optimum when glucose was used as carbon source. Cells reached to OD600 of 

0.5 within 20 hours of incubation. However, the same cultures grown in 

alternative carbon sources reached an OD600 of 0.45 at the end of 40h (Fig. 

6.5.13.b). 

 
Fig.6.5.13.b. Growth curve of S. fuliginis grown in alternative carbon sources. S. fuliginis was 
inoculated at initial OD600 of 0.20 and growth was monitored for every 5h time period. The cells 
grown in glucose reached an OD600 of approximately 1.90 at the end of 40 hr. The cells grown in 
protocatechuic acid and 2,4 dihydroxybenzoic acid  reached an OD600 of 0.45. 
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Cells were harvested from (1 ml cultures, OD600) the cultures were used to 

isolate proteins and thus isolated proteins were analyzed on 12.5% SDS-PAGE. 

The OPH expression was quantified based on the intensity of the signal. 

Interestingly, in cells grown in less preferred carbon sources such as 

protocatechuic acid and 2,4 dihydroxybenzoic acid, the OPH signal intensity has 

significantly gone up. OPH expression in these cultures appeared to be doubled 

(Fig.6.5.14, panel B, lanes 3 and 4) when compared to the OPH specific signal 

intensity found in proteins isolated from glucose grown cultures (Fig.6.5.14, 

panel B, lane 2). Subsequently, relative quantification of opd transcripts was 

carried out by using the RNA isolated from the same set of cells grown using 

alternative carbon sources. The total RNA from each set of cells (1ml) was 

isolated and subjected to quantitative Real-time PCR and the data was 

normalized by 16SrRNA transcripts. The data clearly showed that the opd 

specific transcripts were identical in the cells grown in either glucose or any 

other alternative carbon source (Fig.6.5.14, Panel C). The increase in expression 

of OPH despite having similar opd transcripts indicated the sRNA, CrpR54 

dependent activation of opd mRNA translation by destabilizing IREopd. Since 

CrpR54 expression is induced only under carbon limiting condition, the 

increased expression of CrpR54 appears to have relieved IREopd mediated 

translational repression of opd mRNA. 

 
Fig.6.5.14. Influence of carbon source on OPH expression. Panel A shows a coomassie stained, 
12.5% SDS-PAGE used for analysis of proteins extracted from cultures grown using glucose (lane 
2), protocatechuic acid (Lane 3), 2,4 DHBA (lane 4). The corresponding western blot performed 
using anti-OPH antibodies is shown in panel B. Panel C shows the relative quantification of opd 
transcripts under similar conditions of growth. 
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6.6. Discussion: 

 The metabolism of iron is stringently regulated in all organisms (Hentze & 

Kuhn, 1996; Crosa, 1997). A huge number of RNA regulators identified as sRNAs 

are elucidated in a large variety of bacteria (Storz et al., 2011). The promoter 

elements regulating sRNA expression are sensitive for any specific cellular stress 

hence might serve as reporters of conditions encountered by a cell (Mutalik et al., 

2009). The vital post-transcriptional regulators of bacterial gene expression are 

sRNAs. They usually control the gene expression by base pairing to target 

mRNAs, which might lead to either enhanced or inhibition of translation and/or 

change in mRNA stability (McQuail et al., 2019). A few classes of sRNAs utilize 

sequence-specific RNA–RNA interactions to regulate mRNA expression (Masse & 

Gottesman, 2002).   

 The current chapter shows existence of a similar non-coding RNA in the 

intergenic region of opd and istB of IS-element, IS21. Interestingly this sRNA 

showed potent complementarity with IREopd. The sRNA showed maximum base 

pairing on the left arm of IRE stem region and partial base pairing with the loop 

region as well as the right stem region. Out of 29 base forming IRE, 19 bases 

interact with the sRNA, CrpR54 (Fig.6.5.1a). The influence of CrpR54 on the 

expression of OPH was assessed using genetic screen (Fig.6.5.7). Further, in vivo 

experiments performed in the presence of CrpR54 demonstrated a considerable 

increase of OPH expression, despite containing equal amounts of opd transcripts, 

indicating a role for CrpR54 is in relieving the post-transcriptional regulation of 

opd expression (Fig.6.5.9). In Gram-negative bacteria, the RNA binding protein 

Hfq is usually required for the function and/or stability of this family of sRNAs 

(Storz et al., 2011). In E. coli, the RNA-binding protein Hfq is generally required 

to mediate sRNA–mRNA hybrid formation. In this role, Hfq acts as a RNA 

chaperone to facilitate base pair formation and stabilizes the sRNA against 

degradation (Desnoyers & Masse, 2012; Peer & Margalit, 2014). The experiments 

described in the chapter gave clear indication regarding the requirement of Hfq 

for   formation of IREopd and CrpR54, duplex. In summary, the role of CrpR54 is 

evident in relieving translational inhibition on opd mRNA in association with Hfq 
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protein.  

Interestingly, the expression of this sRNA, CrpR54 is critical for expressing 

OPH. The crpR54 appears to be under the influence of carbon catabolite 

repressor protein (Crp). The Crp is known to de-repress genes/operons involved 

in alternate carbon catabolism to facilitate survival of cells using less preferred 

carbon sources. The Crp protein shows dual regulation when bound to cAMP and 

crp-binding motif by either activating or repressing the transcription of genes.  

Some genes are subject to both positive and negative regulation by the cAMP-Crp 

complex due to the presence of multiple promoters (Irani et al., 1989). The 

functional interactions between these regulons are believed to coordinate the 

activities of the different metabolons so that the supply of one type of nutrient 

matches the supply of other essential types of nutrients (Gutierrez-Rios, 2003). 

The consensus of crp binding motif of E. coli was compared with that of S. 

fuliginis. The E. coli Crp has a consensus of   5'-AAATGTGATCTAGATCACATTT-3'.  

 
Fig.6.6.1. Comparison of CRP binding of E. coli with S. fuliginis. The consensus sequence logo, 
prepared by using MEME Suite in shown.  The height of individual letters within a stack of letters 
represents the relative frequency of that letter at a given position. The overall height of the stack 
represents the degree of conservation at that position. 

 

The presence of crp binding motif in the promoter region of crpR54 and 

loss of promoter activity in crpR54-lacZ  fusion constructed by including the crp-

binding motif are clearly indicative of its repressive role on expression of crpR54 

gene (Fig 6.5.2).  
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Spingomonads play crucial role in the detoxification of polycyclic aromatic 

hydrocarbons (Cerniglia, 1992; St. Martin, 1997). The family of 

Sphingomonadaceae contains several strains competent to degrade particular 

compounds such as polycyclic aromatic hydrocarbons and lignin-derived 

aromatic compounds (Sohn et al., 2004; Copley et al., 2012; Chai et al., 2016; 

Kamimura et al., 2017). Metabolism of aromatic compounds requires novel 

oxygenases and transporters to facilitate their transport and conversion into TCA 

cycle intermediates. The ring-cleavage enzymes, aromatic-ring hydroxylating 

oxygenases etc., which are required for microbial degradation of aromatic 

compounds, require iron for their activity (Ladino-Orjuela et al., 2016; Mallinson 

et al., 2018; Peng et al., 1998; Sugimoto et al., 1999, 2014; Yoshikata et al., 2014).  

 

 

 

 

 

 

 

 

Fig.6.6.2. Reactions catalyzed by intradiol and extradiol dioxygenases (Wang et al., 2017) 

 

Usually, the transition metal-containing oxygenases use iron as a cofactor 

for activation of oxygen. After this sort of activation, the O2 atoms are transferred 

to the substrate. Oxygenases are divided into dioxygenases and monooxygenases 

based on the number of O2 atoms incorporated into the substrate. The “pure” 

dioxygenation reactions are catalyzed by certain classes of iron-dependent 

dioxygenases such as intradiol dioxygenases, Rieske dioxygenases and extradiol 

dioxygenases (Wang et al., 2017). 
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Fig.6.6.3. Classification of non-haem iron oxygenases that catalyze aromatic ring 
oxygenations (Coulter & Ballou, 1999) 

 

The levels of OPH has gone up when cells of  S. fuliginis were grown in 

aromatic compounds such as protocatechuic acid and 2,4-dihydrobenzoic acid. 

The increased expression of OPH appears to be due to concomitant rise in the 

levels of CrpR54 due to its de-repression under carbon limiting conditions. Why 

is OPH expression increased when cells are grown in aromatic compounds? What 

role it plays in aromatic compound metabolism? The activities of OPH need to be 

examined to formulate a viable hypothesis. The OPH, in addition to its triesterase 

activity, plays a role in outer membrane transport system (Parapatla et al., 

2020). This unique transport mechanism is needed for transport of aromatic 

compounds across energy deprived outer membrane. Further the assimilation of 

aromatic compounds requires more iron as both dioxygenases and 

monoxygenases depend on iron cofactor for activity.  Enhanced expression of 

OPH in cells grown in aromatic compounds seems to satisfy both of these 

requirements. Further studies are required to prove this potential hypothesis. 
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Conclusion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                         

 

147 

 

The work described in the thesis provides conclusive evidences on iron 

dependent regulation of OPH expression. Previous studies from our lab have 

deciphered molecular mechanisms involved in membrane targeting of OPH along 

with components of outer membrane transport, ExbB/ExbD, TonB and TonR. 

Research work done by the other colleagues in the lab have successfully shown 

OPH involvement in transport of ferric-enterobactin (Fe-Ent). Proteins/enzymes 

involved in iron metabolism/transport are encoded by genes regulated by a 

transcription factor, Fur. Based on the intracellular concentration of iron, Fur 

either activates or represses iron responsive genes. Fur binds to ferrous ions to 

become an active repressor. This interacts with fur motif identified, overlapping 

promoter regions of genes responsive to iron and represses their expression. 

Under iron limiting conditions or in the absence of iron, Fur remains inactive and 

loses its ability to bind to fur-box motif, causing de-repression of iron responsive 

genes.   

Previous work done in your lab has convincingly shown role of OPH in 

iron acquisition. The outer membrane transport system reconstituted in E. coli 

by including OPH showed dramatic increase in iron transport suggesting a 

convincing role for OPH in iron uptake. If OPH is truly involved in iron transport, 

the opd gene coding OPH should be part of iron regulon.  Therefore, as a first step 

in silico studies were performed to identify typical regulatory motifs associated 

with well characterized iron response genes. The results described in the first 

chapter revealed existence of fur-box motif overlapping the -10 hexameric region 

of opd promoter. In support of this observation, under iron limiting conditions 

the opd gene is de-repressed. Almost double the quantity of OPH was found 

when S. fuliginis was grown under iron limiting conditions when compared to 

iron sufficient conditions. Enhanced expression of OPH was due to increased 

transcription of opd gene.  The opd specific mRNA concentration was found two-

fold higher in cells grown under iron limiting conditions.  

The most interesting finding of this thesis is the identification of IRE in 

coding region of opd mRNA.  The IREopd shared structural homology to both 

prokaryotic and eukaryotic IREs. In E. coli, the expression plasmids constructed 
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by deleting IREopd region enhanced OPH expression, suggesting a repressive role 

for IREopd. Similar increase was seen in OPH cells having expression plasmid 

generated by cloning opd’ in which the structure of IREopd was disrupted by 

introducing non-complementary mutations in the stem region. These two studies 

have proved conclusively on the repressive role of IREopd on translation of opd 

mRNA. The IREopd successfully interacted with iron response protein (IRP), SfAcn 

as well as with a small RNA encoded by a gene located within the opd element.  

This mobile element coded sRNA, CrpR54 appears to be under carbon catabolite 

repressor protein (Crp). The CrpR54 repressed under carbon limiting condition 

interacted with IREopd and relieved the translation inhibition of opd mRNA.  

These extensive studies described in the thesis show the role of iron on 

expression of opd gene in Sphingobium fuliginis ATCC27551.  

Sphingobium fuliginis survives on a variety of aromatic compounds. 

Metabolism of aromatic compounds requires more influx of iron as the 

oxygenases involved in conversion of aromatics to aliphatic acids require iron 

cofactor. Growth of aromatic compounds creates carbon limiting conditions. If 

sRNA, CrpR54 expression is induced when cells are grown using aromatic 

compounds, the induced CrpR54 is expected to relieve translation inhibition on 

opd mRNA causing increased OPH. As proposed the OPH expression has gone up 

in cells grown on aromatic compounds, suggesting that the increased OPH 

contributes for the increased iron influx, to generate intracellular iron pool 

required to produce active dioxygenases, involved in aromatic carbon 

catabolism.  
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Fig. 7.1. Proposed model to understand the link between OPH dependent enhancement in 
iron uptake and carbon catabolism in S. fuliginis. Step 1 indicates the influx of ferric-
enterobactin into the periplasmic space in iron limiting conditions. Step 2 shows the signal 
transduction between TonB dependent transporter (TBDR) and TonB. Step 3 indicates 
interactions between OPH and Ton-components ExbB/ExbD and TonB. Step 4 shows the 
reduction of ferric iron to ferrous form on the outer face of inner membrane, mediated by ferric 
reductase. Step 5 shows the influx of ferrous ions into the cytoplasm and activation of the 
dioxygenases (step 6). Step 7 shows the conversion of aromatic carbon compounds to their 
respective aliphatic acids via β-ketoadipate pathway (step 8). 
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