TABLE OF CONTENTS

Chapter 1- General Introduction 1-26
Chapter 2- Materials and methods 27 — 46
Chapter 3- Characterization of chromomycin 47 — 67

deletion mutant - JP1

Chapter 4 - PKS null mutant JP1 exhibits enhanced 68 — 95
oxidative stress

Chapter 5 - Alteration in central carbon metabolism 96 — 115
in chromomycin deletion JP1 mutant

Chapter 6 - In vivo relevance of antioxidant 116 — 134
properties of chromomycin

Chapter 7 - Partial characterization of the 135 - 168
chromomycin overproducer mutant - #OP

Appendix 1 - List of genes of chromomycin 169 - 175
biosynthetic cluster from gene bank accession
number KC249518.1"

Summary 176 — 180

Achievements 181 — 183

Publication -




Chapter 1

1.1

1.2
1.3

1.4

1.5

1.6

General characteristics of StreptomyCes...........ccovvverieiiiiie e 2
1.1.1  Actinomycetes pPhylogeny.......cooeieiiieiiiie e 2
1.1.2  SEEPLOMYCES ..ottt 2
1.1.3  Genetic Characteristics of StreptomyCes ..........cccovvveeiiiieriieenieeiie e, 2
1.1.4  Life Cycle Of StreptoOmYyCeS.......ccveiiieiieiiie e 4
1.1.5 Different phases of growth of Gram positive bacteria - Streptomyces.... 5
1.1.6  Differentiation in HQuid CUITUIe .........cccoiiiiiiiiie e 6
1.1.7  The programmed cell death in StreptomyCes ...........ccevvervieiieiiiennennn, 6
1.1.8  New perspective on germination, hyphal growth and sporulation.......... 6

1.1.8.1  GeIrmMINAION......ceiiiieeiiieeciieesiee st e se e e et e e e sneee e eeenneeeanes 6
1.1.8.2 Hyphal GrOWLEN .......ccoeiiiiiiii e 7
1.1.8.3 Division of cytoplasm of vegetative hyphae into compartments ........ 7
1.1.8.4 Hydrophobic cover formation, septation and sporulation................... 7

Primary metabolism in StreptomyCesS.........ccoovveiiieiiiiiienice e 8

Secondary metabolism in StreptomyCeS..........coovveiiiiiieiiieiie e 8
1.3.1  Polyketide SYNthaseS ........c.cooiiiiiiiiieiieiie e 9
1.3.2  Types Of POIYKELIAES. ........vveiiieeiiiee e 10

Regulation of antibiotic production...........ccccccevvveiiiie e 11
1.4.1  Transcriptional regulation of antibiotic production ..............c.ccccevei.. 11
1.4.2  Effect of amino acid limitation and ribosome mediated effect on
antibiotic biosynthesis (effect of relA on antibiotic production) ........................ 12
1.4.3  Phosphate regulation of antibiotic production ............c..ccccccveviivevinnnnnn 12
1.4.4  Regulation of secondary metabolism by nitrogen...........cccccoevvveinnnnnn 13
1.4.5  Control of antibiotic production by carbon source............cccccocvvevnnenn 13
1.4.6  Regulation of “cryptic polyketide” gene cluster.............occvvvvvviieennnnnns 14
1.4.7  Regulation of antibiotic production by N-acetylglucosamine .............. 14
1.4.8  Streptomyces Antibiotic Regulatory Proteins (SARPS) ........c.ccccceveeen. 15

Streptomyces flaviscleroticus: A producer of antibiotic chromomycin... 15
1.5.1  Chromomycin chemical structure and its mode of action .................... 16
1.5.2  Chromomycin DIOSYNLNESIS........ccvviiiiie e 17

1.5.2.1  PKS QBNES: ...ttt 17
1.5.2.2 Genes involved in glycosylation...........c..cccccveiviiiiiiie i 17
1.5.2.3 Regulation of chromomycin biosynthesis.............cccccovviveiiieeinnnnn 18
1.5.2.4 Genes for Self-reSiStanCe .........cccocvevieiiiiiiiiesie e 18

RETEIENCES ... 19



Chapter 2

2.1
2.2

2.3

24

2.5
2.6

Bacterial strains and plasmids used are as listed in Table 2.1............... 28
Growth media and reagent preparation............c.ccoevveviieeniieenineenee s 29
2.2.1  Culture Media for StreptOMYCES........ueiiuieriieiieiiiesiiee e 29
2.2.2  R2ZYE MEAIUM ..ottt e et e e e e annee e 29
2.2.3  Soyabeam Mannitol Medium (SM)........cccooviiiiiiiiiiiic e 29
2.2.4  Tryptone Soya Broth (TSB).......ccooeiiiiiiiiiiiiiee e 29
2.2.5  Buffered R4 medium (Minimal media) .........ccccooviiiiiineniieiieee 30
2.2.6  Carbon/nitrogen ratio of minimal media: ............cccooiviiiieniiciien 30
Reagents for plasmid preparation ............cccocveiiiiieniiciie e 30
2.3.1  Alkaline lysis SOIUtION I (GTE) ......coiiiiiieiiiiiieiieee e 30
2.3.2  Alkaline lysis SOIULION Tl.......couviiiiiiii e 30
2.3.3  Buffered phenol...........cccooiiiiiiii 30
234 10X TriS EDTA (TE), PH 8.0 ..ceveveieieeeeeeeeeeeeeeeeeee e 30
2.3.5  Sodium Acetate (3 M, PH 5.2) .cooviiiiiiiei 31
BUTTEIS e s 31
2.4.1 P (protoplast) BUTTEN ........cooiiiiiii e 31
2.4.2 T (Transformation) buffer.........c.ccccooviiiiiie e 31
2.4.3  Tris—Maleic acid DUTTEr ........cccooiiiiiii 31
2.4.4  Running buffer: 5OX TAE .....cooie e 31
List of antibiotics used are listed in Table 2.2 ........c..ccocovviiiiiiiiiienn, 32
Experimental ProCedUIeS..........ccoviiiiii e 32
2.6.1  Extraction of antibiotic chromomycCin..........c..cccccveiviie e, 32
2.6.2  Testing purity and concentration of chromomycin by HPLC............... 32
2.6.3  Southern hybridization and bIOtting ..........cccccevviieiviie e, 33
2.6.4  Quantitation of growth...........cccoveiiii i 33
2.6.5  Protein eStMAtION........cccuiiiiiiiiieiie e 33
2.6.6  Viability MeasuremMents: ........coovveeiiee e 33
2.6.7  Measurement of minimum-inhibitory concentration (MIC) of
ChromomyCIN FOr JPL......oeieie e 34
2.6.8  Enzyme assay MethodsS..........cccouveiiieeiiiie i 34
2.6.9  Catalase enzyme aCtiVity .........cccccovieeiiiiie e 35
2.6.10 Alkyl hydroperoxidase reductase activity ............ccccoeveeviireeviieeeiinneennn, 35
2.6.11 Superoxide dismutase enzyme actiVity ...........ccccceevieeivineeiiie e, 35
2.6.12 Phosphofructo kinase enzyme activity ............cccccveevieeiviee v, 35

2.6.13  Aconitase enzyme aCtiVILY .........cccvveeiiiiiiiie e 36



2.6.14  Glucose 6-Phosphate dehydrogense activity and 6-Phosphogluconate

denydrogenase ACtIVILY .........coouieiiiiiieii s 36
2.6.15 NAD/NADRP isocitrate dehydrogenase activity assay ...........ccceevveenne. 36
2.6.16 Estimation of a-Ketoglutarate.............cocverviiiieiiiiiiiei e 36
2.6.17 Quantification of intracellular Reactive Oxygen Species..................... 36
2.6.18 Extracellular H2O2 €Stimation ...........ccoooverieiiieiiieiieee e 37
2.6.19 Extraction of intracellular NADPH for HPLC.............cccoovvvieeiieee, 37
2.6.20 HPLC conditions for NADPH ..........cccooiiiiiieiie e 38
2.6.21 NADPH estimation by enzymatic cycling method .................ccccoeee. 38
2.6.22 Determination of intracellular concentration of acetyl-CoA................. 38
2.6.23  Assay of in vivo role of chromomycCin ..........ccccoiiiiiiiiiiic e, 39
2.6.24  Preparation of samples for RT-PCR for expression analysis of
chromomycin DIOSYNtNESIS gENES: .......oiiiiiiieie e 39
2.6.25 Diamide and H202 SENSIEIVILY TEST .......oivveiiiiiieiiiesice e 40
2.6.26 In vitro antioxidant property of chromomycin.............c.cccovveviieiiennn. 41
2.7 General MEtNOMS. .........oe i 42
2.7.1  DNAISOLATION ....oiiiiiecie et 42
Plasmid isolation from E. coli by alkali lysis method (23).......c.ccccoovviiininnn 42
2.7.2  Introduction of DNA INt0 CellS ......ccovvviiiiiiiiiiii e 42
2.7.2.1 Electroporation in E. COli ....cvvviiiveiiiiiccic e 42
= =Tt o] o o] = L1 (o] o PSP OURR USRS 43
2.7.2.2 Transformation of E. coli using CaClz (23)......ccccceevvvveviieeiiinennnnn. 43
2.7.3  Transformation in StreptomMyCeS .........cccvveiiieeiiiie e 43
2.7.3.1 Preparation of protoplasts...........ccccccoveiiiieiiiii e 43
2.7.3.2 Conjugation between E. coli and Streptomyces ...........cccccvvevivveennen. 45
2.8 Genomic DNA library preparation............cccccveeiiveeiiieeiiie s siee e 45
2.9 RETEIENCES ... 45
Chapter 3
3.1 INTFOAUCTION ... 48
3.2 RESUIES ... 49
3.2.1  Construction of PKS deletion mutant.............cccoovveiiiiiieiiieiie e, 49
3.2.2  Genetic evidence for the deletion of PKS genes..........ccccceevvveeinnenne, 52

3.2.3  Structural characterization of the aromatic polyketide produced by S.
FIAVISCIEIOTICUS. ...t 55

3.2.4  Unexpected phenotypes exhibited by chromomycin null-mutant JP1.. 55
3.2.5  Construction of single gene mutant for chromomycin biosynthesis ..... 56



3.26  Growth of the JP1 is slower than that of wild type ............cccoooveiiennn. 60
3.2.7  Chromomycin non-producer JP1 mutant loses viability early in

SEALIONAIY PRESE ...ttt 60

3.3 DISCUSSION ...ttt ettt 62
3.4 RETEIENCES ... 66

Chapter 4
4.1 INTrOAUCTION ... 69
4.1.1  Generation of intracellular oxidative Stress ...........cccovveviieiieiieeinnene, 69
4.1.2  Damage caused by ROS iNCelIS ......cccvvviiiiiiiiiiiee e 70
4.1.3  Role of iron in generating oXidative Stress ..........ccccvvveriveenieiiieeinene 72
4.1.4  Combating OXidatiVe SEIESS........cciuieiiiiiiieiiie s 72
415  Link between oxidative stress and viability of an organism................. 73
4.1.5.1 Stationary phase physiology in Gram negative E. coli bacteria...................

4.15.1.1 Different phases of growth of bacteria ........................ 74

4.1.5.1.2 Alterations in physiology and metabolism in stationary

PRASE. ...ttt e 74

4.1.5.1.3 Alteration in regulation of fatty acid degradative (fad)

genes in Stationary Phase .........cocvveeiiie e 76
4.1.5.1.4 Catabolic modulation during starvation........................ 76
4.1.5.1.5 Role of autophagy during starvation .................cccoc...... 77

4.1.5.2 Response to oxidative stress in Gram positive — Streptomyces....................

4.1.5.2.1 Development program in Gram positive - Streptomyces is

lHNKEd 10 OXIAATIVE SEFTESS ...ttt e e e e 78

4.1.5.2.2 Adaptation to oxidative stress in gram positive bacteria78

4.1.5.2.3 Oxidative stress regulatory sensor system................... 78
4.1.5.2.4 Single transcriptional regulator (OxyR and FurS) ........ 79
4.1.5.2.5 Two component signal transduction systems (TCS)..... 79
4.1.5.2.6 Three component SYStem .........ccceevvvveeiiieeesiiee e 79
4.2 RESUILS ... 80

4.2.1  Deletion of chromomycin biosynthesis genes is associated with
oxidative Stress IN JPL MULANT .........ccviiiiiii i 80



4.2.2  Status of antioxidant enzymes catalase(s) in JP1 mutant (activity and
expression): 81

4.2.2.1 Catalase eNzZYMe aCHIVILY: ........cooiiiiiiiii et 81

4.2.2.2 Interpretation of functional equivalents of catalase genes in S.
flaviscleroticus by comparing with catalases identified from other

Streptomyces: 82
4.2.2.3 Transcription analysis of catalase genes in WT and JP1 mutant........................ 83
4.2.2.4 Analysis of H.O; inducible genes in S. flaviscleroticus wild type.................... 84
4.2.2.5 Sensitivity of JP1 mutant to killing by H>O> in mid-log and stationary
DS o 85
4.2.2.6 Alkylhydroperoxidase enzyme aCtiVity .........ccccceviieiuienininiie e 85
4.2.2.7 Superoxide Dismutase activity in WT and JPL ...........cccoviiiiiiiiniiieiie e, 86
4.2.3  Reactive Oxygen Species measurement in WT, INT & JP1 ............... 86
4.2.4  Detection of extracellular H202 production by JP1 mutant .................. 88
4.3 DISCUSSION ... ettt ettt et e et e e et e et e e et e e e nnae e e sneaeeensaeesnseeennnes 89
4.4 ] (=] =] (o1 SRR 91
Chapter 5
51 INTFOAUCTION ... 97
5.1.1 Influence of oxidative stress on central carbon metabolism................. 97
5.1.2  Combating ROS via ketoacid accumulation.............cccccccoveevveeinneenne, 98
5.1.3  Global metabolic changes in different organisms in response to
OXIOAEIVE STIESS ...ttt ettt 99
5.2 RESUITS ...t 101
5.2.1  JP1 fails to grow on mineral media with glucose as the sole carbon
source 101
5.2.2  Glucose uptake defect is ruled out in JP1 mutant ................ccceeevnnenns 102
5.2.3  Oxidative stress in JP1 mutant reconfigures central carbon metabolism
103
5.2.3.1 The glycolytic phosphofructokinase (PFK) activity and expression are
AefICIENT IN JPL .o 103

5.2.3.2 Deciphering functional equivalents of pfk genes comparing genome
sequence information of S. flaviscleroticus (Gene Bank Accession No.

MAZZ00000000) and other StreptOMYCES ........ueeevvreeiiieeiiie s e siee e 103
5.2.3.3 PFK activity Measurement ...........cccccuveevieeeiiee e ciee e 104
5.2.3.4 Transcription analysis of pfk genes.........cc.ccoooeiviiiiiic e, 104
5.2.3.5 Reduction in amounts of acetyl —-COA INJPL...........ccovveviieeninnnne, 105

5.2.3.6 Pentose Phosphate Pathway (PPP) in JP1 is upregulated. .............. 105



5.2.3.7 Transcription analysis of glucose 6-phosphate dehydrogenase (zwf)
107

5.2.3.8 JP1 presents an impaired TCA CYCIe .....ccevvviiiiiiiiiiieeeiee e 107

5.2.4  S.flaviscleroticus preferentially utilizes amino acids as a carbon source
over glucose and the effect of the preference on its tolerance to oxidative stress

109

5.3 DISCUSSION ...ttt ettt ettt et e e e e st e e et e e e tae e e sreeeesnaeeeeneeeeanes 110
54 =] (=] =] (o0 SRR 114

Chapter 6
6.1 INEFrOAUCTION ... 117
6.1.1  ‘Secondary’ roles of secondary metabolites .............coceevvveiniiveininnnens 117
6.1.2  Antibiotics SNOW NOIMESIS......ccvveiiiie e 118
6.1.3  Physiological roles of antibiotic to its producer organism ................. 119
6.1.4  Cross talk between oxidative stress and secondary metabolism......... 121
6.2 RESUIS ... 122
6.2.1  Chromomycin in vitro can act as antioxidant ..............cccccceeveererinnnnns 122
6.2.1.1 DPPH @SSAY ...ccvviiiiiiiieiiiieiiie ettt 122
6.2.1.2 FRAP SSAY ...eoiuviieiiiiieiiii ettt 123
6.2.1.3  Ferric ferr0ZiNe aSSAY ..........ccuveirureeiureeiireeiieeesieeesneeeseeeeseeee s 123
6.2.2  Rescue functions of ex vivo supplementation of chromomycin.......... 124

6.2.2.1 Chromomycin significantly enhances the viability of the JP1 mutant
IN the StationNary Phase........ccceeiiie i 124

6.2.2.2 Chromomycin reduces the intracellular levels of the reactive oxygen
species, NADPH and extracellular production of H2O2........ccocvveviiieeiinnnnne, 126

6.2.2.3 Chromomycin reverses the loss of activity/expression of PFK and
catalase and activities of TCA cycle ENZYMES..........cccvvveeviveeiiieeeiiiee e, 126

6.2.3  Chromomycin biosynthesis genes are expressed early in the exponential
phase of growth and induced by HaO2 Stress ........ccovvvveiiire i 128

6.2.4  Induction of chromomycin biosynthesis by external supplementation of
H.O> 129

6.3 DISCUSSION: ..ttt ettt ettt ettt e et e esr e et e nbe e nbeenree s 130

6.4 RETEIEINCES ... it 132

Chapter 7

7.1 INTFOAUCTION ... 136
7.1.1  Effect of alteration of primary metabolite on secondary metabolism. 136
7.1.2  Antibiotic overproduction............ccccceeeviieeiiie e 138

7.2 RESUIES .. et 140



7.3
7.4

7.2.1  Quantitation of growth rate of #OP and the wild type ...............c...... 140
7.2.2  Quantitation of antibiotic production by #OP in comparison to wild type

on different growth Media..........cc.veiiieiiiie i 141

7.2.3  Oxidative status of the overproducer mutant in comparison to the wild

11 8L PP PP PP PP PP PPPUPPPPPPPP 142

7.2.4  Metabolic alterations in #0P mutant: Glycolysis is upregulated in #0OP
................................................................................... 143

7.25  NADPH production is limited in #OP............ccccooiiiiiiiiiee e 144

7.2.6  Modification of apramycin by aac3 (IV) gene encoding the
aminoglycoside acetyltransferase does not result in chromomycin overproduction

146
7.2.7  Cloning of apramycin resistance mutation .............c.ccovveriveennenineenn 147
7.2.7.1 Genomic DNA library preparation of #OP ..........c.ccccoovviieiiieninnn. 149
7.2.8  Attempt to uncover nature of apramycin resistance mutation ............ 150
7.2.8.1 Generating other ribosome acting drug resistant mutants of #0P and
their effect on the overproducer phenotype........cccccveviiiieiiiinieiie e 150
7.2.8.2 Whole Genome sequencing Of #OP.........cccooeviieiiiiiie e, 154

7.2.9  Assessing the prospect of apramycin resistance mutation for
overproduction of important metabolites: construction of chromomycin non-

producer mutant as a heterologous hoSt...........cocveiiiie e 155
Dol B3] o] o TP VRO PROPRUPRY 157
RETEIEINCES ... 165



