Identification of the midecamycin biosynthetic gene cluster
in Streptomyces mycarofaciens UC189B (ATCC 21454) and

analysis of the enzymes for dTDP-D-mycaminose biosynthesis

A dissertation submitted to the
Fachbereich Naturwissenschaften 11 (Chemie/Biologie)
Bergische Universitét — Gesamthochschule Wuppertal

for the degree of Doctor of Natural Science

presented by
Lina Cong

Wuppertal
February 2000



To all my teachers

To my parents and John



ACKNOWLEDGEMENTS

This study was carried out during the period between July, 1996 to February, 2000, am
Lehrstuhl fir Chemische Mikrobiologie, Fachbereich Chemie, der Bergischen Universitat
GH Wuppertal. | wish to express my sincere gratitude to:

My supervisor, Professor Piepersberg, for introducing me to this interesting project and for
his invaluable support and guidance throughout the years. | especially appreciate his help
for constructing the phylogenetic trees. His scientific ideas and vision will benefit me in
my future career.

Professor Vogel for hisreview of my thesis.

Dr. Wehmeler for his intensive help in solving the experimental problems and fruitful
discussion during these years. Special thanks for his criticism of part of my thesis.

The "Hyglide" project co-operators, Dr. Raynal, Professor Leadlay, Professor Salas,
Professor Elling and all colleagues from their laboratories, for fruitful collaboration and
mutual experimental support.

Dr. Beyer for his support and help during the initial phase of my work.

Christoph for his skilful help to manipulate the HPLC analysis system.

Petraand Dr. Bluggel for their help and co-operation in performing the LC-MS analysis.

Elisabeth and Y vonne for their assistance with the sequencing work.

All my former and current colleagues for their help and for creating a pleasant and friendly
atmosphere in the laboratory during these years.

Professor Mattiasson (University of Lund, Sweden) for providing me the opportunity to
work in his group for ayear. The most important lesson | learnt from him is to understand
how hard-working and active-thinking a scientist should be.

Professor Méantsdla (University of Turku, Finland) for introducing me into the field of
molecular biology.

Last but not least, my parents, and my boy friend, John, for their love, support and patience.



CONTENTS

Contents

Abbreviations

Abstract

Zusammenfassung

1. Introduction

1.1
111

112

1.2
13.
131

132

14.

14.1.
14.2.
14.3.

1.5

Secondary metabolites and macrolide antibiotics

Roles of secondary metabolitesin Streptomyces

Character, structure and classification of macrolides

Cloning of erythromycin and tylosin biosynthesis genes
Biosynthesis of macrolide lactones

Basis of fatty acid and polyketide biosynthesis

Synthesis of macrolide lactone viatype | PKSs

Biosynthesis of 6-deoxysugars

6-Deoxysugar genes found in antibiotic biosynthesis

Genetics of 6-deoxysugarsin erythromycin and tylosin biosynthesis
Mechanism elucidation of some deoxysugar biosynthetic enzymes
Aims of the present study

2. Materials

2.1
2.2.
221

2.2.2.
2.2.3.

2.3

231
2.3.2
2.3.3

Chemicals and enzymes

Media and Buffers

Mediafor cultivation of E. coli
Mediafor cultivation of Streptomyces
Buffers

Bacteria, cosmids and plasmids
Bacteria

Vectors

Recombinant plasmids

Vi

viii

w 0o N P P P

10
11
11
12
13
16

17

17
18
18
19
21
27
27
28
29



CONTENTS

24 Oligonucleotides

3.  Methods

3.1 Cultivation and maintenance of bacterial strains

311 Cultivation and maintenance of E. coli

3.1.2. Cultivation and maintenance of Streptomyces

3.2. S. mycarofaciens fermentation and product extraction
3.3 General manipulation of DNA

3.3.1. Isolation of genomic DNA from Streptomyces

332 Preparation of plasmid DNA from E. coli

3.33. Preparation of plasmid DNA from Streptomyces sp.
3.34. In vitro manipulation of DNA

3.35. Polymerase chain reactions (PCR)

3.3.6. Separation of DNA fragment

3.3.7. Radioactive labelling of DNA fragments

3.38. DNA-DNA hybridization

3.3.9. DNA sequencing

3.3.10. Determination of DNA concentration

3.3.11. Transformation of E. coli and S. lividans

3.3.12. Heterologous gene expression in E. coli BL21(DE3)pLysS
3.3.13. Heterologous gene expression in S. lividans 1326

3.4. Manipulation of the cosmid genomic library of S. mycarofaciens
34.1. Construction of the cosmid genomic library

34.1.1. Partia digestion of S. mycarofaciens genomic DNA
34.1.2. Sizefractionation of DNA fragments

3.4.1.3. Digestion of the cosmid vector pkK U206

3.4.1.4. Ligation of insert DNA to vector DNA

3.4.1.5. Packaging of ligated DNA

3.4.1.6. Adsorption of packaged recombinant cosmidsto E. coli
3.4.1.7. Plating of packaged recombinant cosmids

3.4.2. Plating out, amlification and maintenance of the cosmid genomic library
3.4.2.1. Plating on agar for the library amplification

37

39

39
39
39
40
40
40
41
41
42

R R

45
45
46
46
46
47
47
47
48
49
49
50
50
50
51
51



CONTENTS

il

3.4.2.2. Picking and streaking colonies for screening and maintenance of the library 51
3.4.3. Screening of the cosmid genomic library 52
3.4.3.1. Preparing duplicate membranes of cosmid colonies 52
3.4.3.2. Cosmid DNA binding to the membranes 52
3.4.3.3. Screening the cosmid membranes 52
3.5. Biochemical methods 53
3.5.1. Cell-free extracts of E. coli and Streptomyces 53
3.5.2 Determination of protein concentration 53
353 SDS polyacrylamide gel electrophoresis (PAGE) 53
3.5.4. Western blotting and immuno-detection of proteins 54
3.5.5. Analysis of the activity of dTDP-D-glucose 4,6-dehydratase by RmIB 54
3.5.6. Analysis of the activity of enzymes participating in dTDP-D-mycaminose 55
biosynthesis via a coupling reaction of RmIB, MidH and MidC
3.6. Chromatography methods 55
3.6.1. Thin-layer chromatography (TLC) 55
3.6.2. High pressure liguid chromatography (HPL C) 56
3.6.3. HPL C coupled to mass spectrometry (LC-MYS) 56
3.7. Computer programs 56
4. Results 57
4.1. Detection of pathway-specific genesfrom S. mycarofaciens by PCR 57
4.1.1. | dentification and isolation of agene, midB, encoding a dTDP-glucose 58
4, 6- dehydratase from S. mycarofaciens
4.1.2. |dentification and isolation of a gene, midl, encoding a glycosyltransferase 58
from S. mycarofaciens
4.2. Construction and screening of agenomic library from S. mycarofaciens 60
4.2.1. Construction of the genomic cosmid library 60
4.2.1.1. Selection of 20-35 kb DNA fragmentsin S. mycarofaciens partial digestion 60
4.2.1.2. Ligation, packaging and plating the library 63
4.2.2. Screening of the cosmid genomic library probed by the midB and midl 64
DNA fragments
4.3. Restriction analysis and sequencing of partial regions of the recombinant 65

cosmids



CONTENTS

iv

4.4. Chromosomal walking by using a 2.3 kb DNA fragment close to one end
of Smyc-LC1 asa probe to screen the S. mycarofaciens genomic library

4.5. Open reading frames found in the gene sub-cluster analysed from
Smyc-LC1

4.6. Open reading frames found in the gene sub-cluster analysed from
Smyc-LC3

4.7. The PKS genes (midG)

4.8. Regulation genes (midF and midR)

4.9. Resistance genes (mdmA and mirB)

4.10. | dentification of midE, mdmB and mdmC

4.11. The midC gene

4.12. The midA and midB genes
4.13. The midK gene

4.14. The midH gene

4.15. The midl gene

4.16. | dentification of genes encoding dTDP-D-mycaminose biosynthetic
pathway

4.17. About strains of S. mycarofaciens UC189B (ATCC 21454) and
S. mycarofaciens ATCC 21454

4.18. Heterologous complementation of midK and midl into Sac. erythraea
mutants

4.19. Heterologous expression of the MidH, MidC, MidK and Midl proteins
4.19.1. Overexpression of the MidH protein

4.19.2. Overexpression of the MidC protein

4.19.3. Expression and detection of the MidK protein

4.19.4. Expression and detection of the Midl protein

4.20. Assay for activity of a coupling reaction of the RimB, MidH and MidC
protein

4.20.1. Activity assay of dTDP-D-glucose 4,6-dehydratase by RmIB
4.20.2.  Reaction products from combined catalysis by RmIB, MidH and MidC

5. Discussion

5.1 The S. mycarofaciens cosmid genomic library

5.2. Architecture of the mid gene cluster in S. mycarofaciens

68

68

71

71
72
73
74
74
76
77
79
79
80

82

82

83
85
86
87
88
89

89
90

92

92
93



CONTENTS

5.3.
5.4.
5.5.

Hybrid antibiotic production by heterologous complementation
Heterol ogous enzyme expression and combined enzymatic analysis

Phylogenetic analysis of some enzymes involved in midecamycin
biosynthesis

6. References

7. Appendices

7.1

7.2.

7.3.

7.4.

7.5.

7.6.

1.7.

7.8.

7.9.

7.10.

7.11.

7.12.

The nucleotide and encoded amino acid sequences of the midM region
of Smyc-LC1

The nucleotide and encoded amino acid sequences of the midCA region
of Smyc-LC1

The nucleotide and encoded amino acid sequences of the midDBL region
of Smyc-LC1

The nucleotide and encoded amino acid sequences of the midE region
of Smyc-LC1

The nucleotide and encoded amino acid sequences of the midGKHIJ
region of Smyc-LC3

Sequence alignment of the MidD protein with other thioesterases for
construction of MidD-treein Fig. 5.2

Sequence alignment of the MidA protein with other dTDP-glucose
synthases for construction of MidA-treein Fig. 5.2

Sequence alignment of the MidB protein with other dTDP-glucose 4,6-
dehydratases for construction of MidB-treein Fig. 5.2

Sequence alignment of the MidH protein with other putative isomerases
for construction of MidH-treein Fig. 5.2

Sequence alignment of the MidC protein with other aminotransferases
for construction of MidC-treein Fig. 5.2

Sequence alignment of the MidK protein with other methyltransferases
for construction of MidK-treein Fig. 5.2

Sequence alignment of the Midl protein with other glycosyltransferases
for construction of Midl-treein Fig. 5.2

98

101

109

122

122

123

125

128

129

133

134

135

137

138

139

141



ABBREVIATIONS

vi

Abbreviations

A

aa

acc. no.
ALF
APS
ATCC

orf

ori

mid genes
min

Mr

MW

No.

nt

PAGE

adenine

amino acid

accession number

automatic laser fluorescens DNA sequencer
ammonium persulfate

American Type Culture Collection
base pair

bovine serum albumin

cytosine

circa

curie

day

2 -deoxyadenosine triphosphate

2 -deoxycytidine triphosphate

2 -deoxyguanosine triphosphate
dimethylformamide

dimethyl sulfoxide
deoxyribonucleic acid
deoxyribonucleoside triphosphate
6-deoxyhexose

2"-deoxythymine diphosphate
dithiothreitol

2"-deoxythymidine triphosphate
Escherichia coli
ethylendiaminotetraacetic acid
erythromycin biosynthetic genes
guanine

gram

gravity

hour

high performance liquid chromatography
isopropyl-1-thio-b-D-galactoside
kilobase

kilodalton

wave length

nucleotide

optical density at x nm and 1 cm depth
open reading frame

origin

midecamycin biosynthetic genes
minute

relative molecule weight

molecule weight

number

nucleotide

promoter

polyacrylamide gel electrophoresis



ABBREVIATIONS

vii

PAA
PCR
PEG
ps
PVDF
RBS
PLP
PMP
Rnase
rpm
RT
Sac

polyacrylamide

polymerase chain reaction
polyethylenglycol

'pounds per square inch'

polyvinyl difluoride

ribosome binding site

pyridoxa phosphate

pyridoxamine phosphate

ribonuclease

rounds per minute

room temperature

Saccharoployspora

second

Streptomyces

sodium dodecy! sulphate

subspecies

thymine

Table

N, N, N", N’-tetramethylethylendiamine
N-tris(hydroxymethyl)methyl-2-aminoethanesul phonic
acid

thin-layer chromotography
trishydroxymethylaminomethane
tylosin biosynthetic genes

enzyme unit

University

ultraviolet/visible light

volt

5-bromo-4-chloro-3-indolyl-b-D- galactoside



ABSTRACT viii

ABSTRACT

In this study the following aspects have been worked out by studying the genetics of
midecamycin biosynthesis as a model system to elucidate the biosynthesis of sugar
components in 16-membered macrolides and to acquire tools for the production of new

hybrid macrolide antibiotics.

1. By sequentiadly screening a genomic library in the cosmid vector pKU206 via two
homologous gene probes which were detected by PCR, the midecamycin biosynthetic
(mid) gene cluster has been identified in the isolated ca. 74 kb DNA in the genome of S.

mycarofaciens, faling into two regions.

2. About 10 kb DNA from the cosmid Smyc-LC1 and ca. 7 kb DNA from the cosmid
Smyc-L C3 were sequenced contiguously. The remaining regions of these two cosmids
were partially sequenced to get further information on extension and informational
contents of the cluster. Among them, 10 genes with complete reading frames and 14
genes incomplete were identified, all of which are necessary for midecamycin
biosynthesis. The region of genes responsible for mycarose biosynthesis was found in
Smyc-LC1. A complete set of genes for the biosynthesis and transfer of mycaminose
was identified. The organisation of the overal mid gene cluster revealed that, similar to
other macrolide gene clusters, the PKS genes are flanked by two regions containing
genes encoding enzymes for sugar biosynthesis, with others for resistance, regulatory,

and sugar or lactone modification.

3. Thegenes, midC, midH, midK and midl, were characterised by heterologous expression
of these enzymes. MidC and MidH were over-produced as soluble proteins in E. coli
both in native form and as His-tag fusion. Soluble proteins His-tag-MidK and His-tag-
Midl were detected only by Western blotting in low quantities.

4. To characterise the postulated function of MidH (3,4-isomerase) and MidC (3-
aminotransferase), the products of a coupling enzymatic reaction to convert dTDP-D-
glucose by RmIB (4,6-dehydratase), MidH and MidC were analysed by HPLC and LC-
MS. It has been confirmed that the MidC protein is responsible for transamination to

form dTDP-amino-6-deoxy-D-glucose.
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ZUSAMMENFASSUNG

In dieser Arbeit wurden die folgenden Aspekte der Genetik und Biosynthese des Makrolids
Midecamycin ausgearbeitet, um die Mechanismen der Makrolidzuckersynthese zu klé&ren

und Handwerkszeuge fur die Herstellung hybrider Makrolide zu liefern.

1. Durch sequentielles Screening einer genomischen DNA-Bank im Cosmidvektor
pKU206 durch zwei homologe PCR-amplifizierte Genproben wurden zwel Regionen
von insgesamt ca. 75 kb DNA isoliert, die die gewtinschten Anteile des Midecamycin

(mid) Genclusters enthielten.

2. Ca 10 kb DNA aus Cosmid Smyc-LC1 und ca. 7 kb DNA aus Smyc-LC3 wurden
komplett sequenziert. Die Ubrigen Regionen wurden durch partielle Sequenzierung
charakterisiert, um weitere Informationen Uber Struktur und Genverteilung zu erhalten.
Unter den Genen wurden 10 komplette und 14 unvollstandige L eserahmen identifiziert,
die fur die Midecamycin-Biosynthese notwendig sind. Die Region der Mycarose-
Biosynthesegene wurde auf Smyc-LC1 gefunden. Das komplette Set der Gene fir
Biosynthese und Transfer der Mycaminose wurde kloniert. Die Organisation des mid
Genclusters ist dhnlich wie in andern Makroliden zu beiden Seiten der zentralen PKS
Gene mit zwel gemischten Gruppen von Zucker-, Acylierungs, Resistenz- und

Regulatorgenen strukturiert.

3. Die Genen, midC, midH, midK und midl, wurden durch heterologe Expression
charakterisiert. MidC und MidH wurden als [6dliche Proteine in E. coli Uberproduziert,
jewells in nativer und His-tag fusionierter Primarstruktur. Die ebenfalls |6slichen His-
tag Proteine MidK und Midl wurden nur in geringer Menge gebildet und Uber

Westernblot nachgewiesen.

4. Um die postulierten Funktionen der MidH (3,4-Isomerase) und MidC (3-
Aminotransferase) nachzuweisen, wurden die Produkte eines gekoppelten Enzymtests
zur Umsetzung von dTDP-D-Glucose mit RmIB (4,6-Dehydratase), MidH und MidC
mittles HPLC und LC-MS Techniken ausgewertet. Es wurde bestétigt, dal3 das MidC
Protein verantwortlich ist fir die Transaminierungsreaktion bel der Bildung des dTDP-

Amino-6-Deoxy-D-Glucose.
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1. Introduction

1.1. Secondary metabolites and macrolide antibiotics

1.1.1. Roles of secondary metabolites in Streptomyces

Secondary metabolites are synthesized via multistep pathways leading from precursors
(usually intermediates of primary metabolism) to the specific moieties of these metabolites
(Drew et al., 1978). The mgjority of bioactive products (for instance, antibiotics, pigments,
alkaloids, enzyme inhibitors, and so on) of microorganisms, is generated by secondary
metabolism. This part of the metabolic machinery of microorganisms may play no essential
role in the vegetative development of the producing organisms, but seems to convey
advantages to the pertinent species with regard to its long-term survival in the biological

community and environment (Vining, 1992).

Actinomycetes, to which the streptomycetes belong, are well known for the synthesis of a
broad range of biologically active secondary metabolites with antibacterial, anti-viral, anti-
tumor and immuno-suppressive activities. Tab. 1.1 lists a few of these compounds with
their respective activities. Understanding roles of secondary metabolites in Streptomyces
has been increased by cloning numerous genes involved in the biosynthesis of antibiotics,
pigments and other secondary metabolites (Beppu, 1996; Minas, 1997). A comprehensive
picture of their organization in clusters is emerging. Knowledge about expression of these
genes, which are not essential for growth, is of utmost importance for establishing how they
have evolved as compared to operons of primary biosynthetic genes. Furthermore,
understanding of the regulatory mechanisms controlling gene expression has relevance for

industrial over-production of these metabolites.

1.1.2. Character, structure and classification of macrolides

Macrolides are a class of antibiotics that contain a macrocyclic lactone ring (Omura, 1984)

composed of a polyketide-derived backbone to which one, two or three sugars are



INTRODUCTION 2

Tab. 1.1. Some medically important Streptomyces secondary metabolites

and their mode of action

Type Antibiotic Producer Activity Target
b-Lactams Cephalosporin S. clavuligerus Gram +/- bacteria D-Alametabolism in
(peptides) Cephamycin cell wall formation
Chorismic acid Chloramphenicol  S. venevuelae Bacteria, Ribosome 50S subunit

Chemical Synthesis Mycoplasma

Aromatic Mithramycin S. argillaceus Antitumor DNA intercalating or

polyketides binding agents
Tetracyclines S. rimosus Gram +/- bacteria Ribosome 30S subunit

Macroildes Erythromycin Sac. erythraea Bacteria Ribosome 50s subunit
Rapamycin, S. hygroscopicus ~ Immunosuppressants T-cell differentiation
FK506

commonly attached. They are produced as secondary metabolites by mycelium-forming
soil bacteria from the order Actinomycetales; the magjority are from members of the genera
Streptomyces, Micromonospora and Saccharopolyspora (Nakagawa et al., 1984).
Macrolide antibiotics are widely used as anti-infective, immuno-supressive, insecticidal,
and parasiticidal agents in the clinic or for agricultural purposes. The known mechanism of
the biological function of the main group of classical macrolides (erythromycin, tylosin,
etc.) isto bind to the peptidyltransferase center of the 50S subunit of the bacterial ribosome,
thereby inhibiting bacterial protein synthesis (Gale er al., 1981). Other macrocyclic
lactones, like polyenes and avermectin, have different modes of action.

Macrolides are conveniently divided into different groups according to the atom numbers
of the formation of lactone rings (Omura, 1984). They are composed of 12 to 16 atoms, so-
caled 12-membered macrolides (e.g., methymycin); 14-membered macrolides (e.g.,
erythromycin and oleandomycin); and 16-membered macrolides (e.g., tylosin, spiramycin,

carbomycin and midecamycin) (Fig. 1.1).
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Fig. 1.1. Examples of macrolides. Structures of one 14-membered (erythromycin) and four
16-membered macrolides (tylosin, midecamycin, spiramycin and carbomycin).
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1.2. Cloning of erythromycin and tylosin biosynthesis genes

Large numbers of macrolides have been structurally isolated and some of them have been
in practical use for many years, but cloning and genetic analysis of biosynthesis genes have
only been extensively studied for erythromycin and tylosin. The molecular biology of
picromycin, carbomycin, spiramycin and midecamycin has also been studied but at a much
lower level. In the cases of erythromycin and tylosin, the biosynthesis genes are
demonstrated to be clustered among one or more resistance-determining genes in the
chromosome. Therefore, cloning of the resistance genes has allowed the isolation of large

segments of adjacent DNA.

For cloning of erythromycin biosynthesis genes, the ermE gene, that determines macrolide-
lincosamide-streptogramin B (MLYS) resistance in the erythromycin-producing strain Sac.
erythraea, was first used as a hybridization probe to identify linked genomic fragments
from Sac. erythraea (Stanzak et al., 1986). The first biosynthesis gene identified in the
cluster was eryG, which encodes the O-methyltransferase catalyzing the last step of the
pathway (Weber er al., 1989). The isolation of the erythromycin gene cluster (ca. 54 kb;
Fig. 1.2) has been completed (Dhillon et al., 1989; Donadio et al., 1991; 1992; Vara et al.,
1989; Weber et al., 1990), and the nucleotide sequence of all the genes in the cluster has
been revealed (Cortes et al., 1990; Dhillon et al., 1989; Donadio et al., 1991; Gaisser et al.,
1997; 1998; Haydock et al., 1991; Salah-Bey et al., 1998; Summers et al., 1997; Weber et
al., 1991). This macrolide, according to the present knowledge, requires approximately 30
enzymatic steps for its construction.

The first gene in tylosin biosynthesis, designated as #y/F, encoding macrosin O-
methyltransferase that acts at the last step in the pathway in S. fradiae (Fishman et al.,
1987), was isolated and cloned by using a reverse genetics approach, which employed a
partially degenerated oligonucleotide probe derived from a portion of the N-terminal
sequence obtained from the purified enzyme (Bauer ef al., 1988). Evidence shows tylosin
biosynthetic and self-resistance genes are closely linked in the genome of Streptomyces
(Beckmann et al., 1989). Four different resistance genes, tlrA, tlrB, tirC and tirD, have
been cloned from S. fradiae (Batz & Seno, 1988; Birmingham et al., 1989; Zalacain &
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Fig. 1.2. Organisation of the ery cluster of Sac. erythraea and pathway for the formation of
erythromycin. Top: arrows, each aigned along the direction of the transcription, indicate the open
reading frames of the cluster (not drawn to scale). Bottom: only the macrolide portion of the
pathway isillustrated. The proposed pathways for 6-deoxysugar formation see Section 1.4.
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Cundliffe, 1991) in which #rB and t/rC are located a the two ends of the cluster
(Beckmann et al., 1989) and ¢/rD is within aregion of the cluster (Gandecha et al., 1997).
More recent analysis shows that the tylosin gene cluster, which covers about 85 kb in the
genome of S. fradiae, contains over 40 genes, including and surrounding the #I/G (PKS-
encoding) sub-cluster. This large interval segment is flanked by #/»B and ¢/rC, and has
originally been mapped into 13 different loci (¢y/A to tylM) according to the results of co-
synthesis studies with idiotrophic mutants blocked at different steps in tylosin biosynthesis
(Batz et al., 1983) (Fig. 1.3). The five #y/G genes occupy ca. 41 kb (acc. no. U78289). The
tylIBA region, in which 11 genes cover about 14.8 kb, is located between ty/G and t/rC
(Merson-Davies & Cundliffe, 1994; Butler et al., 1999). The #yILM region is located
downstream of #//G, showing five genes which are mainly involved in mycaminose
biosynthesis and attachment (Gandecha et al., 1997). The #yI/CK region, in which five genes
have recently been found in a7 kb region, is adjacent to the left side of #y/LM,. These genes
are involved in mycarose biosynthesis and attachment (acc. no. AF147704). The remaining
region, tylEDHFJ, is located at the left side of the cluster, and recently, the sequence of
11.9 kb of this region has been shown to include 11 orfs, 10 of them belonging to the
biosynthetic cluster, which isinvolved in mycinose biosynthesis and attachment (Fouces et
al., 1999). Of particular interest in the tylosin gene cluster is the presence of at least five
candidate regulatory genes:. #y/P encodes a g-butyrolactone signal receptor for which #y/Q is
the probable target; #/IQ is a transcriptional regulator; ¢y/S and ty/T encode pathway-
specific regulatory proteins of the Streptomyces antibiotic regulatory protein (SARP)
family (Wietzorrek & Bibb, 1997); #yIR has been shown by mutationa analysis to control
various aspects of tylosin production, thereby designated as a global regulator (Bate et al.,
1999). The regulatory genes identified here probably control tylosin biosynthesisin cascade
fashion and might form a link to the control of sporulation. In contrast, other antibiotic
biosynthetic gene clusters are not known to contain multiple pathway-specific regulators,

and no regulatory genes are present in the erythromycin gene cluster.
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Fig. 1.3. Organisation of the #yl cluster of S. fradiae and pathway for the formation of tylosin.
Top: arrows, denote the open reading frames of the cluster (not drawn to scale). Bottom: only the
macrolide portion of the pathway is illustrated. The proposed pathways for 6-deoxysugar formation
see Section 1.4.
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1.3. Biosynthesis of macrolide lactones

1.3.1 Basis of fatty acid and polyketide biosynthesis

The early stages in both fatty acid and polyketide biosynthesis are catalyzed by enzymes,
referred to collectively as fatty acid synthases (FASs) and polyketide synthases (PK Ss), that
operate on identical principles (Fig. 1.4). Simple carboxylic acids are activated as thioesters
(CoA). The acetyl unit which acts as a 'starter’ is transferred via an acyl carrier protein
(ACP) to a cysteine thiol group at the active siteof a b-ketoacyl synthase (KS: the
condensing enzyme). A malonate (‘'extender') unit is then transferred onto the thiol of ACP.
Thereafter, the KS catalyzes the condensation of the two acid residues to give a b-ketoacy!
C,4 intermediate attached to ACP. At this point the pathway to fatty acids and polyketides
usually diverges. In the fatty acid pathway, the b-ketoacyl C, intermediate is acted upon
successively by a b-ketoacyl reductase (KR), a dehydrase (DH) and an enoyl reductase
(ER) to generate a fully reduced acyl C, intermediate that will normally be returned to the
active-site cysteine of KS to serve as the starter unit for another round of extension and
reduction. In the pathway usually followed by PKSs, the b-ketoacyl C, intermediate is not
automatically reduced; instead it is transferred directly to the active-site cysteine of KS,
where it serves as the starter unit for condensation with a second ACP-borne extender unit.
The condensation yields a b,d-diketoacyl Cg intermediate attached to the ACP, and then
this intermediate can in turn be transferred to the vacant active site on the condensing
enzyme for further extension of the polyketide chain. Evolutionarily it is more logical to
regard FASs as a special case of PKSs, since the basic mechanisms are all identical and
catalysed by enzymes all in common families and the PKSs aready can contain modules

with full b-ketoreduction capacity.

PKSs usually can be subdivided into two types. type I, a modular PKS of complex
polyketide, consists of several large multifunctional proteins carrying a separate active site
for each individual enzyme-catalyzed reaction in the pathway; type 11, the aromatic PKS,
consists of a group of separate proteins with iterative active sites for enzyme-catalyzed
reactions (Katz & Donadio, 1993). Information about type | PKSs has been obtained from

sequence analysis of the cloned genes from Sac. erythraea (Cortes et al., 1990; Donadio
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ar CH, a SH
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Fatty acid route

Fig. 1.4. A schematic diagram of fatty acid and polyketide biosynthesis. The first four reactions
are common to both pathways; the subsequent reactions in route A lead to polyketides, and in route
B to fatty acids. Circle represents the synthase complex; ACP is the acyl carrier protein, on which
SH is the functional thiol on the 4'-phosphopantetheinyl prosthetic group of the protein. KSis the
condensing enzyme, on which SH is the cysteine thiol group at the active site of the enzyme.
Enzymes: 1, acetyl transferase; 2, acyl transferase; 3, malonyl transferase; 4, b-ketoacyl synthase; 5,
ketoreductase; 6, dehydrase; 7, enoylreductase.
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et al., 1991) and S. avermitilis (MacNeil et al., 1992b), which reveals that there is a
separate set of active sites (a'module’; Donadio et al., 1991) for each round of carbon chain
assembly and appropriate reduction. The genetic organization and enzyme function in the

biosynthesis of the polyketide aglycone of erythromycin is reviewed below.

1.3.2. Synthesis of macrolide lactone via type I PKSs

As described above, complex polyketides, which include the aglycone components of
macrolides, are synthesized through the successive condensation of activated acetate,
propionate or butyrate units which are either directly extended or followed by reduction at
the b-keto carbon to varying degrees. In the synthesis of the macrocyclic lactones of the
well-known macrolides, starter units are commonly acetate (oleandomycin, midecamycin,
spiramycin) or propionate (erythromycin and tylosin), and extender units for C,, C; and C4
chains are likely to arise from malonyl-, methymalonyl- and ethylmaonyl-CoA,
respectively. Classical lactone rings contain an even number of atoms. 12- (eg.,
methymycin), 14- (e.g., erythromycin, oleandomycin and pikromycin) and 16-membered
rings (e.g., midecamycin, spiramycin and tylosin), resulting from the successive

condensation of 5, 6 and 7 extender units, respectively (Omuraet al., 1984).

The nucleotide sequence of the genes for the lactone of erythromycin supports the
organization of the modular type | PKSs that is composed of a few very large
multifunctional enzymes, each composed of modules containing all the activities required
in asingle round of synthesis (Cortes et al., 1991; Donadio et al., 1991; Donadio & Katz,
1992). Corresponding to the sequence of the 6-deoxyerythronolide B (6dEB) PKS genes
(eryA), the EryA polypeptides include three proteins (EryAl, EryAll and EryAlll)
containing domains typical of fatty acid synthases. ACP (acyl carrier protein), AT
(acyltransferase), DH (dehydratase), ER (enoylreductase), KR (ketoreductase), KS
(ketosynthase) and AT (thioesterase). These are grouped into six modules where modules 1
and 2 in eryAl encode a 6-deoxyerythronolide B synthase (DEBS) subunit, DEBSI,
believed to participate in the first two steps of 6dEB synthesis. Similarly, eryAll and
eryAIIl contain modules 3 and 4, and 5 and 6, respectively, encoding DEBS2 and DEBS3,
which catalyze the third through sixth cycles. For the detail processes of 6dEB synthesis
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through sequential action of the six modules, the reader is directed to Katz and Donadio
(1993).

The genes involved in the synthesis of the 16-membered lactone rings of spiramycin and
tylosin have been designated srmG and tyIG in S. ambofaciens and S. fradiae. Like eryA,
the genetic organization of the PKS genes for platenolide (srmG) and tylactone (ty[G)
synthesis appears to correspond to the order of the chemical reactions, both containing five
genes which are grouped into 7 modules, respectively (Kuhstoss et al., 1996). Platenolide
and tylactone undergo an identical set of post-condensation processing steps; however, the
substrates chosen for incorporation in the two pathways differ in some steps. For example,
the first reaction in platenolide synthesis involves the condensation of an acetyl-CoA and a
malonyl-CoA, while in tylactone synthesis, the corresponding substrates are propionyl-CoA
and methylmalonyl-CoA (Omura et al., 1975a,b; 1979; Marsden et al., 1994). In other type
| polyketides, amino acids, aromatics or short branched-chain fatty acids can be used as
starter units, e.g., branched chains, an isobutyryl-CoA or 2-methylbutyryl-CoA used in
avermectin (MacNell et al., 19923, b).

1.4. Biosynthesis of 6-deoxysugars

1.4.1. 6-Deoxysugar genes found in antibiotic biosynthesis

In nature, a wide variety of deoxysugars are found in lipopolysaccharides, glycoproteins,
glycolipids and many secondary metabolites (Liu & Thorson, 1994; Piepersberg, 1994).
The deoxysugars belong to an important class of carbohydrates and exhibit various potent
and interesting biological activities (Williams & Wander, 1980). These compounds are
formed from common monosaccharides by replacement of one or more hydroxyl group(s)
with hydrogen(s). Such a substitute generally induces dramatic variation in biological
function, and in many cases, these unusual sugars have been shown to be indispensable for

the activity of the parent molecule (Weymouth-Wilson, 1997).

In the past few years, sequencing and analysis of various antibiotic biosynthetic gene
clusters and the correlation of blocked mutants with phenotypes have provided critical

evidence allowing the identification of a number of complete sugar biosynthetic gene
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clusters, for instance, L-streptose biosynthetic cluster in streptomycin (Distler et al., 1992);
L-daunosamine biosynthetic cluster in daunorubicin biosynthesis (Otten et al., 1997); D-
desosamine and L-mycarose biosynthetic clusters in erythromycin biosynthesis (Gaisser et
al., 1997; Summers et al., 1997; Salah-Bey et al., 1998); D-desosamine and L-oleandrose
biosynthetic clusters in oleandomycin biosynthesis (Salas, personal communication; Olano
et al., 1998); D-mycaminose, D-mycinose and L-mycarose biosynthetic clusters in tylosin
biosynthesis (Merson-Davies & Cundliffe, 1994; Gandecha et al., 1997; Fouces et al.,
1999). The recent advances aso include the identification of some genes needed for the
production of deoxysugar components in avilamycin of S. viridochromogenes TUS57
(Gaisser et al., 1997), mithramycin of S. argillaceus (Lombo et al., 1997), nogalamycin of
S. nogalater (Torkkel et al., 1997). The structure of these sugarsis shownin Fig. 1.5.

1.4.2. Genetics of 6-deoxysugars in erythromycin and tylosin biosynthesis

Two extensively studied examples, erythromycin and tylosin, have received a leading
position in the genetic analysis of 14-membered and 16-membered macrolactone
antibiotics, not only because of their well-studied PK Ss and PKS-encoding sub-clusters but
also because of the identification of almost all pathway-specific genes of appended sugars
(Merson-Davies & Cundliffe, 1994; Gandecha et al., 1997; Gaisser et al., 1997, Summers
et al., 1997; Salah-Bey et al., 1998; Fouces et al., 1999).

Erythromycin contains two 6-deoxyhexoses, L-mycarose first attached to the C3-OH of the
aglycone 6-deoxyerythronolide B, and D-desosamine then attached to C5-OH of the
aglycone. Tylosin contains three 6-deoxyhexoses, D-mycaminose as the first sugar added to
C5-OH of tylactone, D-mycinose then added to C23-OH of tylactone, and L-mycarose
finally substituted onto C4-OH of mycaminose. According to the pathway anaysis and
protein similarity of several identified 6-deoxysugar genes in antibiotic biosynthesis, a
common pathway of these sugars is deduced as follows: the first two steps are believed to
be the synthesis of dTDP-D-glucose and its conversion into dTDP-4-keto-6-deoxyglucose,
catalysed respectively by dTDP-glucose synthase and dTDP-glucose dehydratase; thus,
dTDP-4-keto-6-deoxyglucose is a common intermediate before the pathway divergance
(Piepersberg, 1994). For the L-mycarose production in erythromycin biosynthesis, the eryB
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Fig. 1.5. Structure of selected deoxysugars. These sugars participate in the biosynthesis of

antibiotics described in the text.

genes contribute to the pathway (see next Section 1.4.3). The genes involved in the bp-
desosamine pathway have been identified as the eryC genes. the eryCII product may be
responsible for 34-isomerase of dTDP-4-keto-6-deoxyglucose, then eryCI for C-3
transamination, and eryCIV for C-4 dehydration, eryCV for C-4 reduction, eryCVI for N-
methyl transfer and eryCIII for glycosyl transfer (Gaisser et al., 1997; Salah-Bey et al.,
1998) (Fig. 1.6). For the production of D-mycaminose involved in tylosin biosynthesis,
tyIMIII was recently identified as 3,4-isomerase (acc. no. X81885), then 7B for C-3
transamination, ty/MI for N-methyl transfer, and #yIMII for glycosyl transfer (Gandecha et
al., 1997) (Fig. 1.6).

1.4.3. Mechanism elucidation of some deoxysugar biosynthetic enzymes

It is evident that our knowledge of the biosynthesis of deoxysugars, especidly their
genetics and pathways, has accumulated rapidly over the past few years (Kirschning et al.,
1997; Liu & Thorson, 1994). A number of important deoxysugar biosynthetic genes have
been cloned and identified, and mechanistic studies of the expressed enzymes have

provided fresh insights into deoxysugar biosynthesis.
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dTDP-D-mycaminose

Fig. 1.6. Proposed pathways for dTDP-desosamine synthesis in the erythromycin gene cluster
and dTDP-mycaminose synthesis in the tylosin gene cluster. They all start from the common
intermediate, dT DP-4-keto-6-deoxyglucose (I).

A earlier example is that in vitro characterization of severa TDP-D-glucose 4,6-
dehydratases (TDPGDH; EC 4.2.1.46) from the erythromycin-producing strain Sac.
erythraea (Vara& Hutchinson, 1988), from the daunorubicin- and baumycin-producing
organisms Streptomyces p. C5, and from the daunorubicin-producing strain S. peucetius
ATCC 29050 (Thompson et al., 1992). These TDPGDHs were purified to homogeneity or
near to homogeneity and showed requiring NAD" as a cofactor. The N-terminal amino acid
sequences of the TDPGDHSs from Sac. erythraea and S. peucetius were similar, whereas the
enzyme from Streptomyces sp. C5 contained a different N-terminal amino acid sequence

from either of the other two enzymes (Thompson et al., 1992).

A recent notable case is the identification of a set of genes (the cluster strO-stsABCDEFG)
that encode proteins for streptomycin production in S. griseus (Ahlert et al., 1997).
Sequence analysis revealed that StsA and StsC proteins are members of a new class of
aminotransferases that are used mainly in carbohydrate biosynthetic pathways. Purification
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of the StsC protein permitted unambiguous assignment of StsC as the L-glutamine:scyllo-
inosose aminotransferase, which catalyzes the first cyclitol transamination reaction in the
biosynthesis of the streptidine subunit of streptomycin. Because genes related to sts4 and
stsC aso occur in actinomycete producers of other diaminocyclitol aminoglycosides such
as neomycins, kanamycins and hygromycin B, the StsA and StsC proteins may be
considered as representatives of aminoglycoside-specific aminotransferases.

Another significant example is the recent determination of the function of the eryBVII gene
in erythromycin biosynthesis (Kim et al., 1999). The eryBVII was overexpressed in E. coli
strain and the crude enzyme was able to convert TDP-6-deoxy-L-threo-D-glycero-4-
hexulose into the epimerized product. It is not clear at this point whether the epimerization
occurs at C-5 and /or C-3. However, since the configuration of the hydroxyl group at C-3in
TDP-6-deoxy-L-threo-D-glycero-4-hexulose is not changed in TDP-L-mycarose, and thus
the EryBVIlI enzyme may catalyze the epimerization at C-5 only. According to this
experiment, the biosynthetic route of TDP-L-mycarose from TDP-6-deoxy-L-threo-b-
glycero-4-hexulose, or of dTDP-L-mycarose from dTDP-4-keto-6-deoxyglucose, requires
at least four chemical transformations, as proposed by Gaisser et al. (1998) and Summers et
al.(1997). They would be the epimerization at C-5 (EryBVIlI), the deoxygenation at C-2 (?),
the methylation at C-3 (EryBlIl) and the reduction at C-4 (EryBIV) (Fig. 1.7).

CH,
o o o
EryBVII H ? H
O OH O-TDP y > @) CO|_7 O-TDP _ > @) %ﬁ O-TDP
OH
I

OH

(@) Ol (0]
EryBIIl o=( M o-TDP EryBIV CH, o-TDP
- 5 OH _ 5 OH
CH, CH,

TDP-L-mycarose

Fig. 1.7. Possible biosynthetic pathway of TDP-L-mycarose in Sac. erythraea from TDP-6-
deoxy-L-threo-D-glycero-4-hexulose (II).
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1.5. Aims of the present study

This study belongs to a project designed to first elucidate basic mechanisms of the
biosynthesis and transfer of sugar residues present on macrolide compounds. Secondly, this
knowledge should be used to produce new hybrid macrolide antibiotics by re-targeting
sugar residues on heterologous lactones. The particular target of this work was cloning of
the gene cluster from a 16-membered macrolide producing strain. The aims of the research

Were:

(1) to clonethe gene cluster of midecamycin biosynthesis from S. mycarofaciens.

(2) toidentify genesinvolved in mycaminose and mycarose biosynthesis from the
midecamycin biosynthetic gene cluster.

(3) to over-express the 6-deoxysugar genesin E. coli and S. lividans.

(4) toin vitro analyse the expressed protein function.
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2. Materials

2.1. Chemicals and enzymes

Antibiotics
Ampicillin
Chloramphenical
Kanamycin
Midecamycin

Thiostrepton

Chemicals p.A. quality

Enzymes
Alkaline Phosphatase (calfs intestine)

DNA-Polymerase | Klenow-Fragment
Lysozyme

Protease Inhibitor Set

Restriction enzymes

Ribonuclease A

Tag DNA ploymerase
T4-DNA ligase

Vent DNA polymerase

M edia Components

Roche, Mannheim

Serva, Heidelberg

Serva, Heidelberg

Sigma, Deisenhofen

Squibb and Sons, Princeton, USA

Fluka, Buchs, CH
Merck, Darmstadt
Roth, Karlsruhe
Serva, Heidelberg
Sigma, Deisenhofen

Roche, Mannheim
Life Technologies, Eggenstein
Serva, Heidelberg
Roche, Mannheim

New England Biolabs, Schwalbach
Roche, Mannheim

Life Technologies, Eggenstein
Promega-Serva, Heidelberg

Sigma, Deisenhofen

Life Technologies, Eggenstein
Life Technologies, Eggenstein
New England Biolabs, Schwalbach

Difco, Detroit, USA
Merck, Darmstadt
Oxoid, Wesdl
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Kits

Bio-Rad Protein Assay Kit
BM Chromogenic Western Blotting Kit
QIAquick PCR Purification Kit

QIAprep Spin Miniprep Kit

NucleoSpin Extract

Rediprime Random Primer Labeling Kit
Thermosequenase Cycle-Sequencing Kit

Other materials
a-*P-dCTP
Hybond-N" Membrane

Hybond-P Membrane

Membrane filters BA 85 (0.45 nm)
3MM Whatman

X-ray film Hyperfilm-MP

X-ray film Hyperfilm-b-max

2.2. Media and Buffers

2.2.1. Media for cultivation of E. coli

LB medium (Miller, 1972)

Difco Tryptone
Difco Y east extract
NaCl

LB agar

LB medium
Agar

Roth, Karlsruhe

Bio-Rad, Miinchen
Roche, Mannheim
Qiagen, Hilden

Qiagen, Hilden
Macherey-Nagel, Diren
Amersham Buchler, Braunschweig

Pharmacia, Freiburg

Amersham Buchler, Braunschweig
Amersham Buchler, Braunschweig
Amersham Buchler, Braunschweig
Schleicher & Schuell, Dassel
Biometra, Gottingen

Amersham Buchler, Braunschweig

Amersham Buchler, Braunschweig

10 gl
5 gl
5 gl

15 g/l

SNA: Soft Nutrient Agar (Hopwood et al., 1985)
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Difco Nutrient Broth
Difco Bacto Agar

SOB (Hanahan,1983)

Difco Tryptone
Difco Y east extract
NaCl

KCl

After autoclaving, supplemented with:

MgCl, c 6 H,0 (IM)
MgSO4 ¢ 7 H,0 (1IM)

SOC (Hanahan, 1983)

Glucose
in SOB

2.2.2. Media for cultivation of Streptomyces

EP1 (erythromycin production) (Salah-Bey et al., 1998)

Solulys L corn steep liquor
Defatted soya flour
CaCOs
NaCl
pH

After autoclaving, supplemented with:
Glucose

EP2 (erythromycin production) (Salah-Bey et al., 1998)

Defatted soya flour
CaCOs
COC|2 c6 HO
pH
After autoclaving, supplemented with:
Glucose

20

0.58
0.19

10
10

3.6

15

10
2
1

6.8-7.0

20

o/l
gl

gl
o/l
gl
o/l

mi/I
ml/I

o/l

o/l
gl
o/l
gl

o/l

o/l
gl
mg/|

gl

| SP2 (according to the International Streptomyces Project)

Difco Y east Extract
Difco Malt Extract
Difco Dextrose
Agar

SMA (Distler et al., 1985)

Soybean powder

4
10

4
20

20

gl
o/l
gl
o/l

o/l
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o/l
gl

o/l
gl
o/l
gl
mi/I
mi/I

o/l

mi/I

gl
o/l
gl
o/l
gl
o/l

gl

gl
o/l

gl
o/l
gl
o/l
gl

ml/I

Mannitol 20
Agar 20
Tap water used
SPMR (Babcock & Kendrick, 1988)
Sucrose 103
MgCl, c6 H,O 10
Glucose 5
Difco yeast extract 5
TES buffer, pH7.6 (1M) 20
Trace elements solution* 2
Difco-Bacto agar 22
After autoclaving, supplemented with:
CaCl; c 2 H,0 (5M) 2
*Trace elements solution (Hopwood et al., 1985)
ZnCl, 0.04
FeC|2 cb Hzo 0.2
CuCl; c2H,0 0.01
M nC|2 c4 Hzo 0.001
N&B4O7 c 10 H,O 0.01
(N H4)6|\/| 07024 c4 Hzo 0.01
Sterilefiltration
TSB (Hopwood et al., 1985)
Tryptone Soja Broth (Oxoid) 30
TSB-PEG 8000 (Babcock & Kendrick, 1988)
TSB 30
PEG 8000 50
YEME (Hopwood et al., 1985)
Difco yeast extract 3
Difco peptone 5
Difco malt extract 3
Glucose 10
Sucrose 340
After autoclaving, supplemented with:
MgCl, c 6H,0 (2.5M) 2
SGYEME
A modified YEME medium.
Sucrose 110

o/l
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2.2.3. Buffers
-for isolation of plasmid DNA

Alkaline Lysis Solution (Birnboim & Doly, 1979)

Solution I:
Glucose 50 mM
Tris/HCI, pH 8.0 50 mM
EDTA, pH 8.0 10 mM
Solution I1:
SDS 20 mi/I
NaOH 0.2 M
Solution I11:
Potassium acetate 3 M
Formic acid 1.8 M

STET buffer (Sambrook et al., 1989)

Sucrose 80 ¢l

Triton X-100 50 ml/
Tris’/HCI, pH 8.0 50 mM
EDTA, pH 8.0 50 mM

Lysozyme solution (Hopwood et al., 1985)

Sucrose 0.3 M
Tris/HCI, pH 8.0 25 mM
EDTA, pH 8.0 25 mM

-for preparation of competent E. coli cells (Hanahan, 1983)

FSB-buffer
Potassium acetate, pH7.0 10 mM
KCI 100 mM
MnCl, c 4 H,O 45 mM
CaC|2 c2H,0 10 mM
Hexaminecobaltchloride 3 mM
Glycerol 100 g/l
pH 6.4
Filtration

-for preparation of genomic DNA from Streptomyces (Pospiech & Neumann,
1995)

SET buffer
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NaCl 75 mM
EDTA 25 mM
Tris 20 mM
pH 7.5

TE buffer (Sambrook et al., 1989)

Tris 10 mM
EDTA 1 mM
pH 8.0

- for preparation of protoplasts from Streptomyces (Chater et al., 1982)

P-buffer
Sucrose 103 g
K»,S0O4 0.25 g
MgCl, c 6 H,O 2.02 g
Trace e ements 2 mi

Add H,0 to 800 ml volume
Autoclave in 80 ml aliquots and supplement with:

K ,HPO4 (0.5%) 1 ml
CaCl, ¢ 2 H,0 (3.68%) 10 ml
TES (5.73%), pH7.2 10  ml

- for transformation in Streptomyces (Babcock & Kendrick, 1988)

T-buffer
Sucrose (10.3%) 25 ml
K2S04 (2.5%) 1 ml
H,O 75 mi
Trace elements 0.2 mi
CaCl2 (0.25 M) 02 ml
Trimaleicacid (1M); pH 8.0 05 ml

T-buffer/PEG
Polyethyleneglycol 1000 1 g
T-buffer 900 ni
- for agarose gel electrophoresis of DNA fragments (Sambrook et al., 1989)

DNA loading buffer (10 c)
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Sucrose

EDTA; pH 8.0
Bromophenol Blue
Xylene cyanol

TAE (50c)

Tris

Glacid acetic acid
EDTA

pH

TBE (10c)
Tris
Boricacid
EDTA

-for constructure of genomic libraries

Sucrose gradients (Wels, 1987)

Sucrose
Tris/HCI, pH 8.0
EDTA

NaCl

autoclaved

SM phage dilution buffer (Boehringer's DNA packaging protocol)

Tris/HCI pH 7.5
MgSO4

NaCl

gelatine
autoclaved

- for DNA-DNA hybridization (Southern, 1975)

Hybridization solution

SSC (20 ¢)

Sodium phosphate buffer
(AIM), pH6.8

EDTA (0.5M), pH 8.0
SDS (10%)

Blocking reagent

05
160
05
0.5

242
57.1
04
8.3

108
61
04

100
10

1

50
10
100
0.1

330
10

g/ml

mg/ml
mg/ml

gl
mi/I

gl

o/l
gl
o/l

gl
mM

mM
M

mM
mM
mM

o/l

mi/I
ml/I

ml/I
ml/l 2?7?

gl
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Wash solution (2 ¢)

SSC (20 ¢)
SDS (10%)

Wash solution ((0.5 ¢)

SSC (20 ¢)
SDS (10%)

SSC (20 ¢c)

NaCl
Sodium citrate
pH 7.2 adjust with citric acid

- for denatured polyacrylamide gel electrophoresis (Laemmli, 1970)

30% PAA solution

Acrylamide
N,N-methylene bisacrylamid

Resolving gel buffer

Tris’HCI; pH 8.9
SDS

Stacking gel buffer

TrisHCl; pH 6.7
SDS

SDS el ectrophoresis running buffer (10 ¢)

Tris
Glycine
SDS
pH

Sample loding buffer (5c)

SDS (20 g/l)

b-mercaptoethanol

Glycerol

Bromophenol Blue (1 g/l in H,0)

Gel staning solution

200
10

25
10

290
10

30
144
10
8.3

NNBEDN

mi/I
ml/I

ml/I
mi/I

<L

gl
o/l

gl

g/l

o/l
gl
o/l

ml
mi
ml
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Coomassie Brilliant Blue R250
M ethanol
Acetic acid

Destaining solution

M ethanol
Acetic acid

-for Western blotting and detection of proteins

Western blotting buffer

Tris
Glycine
10% SDS
Methanol

- for sonification of expression proteins
Buffer 1
Tris’HCI, pH 7.5
DTT
MgCl,
EDTA, pH 8.0
Buffer 2
Potassium phosphate buffer, pH 7.2
b-mercaptoethanol
EDTA, pH 8.0
Buffer 3

Buffer 2
PLP

- for HPLC analysis

Reversed phase chromatography

Running buffer A:
Potassium phosphate buffer, pH 6.0
Tetrabutylammoniumhydrogen

15
450
100

250
100

98
39
3.75
200

50

10

50
10
01

50

gl
mi/I
mi/I

ml/I
mi/I

mM
mM
mi/|
mi/|

mM
mM
mM
mM

mM
mM
mM

mM
mM
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sulphate
Acetonitril

Running buffer B:

Acetonitril

20

100

ml/I

%
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2.3 Bacteria, cosmids and plasmids

2.3.1. Bacteria

Tab. 2.1. Bacteria used in this study

Strain

Genotype/Product

Reference/Origin

E. coli BL21(DE3)
pLysS

E. coli DH5a

E. coli IM108

E. coli IM109

E. coli IM109
(DE3)

E. coli XL1-Blue

ET12567

S. lividans 66 1326

S. lividans 66 TK23

S. mycarofaciens

S. mycarofaciens

ompT, hsdSB (rg'mg’), | prophage
with polymerase gene, pLYSS, cat

F[JS1], f 80dlacZDM 15, recAl, endA1l,
gVrA96, thi-1, hsd R17(ri my"), supE44,
relA1, deoR, D(lacZY A-argF)U169

endA1l, recAl, gyrA96, thi, hsd R17
(rimy"), relAl, supE44, lac-proAB),

endAl, recAl, gyrA96, thi, hsd R17
(rimy"), relAl, supE44, lac-proAB),
[F, traD36, proAB, lacI®ZDM15]

endA1l, recAl, gyrA96, thi, hsd R17
(rimyi"), relAl, supE44, (lac-proAB),
[F, traD36, proAB, lacI"ZDM15], | (DE3)

recAl, endA1, gyrA96, thi-1, hsdR17,
supE44, relAl, lac, [F proAB,

lacl“ZDM 15, Tn10 (tet")]

F, dam13::Tn9, dem6, hsdM, hsdR,
recF143, zjj201::Tnl0, galK?2, galT22,
ara-14, lacY1, xyl-5, leuB6, thi-1, tonA31,
rpsL136, hisG4, tsx-78, mtl-1, ginV44

actinorhodin, prodigiosin

actinorhodin, spc-1

non-producing

midecamycin

Studier et al., 1990

D. Hanahan, 1983

Y anisch-Perron
et al., 1985

Y anisch-Perron
et al., 1985

Y anisch-Perron
et al., 1985

Loenen & Blattner,
1983

MacNeil et al.,
1992

John Innes Institute,
Norwich, UK

John Innes Institute,
Norwich, UK

UC189B (ATCC 21454)
Heochst

ATCC 21454
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2.3.2. Vectors

Tab. 2.2. Plasmid and cosmid vectors used in this study

Plasmid/Cosmid Genetype, Properties and Use Reference/Origin
pAL201 bla, tsr, pUC18 ori, pV1 ori, Hoechst Marion
Streptomyces-E. coli shuttle vector, Roussel
for transformation in Saccharopolyspora
erythraea
pDNW16RBSY  derived from pUWL 201 with /mbY RBS, Neuler,
His-tag, expression of /mbY gene Uni. Wuppertal
pEFBA bla, aparamycin resistance cassette, Fernandez,
for mutagenesis Uni. Oviedo
pET1la bla, lacIT7-f 10, for heterologous Studier et al., 1990
expressionin E. coli
pET16b bla, lacIT7-f 10, His-tag, for heterologous Novagen, Heidelberg
expressionin E. coli
pHM8a hyg, mini-circle, integrative into Motamedi et al., 1995
Streptomyces
plJ4123 kan, tsr, redD, His-tag, for heterologous Takano et al., 1995
expression in S. lividans
pSL1180 bla, polylinker containing 78 recognition Pharmacia
sites, for subcloning
pSVW701 bla, T7-f 10, for expression of »miB gene Verseck, 1997
pUWL201 bla, tsr, pUC18 ori, plJ101 ori, ermE up Wehmeier,
promoter, Streptomyces-E. coli shuttle Uni. Wuppertal
plasmid, for heterologous expression
inS. lividans
pUWL219 bla, tsr, pUC18 ori, plJ101 ori, Wehmeier, 1995
Streptomyces-E. coli shuttle plasmid
for subcloning
puCi8 bla, lacZ-a, for subcloning Vieira& Messing,
1982
pKU206 SCP2* ori and stability, pMB1 ori, tsr, Kakinumaet al.,

bla, cos, Streptomyces-E. coli shuttle
cosmid for gene library

1991
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2.3.3. Recombinant plasmids

Tab. 2.3. New constructed plasmids for screening S. mycarofaciens genomic library

Plasmid Description Host strain
pLCW1 301 bp PCR fragment by primers AS2 and AS5 E. coli DH5a
(identified as midB gene) from S. mycarofaciens
in pUC18 Smal

pLCW17 420 bp PCR fragment by primers LC6 and EryCIlI/] E. coli DH5a
(identified as midI gene) from S. mycarofaciens in
pUC18 Smal

Tab. 2.4. Recombinant cosmid plasmids constructed in this study

Cosmid plasmid Description Host strain

Smyc-LC1 ca. 30.2 kb fragment from partially digested E. coli IM108
S. mycarofaciens gemomic DNA with S. lividans TK23
Sau3Al in pKU206 BamHI

Smyc-LC2 ca. 22.6 kb fragment from partially digested E. coli IM108
S. mycarofaciens gemomic DNA with S. lividans TK23
Sau3Al in pKU206 BamHI

Smyc-LC3 ca. 26.3 kb fragment from partially digested E. coli IM108
S. mycarofaciens gemomic DNA with S. lividans TK23
Sau3Al in pKU206 BamHI

Smyc-LC4 ca. 29.3 kb fragment from partially digested E. coli IM108
S. mycarofaciens gemomic DNA with S. lividans TK23

Sau3Al in pKU206 BamHI
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Tab. 2.5. New constructed plasmids for sequencing

Plasmid Description Host strain

pLC1-1 0.8 kb BamHI/Bgll1 fragment from Smyc-LC1 E. coli DH5a
in pUC18 BamHI

pLC1-2 1.5 kb BamHI/Bglll fragment from Smyc-LC1 E. coli DH5a
in pUC18 BamHI

pLC1-3 2.3 kb BamHI/Bgll1 fragment from Smyc-LC1 E. coli DH5a
in pUC18 BamHI

pLC1-4 4.2 kb BamHI/Bglll fragment from Smyc-LC1 E. coli DH5a
in pUC18 BamHI

pLC1-5 4.2 kKb BamHI/Bglll fragment from Smyc-LC1 E. coli DH5a
in pUC18 BamHI

pLC1-6 4.8 kb BamHI/Bglll fragment from Smyc-LC1 E. coli DH5a
in pUC18 BamHI

pLC1-7 8.2 kb BamHI/Bgll1 fragment from Smyc-LC1 E. coli DH5a
in pUC18 BamHI

pLC1-8 0.8 kb Sstl fragment from pLC1-2 in pUC18 Sszl E. coli DH5a

pLC1-9 0.7 kb Sstl fragment from pLC1-2 in pUC18 Sstl E. coli DH5a

pLC1-10 4.0 kb EcoRI/HindlIl fragment from pLC1-7 E. coli DH5a
in pUC18 EcoRI/Hindll|

pLC1-11 2.0 kb EcoRI fragment from pLC1-7 in pUC18 E. coli DH5a
EcoRI

pLC1-12 1.0 kb EcoRI fragment from pLC1-7 in pUC18 E. coli DH5a
EcoRlI

pLC1-13 0.9 kb EcoRI fragment from pLC1-7 in pUC18 E. coli DH5a
EcoRI

pLC1-14 4.2 kKb BamHI/Bgll| fragment from Smyc-LC1 E. coli DH5a
in pUC18 BamHI

pLC1-15 2.1 kb Sphl/BamHI fragment from pLC1-4 E. coli DH5a
in pUC18 Sphl/BamHI

pLC1-16 1.3 kb Sphl fragment from pLC1-4 in pUCA18 Sphl E. coli DH5a

pLC1-17 0.7 kb Sphl fragment from pLC1-4 in pUCA18 Sphl E. coli DH5a
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pLC1-18

pLC1-19

pLC1-20

pLC1-21

pLC1-22

pLC1-23

pLC1-24

pLC1-25

pLC1-26

pLC1-27

pLC1-28

pLC1-29
pLC1-30

pLC1-31

pLC1-32

pLC2-1

pLC2-2

pLC2-3

1.8 kb Pstl/EcoRI fragment from pLC1-10in
pUC18 Pstl/EcoRI

1.5 kb Pstl fragment from pLC1-10in pUC18 Pstl

0.6 kb Pstl/Sstl fragment from pLC1-18 in
pUC18 Pstl/Sst

1.2 kb EcoRI/Sstl fragment from pLC1-18in
pUC18 EcoRlI/Sstl

1.5 kb BamH]I fragment from Smyc-LC1 in
pUC18 BamHI

0.2 kb Pstl/BamHI fragment from pLC1-10in
pUC18 Pstl/BamH]I

0.4 kb Pstl fragment from pLC1-10 in pUC18 Pstl

1.6 kb EcoRI fragment from pLC1-4 in pUC18
EcoRlI

1.4 kb EcoRI fragment from pLC1-4 in pUC18
EcoRI

0.75 kb EcoRI fragment from pLC1-4 in pUC18
EcoRlI

0.55 kb EcoRI fragment from pLC1-4 in pUC18
EcoRI

0.7 kb Sstl fragment from pLC1-19 in pUCA18 Ss¢l
0.9 kb Ss¢l fragment from pLC1-19 in pUC18 Sstl

14 kb Bglll fragment from Smyc-LC1 in pUC18
BamHI

5.1 kb Bglll fragment from Smyc-LC1 in pUC18
BamHI

8.2 kb BamHI/Bgll1 fragment from Smyc-LC2
in pUC18 BamHI

0.7 kb BamHI/Bgll1 fragment from Smyc-LC2
in pUC18 BamHI

1.5 kb BamHI/Bglll fragment from Smyc-LC2
in pUC18 BamHI

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli XL1-Blue

E. coli XL1-Blue

E. coli DHb5a

E. coli DHb5a

E. coli DH5a
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pLC2-4 5.0 kb BamHI/Bgll1 fragment from Smyc-LC2 E. coli DH5a
in pUC18 BamHI

pLC2-5 0.8 kb BamHI/Bgll1 fragment from Smyc-LC2 E. coli DH5a
in pUC18 BamHI

pLC2-6 2.0 kb BamHI/Bgll1 fragment from Smyc-LC2 E. coli DH5a
in pUC18 BamHI

pLC2-7 4.2 kKb BamHI/Bglll fragment from Smyc-LC2 E. coli DH5a
in pUC18 BamHI

pLC3-1 6.7 kb BamHI fragment from Smyc-LC3 in pUC18 E. coli DH5a
BamH|I

pLC3-2 5.9 kb BamHI fragment from Smyc-LC3 in pUC18 E. coli DH5a
BamHI

pLC3-3 4.3 kb BamHI fragment from Smyc-LC3 in pUC18 E. coli DH5a
BamH|I

pLC3-4 2.8 kb BamHI fragment from Smyc-LC3 in pUC18 E. coli DH5a
BamH|I

pLC3-5 1.8 kb BamHI fragment from Smyc-LC3in pUC18 E. coli DH5a
BamHI

pLC3-6 1.5 kb BamH]I fragment from Smyc-LC3 in pUC18 E. coli DH5a
BamH|I

pLC3-7 0.9 kb BamHI fragment from Smyc-LC3 in pUC18 E. coli DH5a
BamHI

pLC3-8A 1.6 kb BamHI/Eco47111 fragment from pLC3-3in E. coli DH5a
pUC18 BamHI/Hincll

pLC3-9A 1.6 kb BamHI/Eco47I11 fragment from pLC3-3in E. coli DH5a
pUC18 BamHI/Hincl|

pLC3-10 0.7 kb BamHlI/Sall fragment from pLC3-3in E. coli DH5a
pUC18 BamHI/Sall

pLC3-11 1.5 kb BamH]I fragment from Smyc-LC3in E. coli DH5a
pUC18 BamHI

pLC3-12 1.2 kb Sall fragment from pLC3-3 in pUC18 Sall E. coli DH5a

pLC3-13 0.9 kb BamHI/Hincll fragment from pLC3-3in E. coli DH5a
pUC18 BamHI/Hincl|

pLC3-14 0.7 kb Sall fragment from pLC3-3 in pUC18 Sall E. coli DH5a



MATERIALS

33

pLC3-15

pLC3-16

pLC3-17A

pLC3-18A

pLC3-18D

pLC3-19A

pLC3-19B

pLC3-20
pLC3-21
pLC3-22
pLC3-23
pLC3-24
pLC3-25
pLC3-26
pLC3-27
pLC3-28
pLC3-29
pLC3-30
pLC3-31
pLC3-32
pLC3-33
pLC3-34

pLC3-35

0.7 kb Hincll fragment from pLC3-3 in pUC18 Hincll

1.2 kb Eco47111 fragment from pLC3-3 in pUC18
Hincll

0.2 kb BamHI/Sstl fragment from pLC3-6 in
pUC18 BamHI/Sst

0.6 kb BamHI/Sstl fragment from pLC3-6 in
pUC18 BamHI/Sstl

0.6 kb Sszl fragment from pLC3-6 in pUC18 Sstl

1.4 kb BamHI/Bglll fragment from pLC3-4 in
pUC18 BamHI

1.4 kb BamHI/BgllI fragment from pLC3-4 in
pUC18 BamHI

2.3 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
1.7 kb Sstl fragment from Smyc-LC3 in pUC18 Ss¢l
1.7 kb Sstl fragment from Smyc-LC3 in pUC18 Ss¢l
1.4 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
1.4 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
1.2 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
0.8 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
0.6 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
0.6 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
0.4 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
0.4 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
6.0 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
0.45 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl
0.45 kb Sstl fragment from Smyc-LC3 in pUC18 Ss¢l
0.4 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl

0.2 kb Sstl fragment from Smyc-LC3 in pUC18 Sstl

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a

E. coli DH5a
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Tab. 2.6. New constructed plasmids for expression

Plasmid Description Host strain

pLCW1-22 1.3 kb PCR fragment by primers LC9 and LC10 E. coli XL1-Blue
(contaning midI gene) from Smyc-LC3in pUC18
Smal

pLCW1-23 1.3 kb Ndel/BamHI fragment from pLCW1-22 in E. coli BL21(DE3)
PET16b Ndel/BamHI pLysS; XL1-Blue

pLCW1-33 1.3 kb Ndel/BamHI fragment from pLCW1-22 in E. coli BL21(DE3)
PET11a Ndel/BamHI pLysS; XL1-Blue

pLCW1-41a 1.7 kb Xbal/HindlI1-blunt fragment from pLCW1-33 E. coli XL1-Blue
in pUC18 Xbal/Smal

pLCW1-41b 1.7 kb EcoRI/HindIl1 fragment from pLCW1-41b E. coli XL1-Blue
in pUWL201 S. lividans TK23

pLCW1-5l1a 1.75 kb Xbal/Hindll1-blunt fragment from pLCW1-23  E. coli XL1-Blue
in pUC18 Xbal/Smal

pLCW1-51b 1.75 kb EcoRI/Hindl | fragment from pLCW1-51b E. coli XL1-Blue
in pUWL201 S. lividans TK23

pLCW1-61 1.3 kb Ndel/BamHI fragment from pLCW1-22 in S. lividans 66 1326
plJ4123

pLCW2-1 1.2 kb PCR fragment by primers LC13 and LC14 E. coli XL1-Blue
(containing midC gene) from Smyc-LC1 in pUC18
Smal

pLCW2-20 1.2 kb Ndel/Bglll fragment from pLCW2-1in E. coli BL21(DEJ)
PET16b Ndel/BamHI pLysS; XL1-Blue

pLCW2-8 1.2 kb PCR fragment by primers LC17 and LC14 E. coli XL1-Blue
(containing midC gene) from Smyc-LC1 in pUC18
Smal

pLCW2-21 1.2 kb Ndel/Bglll fragment from pLCW2-8 in E. coli BL21(DEJ)
PET16b Ndel/BamHI pLysS; XL1-Blue

pLCW2-23 1.2 kb Ndel/Bglll fragment from pLCW2-8 in E. coli BL21(DE3)
pPET11a Ndel/BamHI pLysS; XL1-Blue

pLCW3-1 0.8 kb PCR fragment by primers LC11 and LC12 E. coli XL1-Blue

(containing midK gene) from Smyc-LC3 in pUC18
Smal
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pLCW3-2

pLCW3-3

pLCW3-6

pLCW3-7

pLCW3-8

pLCW3-9

pLCW3-12

pLCW4-1

pLCW4-2

pLCW4-3

pLCW4-4

pLCW4-5

pLCW4-6

pLCW4-7

pLCW4-10

0.8 kb Ndel/BamHI fragment from pLCW3-1in
PET11a Ndel/BamH]I

0.8 kb Ndel/BamHI fragment from pLCW3-1in
pET16b Ndel/BamHI

1.2 kb Xbal/HindlI1-blunt fragment from pLCW3-2
in pUC18 Xbal/Smal

1.25 kb Xbal/HindI1I-blunt fragment from pLCW3-3
in pUC18 Xbal/Smal

1.2 kb EcoRI/Hindl 1 fragment from pLCW3-6
in pUWL201

1.25 kb EcoRI/Hindl Il fragment from pLCW3-7
in pUWL201

0.8 kb Ndel/BamHI fragment from pLCW3-1in
plJ4123

1.3 kb PCR fragment by primers LC15 and LC16
(containing midH gene) from Smyc-LC3in pUC18
Smal

1.3 kb Ndel/Bglll fragment from pLCW4-1in
PET11a Ndel/BamHI

1.3 kb Ndel/Bglll fragment from pLCW4-1in
PET16b Ndel/BamHI

1.7 kb Xbal/HindlI1-blunt fragment from pLCW4-2
in pUC18 Xbal/Smal

1.75 kb Xbal/HindllI-blunt fragment from pLCW4-3
in pUC18 Xbal/Smal

1.7 kb EcoRI/HindIll fragment from pLCW4-4
in pUWL201

1.75 kb EcoRI/Hindl1l fragment from pLCW4-5
in pUWL201

1.3 kb Ndel/Bglll fragment from pLCW4-1in
plJ4123

E. coli BL21(DE3)
pLysS; XL1-Blue

E. coli BL21(DE3)
pLysS; XL1-Blue

E. coli XL1-Blue
E. coli XL1-Blue
E. coli XL1-Blue

S. lividans TK23

E. coli XL1-Blue
S. lividans TK23

S. lividans 66 1326

E. coli XL1-Blue

E. coli BL21(DE3)
pLysS; XL1-Blue

E. coli BL21(DE3)
pLysS; XL1-Blue

E. coli XL1-Blue
E. coli XL1-Blue
E. coli XL1-Blue

S. lividans TK23

E. coli XL1-Blue
S. lividans TK23

S. lividans 66 1326
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Tab. 2.7. New constructed plasmids for heterologous complementation

Plasmid

Description

Host strain

pRBS201

pLCW1-21

pLCW1-25

pLCW1-26

pLCW1-28

pLCW1-29

pLCW3-15

pLCW3-16

pLCW3-17

pLCW3-18

pLCW3-19

pLCW3-20

pJV1 ori from pAL201 instead of plJ101 ori in
pDNW16RBSY

4.3 kb BamHI fragment from pLC3-3 (containing
midHI region) in pAL201 BamHI

1.3 kb PCR fragment by primers LC29 and LC19
(containing midI gene) from Smyc-LC3in pUC18
Smal

1.3 kb NcollBamHI fragment from pLC1-25in
pRBSY 201 Ncol/BamHI

4.3 kb BamHI fragment from pLC3-3 (containing
midHI region) ligated with pLCW3-20 BamHI
(select the orientation and combine midKHI genes)

5.7 kb Hindlll/EcoRI fragment from pLCW1-28
in pAL201 Hindlll/EcoRI

1.4 kb BamH]I fragment from pLC3-6in
pAL201 BamHI

0.85 kb PCR fragment by primers LC24 and LC25
(containing 64 bp upstream sequence of midK, and
midK) from Smyc-LC3 in pUC18 Smal

0.8 kb PCR fragment by primers LC28 and LC25
(containing midK) from Smyc-LC3 in pUC18 Smal

0.85 kb Hindlll/BamH]I fragment from pLCW3-16
in pAL201 Hindlll/BamH]I

0.8 kb Ncol/BamHI fragment from pLCW3-17
in pRBSY 201 Ncol/BamHI

1.4 kb BamH]I fragment from pLC3-6 (containing
midK region) in pSL1180 BamHI/Bgll|

(select the orientation of BamHI/Bglll site of
recombinant plasmid located upstream midK gene)

E. coli XL1-blue

E. coli XL1-blue

ET12567

E. coli XL1-blue

E. coli XL1-blue
ET12567

E. coli XL1-blue

E. coli XL1-blue
ET12567

E. coli XL1-blue
ET12567

E. coli XL1-blue

E. coli XL1-blue

E. coli XL1-blue

ET12567

E. coli XL1-blue
ET12567

E. coli XL1-blue
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2.4. Oligonucleotides

Tab. 2.9. Oligonucleotides used in this study

Primer Nucleotide sequence* Restrictionsite  Gene
AS2 5" GCCGCCGCGTCCCATGTCGAC I strE
AS5 5 CCCGTAGTTGTTGGAGCAGCGGGT 3 strE
EryClII/H 5 CACGCGCGGCTGCTGTGGGGACCCGAC 3 eryCIII
EryClIl/I 5 CGCCGCGCAGGTCGGCAGCAGCGCGTG CAT 3 eryCIII
LC1 5 GCCGCCGAATCCCATGTGGAC 3 midB
LC2 5 CCCGTAGTTGTTGGAGCAGCGGGT 3 midB
LC6 5 GAGGAGCCCCGGGAGGACCCGGTCGCCGA 3 tyIM?2
LC9 5 GTCCATATGCGCGTCCTG ¥ Ndel midl
LC10 5 TCGGGATCCGCATGACTG 3 BamH] midl
LCl11 5 ACACATATGTACGCCAACG Z Ndel midK
LC12 5 CGGATCCGGTCAGTTGAA I BamHI midK
LC13 5 GAGCATCATATGAACGTGCCCTTTCC 3 Ndel midC
LC14 5 CGGCGAAGATCTTTCCCTTCATTCC Bglll midC
LC15 5 GAGGAACATATGCCAATCCCTGCCA 3 Ndel midH
LC16 5 ACTCCAGATCTGGCCGGGGTGTAC 3 Bglll midH
LC17 5 GCGCGACATATGGAGCATAAAGTGA 3 Ndel midC
LC19 5 CATGGTGGATCCGCTCCGTTCGAACG 3 BamH] midl
LC24 5 ACGACAAGCTTGGTGCCGACC 3 Hindlll midK
LC25 5 AAGCCGGATCCCGAGCTCCC 3 BamH] midK
LC28 5 AAACACCCATGGACGCCAACGZ Ncol midK
LC29 5AGTCACCATGGGCGTCCTGCTGACCT 3 Ncol midl
LC30 5 AGGGCAGCGCTGTCGTTG 3 Ecod7l  midG
LC31 5 TCCTTCAGCGCTGGCTACGTC 3 EcodTll  midKH
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LC33 5 GCGCATATGGACTCCAGTTCG 3 Ndel midKH
LC35 5 CGGAGATCTCCATCGCCG 3 Bglll midG

The underlined sequences are the corresponding restriction site.
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3. Methods

3.1. Cultivation and maintenance of bacterial strains

3.1.1. Cultivation and maintenance of E. coli

E. coli strains were generally cultivated at 37°C on LB plates or in LB liquid medium
(Miller, 1972), except for some E. coli strains containing the expressed genes that were
cultivated in LB liquid supplemented with 1 M sorbitol and 2.5 mM betaine (Blackwell et
al., 1991). Strains harboring plasmids were grown on solid or in liquid media
supplemented with the appropriate antibiotics. Unless otherwise stated, the final
concentrations of used antibiotics were: ampicillin 80 ng/ml; chloramphenicol 25 ng/ml;
hygromycin B 200 ng/ml. In the case of pUC-derived recombinant plasmids, 40 ng/ml X-
gal was added into LB plates for the blue-white selection. Cultures were stored at —20°C

3.1.2. Cultivation and maintenance of Streptomyces

Wild type strains of Streptomyces sp. were grown on SMA plates and cultivated in TSB,
YEME or SGYEME liquid media at 28-30°C for 3-5 d. For the cultivation of strains
containing plasmids, a final concentration of thiostrepton in 25 nmg/ml was added to agar
plates and 15 ng/ml in liquid media. Kanamycin and hygromycin B were supplemented

into solid and liquid media with concentrations of 50 mg/ml and 200 ng/ml, respectively.

Spore suspensions were prepared according to Hopwood ef al. (1985) by adding 20%
glycerol onto a well-sporulated plate and scraping off the spores from the surface of the
plate. The suspension was then filtrated through sterile non-absorbant cotton wool to

remove mycelial remnants. The spore suspensions were stored at —20°C.
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3.2. 8. mycarofaciens fermentation and product extraction

S. mycarofaciens was grown on |SP2 plates and sporulated at 28°C for 5 d. To produce a
seed culture, 10 ml of EP1 medium (Salah-Bey et al., 1998) ina 10" 22 cm glass tube with
a short metal spring was inoculated with spore suspensions of S. mycarofaciens. Cultivation
was carried out at 28°C for 3 d in a rotary shaker at 230 r.p.m. Then 4.2 ml of the seed
culture were inoculated into 60 ml of EP2 medium (Salah-Bey et al., 1998) in a 500 mi
Erlenmeyer flask with around metal spring. The production culture was grown for 5-7 d by
shaking (230 r.p.m.) at 28°C.

The extraction of the fermenting broth of S. mycarofaciens was followed as in Salah-Bey
et al. (1998). The broth was separated by centrifugation and the cells were washed once
with water. The supernatant was adjusted to pH 9-10 with 1 M NaOH and extracted three
times with an equal volume of ethyl acetate. The extracts were dried by evaporation. The

residue was dissolved in an appropriate volume of dichloroform for assay.
3.3. General manipulation of DNA
3.3.1. Isolation of genomic DNA from Streptomyces

Chromosomal DNA was isolated from mycelia of Streptomyces sp. according to the
protocol of Pospiech er al. (1995) with minor modifications. The following steps were
used.

(1) Strains were inoculated in 25 ml of TSB liquid medium in 250 ml Erlemeyer flasks,
each flask containing a short metal spring. The culture was heavily aerated by rotary
shaking and grown at 28°C for 2 d to the late logarithmic phase.

(2) The myceliawere pelleted and washed twice with 10.3% sucrose.

(3) Approximately 0.5 g of cells were resuspended in 5 ml SET buffer (see Section 2.2.3),
lysozyme was added to a concentration of 1 mg/ml and incubated at 37°C for 30-60
min.

(4) 1/10 volumes of 10% SDS and 0.5 mg/ml of proteinase K were added and incubated at
55°C with occasional inversion for 60 min.
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(5) The lysates were extracted by the addition of 1/3 volumes of 5 M NaCl and 1 volume of
chlorofrom and incubated at room temprature for 30 min with frequent inversion.

(6) The flocculant precipitate was removed by centrifugation at 4°C , 4500 rpm for 15 min.
The agueous phase was transferred to a new tube using a blunt-ended pipette tip.

(7) The chromosomal DNA was precipitated by adding 1 volume of isopropanal,
centrifuged, washed with 70% ethanol, dried at room temperature and dissolved in 200
m TE buffer with 2 m of 10 mg/ml RNase.

In the case of isolation of chromosomal DNA from S. mycarofaciens for the preparation of
the cosmid genomic library, in step (3) it was found to be better to incubate for 30 min with
2-3 gentle inversion. After step (6), the aqueous phase was extracted again by adding 1
volume chlorofrom and incubated as in step (5).

3.3.2. Preparation of plasmid DNA from E. coli

Plasmid DNA from E. coli was prepared via three methods depending on the different

application of the DNA.

(1) Plasmid DNA to be used for cloning and sequencing was isolated from cells by using
the Miniprep Plasmid Kit (Qiagen).

(2) The boiling preparation method was used for rapid screening of transformants
(Sambrook et al., 1989).

(3) In this work , the akaline lysis method (Birnboim & Doly, 1979) was especialy
adapted for the isolation of recombinant cosmid DNA. After the cells were lysed and
neutralized by solution |, Il and 111 (see Section 2.2.3.), the lysates were extracted twice
with phenol/chloroform/isoamylalcohol (25:24:1) (Carl Roth, Karlruhe) and once with
chloroform/isoamyl alcohol (24:1).

3.3.3. Preparation of plasmid DNA from Streptomyces sp.
Two methods were used to isolate plasmid DNA from Streptomyces mycelia

(1) For generally checking the recombinant transformants, the Birnbiom & Doly (1979)
method was adapted with minor modification. The cells were suspended in solution I,
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then solution Il was added in the presence of 5 mg/ml lysozyme and incubated at 37°C
for 30 min.

(2) For the preparation of Streptomyces plasmid vectors, an akaline lysis method
(Hopwood et al., 1985) was introduced with modifications (this study). An aiquot of
Streptomyces culture (1.5 ml) was harvested and the pellet was resuspended in 1 ml
lysozyme solution (see Section 2.2.3) in a 2 ml Eppendorf tube. The suspension was
incubated for 30 min at 37°C and gently mixed after the incubation. Then 500 i of
alkaline SDS solution (0.3 M NaOH, 2% SDS) was added and, the mixture was agitated
by vortexing and incubated at 70°C for 15 min. After incubation, the mixture was
placed at room temperature for 3 min. Then 160 m of acid phenol/chloroform (5 g
phenol, 5 ml chloroform and 1 ml H,O) was added and mixed vigorously. The mixture
was centrifuged for 2 min. The supernatant was transferred into a new Eppendorf tube
containing 140 m of 3 M sodium acetate and 1.4 ml of isopropanol. The suspension
was mixed and left at room temperature for 5 min, and then centrifuged. The
supernatant was decanted and the pellet was dried. The pellet was then re-dissolved in
100 m TE buffer, and 10 m of 3 M sodium acetate and 50 m of neutra
phenol/chloroform (saturated with TE buffer; Carl Roth, Karlsruhe) were added. The
mixture was vortexed and centrifuged. The supernatant was transferred into a new
Eppendorf tube and 100 mi isopropanol was added. The solution was mixed, left at
room temperature for 10 min and centrifuged. The pellet was dried and re-dissolved in
50 m TE buffer with addition of 2 m of 10 mg/ml RNase.

3.3.4. In vitro manipulation of DNA

Restriction endonucleases for DNA hydrolysis, akaline phosphatase for removing 5'-
phosphate group from linearized DNA, Klenow fragment of DNA polymerase | for
generation of blunt end at 3'- or 5'- overhang of linearized DNA, and T4-DNA ligase for
ligation of DNA fragments were routinely used according to the manufacturer's
specifications. For the first three enzyme reactions, the enzymes were inactivated by
incubation for 10 minutes at 70°C. The resulting DNA fragments were isolated either by

phenol/chloroform extraction or by agarose gel separation.
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3.3.5. Polymerase chain reactions (PCR)

The PCR amplification was done according to Innis et al. (1992). In this study, two
polymerases (Vent- and Tag-) were used depend of the further uses of genes found by PCR.

Therefore, two PCR reactions were performed as follows:

(1) Vent polymerase buffer (10 ") 10 m
dNTP's 200 M
DMSO 10 m
MgSO, (100 mM) 1 m
Forward primer 50 pmol
Reverse primer 50 pmol
DNA template 10-100 ng
Vent-DNA polymerase 25 U
H.O to 100 m
Mineral oil 50 m

(2 Tag polymerase buffer (10 ") 10 m
dNTP's 200 M
DMSO 5 m
MgCl;, (50 mM) 3 m
Forward primer 50 pmol
Reverse primer 50 pmol
DNA template 10-100 ng
Tag-DNA polymerase 25 U
H.O to 100 m
Mineral oil 50 m

The amplification profile was performed in two ways.

(1) Usually the amplification was done as follows. After an initial hot start at 98°C for 2
min, the polymerase was immediately added into the above mixture tubes. The mixture
was subjected to 30 cycles of amplification, each consisting of 1 min at 95°C, 40 sat an

annealing temperature (variable) and 1-2 min at 72°C. The thermal cycle was

(2) To detect the genes containing high GC contents from chromosoma DNA, 6 special
cycles were introduced before starting the 30 cycles of method (1). The first cycle was
1 min at 95°C, 40 s at an annealing temperature of T°C, and 1-2 min at 72°C. In every
subsequent cycle the annealing temperature was decreased by 1°C until the sixth cycle
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a (T-5)°C. Then the annedling temperature was returned to T°C, performing
amplication as (1).

The PCR products were analysed and purified by agarose gels or using the NucleoSpin
Extract kit.

3.3.6. Separation of DNA fragment

Agarose gel electrophoresis was performed essentialy as described by Sambrook et al.,
1989. DNA fragments were separated on horizontal 0.7-1.5% agrose gels containing 0.1
ng/ml ethidium bromide. One tenth volume of 10 * loading buffer was added to the DNA
solution. The agarose was dissolved in 1~ TAE buffer and electrophoresis was carried out
at 5-10 V/cm. DNA was visualized by illumination with long wavelength UV-light (366

nm).

The separation of DNA fragments for sequencing was carried out on a vertical denaturing
PAA gel. The gel contained 5.5% polyacrylamide (the FMC Long-Ranger Solution,
Biozym, Hameln), 7 M ureain 1~ TBE buffer. Then 350 m APS (10%) and 42 mi TEMED
were added into 80 ml above solution to start the polymerization. The gel solution was
sandwiched between the glass plates (50 © 50 © 0.05 cm) and polymerized for 2 h. The gel
was run with 1 © TBE buffer at 45°C at 1500-2000 V in an A.L.F. DNA Sequencer
(Amersham).

Sucrose gradients were used for the size fractionation of DNA fragments for the cosmid

genomic library (see Section 3.4.1.2).
3.3.7. Radioactive labelling of DNA fragments

Double strand DNA fragments were labelled with [**P] using the Rediprime DNA labelling
system (Amersham) according to the manufacturer's specifications. In general, 5 m of a-

[*°P]-dCTP with a specific activity of 3000 Ci/mmol were used in the labelling reaction.
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3.3.8. DNA-DNA hybridization

The DNA fragments were separated on 0.8-1.0% agarose gels and transferred by capillary
stock onto a Hybond N* membrane (Amersham) using 0.4 M NaOH for 12 h (Reed &
Mann, 1985). The membranes were shortly washed with 2~ SSC, air-dried and fixed at
80°C for 10 min or at UV light (360 nm) for 3 min. Membranes were prehybridized in 200-
400 ml prehybridization solution in a shaking water bath at 68°C for 3-4 h. The [*P]
labelled DNA probe was denatured by boiling for 10 min and immediately placed on ice.
Membranes were transferred to 100 ml hybridization solution and the denatured radioactive
probe was then added. The hybridization was carried out at 68°C for 12 h. A series of
washing steps followed. Membranes were washed twice with 6 © SSC/ 0.1% SDS, each for
15 min. Stringency washes were carried out with 0.5-2 " SSC/ 0.1% SDS at 68°C for 10
min with gentle shaking.

The cosmid colony hybridization for screening the gene library was performed as described
in Section 3.4.3.3.

3.3.9. DNA sequencing

Sequencing of double-stranded DNA was performed using the dideoxy nucleotide chain
termination method (Sanger et al., 1977). 6-8 ng of pUC18-derived plasmid DNA, mpl3
(universal) and pUC18 (reverse) primers labelled with fluorescent dye, and the
Thermosequenase Cycle-Sequencing Kit were used in a sequencing reaction according to

the manufacturer's specificationsin an A.L.F. DNA sequencer.

3.3.10. Determination of DNA concentration

The concentration of double-stranded DNA was photometrically quantified at a wavelength
of 260 nm as described by Sambrook er al. (1989). An ODyg of 1.0 is equivaent to
approximately 50 ng/ml of double-stranded DNA. The value of OD in the DNA solution
was aso measured at 280 nm to examine the contamination with phenol or proteins. The
ratio of ODgp to OD2gp in pure DNA solution should be in arange of 1.8-2.0.
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3.3.11. Transformation of E. coli and S. lividans

Competent cells of E. coli strains were prepared as described by Hanahan (1983). The
transformation of E. coli cells was followed according to the protocol of Sambrook et al.
(1989). In general, 0.01-1 ng DNA was added to 100 m competent cells, SOC or LB

medium was used to regenerate the cells.

Protoplasting and transformation of Streptomyces were carried out based on the method of
Babcock and Kendrick (1988). TSB-PEG 8000 medium was used to cultivate the cells.
PEG 1000 was used to mediate the transformation.

3.3.12. Heterologous gene expression in E. coli BL21 (DE3) pLysS

The method used was based on the description of Studier ez al. (1990). A single colony of
E. coli BL21 (DE3) pLysS harboring a pET-derived plasmid was inoculated in 3 ml of LB
medium containing 50 ng/ml ampicillin and 25 ng/ml chloramphenicol and the cells were
grown overnight at 37°C. The overnight culture (0.5 ml) was re-inoculated in 50 ml of LB
medium (or LB supplemented with 1M sorbitol and 2.5 mM betaine) with the same
antibiotics, and the cells were grown at 28°C in a rotary shaker (100 r.p.m.) to an ODgoonm
of 0.5-0.7. Then the final concentration of 0.4 mM IPTG was added to the culture to
induce the T7-RNA polymerase production. In LB culture, the other 4 h cultivation was
done after induction, and 12 h was required in the culture of LB containing sorbitol and
betaine. Samples (1 ml) were taken prior to induction and at intervals after induction. The
cells were harvested by centrifugation and re-suspended in 50-100 m of the loading buffer.
The proteins were subjected to electrophoresis by SDS-PAGE gel (see Section 3.5.3). The
remaining cultivated cells were extracted as described in Section 3.5.1.

3.3.13. Heterologous gene expression in S. lividans 1326

The expression of the specific genes inserted in plJ4123 in S. lividans 1326 was followed
as the method of Takano et al. (1995) but using SGYEME medium. A single colony was
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inoculated into 10 ml of SGYEME medium with 50 ng/ml kanamycin and the cells was
grown at 28°C for 2 d as pre-culture. The pre-culture (0.5 ml) was then inoculated in 50 ml
of SGYEME medium containing the same antibiotic. After 12 h of cultivation, 10 ng/ml
thiostrepton was added to induce tipAp promoter. The cultivation was continued for another
24-36 h. The cells were harvested and extracted as described in section 3.5.1.

3.4. Manipulation of the cosmid genomic library of S. mycarofaciens

3.4.1. Construction of the cosmid genomic library

The genomic library of S. mycarofaciens UC189B (ATCC 21454) was constructed in this
work by using the pKU206 vector (Omura, personal communication; Kakinuma et al.,
1991) (Fig. 3.1) and S. mycarofaciens chromosoma DNA. The following manipulation was
based on Weis et al. (1987) with modifications.

15.51 kbp
SCP2*(stability) _ ,,‘.«‘_:

Fig. 3.1. The bifunctional cosmid vector pKU206.

3.4.1.1. Partial digestion of S. mycarofaciens genomic DNA

The chromosomal DNA from S. mycarofaciens was prepared as described in Section 3.3.1.
0.3% agarose gel (using 0.5 cm depth of 1% agarose gel as a supporter under the bottom of
the gel lid) was used to examine the size of DNA (Little, 1987). The molecular length of
DNA must be larger than| DNA.
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Partial digestion of the genomic DNA with Sau3Al was done in a Eppendorf tube,
including 215 m of DNA (~20 ng), 25 m of 10~ React 4 buffer (Gibco BRL) and 10 i
diluted Sau3Al (1U) and mixed carefully. The digestion was preformed at 37°C, and a 50
m aliquot was removed at 5 min, 10 min, 15 min, 20 min, and 25 min and inactivated at
68°C for 10 min. Samples were combined when they showed the DNA in the size range of
25-45 kb by electrophoresis through 0.5% agarose gel.

3.4.1.2. Size fractionation of DNA fragments

Sucrose gradients were used for size fractionation of DNA molecules (Hadfield, 1987). The
new SW-41 ultracentrifuge tubes (Beckman, Minchen) were filled with 10 ml of sucrose
gradient solution (see Section 2.2.3), sealed with Parafilm and frozen overnight at -20°C.
The frozen tubes were thawed at room temperature for 4-5 h. The freeze-thaw process was
repeated once to form the gradient.

The combined partialy digested DNA was heated at 65°C for 5 min in order to dissociate
any DNA aggregates. 166 m of the DNA solution was carefully layered on the top of the
sucrose gradient. The tubes were then centrifuged in an SW-28 rotor (Beckman) at 20°C,
25,000 r.p.m., for 18 h. After centrifugation, the bottom of the tubes were gently cleaned
with ethanol. The gradients were fractionated by carefully piercing the bottom of the tube
with a sterile needle. The small hole was rapidly blocked with the thumb and drops of the
gradient solution were allowed by dlightly moving the thumb. Samples (each 0.2-0.3 ml)
were dropped into the new Eppendorf tubes and around 50 aliquots were collected from 10
ml of the sucrose gradient. Samples (15 m) from every fifth aliquot were taken and
checked by electrophoresis on 0.5% gels, using the DNA marker diluted by the sucrose
gradient solution because of the high salt concentration in the solution affects DNA

mobility.

The correctly sized DNA (25-35 kb) was precipitated by adding two volumes of ethanol.
To avoid precipitation of sucrose, a further 1.5 ml of 70% ethanol was added and mixed
thoroughly and placed at —20°C overnight. The DNA was pelleted by centrifugation, and
the pellets were washed twice with 70% ethanol and re-suspended in an appropriate TE
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buffer. The aliquots of the DNA solution were combined to give a final concentration of
0.3-0.5 my/mi.

3.4.1.3. Digestion of the cosmid vector pKU206

The cosmid vector pKU206 contains a BamHI site cloning site, (Kakinuma et al., 1991).
Hydrolysis of the vector was performed including 200 m of pKU206 DNA (~20 ng), 1~
React 3 buffer (Life Technologie), 100 U of BamHI enzyme and distilled water in a 400 m
volume. The incubation was carried out at 37°C for 3-4 h. An aliquot (3 ml) was removed
and analyzed by electrophoresis through a 0.6% agarose gel and compared to undigested
pKU206. The completely hydrolised sample was then extracted with phenol/chloroform
and the DNA was precipitated with ethanol. The DNA was re-suspended in 200 m of TE
buffer. A 5 m aliquot was taken and stored at —20°C.

The remainder of the sample was treated with 50 units (ATP hydrolysis units) of calf
intestinal phosphatase by an incubation at 37°C for 30 min. The dephosphorylation was
terminated by adding 1 m of 0.5 M EDTA. The DNA was extracted twice with phenol and
once with chloroform and precipitated with ethanol. The pellet DNA was re-suspended in
TE buffer to give afina concentration of 0.3-0.5 ng/mi. A test re-ligation was carried out to
determine the effectiveness of the phosphatase treatment of the linearized vector. The
reaction was set up in a 10 m volume including BamHIl-cleaved pKUZ206 either
phosphatase-treated DNA or untreated (i.e. the above aliquot stored at —20°C) and using a
standard ligation buffer and conditions (see below). The test ligations were examined using
agarose gels. The phosphatase-treated sample should not be re-ligated.

3.4.1.4. Ligation of insert DNA to vector DNA

The following reaction mixture was set up in a20 m volume:

25-35 kb fragments of S. mycarofaciens 5m (~2.5ng)
phosphatase-treated pK U206 10 m (~5 ng)
10 ligation buffer* (Roche) 2n

H.O 3n
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* the ligation buffer should be PEG-free quality.
An aiquot (1 m ) was removed and stored at 4°C. Then 1 m (5 Weiss units) of T4 DNA
ligase (Roche) was added to the remainder of the mixture. The reaction was incubated
overnight at 12°C. At the end of the ligation, another 1 m aliquot was taken and analyzed
by electrophoresis using 0.5% agarose gel together with the above aliquot stored at 4°C. If
the ligation was successful, the S. mycarofaciens DNA should have been converted to high-

molecular-weight concatemers.

3.4.1.5. Packaging of ligated DNA

The ligated DNA was packaged in vitro into bacteriophage | particles following the
protocol of DNA Packaging Kit (Roche). 4 m of the ligation mixture was used, and the rest
of the ligation was stored at —20°C. After packaging was complete, 0.5 ml of SM buffer
was added to the reaction, and this packaging reaction was then mixed with 20 m of

chloroform and stored at 4°C for two weeks.

3.4.1.6. Adsorption of packaged recombinant cosmids to E. coli

The host strain E. coli IM108 was prepared as recommended by the protocol of DNA
Packaging Kit (Roche). 10 ml aliquot of the packaging reaction was mixed with 0.1 ml of
SM buffer and 0.2 ml of the host strain. The mixture was incubated for 30 min at 30°C to
allow the adsorption of the bacteriophage particles to the E. coli cells. Then 1 ml of SOC

medium was added and the incubation was continued for afurther 60 min.

3.4.1.7. Plating of packaged recombinant cosmids

Samples (0.1 ml and 0.5 ml) of the bacteria culture were spread onto LB agar plates
containing 50 ng/ml of ampicillin. After incubating the plates at 30°C for 14-16 h, the
number of bacterial colonies was counted. Usually each microgram of ligated DNA should
yield at least 5~ 10* bacterial colonies.
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A number of individual colonies were picked and grown in 4 ml of overnight LB culture at
37°C. The plasmid DNA was isolated by using the alkaline lysis method (Birnboim &
Doly, 1979). The plasmid DNA was digested with BamHI or other restriction enzyme(s)

and the size of the resulting fragments was analysed by gel electrophoresis.

3.4.2. Plating out, amplification and maintenance of the cosmid genomic library

Thiswork was done with reference to Sambrook et al. (1989) and Wels et al. (1987).

3.4.2.1. Plating on agar for the library amplification

200 m of the cells prepared as in Section 3.4.1.7 was spread on a LB plate containing 50
ng/ml ampicillin. The plates were incubated overnight at 30°C and usualy over 2000
colonies were produced on a plate. Then 2 ml of LB liquid containing 15% glycerol was
added to the grown-colony plates. The colony suspension was carefully mixed, scraped,
pooled and stored at —70°C.

3.4.2.2. Picking and streaking colonies for screening and maintenance of the library

100 m of the cells prepared as in Section 3.4.1.7 was spread on a LB plate containing 50
ng/ml ampicillin. The plates were incubated overnight at 30°C and usually over 1000
colonies were produced on a plate. In order to absolutely ensure the authentic result of
screening the library, ten thousand colonies were picked and streaked one by one onto new
LB plates containing 50 ng/ml ampicillin, in a matrix of 47 numbered points (each point
size ca. 2 mm). Each colony was picked and streaked onto two plates in the same position,
which one plate was used for screening the library and the other for maintenance of the

library.

Microtiter plates were used to store the cosmid colony cultures. A 96-well microtiter plate
was labelled and divided into two parts which were used for transferring two plates of
colonies. 300 m of LB liquid containing 15% glycerol were first titred into each well. A
plate containing 47 colonies grown overnight was gently duplicated using a sterile stainless

steel stamp containing 47 feet which is exactly the same as the matrix mentioned above.
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The stamp with the adhering bacteria was then dipped into the LB and glycerol medium at
the correct position in the microtiter plate and gently shaked for 1 min. The plates were
incubated overnight at 30°C and stored at —20°C.

3.4.3. Screening of the cosmid genomic library

The following experiments were based on the protocols described as Hanahan & Meselson
(1983) and Weis et al. (1987) with modifications.

3.4.3.1. Preparing duplicate membranes of cosmid colonies

Bacteria plates each containing 47 colonies grown overnight were first stored at 9°C for 1
h. Numbered disc membranes were then placed on the surface of the colony plates for 1
min, peeled off and air-dried for 10 min. The master plates were incubated for 3-4 h and
stored at 4°C.

3.4.3.2. Cosmid DNA binding to the membranes

A Whatman 3MM filter paper in atray was soaked in 0.5 M sodium hydroxide. The disc
membranes, colony side uppermost , were placed onto this wet filter and lysed for 5 min to
denature the DNA. This step was repeated with a new 3MM paper with 0.5 M NaOH. The
membranes were then transferred onto a 3MM paper soaked with a solution of 1 M
Tris’/HCI, pH 7.5 for neutralization. After 3 min the membranes were neutralized once
again by placing them onto a new 3 MM paper with the same solution. The membranes
were then washed with 2~ SSC solution for 5 min and air-dried. The dried membranes
were baked at 80°C for 90 min.

3.4.3.3. Screening the cosmid membranes

The baked membranes were placed in a plastic box with 300 ml of prehybridization. The
box was shaked slowly in a water bath at 65°C. After 1.5 h, the bacterial debris on the
membranes were wiped using soft tissues and the new prehybridization solution was added
into the box. The process was continued for another 1.5 h. The probe DNA was labelled as
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described in Section 3.3.7. The conditions of hybridization for the disc membranes were the
same as described in Section 3.3.8. After hybridization, the membranes were washed at
65°C twice with 2~ SSC/0.5% SDS, each time for 10 min, twice with 0.5~ SSC/0.5%
SDS, each time for 15 min, and once with 0.1 = SSC/0.5% SDS for 15 min. The
autoradiography of the membranes was followed by the standard method (Sambrook ez al.,
1989). The positive spots were identified by comparing precisely the same position on the
membranes and the master plates. Finally the positive cosmid clones were picked from the

master plates and the plasmid DNA was prepared for further genetical analysis.

3.5. Biochemical methods

3.5.1. Cell-free extracts of E. coli and Streptomyces

The E. coli or Streptomyces cells containing the expression-plasmids were harvested by
centrifugation and washed twice with a cold buffer of 25 mM TrigHCI, pH 7.5 or 25 mM
potassium phosphate buffer, pH 7.2. The pellet was suspended with an appropriate
sonification buffer (see Section 2.2.3) according to the further use of the extracts in aratio
of 1.0 ml buffer/0.2 g for E. coli cells and 1.5 ml /g for Streptomyces. The cells were
disrupted by treating 2 times for E. coli and 4 times for Streptomyces (each time for 20 sec
following 20 sec break) with the French-Press under a pressure of 1300 psi. The céll
suspension was centrifuged for 30 min at 30 000 g and the crude cell-free extracts were
stored at —-80°C for 1-2 weeks.

3.5.2. Determination of protein concentration

The protein concentration of the cell-free extracts was measured according to Bradford
(1976) using Bio-Rad Protein Assay Kit (Bio-Rad) and BSA as a standard at a wavelength
of 595 nm.

3.5.3. SDS polyacrylamide gel electrophoresis (PAGE)

SDS-PAGE was performed according to Laemmli (1970) using 10-12% of polyacrylamide
in vertical dab gels. The protein standard VII-L (Sigma), BSA (Mr = 66 kDa), ovalbumin
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(Mr = 45 kDa), glyceraldehyde-3-phosphate dehydrogenase from rabbit muscle (Mr = 36
kDa), carbonic anhydrase from bovine erythrocytes (Mr = 29 kDa), trypsinogen from
bovine pancreas (Mr = 24 kDa), trypsin inhibitor from soybean (Mr = 20 kDa) and a-
lactalbumin (Mr = 14 kDa), was applied to the gels in order to determine the Mr of the

proteins.

3.5.4. Western blotting and immuno-detection of proteins

The proteins produced in E. coli and Streptomyces were separated by SDS-PAGE. When
the expected protein was not detected on the gels, Western blotting was used for the
detection. The protein gels were transferred onto PVDF membrane (‘Hybond P,
Amersham) using the Semi-Dry Transfer Cell (Bio-Rad). The Western blotting was
followed by a standard protocol (Winston et al., 1987) and the method of immuno-
detection of proteins was adapted here as recommended by Qiagen's protocol using an
Anti-His-tag antibody.

3.5.5. Analysis of the activity of dTDP-D-glucose 4, 6-dehydratase by RmIB

The activity of dTDP-D-glucose 4,6-dehydratase was determined according to Wang &
Gabriel (1969) and Okazaki et al. (1962) with minor modifications. The rml/B gene
(formerly called as rfbB) from Salmonella enterica B was cloned on the plasmid pSVW701
by Verseck (1997) and overexpressed in E. coli BL21(DE3). The reaction for analysis of

RImMB protein was performed as follows.

Potassium phosphate buffer, pH 7.2 50 mM
dTDP-D-glucose 4 mM
RImMB crude extract 0.1-0.2 mg/ml
Final volume 200 m

The mixture was incubated at 37°C for 1 h. The formation of dTDP-4-keto-6-deoxy-
glucose was determined by taking 40 m of the reaction sample and adding 960 m of 0.1 N

NaOH and the mixture was re-incubated at 37°C for 20 min. The absorption was measured
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at 320 nm (e320nm = 4800 I/mol ~ cm). Blank experiments were carried out in the same way

but omitting the substrate.

3.5.6. Analysis of the activity of enzymes participating in dTDP-D-mycaminose

biosynthesis via a coupling reaction of RmlIB, MidH and MidC

The genes encoded in the biosynthetic pathway of dTDP-D-mycaminose in macrolide
antibiotics were proposed as described as Gandecha et al. (1997). In this study, the
determination of the activities of the 3,4-isomerase (MidH) and the aminotransferase
(MidC) was performed with reference to the methods of Walker & Walker (1969). The
conversion of dTDP-glucose to dTDP-D-mycaninose by the coupling reaction of RImB,
MidH and MidC was carried out as follows.

Potassium phosphate buffer, pH 7.2 50 mM
dTDP-glucose 4 mM
MgCl, 10 mM
L-Alanine or L-Glutamic acid 25mM
PLP 1mM
RImMB crude extract 0.1-0.2 mg/ml
MidH crude extract 0.2-0.3 mg/mi
MidC crude extract 0.2-0.3 mg/mi

The mixture was incubated at 37°C for 1 h and the reaction was terminated by heating at
95°C for 2 min. The mixture was centrifuged at 4°C for 20 min to remove the debris and

the supernatant was stored at —20°C for the product assay.

3.6. Chromatography methods

3.6.1. Thin-layer chromatography (TLC)

Antibiotic metabolites from cultures of Streptomyces were preliminarily identified by TLC

as described by Salah-Bey et al. (1998). The supernatants of cultures were adjusted to pH
9.0-10.0 with sodium hydroxide and extracted with ethyl acetate. Chromatogarphy was
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performed using dichloromethane-methanol (90/10, v/v). The compounds were visualized
by spraying the TLC plates with p-anisaldehyde/sulphuric acid/ethanol (1/1/9, v/v) with
subsequent heating for afew minutes at 80°C.

3.6.2. High pressure liquid chromatography (HPLC)

Analysis of nucleotide-activated sugars from the enzymatic reaction was performed by
HPLC according to Payne & Ames (1982) with modifications. A reversed phase
chromatography was used as separation system equipped with a Eurospher 100 C18 ( corn:
5m 250~ 4.6 mm) (Knauer, Berlin). The mobile phase and operation of this system were
recommended by Verseck (1997).

3.6.3. HPLC coupled to mass spectrometry (LC-MS)

HPLC coupled to mass spectrometry (LC-MS) was carried out on a chromatography
system (Waters) equipped with a Finnigan TSQ 7000 mass spectrometer to identify the
novel products. This assay was performed at the University of Bochum by Dr. Bluggel.

3.7. Computer programs

DNA sequences were analysed using the program DNA-Strider 1.1 (Mark, 1988). The
programs Brugene 1l and MacFrame 1.3 were used to determine open reading frames and
G+C contents. Multiple sequence alignments were performed using the Clustal V 3.0
program (Higgins, 1991). Comparisons of DNA- and protein-sequences to GenBank were
done using FASTA (Pearson & Lipman, 1988) and BLAST (Altschul, 1990). Phylogenetic
trees were construcetd via the neighbor joining method (Saitou & Nei, 1987) using the
PAUP 3.1 program (D.L. Swofford, Center of Biodiversity, Champaign, IIl., USA).
Amplification temperatures for primers were calculated by the PrimFind V3.0 program
(Frobel Labor-Geréte, Lindau).
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4. Results

4.1. Detection of pathway-specific genes from S. mycarofaciens by PCR

As mentioned in the introduction, most of the 6-deoxysugar biosynthetic genes are
clustered on both sides of a large portion of polyketide synthases (PKSs) in the macrolide
antibiotic biosynthesis, such as erythromycin (Gaisser et al., 1997; 1998; Salah-Bey et al.,
1998), oleandomycin (Olano et al., 1998), tylosin (Merson-Davies et al., 1994; Gandecha
et al., 1997; Fouces et al., 1999) and so on. Experimental evidence has suggested that
dTDP-4-keto-6-deoxyglucose is the precusor of most of the deoxysugars, for instance,
found from macrolide-producing strains (Liu & Thorson, 1994; Piepersberg, 1994) as well
as from anthracycline-producing strains (Thompson et al., 1992). Thus, because of the
similarity to tylosin, the detection of the gene encoding dTDP-glucose 4,6-dehydratase
was hoped to be the first and rational choice in order to probe the midecamycin
biosynthetic (mid) gene cluster from S. mycarofaciens. Based on mechanisms and
pathways from deoxysugar biosynthesis research, a glycosyltransferase is responsible for
transferring the sugar to the antibiotic aglycone when a D- or L-6-deoxysugar is formed
(Otten et al., 1995; Liu et al., 1993). Since midecamycin is structurally closely related to
tylosin, the organisation of the gene cluster of tylosin biosnythesis (acc. no. U08223;
Merson-Davies et al., 1994; acc. no. X81885; Gandecha et al., 1997) gives a hint that at
least some of the glycosyltransferase genes are located in the gene cluster on the side
opposite to the dTDP-glucose 4,6-dehydratase gene. Therefore, as a prediction, the
detection of a glycosyltransferase gene is the second choice in order to probe the gene

cluster of midecamycin biosynthesisin S. mycarofaciens.

In this study, PCR amplifications were applied to directly detect the genes encoding the
biosynthetic pathway of midecamycin from S. mycarofaciens UC189B (ATCC21454).
The identified genes were then used as homologous probes to hybridize the cosmid library

of S. mycarofaciens in order to identify the mid gene cluster.
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4.1.1. Identification and isolation of a gene, midB, encoding a dTDP-glucose 4, 6-
dehydratase from S. mycarofaciens

To identify the specific gene in midecamycin biosynthesis, the genomic DNA of S.
mycarofaciens was amplified by PCR using two oligodeoxynucleotide primers, AS2 and
AS5 (Stratmann, 1997), which were derived from the st»E gene, encoding dTDP-glucose
4,6-dehydratase in the gene cluster of streptomycin biosynthesis from S. griseus
(Pissowotzki et al., 1991) and showed the highly conserved sequences in the other dTDP-
glucose 4,6-dehydratase genes, such as tylA1ll from S. fradiae (Merson-Davies et al., 1994)
and rfbB from Salmonella typhimurium LT2 (Jang et al., 1991). As a result of PCR
amplification, a 303 bp DNA fragment from S. mycarofaciens genome was detected, and
the gel-purified DNA fragment was cloned into the Smal site of pUC18 (Arnold, 1996).
This recombinant plasmid was named pLCW1, and the gene in the corresponding insert
DNA was designated midB. Sequencing analysis indicated that midB encodes a dTDP-
glucose 4,6-dehydratase and the product of midB in a 101 amino acid (aa) overlap is 58%
identical to the products of strE and tylA1l, respectively, and 44% identical to the product

of /bB. The sequence comparison between these proteinsis shownin Fig. 4.1.

4.1.2. Identification and isolation of a gene, midl, encoding a glycosyltransferase from
S. mycarofaciens

The oligodeoxynucleotide primers, EryCIII/H, EryClIl/l and LC6, were derived from the
highly conserved sequence regions of macrolide glycosyltransferse genes, eryCIIl and
tyIMII in the gene clusters of erythromycin and tylosin biosynthesis (Salah-Bey et al.,
1998; Gandecha et al., 1997). The genomic DNA of S. mycarofaciens was first amplified
using primers EryCl11/H and EryCl11/l by PCR method 2 (see Section 3.3.5). The reaction
was carried out at an annealing temperature of 63°C and for an enlongation time of 60 sec.
An expected DNA fragment (500 bp) was observed in the PCR products by the use of
1.5% agarose gel. However, there existed unspecific bands mixed with or close to this
expected band, which caused difficulties for purification and cloning. Therefore, a pair of
internal primers, LC6 and EryClII/I, were used to re-amplify the above product mixture by
using PCR method 1 (see Section 3.3.5) at an annealing temperature of 65°C and for an
enlongation time of 45 sec. As expected, a 420 bp DNA fragment was detected, and the
resulting fragment was cloned into the Hincll site of pUC18. This recombinant plasmid

was named pLCW17, and the gene in the corresponding insert DNA was designated midl.
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Sequencing analysis confirmed that midl encodes a glycosyltransferase. The comparison
of the midl product to other known glycosyltransferases revealed that Midl in a 142
amino acid overlap is 56% identical to TylIMIl and 53% identical to EryClII, respectively
(for sequence alignment see Section 4.15).

Tyl Al'l - - - - MRVLVTGGAGFI GSHFTGQLLT- GAYPDLGATRTVVLDKLTYAGNPANLEVA- GHP
StrE MALTTHLLVTGAAGHI GSQYVRTLLGPGGPPDVVVT- - - ALDALTYAGNPDNLAAVRGHP
Rf bB ---- VKI LI TGGAGFI GSAVWRH! | K- - NTQDTVVN- - - - | DKLTYAGNLESLSDI SESN
MidB
AS2
R <
Tyl Al'l DLEFVRGDI ADHGWARRL VEGVGL- - VWHI S| ESSEAFVRTNVEGTRVLLQA

StrE RYRFERGDI CDAPG- RRVMAGQDQ- - WHL
Rf bB RYNFEHADI CDSAEI TRI FEQYQPDAVVHL

SLLDASVFVRTNVHGTQTLLDA
S| TGPAAFI ETNI VGTYALLEV

MidB S| DDADAFVRTNYLGTHVLLTE
* ok ok kokkokkk * * % * % * %
Tyl Al AVDAG VG - - - - - - - RFVHI STDEVYGS AE- - - - - - - - - - GSWPEDHPVAPNSPYAAT
StrE ATRHG VA- - - - - - - - SFVQUSTDEVYGSLEH - - - - - - - - - GSWIEDEPL RPNSPYSAS
Rf bB ARKYWBAL GEDKKNNFRFHHI STDEVYGDL PHPDEVENSVTLPLFTETTAYAPSSPYSAS
MidB ALAVRRPG: - - - - - - - RFVHVSTDEVYGSI PE- - - - - - - - - - GSWSEDHPL SPNSPYAAS
* * *kkkkkk * * * k% *
ass
Tyl Al KAASDL LALAYHRTYGLDVI RQYPEKAVPLFTTNLLDGLPVPL YGDGGNT
StrE KASGDL L AL AHHVSHGLDVI RQFPEKLI PRFI TLLMDGHRVPL YGDGLNV
Rf bB KASSDHL VRAWRRTYGL PTI YHFPEKLI PLVI LNALEGKPLPI YGKGDQI
MidB KAASDQLAL AFHRTHGL PV
* * * * * * % * * * ok kkkk
Tyl Al REW.HVDDHCRGVAL VGAGGRPGVI YNI GGG - - - - - - TELTNAELTDRI LEL CGADRSA
StrE REW.HVDDHVRG EAVRTRGRAGRVYNI GGG - - - - - - ATLSNKEL VGLLLEAAGADVGS
Rf bB RDW.YVEDHARAL HW\VTEGKAGETYNI GGHNEKKNL DVWFTI CDLLDEI VPKATSYREQ
MidB
Tyl Al LRRVADRPGHDRRYSVDTTKI REEL GYAPRTG TEGL AGTVAWRDNRAWNEPL KRSPGG
StrE VEYVEDRKGHDRRYAVDSTRI QREL GFAPAVDL ADGL AATVAWHKHRSVWAEPL VPAGSL
Rf bB | TYVADRPGHDRRYAI DAGKI SRELGWKPLETFESG RKTVEWLANTQAVNNVKSGAYQ
MidB
Tyl Al RELERA- - - - -
StrE PA--<-cn--
Rf bB SW EQNYEGRQ
MidB

Fig. 4.1. Amino acid sequence comparison of MidB with other dTDP-glucose dehydratases
from different bacteria. The proteins TylAll from S. fradiae, StrE from S. griseus and RfbB from
Salmonella typhimurium LT2 are aligned with MidB. The highly conserved sequence regions used
for designing the primers, AS2 and AS5, are marked and indicated by arrows. Segquence identities
between these proteins are indicated by asterisks.
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4.2. Construction and screening of a genomic library from S. mycarofaciens

A genomic library of S. mycarofaciens UC189B (ATCC 21454) was constructed during
this work by using the cosmid vector pkKU206 and S. mycarofaciens chromosomal DNA.
The DNA fragments of midB and midl obtained by heterologous PCR (see Section 4.1.1-

2) were used as probes to sequentially screen the cosmid library.

4.2.1. Construction of the genomic cosmid library

To clone large DNA fragments (20-35 kb) in E. coli strains, and to be able at the same
time to directly introduce recombinant plasmids into Streptomyces strains, a Sreptomyces-
E. coli bifunctional cosmid vector pKU206 (15.5 kb) was used (Omura, persona
communication) (see Fig. 3.1). The shuttle cosmid pKU206 was derived from pKU205
(Kakinuma et al., 1991), containing the replication regions SCP2* and pMB1 and the
lambda cos region, by introduction of the 5 kb SCP2* stability region. Therefore, it was
expected that the vector and its recombinant derivatives should be relatively stable in S.
lividans. The steps taken to construct the cosmid library from the genomic DNA of S.

mycarofaciens are shownin Fig. 4.2.

4.2.1.1. Selection of 20-35 kb DNA fragments in S. mycarofaciens partial digestion

The genomic DNA of S. mycarofaciens was prepared as described in Section 3.3.1. Since
maximally non-sheared DNA fragments (usually in the size of 200-500 kb) are required
for obtaining a statistically useful cosmid library, the chromosomal DNA was tested for its
size before digestion. It is shown in Fig. 4.3 that the prepared S. mycarofaciens DNA
(track 3) was much larger than thel DNA (48 kb) (track 1).

The partial digestion of the genomic DNA of S. mycarofaciens was tested first in two trial
digestions in order to establish the optimal conditions to employ (see Section 3.4.1.1).
About 20 ng of the genomic DNA was used for partial digestion and for the subsequent

size fractionation. The digestion was controlled by time limitation during an incubation at
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Fig. 4.2. Construction of the genomic library of S. mycarofaciens in the cosmid pKU206. 20-
35 kb fragments of S. mycarofaciens genomic DNA generated by partial digestion with Sau3Al
were ligated to DNA of the cosmid pKU206 digested with BamHI and dephosphorylated with
alkaline phosphatase. The resultant concatemers served as substrates for in vitro packaging of
bacteriophage | particles. Following introduction into E. coli, the cosmid DNA re-circularized and
replicated in the form of a large plasmid. The plasmid contains a b-lactamase gene that confers
resistance to ampicillin on the host bacterium.
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37°C. and the samples were removed at 5 min intervals, up to 25 min (Fig. 4.3). In this
experiment, samples from 5 min to 20 min digestions were combined for further use since
they seem to be the most suitable for providing high molecular weight genomic fragments
(3 20 kb).

Fig. 4.3. Analysis of Sau3Al partial
digestion of genomic DNA by agarose-
gel electrophoresis. A 0.5% gel was
used. Tracks (1) | DNA; (2) | DNA
digested with Hindlll as size markers.
Tracks containing identical samples of
genomic DNA digested with equal unit
amounts of Sau3Al for different time
periods (as described in Section 3.4.1.1)
(3) 0 min; (4) 5 min; (5) 10 min; (6) 15
min; (7) 20 min; (8) 25 min.

Sucrose gradients were used for size fractionation of DNA molecules (see Section 3.4.1.2).
The fractionated DNA solutions were analysed and the DNA samples were selected in a
range of 20-35 kb (Fig. 4.4). Since it turned out that the sucrose concentration affected
migration of DNA fragments, the size marker of DNA had to be diluted 1:2 with the 40%

sucrose solution. Finally, fractions 1-20 in Fig. 4.4 were combined for further use.

No. of Fractions
1 5 10 15 20 25 30 35

Fig. 4.4. Analysis of sucrose gradient
fractions by agarose gel electrophoresis.
The first three tracks on the left contain |
DNA digested with Hindlll as size markers,
I DNA and S. mycarofaciens genomic
DNA. A 0.5% agarose gel was used. 15 ni
of every fifth sample was |oaded.
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4.2.1.2. Ligation, packaging and plating the library

According to their relative sizes (Tab. 4.1), approximately 5 ng of cosmid DNA and 2.5
ng of genomic DNA fragments were used for ligation as described in Section 3.4.1.4. An
aliquot sample was used to examine the results of ligation, and it proved that the ligation
was successful (Fig. 4.5) .

Tab. 4.1. Relative sizes of DNA molecules

DNA molecule Size (kb) Relative size
Cosmid pKU206 155 1.0
S. mycarofaciens 20-35 16-2.2

genomic fragment

Fig. 4.5. Analysis of ligation reaction by agarose-gel
electrophoresis. A 0.5% gel was used. Tracks (1) |
DNA digested with Hindlll as size markers; (2) S.
mycarofaciens 20-35 kb fragments, (3) pKU206
digested with BamHI and treated with phosphatase; (4)
ligation of DNA fragments from (2) and (3) (1 m
ligation mixture).

The adsorption of packaged recombinant cosmids to E. coli and the plating of packaged
recombinant cosmids were followed as in Section 3.4.1.6-7. The result was that around 5 c
10*to 5 ¢ 10° transfected bacterial colonies per microgram of ligated DNA were counted.
About 5 ¢ 10° ampicillin-resistant colonies were collected and used as the cosmid genomic

library for screening.

Twenty of the cosmid clones from the library were picked at random and the plasmid
DNA was isolated as described in Section 3.4.1.7. The DNA of plasmids was digested by

BamHI to examine the inserted DNA size of the recombinant cosmid clones. As a result,
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eighteen of the cosmid plasmids were observed to contain the insert DNA, the size being
in arange of 20-35 kb (data not shown).

4.2.2. Screening of the cosmid genomic library probed by the midB and midl DNA

fragments

As described in Section 4.1.1-2, the midB DNA fragment (303 bp) from pLCW1 and midl
DNA fragment (420 bp) from pLCW17 were identified as dTDP-glucose 4,6-dehydratase
and gylcosyltransferase, respectively. They were used as probes to hybridize the above-
established S. mycarofaciens genomic library. The probe fragments were purified twice by
agarose gel electrophoresis before radiolabelling in order to avoid non-specific
hybridization with vector DNA. Resulting from hybridization experiments, 2 out of 3000
colonies on the disc membranes showed significant signals against the midB probe (Fig.
4.6). The cosmid DNA was isolated from these two putative positive clones and digested
with BamH| and Bglll. The resulting DNA was transferred onto nylon filters and
hybridized with the midB probe again. As expected, the DNA of these two clones showed
signal bands in which the location was the same as the positive control from S.
mycarofaciens genomic DNA (data not shown). Also, both cosmids were used as
templates and amplified by primers AS2 and AS5, which could produce the midB DNA
fragment as described in Section 4.1.1. These two positive recombinant cosmids were
designated as Smyc-LC1 and Smyc-L C2.

One significant signal from 2000 colonies was obtained by the midl probe when screening
the same genomic library for a second time (data not shown). This putative positive
cosmid was further examined again by DNA hybridization and PCR amplification (data
not shown). All results supported that the insert DNA of this cosmid contained the midl
DNA fragment. This recombinant cosmid was designated as Smyc-L C3.
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Fig. 4. 6. Autoradiographic analysis of screening the cosmid genomic library probed
by the midB DNA fragment through Southern hybridization. Sets of each 47 single
cosmid colonies were blotted on Hybond N* disc membranes. Screening colonies against
the probe was carried out as described in Section 3.4.3.3. Two strong signals from discs A
and B hybridized with the radiolabelled midB DNA fragment are visible (see arrows).

4.3. Restriction analysis and sequencing of partial regions of the recombinant
cosmids

In order to analyse the insert DNA in the three recombinant cosmids, Smyc-LC1, Smyc-
LC2 and Smyc-LC3 were digested with BamHI, Bglll and BamHI/Bglll. The calculated
results showed that the insert DNA of Smyc-LC1, Smyc-LC2 and Smyc-LC3 were ca.
30.2 kb, 22.6 kb and 26.3 kb, respectively. The DNA fragments of Smyc-LC1 and Smyc-
LC2 overlap each other in a region of ca. 14.7 kb. This overlap was also confirmed
through hybridization of Smyc-LCl DNA with the DNA fragment probes from both
terminal sides of Smyc-LC2. Therefore, Smyc-LC1 and Smyc-LC3 were used for further
restriction enzyme analysis. A set of single or double enzymes were applied in the
digestion reactions. From the results of the restriction enzyme analysis, restriction maps of
Smyc-LC1, Smyc-LC2 and Smyc-L C3 were constructed (Fig. 4.7 and Fig.4.8).

To quickly localize pathway-specific genes in Smyc-LC1 and Smyc-LC3, a set of
subclonesin E. coli cloning vectors were also made as given in Fig. 4.7 and Fig. 4.8. The
insert DNA fragments of all subclones were sequenced at least at their ends. The regions
of Smyc-LC1 and Smyc-LC3 surrounding the already identified genes midB and midl,
were fully sequenced in about 10 kb and 6 kb, respectively.
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Fig. 4.7. Restriction map of Smyc-LC1 and Smyc-LC2 and sequencing strategy. The plasmids for sequencing were designated as pLC1-
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4.4. Chromosomal walking by using a 2.3 kb DNA fragment close to one end of Smyc-

LC1 as a probe to screen the S. mycarofaciens genomic library

To extend the existing gene sub-cluster region covered by Smyc-LC1, a 2.3 kb BamHI
fragment was isolated from pLC1-3 (see Fig. 4.7). This DNA fragment, when used as a
probe to again screen the cosmid genomic library, resulted in isolation of a positively
hybridizing cosmid, which was designated Smyc-LC4. The restriction analysis of this
recombinant cosmid with BamHI and BamHI|/Bglll showed the size of the inserted DNA
to be ca. 29.3 kb. The DNA fragment of Smyc-LC4 overlaps with Smyc-LC1 in a region
of ca. 11.3 kb and extends away from Smyc-LC1 in a region of ca. 18 kb, containing a
unique BamHI fragment. The summary of the suggested map location of the four cosmids,
Smyc-LC1, Smyc-LC2, Smyc-LC3 and Smyc-LC4, isshown in Fig. 4.9.

4.5. Open reading frames found in the gene sub-cluster analysed from Smyc-LC1

The sequence of a ca. 14 kb Bglll fragment (site 1-15) of Smyc-LC1 which includes the
midB region was determined from the respective segments subcloned, in which some
regions were completely sequenced (ca. 10 kb) and others were partially sequenced (ca. 4
kb) (Fig. 4.10). The arrangement of the identified open reading frames and their encoded
proteins, e.g., midC encodes a TylB-related aminotransferase, was very similar to the
tylosin gene cluster of S. fradiae (see below). Therefore, the previous proposal was
confirmed that the sub-cluster covered by Smyc-LC1 is part of the gene cluster in
midecamycin biosynthesis and that these genes are essential for the 6-deoxysugar

biosynthetic pathway.

Upstream of midC there was a 500 bp non-coding sequence gap. Adjacent to this region,
one open reading frame was found to be orfl (midM), showing the same reading direction
as midC. Downstream of midC, five further complete open reading frames, orf3 (midA),
orf4 (midB), orf5 (midD), orf6 (midE) and orf8 (midL) were identified. The locations and
the reading directions are given in Fig. 4.10. An uncomplete reading frame, orf7, identified
as midF from the sequence of two small segments, was also found downstream of midE.

All of the reading frames display atypical Streptomyces codon bias (Bibb ef al., 1984).
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Fig. 4.9. Schematic representation of cosmid clone location in the mid gene cluster. The black bars represent the region of S.
mycarofaciens chromosomal DNA found in existing cosmids. The white bar indicates the unresearched region of the chromosome with
abreak shown as a double dlant.
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The further analysis of some pathway-specific genes postulated to be involved in

midecamycin sugar biosynthesis will be described in the following sections.

4.6. Open reading frames found in the gene sub-cluster analysed from Smyc-LC3

The complete sequence of a 4.3 kb BamHI fragment (sites 42-47) of Smyc-LC3 which
includes the midI region was determined from the suitable plasmids of the pLC3- series.
Adjacent to this region, a 1.38 kb BamHI fragment (sites 41-42) was also completely
sequenced, and another ca. 1.0 kb Sstl-BamHI fragment (sites 40-41) was partialy
sequenced. As a result, five open reading frames (orf11-15) were found in the region
between sites 40 and 47, four of which represented the complete reading frames, and all
read in the same direction (Fig. 4.10). Although the first open reading frame, orfll
(midG), had no complete sequence, it was found to encode PKS at the 3" end. Orf12
(midK) islocated immediately downstream of midG. Orf13 (midH) was found to share the
sequence with the 3" end of the midK gene in a region of 31 base pairs. Orfl4 (midl) is
located downstream of the midH gene, and following the midl gene comes orf15 (midJ).
The detail analysis of the first four genes will be done in the following sections.

The sequence of an approximately 9.2 kb DNA fragment (sites 47-54 in Fig. 4.10) was
partially performed using respective plasmids from the pLC3- series. In this region, only
orf19 (mird) was identified to be a complete open reading frame. The organization of the
partially sequenced orfl6 (mdmB), orfl7 (midN), orfl8 (mirB), orf20 (midR) and
orf21(mdmC) is shown in Fig. 4.10.

4.7. The PKS genes (midG)

Although finding the midecamycin PKS genes was not the target of this study, they could
facilitate the identification of the overall organisation and orientation of the gene cluster
and the genes encoding 6-deoxysugar biosynthetic enzymes. A little information about the
PK S genes was obtained from two adjacently sequenced fragmentsin Smyc-LC3. The first
sequence (404 bp) derived from plasmid pLC3-6, named as orfll (midG), is located
immediately upstream of the 5° end of orf12 (midK) in the BamHI fragment (site 41-42)
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(see Fig. 4.10). The deduced 133 aa sequence encoded by midG was found to be the 3
end sequence of the midecamycin PKS, since the product of midG shows 60% identity to
PKS module 7, NidA5, in 16-membered niddamycin biosynthesis from S. caelestis (acc.
no. AF016585; Stephan et al., 1997), and 48% identity to tylactone PKS module 7,
TylGV, in tylosin biosynthesis (acc. no. U78289). The high sequence identity between the
deduced C-terminal amino acids derived from MidG and NidA5 has revealed that the
current found sequence is possibly encoded as a thioesterase (TE) which is responsible for
the release and cyclization of the macrolide ring, identifying the end of the PKS sub-
cluster (Donadio & Katz, 1992) (for sequence see Appendices 7.5). Another DNA
sequence of about 1.0 kb was obtained from part of the insert fragment of the plasmid
pLC3-22 extending from the BamHI (site 41) to the Sstl (site 40) at the end of the Smyc-
LC3 insert. Although this fragment was not completely sequenced, information obtained
from partial sequencing has strongly supported that it is encoded as a PKS near the C-
terminus. The deduced 264 aa sequence derived from pLC3-22 shows end-to-end
similarity to niddamycin PKS module 7, NidA5 (58% identity) in which the nucleotide

sequence in thisregion is encoded as an acyl carrier protein (ACP) and a TE.

4.8. Regulation genes (midF and midR)

Sequencing two DNA segments, from pLC1-11 and pLC1-13 in Smyc-LC1, revealed that
the deduced product encoded by the nucleotide sequence is similar to the SrmR protein.
Therefore, this gene was identified as orf7 (midF) (see Fig. 4.10). The deduced 228 aa
sequence close to the N-terminus of MidF was found to have 49% identity to the product
of srmR (acc. no. X63451). SrmR has been identified as a transcriptional activator of the
expression of the PKS genes in the spiramycin biosynthetic gene cluster from S.
ambofaciens (Geistlich et al., 1992).

A second putative regulator gene, orf20 (midR) was found on Smyc-LC3 cloned in pLC3-
26, which is located downstream of orf19 (see Fig. 4.10). This partial sequence reveaed
that the encoded 140 aa sequence, close to the N-terminus of MidR, was similar to OrfY
(36% identity), a regulator of antibiotic transport complexes in the rapamycin producing
strain S. hygroscopicus (acc. no. X86780; Schwecke et al., 1995), and SC7H1.21 (34%
identity), a putative transcriptional regulator in S. coelicolor (acc. no. AL021411).
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4.9. Resistance genes (mdmA and mirB)

The 813 bp nucleotide sequence of orf19 located in Smyc-LC3 was found to be identical
to the previoudly identified gene, mdmA, whose sequence had been published elsewhere
(acc. no. A60725; Hara & Hutchinson, 1990). The deduced product of orf19 (271 aa)
exhibits 54% sequence identity to that of TIrD from S. fradiae (acc. no. X97721), which
confers ribosomal resistance to macrolides, lincosamides and streptogramin B type (MLYS)
antibiotics, and methylates 23S rRNA (Gandecha & Cundliffe, 1996). So Orf19 (MdmA)

isidentified as a putative midecamycin-resistance protein.

The second resistance gene, orf 18 (mirB), was found to be located upstream of mdmA (see
Fig. 4.10). Only a small segment encoding the N-terminal region (135 aa) of mirB was
sequenced from the plasmid pLC3-2. This showed strikingly high sequence similarity to
three resistance proteins from the products of other 16-membered macrolides. CarA (67%
identity) from S. thermotolerans, a carbomycin producer (Schoner et al., 1992), SrmB
(63% identity) from S. ambofaciens in the spiramycin gene cluster (Geistlich et al., 1992),
and TIrC (54% identity) from S. fradiae in the tylosin gene cluster (Rosteck et al., 1991).
These proteins possess significant sequence similarity to ABC-transporters. The sequence
alignment (Fig. 4.11) demonstrates that all these proteins contain highly conserved regions
in the cytoplasmic ATP-binding domains typically present within this superfamily of

transport proteins.

MrB - - - ML.TAQLALHDI TKRYNDRWVLDRVGFTI Ki LLKLI AGREQA
Car A - - - MSTAQLALHDI TKRYCQDHVVLDRI GFTI Ki LI KLI AGREQP
SrmB - - - MBI AQYALHDI TKRYHDCVVLDRVGFSI K LLKI LAGRVEP
TIrC MRTSPSSQLSLHGVTKRYDDRVVLSQVSLAI S LLRLLAGEERP

* * % *kk*x * K*k*% * kkkk Kk K**k **x *hkkk*k * %

MrB DNGAVTMWAPGGT GYLAQTLELAPEATVQDAVDLAMVEL REI EAGVRRAEAEL GRTAL

Car A DNGAVTWWAPGGVGYLAQTLEL PLEATVQDAVDLALADL REL EEGVRRTEAEL AER- -

SrmB DNGAL TVWWAPGGVGYLAQTLEL PLDATVQDAVDL AL SDL REL EAAVREAEAEL GES- -

TIrC DAGEVTVI APGGVGYLPQTLGLPPRATVQDAI DLAMTEL RVLEAEL RRTEAAL AEAA-
* %

* *kk*x *kk K*kk % kkkkkk K*k*k * % * * * %k %

Fig. 4.11. Comparison of the N-terminal amino acid sequence of MirB with those of other
ABC-transporters from products of 16-membered macroildes. The following resistance
proteins are compared: CarA protein from S. thermotolerans (M80346); SrmB protein from S.
ambofaciens (X63451); TIrC protein from S. fradiae (M57437). GenBank accession numbers are
given in parentheses. A consensus ATP-binding motif is marked. Sequence identities between
these proteins are indicated by asterisks.
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4.10. Identification of midE, mdmB and mdmC

In the sequence of a complete open reading frame, orf6 (midE), located in Smyc-LC1, it
was found that the deduced product (388 aa) encoded by midE shows 51% sequence
identity to that of acyB1 from S. thermotolerans (acc. no. D31821; Arisawa et al., 1993).
AcyBl1 is identified as 4"-O-isovaleryl transferase to convert the isovaleryl group to the
C4-OH of mycarose in carbomycin biosynthesis. Therefore, MidE is deduced as a 4"-O-
propionyl transferase to convert the propionyl group to the C4-OH of mycarose in
midecamycin biosynthesis (see the structures in Fig. 1.1; for sequence see Appendices
7.4).

Two adjacent genes, orf16 and orf21, are located downstream of midGKHIJ in Smyc-LC3
and both read in the opposite direction to midGKHIJ (see Fig. 4.10). Based on the
nucleotide sequences from small segments, orf16 and orf21 were found to be identical to
the genes, mdmB and mdmC, whose sequences have earlier been published by Hara and
Hutchinson (1992; acc. no. M93958). The mdmB gene encodes a 3-O-acyltransferase
which has the ability to catalyse the addition of a propional group to C3-OH of the lactone
ring in midecamycin biosynthesis. The mdmC gene encoding a O-methyltransferase is
located immediately downstream of mdmB, and the deduced product catalyzes the addition

of amethyl group to C4-OH of the lactone ring in the production of midecamycin.

4.11. The midC gene

Orf2 (midC), was identified in Smyc-LC1, encoding a polypeptide of 398 aa with an
estimated Mr of 42 323 and an average G+C content of 72.8%. At the stage of sequence
analysis, orf2 shows three putative start codons: an ATG codon which contains no
satisfied potential ribosomal binding site, a GTG codon located 12 base pairs downstream
of the first putative start codon, and another GTG codon appeared 6 base pairs
downstream of the second putative start codon, of which the first GTG codon is preceded
by a sequence (GGAGC) that possibly represents aribosomal binding site, since it shows a
degree of complementarity to a region close to the 3' end of the 16S rRNA of S. lividans
(Bibb & Cohen, 1982) (Fig. 4.12). The definitive start codon will be determined through

gene expression by cloning these possible start codons into the expression vectors and
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examining the expression patterns (see Section 4.19.2). The orf2 ends in a TGA codon
which is one nucleotide before starting orf3 (midA) (for sequence see Appendices 7.2).

CAC ATT CCT GCG CGA CGC ATG GAG CAT AAA GTG AAC GTG CCC TTT CCT
H | P AR R M E H K v N v P F P

Fig. 4.12. The sequence around the starting region of midC. Three
putative start codons of midC are printed in bold. A possible ribosomal
binding site is underlined.

The deduced product of midC shows significant sequence similarity with putative
aminotransferases from several deduced gene products in different antibiotic biosynthetic
pathways. The highest identity scores were found to OleN2 in the oleandomycin-
producing strain, S. antibioticus (49% identity); TylB in S. fradiae (47% identity); EryCl
in Sac. erythraea (47% identity; Dhillon et al., 1989); DesV in S. venezuelae (45%
identity), which is notable for its ability to produce two distinct groups of macrolide
antibiotics, 12-membered methymycin and neomethymycin, and 14-membered
narbomycin and pikromycin (Xue et al., 1998). The ty/B product might catalyse the
conversion of dTDP-3-keto-6-deoxyglucose to dTDP-3-amino-6-deoxyglucose during
dTDP-D-mycaminose biosynthesis in the tylosin biosynthetic gene cluster. The EryCl,
OleN2 and DesV proteins might be involved in transamination during dTDP-D-
desosamine biosynthesis in the biosynthetic gene clusters of erythromycin, oleandomycin
and macrolides, respectively. The aminotransferase enzyme is thought to be dependent on
pyridoxa phosphate as a cofactor (Thorson et al., 1993; Piepersberg, 1994; Pascarella &
Bossa, 1994). The sequence similarities between these proteins are most covered in a
region of the protein that contains the conserved lysine residue which is supposed to be the
attachment site for pyridoxal phosphate and the conserved aspartate residue which makes a
hydrogen bond with N1 of the pyridoxal ring (Fig. 4.13).
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M dC PVHL DPLLAI AERHGLA AGSAR- RPLPGRRI
Tyl B PVHL DPVGAFAEPHGLA QAT- ARYRGRRI
a eN2 PVHL AAL SEVAERHGVRI LEBPAAQAHGACQAYGRI
EryCl PVHL DAL RAI ADRHGLAL AQAVGARHRGH
DesV PVHL AL RELADRHGLHI QAHGARYRGRRI
*kkkkkkk % * * % * % * * * %

M dC GH VWAFSFYPCKNL GA VVTGDAALADRI RLLRK!
Tyl B GH- RTAFSFYPGKNL GAL WVTSDPELADRLRLL

aeN2 WE- TTAFSFYPCGKNL GG VVTDDAELAERVRLLRI
EryCl GSNAAAFSFYPGKNL GAL WVTTDPALAERI RLL

DesV GSSVAAFSFYPCKNL GCF VVTGDPELAERLRMLR

kkkkkhkhkkhkk*x kK kkkkhxk * %k * * %% *

Fig. 4.13. Partial sequence alignment of MidC with other macrolide aminotransferases.
TyIB from S. fradiae (U08223), OleN2 from S. antibioticus (AF055579), EryCl from Sac.
erythraea (X155541) and DesV from S. venezuelae (AF079762). GenBank accession numbers
are given in parentheses. The marked letters indicate the proposed consensus sequence for
putative pyridoxal phosphate-binding site (Piepersberg, 1994).

4.12. The midA and midB genes

Two complete open reading frames, orf3 and orf4, designated as mid4 and midB, were
found in Smyc-LC1, respectively. Orf3istrandationally coupled to orf2 (midC) using an

ATG start codon by overlapping one nucleotide with the 3' end of orf2, and terminatesin a
TGA codon. Orf4 overlaps the 5' end of orf8 (midL) by two nucleotides, but reads away
from orf8. It starts with an ATG and ends six nucleotides upstream of orf5 (midD) in a

TGA codon (see Fig. 4.10; for sequence see Appendics 7.2 and 7.3).

The deduced product of midA4 (a protein of 303 aa residues) shows significant sequence
identity to putative dTDP-glucose syntheses from several Streptomycetes. These proteins
include Deslll from S. venezuelae (62% identity; acc. no. AF079762), TylAl from S.
fradiae (61% identity; acc. no. U08223), AveBIIl from the avermectin-producing strain, S.
avermitilis (61% identity; acc. no. AB032523; lkeda et al., 1999), SnogJ from the
nogalamycin-producing strain, S. nogalater (56% identity; acc. no. AF187532; Torkkell,
et al., 1997), and StrD from S. griseus (54% identity; acc. no. AF128273; Pissowotzki et
al., 1991). They all share a highly conserved motif close to the N-terminus (data not

shown).

The deduced product of midB (a protein of 326 aa residues) is highly similar in sequence
to dTDP-glucose-4,6-dehydratases from several deduced gene products in macrolide
antibiotics. These proteins include TylAll from S. fardiae (64% identity; acc. no.
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u08223), AveBII from S. avermitilis (64% identity; acc. no. AB032523), Gdh from Sac.
erythraea (60% identity; acc. no. L37354; Vara & Hutchinson, 1988), and DeslV from S.
venezuelae (60% identity; acc. no. AF079762). The dTDP-glucose-4,6-dehydratase
purified from Sac. erythraea showed that the enzyme required NAD" as a cofactor (Vara
& Hutchinson, 1988). There is a putative binding site for the cofactor NAD" located
within the N-terminus 30 aa residues of these proteins (data not shown) (Wierenga et al.,
1985; Scrutton et al., 1990). The enzyme activity of dTDP-glucose-4,6-dehydratase from
S. griseus in the gene cluster of streptomycin biosynthesis was also stimulated by addition
of NAD™ (Verseck, 1997).

4.13. The midK gene

Orf12 (midK) located in Smyc-LC3 encodes a polypeptide of 249 aa (Mr = 28 899 and
average G+C = 69%). Orfl12 is immediately dowmstream of and reads in the same
direction as the genes encoding PKS, with an ATG start condon. Analysis of the open
reading frame showed that orf12 ends with a TGA codon and overlaps the 5' end of orf13
(midH) by 31 base pairs (Fig. 4. 14(a), (b); for sequence see Appendices 7.5).

(a)
PKS

T L L T G G K H *

CAC CCT GCT CAC CGG AGG AAA ACA CTG ATG TAC GCC AAC GAC ATC GcG
M Y A N D | A
of12

(b)

of13

M P |
AAC CCa TGC CAA
N P C Q

P A T A P A P V N A G
TCC CTG CCA CGG CGC CGG CGC CCG TGA ACG CCG GC
S L P R R R R P *

Ofl12

Fig. 4. 14 (a), (b). The location of start and stop sequences of orfl2 (midK).

The deduced product of midK shows significant sequence similarity to a family of
enzymes which has recently been proposed to function as S-adenosylmethionine (SAM)-
dependent methyltransferases (Gandecha et al., 1997). Members of this family include
TylMI from S. fradiae (60% identity), which acts on the amino group of dTDP-3-amino-6-
deoxyglucose during mycaminose biosynthesis, perhaps by introducing two methyl groups
a that site (Gandecha et al., 1997); OleM1 from S. antibioticus (57% identity), which is
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involved in oleandomycin biosynthesis (Olano et al., 1998), DesVI from S. venezuelae
(53% identity), which is deduced as a N, N-dimethyltransferase involved in macrolide
biosynthesis (Xue et al., 1998), and EryCVI from Sac. erythraea (51% identity), which
participates in erythromycin biosynthesis (Gaisser et al., 1997). A sequence alignment of
these proteins shows that they each possess all three of the consensus sequence motifs
typical of methyltransferases that use SAM as co-substrate (Kagan & Clarke, 1994) (Fig.
4.15). Motif |, near their N-terminus in these proteins, containing the consensus sequence
LLDVACGTG, is thought to be a variant of canonical methyltransferase motif G G" G
(Ingrosso et al., 1989; Haydock et al., 1991) which is found in glycine  N-
methyltransferases, and forms part of the SAM-binding pocket according to
crystallographic data relating to the Hhal DNA m°C methyltransferase (Cheng et al.,
1993).

M dK YDLVHEGKGKDYRQEAEEI AQLVRAHRPATR
Tyl M YDLVHQGKGKDYHREAADL AAL VRRHSPKAA!
a eM YDAVYRGRGKDYAGEAKDVADL VRDRVPDAS HLRHFATL FDDARGL
DesVI YDLFYLGRGKDYAAEASDI ADLVRSRTPEAS HLEHFTKEFGDTAGL
EryCvi YDRFYRGRGKDYAAEAAQVARL VRDRLPSAS HLRRFADLFDDVTGL
* % * * %

* kk k% * % * k k% * * %

L RHL DGL FDHVEGL
L RHLADSFGTVEGL

* 000000000
motif I

o

M dK LSQDMLAI Al GRNPDVTLHEGDVRSFAL
Tyl M LSADM_AI PRRRNPDAVL HHGDIVRDFSL
aeM LSASM_DI ARSRMPGVPL HQGDVRSFDL
DesVI L SEDM_THARKRL PDAT L HQGDIVRDFRL

SSI GHLRTTDELDSTLRCF
SSI GHLAGQAELDAALERF
SSVGHLATTAELDATLRCF
MFSSVGYLKTTEEL GAAVASF

EryCvl LSAAM EVARPQLGAE PVLQGDVRDFAL SSI GHVRDGAEL DQALAS
* % * * %k k% * * oooooooo***** * % *
motif II
M dK EPWNAFPDSFTPGYVGATSPRRANGTI CRVSDSVREGDATRI EVH
Tyl M EPWNAFPENFTPGYVAAGT VEAGGT TVTRVSHSSREGEATRI EVH
a eML EPWNFPETFTDGYVAGDI VRVDGRTI SRVSHSVRDGGATRMEI H
DesVI AE EPWNAFPETFADGAWSADVVRRDGRTVARVSHSVREGNATRMEVH
EryCvl EPWAFPEDFL DGYVAGDVVRDGDLTI SRVSHSVRAGGATRMEI H

* %

°°°°°°°°°****** * * % * *kkkk * *kk*x * * *

motif III

Fig. 4.15. Partial comparison of the amino acid sequence of MidK with other macrolide
methyltransferases. The following proteins are compared: TyIMI from S. fradiae (X81885);
OleM1 from S. antibioticus (AJ002638); DesVI from S. venezuelae (AFQ79762); EryCVI protein
from Sac. erythraea (U77459). GenBank accession numbers are given in parentheses. Sequence
identities between these proteins are indicated by asterisks. Motifs | to 111 are marked and shown
by circles.
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4.14. The midH gene

Orf13 (midH) found in Smyc-LC3 encodes a 414 aa polypeptide (Mr = 44 275 and
average G+C = 75.7%). Based on sequence alignment and open reading frame analysis,
orf13 is trandationally coupled to orf12, since the putative ATG start codon of orfl3
begins 31 base pairs upstream of the TGA stop codon of orf12 (see Fig. 4. 14(b)). The
overlapping genes, like orf12 and orfl3, which are involved in the same metabolic
process, are quite common in bacteria (Normark et al., 1983). Orf13 ends 42 base pairs

upstream of orf14 with a TGA codon (for sequence see Appedix 7.5) .

The deduced product of midH shows sequence similarity to TylMIIl from the tylosin
biosynthetic gene cluster of S. fardiae (35% identity; acc. no. X81885), which was recently
identified as a hypothetical NDP-hexose 3,4-isomerase and may be involved in mycaminose
biosynthesis, and to DnrQ from the daunorubicin biosynthetic gene cluster of S. peucetius
(32% identity; acc. no. L47164; Otten et al., 1995), which might participate in daunosamine
biosynthesis. The midH gene product also shows a moderate overall sequence similarity (28-
30%) to OlePl1 from S. antibioticus (acc. no. AJ002638), DesVIII from S. venezuelae (acc.
no. AF079762), SnogN from S. nogalater (acc. no. AF187532), and EryCll from Sac.
erythraea (acc. no. Y 14332). All these proteins also show end-to-end sequence similarity to
cytochrome P450 enzymes from a variety of sources, but none of them have the
characteristic P450 motif (Bairoch, 1992) which contains the highly-conserved heme binding
site and includes the cysteine residue that serves as the heme iron ligand (Nelson et al.,
1993). In the case of the EryClI protein, experimental evidence demonstrated that it possibly
acts as a 3,4-isomerase to form dTDP-3-keto-6-deoxy-hexose during dTDP-D-desosamine
biosynthesis (Summers et al., 1997; Salah-Bey et al., 1998).

4.15. The midl gene

Orf14 (midI) found in Smyc-L C3 encodes a 421 aa polypeptide (Mr = 45 993 and average
G+C = 80%). Orf14 starts 42 base pairs downstream of orf13 (midH) using a GTG codon
with a putative ribosomal binding site (GGAGT) and ends 31 base pairs upstream of orf15
(midJ) using a TGA codon (for sequence see Appendices 7.5).
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The deduced product of midl shows convincing end-to-end sequence similarity to several
macrolide antibiotics. The highest identity scores were found to TyIMII from S. fradiae
(59% identity), which encodes a glycosyltransferase that adds mycaminose to the 5-OH of
tylactone, the polyketide aglycone of tylosin (Gandecha et al., 1997), DesVIl from S.
venezuelae (55% identity), which has the ability to catalyze glycosylation of both the 12-
membered and 14-membered ring macrolactones in macrolide biosynthesis (Xue, et al.,
1998), OleG2 from S. antibioticus (54% identity), which catalyses glycosylation of
oleandolide in the oleandomycin biosynthetic pathway (Olano et al., 1998), and EryClI|
from Sac. erythraea (51% identity) (Summers et al., 1997; Salah-Bey et al., 1998), which
encodes the desosaminy!| glycosyltransferase that adds dT DP-D-desosamine to the 5-OH of
3-a-mycarosy! erythronolide B, an intermediate after the first sugar, mycarose, is attached
to erythronolide B that is catalysed by another glycosyltransferase, EryBV (46% sequence
identity to Midl) (Gaisser et al., 1997; Summers et al., 1997). A sequence alignment of
these proteins is shown in Fig. 4.16. All these glycosyltransferases retain a characteristic
motif, P-NVR-VDFVPL-ALLP-C---VHHGG-GT--TA--HG-P, present in UDP-glycosyl
transferases(Jenkins & Cundliffe, 1991), which is localised close to the C-terminus of

these enzymes.

4.16. Identification of genes encoding dTDP-D-mycaminose biosynthetic pathway

As described in the introduction, various 6-deoxyhexoses, present in a range of antibiotic
molecules, are made from D-glucose-1-phosphate via dTDP-glucose and dTDP-4-keto-6-
deoxy-glucose before the pathways diverge (Liu & Thorson, 1994; Piepersberg, 1994).
Based on the above sequence anaysis and comparison, the midA and midB genes are
supposed to be responsible for the early steps in the midecamycin biosynthetic gene
cluster. Three genes, midC, midH and midK, might participate in the synthesis route to
dTDP-D-mycaminose, and the midl gene is believed to be responsible for attachment of
mycaminose to midecamycin lactone. The detail discussion about these genes and their
deduced functions involved in the mycaminose biosynthetic pathway and transfer will be

commented and concluded in Section 5.
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M dlI
Tyl M1
DesVI |
adeX
EryCl 11

M dlI
Tyl M|
DesVI |
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EryCl 11
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Tyl M|
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Tyl M|
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Fig. 4.16. Comparison of amino acid sequence of Midl with other macrolide
The following proteins are compared: TylMIl from S. fradiae
(X81885); DesVII from S. venezuelae (AFQ79762); OleG2 from S. antibioticus (AJ002638);
EryClIl protein from Sac. erythraea (Y 14332). GenBank accession numbers are given in
parentheses. Segquence similarity between these proteins are indicated by asterisks. The
highly conserved sequence regions used for designing the primers, EryClII/H, EryCIlI/l and

glycosyltransferases.

-------------------- VRVLLTSLAHNTHYYSLVPLAWAL RAAGHEVRVASPPSLT
VRRAL DDRRRGPHGPEGKPPMVRVL L TCI AHNTHYYNL VPVAWAL RAAGHEVRVAAQPAL T
-------------------- MRVL L TSFAHHTHYYGL VPLAWAL L AAGHEVRVASQPAL T
-------------------- MRVL L TCFANDTHFHGL VPL AWAL RAAGHEVRVASQPAL S
-------------------- MRVVFSSVASKSHLFGLVPLAWAFRAAGHEVRVVASPALT

*k*k kkk Xk kkkkk Kk

DVI TSTGLPAVPVGDDQPAAEL LAEMGGDL VPYQRGFEFAEVEPAQET TWEHL L GQQSMM
DTl TASGL TAVPVGGNESVLEFVTEI GGDPGPYQRGVDFAETC- GEPLSYEHAL GQQTAM
DTl TGSGLAAVPVGTDHLI HEYRVRMAGEPRPNHPAI AFDEAR- PEPLDWDHAL G EAI L
DTl TQAGL TAVPVGRDTAFLELMGEl GADVQKYSTG DLGVR- - AELTSVEYLLGVHTTL
ED| TAAGLTAVPVGTDVDLVDFMIHAGHD! | DYVRSLDFSERD- PATLTVEHLLGVOTVL

* % *k kkkkk

EryCIII/H

—»

SALWFAPFSGAATMVDDI GRLRRDWRPDL VWWEPWI YAGPI AARA
SAL CFAPFNCDSTI DDMWALARSWRPDL VLVEEPFTYAGPI AAHA
APYFHL LANNDSMVDDL VDFARSWOPDLVLVEPTTYAGAVAAQVT!

o
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LC®6, are marked and indicated by arrows (see Section 4.1.2).
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4.17. About strains of S. mycarofaciens UC189B (ATCC 21454) and S. mycarofaciens
ATCC 21454

During the course of examining the production pattern of S. mycarofaciens UC189B
(ATCC 21454), it was proved that it is a non-producing strain. In order to re-evaluate the
two currently identified gene sub-clusters, a series of PCR experiments to compare S.
mycarofaciens UC189B (ATCC 21454) with S. mycarofaciens ATCC 21454, which is a
midecamycin-producing strain, were carried out by using primers designed from the
identified genes, midB, midC, midK and midl, as previously described. As a result, it is
confirmed that the two existed sub-clusters encoding deoxysugar genes do contain the
same pattern in S. mycarofaciens UC189B (ATCC 21454) and ATCC 21454 (data not
shown). Further sequence analysis found that downstream of the midG (PKS) starting
region is a large segment gap (about 4 kb) of unknown coding sequence, that is unusual
when compared to those of other macrolide PKS genes, e.g., tylactone PKS #/G from S.
fradiae (acc. no. U78289) and platenolide PKS SrmG from S. ambofaciens (acc. no.
Z46913), which are themselves clustered. Therefore, it is concluded that a mutation in the
early steps of midecamycin lactone biosynthesis pre-existed in S. mycarofaciens UC189B
(ATCC 21454).

4.18. Heterologous complementation of midK and midl into Sac. erythraea mutants

To characterise some pathway-specific genes involved in the mycaminose biosynthetic
pathway and for the sugar attachment to the midecamycin lactone, plasmids containing
either midK, or midl or both geneswere constructed to transform Sac. erythrea mutants
Cl1168 and CIV89 (Fig. 4.17). The mutants CI1168 and ClV89 were generated by Salah-
Bey et al. (1998) and identified as the deficient of desosamine biosynthesis and its
attachment to macrolactone in the erythromycin gene cluster. When cell supernatants were
analysed by TLC from individual transformants of CIl168/pLCW1-29, CI1168/pLC1-31
and CI1168/pLCW1-21, there were some new spots available compared to several control
samples. However, none of them showed antibiotic activities via bioassay (data not

shown).
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Fig. 4.17. Plasmids used to transform into Sac. erythraea mutants strains CII168 and CIV89

4.19. Heterologous expression of the MidH, MidC, MidK and MidI proteins

In order to characterise enzyme proteins encoded by the proposed genes for the pathway of
mycaminose biosynthesis and transfer of the sugar to the midecamycin lactone, the over-
expression of individual genes in suitable hosts was investigated. The genes midH, midC,
midK and midl, were amplified by PCR from the cosmid DNA of Smyc-LC1 and Smyc-
LC3. The forward primers were designed for introduction of an Ndel site, changing the
sequence at the natural start codon for the ability to create start codon fusion of these
genes into the promoter/ribosome-binding-site cassettes of expression vectors. The reverse
primers were designed for introduction of a BamHI| or Bglll site located immediately
downstream of the stop codon of the gene. The amplified DNA fragments were cloned
into (i) two expression vectors of E. coli, pET11a, and pET16b (a His-tag fusion protein),
under the control of the T7 promoter; (ii) a E. coli-Stretomyces shuttle vector, pUWL201
under the control of ermE up promoter; (iii) a S. lividans vector, plJ4213 (a Histag fusion
protein) under the control of tipAp promoter (Tab. 4.2). The expression conditions and the

host strains used will be given in detail in the following sections.
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Tab. 4.2. The structure of recombinant plasmids for the heterologous
expression of proteins MidH, MidC, MidK and Midl in E. coli and S. lividans

Protein Recombinant Vector Mr. of recombinant
Plasmid proteins (kDa)
MidH pLCW4-2 pET1la 44.3
His-tag-MidH pLCW4-3 pET16b 46.3
MidH pLCW4-6 pUWL201 44.3
His-tag-MidH pLCW4-7 pUWL 201 46.3
His-tag-MidH pLCW4-10 plJ4123 45.1
His-tag-MidC pLCW2-20 pET16b 435
His-tag-MidC pLCW2-21 pET16b 443
MidC pLCW2-23 pET1la 42.3
MidK pLCW3-2 pET11a 289
His-tag-MidK pLCW3-3 pET16b 30.9
MidK pLCW3-8 puUWL201 289
His-tag-MidK pLCW3-9 pUWL201 30.9
His-tag-MidK pLCW3-12 plJ4123 29.7
Midl pLCW1-33 pET11a 46.0
His-tag-Midl pLCW1-23 pET16b 48.0
Midl pLCW1-41b puUWL201 46.0
His-tag-Midl pLCW1-51b pUWL 201 48.0
His-tag-Midl pLCW1-61 plJ4123 46.8

For the plasmid construction see Section 2.3.3. The amplification was performed by
using PCR method 2 as described in Section 3.3.5.
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4.19.1. Over-expression of the MidH protein

Two recombinant expression-plasmids, pLCW4-2 and pLCW4-3 were constructed to
introduce the midH gene and transformed into E. coli BL21(DE3)pLysS. When the
respective transformants were cultivated in LB liquid mediumat 28°C or 37°C at 220
r.p.m. in a rotary shaker, the over-expressing MidH proteins in both expression-clones
were visible on SDS-PAGE gels, but they formed insoluble inclusion bodies. However,
when the shaking rate was decreased from 200 r.p.m. to 100 r.p.m., surprisingly, a
production of soluble native MidH protein was obtained in large quantities (Fig. 4.18A). A
further effort to produce soluble MidH protein was made by using LB liquid supplemented
with 1 M sorbitol and 2.5 mM betaine. Because of enhanced osmotic stress of the medium,
the culture grew much more slowly (see Section 3.3.12). The resulting expression
pattern of E. coli [pLCW4-2 or /pLCW4-3 (Fig. 4.18B) showed that the proteins of MidH
and its His-tag derivative were produced in large quantities in soluble form. The attempt to
express the midH genein S. lividans TK23 using the recombinant plasmids pL CW4-6 and
pLCWA4-7 failed, since neither the SDS-PAGE gels nor Western blotting could observe
any visible expected bands.
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Fig. 4.18. Expression of MidH in E. coli BL21 (DE3) pLysS. The cultivation of transformants was
performed by (A) agitation at 100 r.p.m, or (B) using LB medium supplemented with sorbitol and betaine.
For the other expression conditions see text. Electorphoresis was run in 10% SDS-PAGE gel. About 5 ng
of protein was loaded in each lane. Extracts were obtained from E. coli transformants containing the
following plasmids: pET11a, from the intact cells (lanes 1 and 5) and the cell-interrupted supernatants
(lanes 3 and 6); pLCW4-2, from the intact cells (lanes 2 and 9) and the cell-interrupted supernatants
(lanes 4 and 10); pLCW4-3, from the intact cells (lane 7) and the cell-interrupted supernatants (lane 8),
respectively. The molecular masses (kDa) of the marker proteins (lane M) are given. The overproduction
of the MidH protein isindicated by arrows.
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4.19.2. Overexpression of the MidC protein

As described in Section 4.11, the sequence analysis of midC shows three putative start
codons: the first is an ATG codon, the second is a GTG codon located 12 bp downstream
of the first putative start codon, and the third is another GTG codon, which is located 6 bp
downstream of the second putative start codon (see Fig. 4.12). In order to be able to
express an active protein, three recombinant expression-plasmids were constructed in E.
coli expression vectors (see Tab. 4.2). In pLCW2-21 and pLCW2-23 the first start codon
(ATG) regions, and in pLCW2-20 the second start codon (GTG) region, were replaced by
an Ndel site. When transformed into E. coli BL21 (DE3)pLysS, the expression of MidC
proteins was tested in LB liquid medium at 100 r.p.m., 28°C. From the results of SDS
PAGE separation of the respective cell extracts (Fig. 4.19), the overproduction of large
amounts of the soluble MidC protein was achieved from the cell-free extracts of the
transformants E. colilpLCW2-21 or /pLCW2-23. However, E. colilpLCW2-20 didn't show
the expected expression band. The expression could not even be detected by Western
blotting analysis (data not shown). Based on this experimental evidence, it is concluded
that the trandlation of midC starts with the first ATG codon.
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Fig. 4.19. Expression of MidC in E. coli BL21 (DE3) pLysS. For the expression
conditions see text. Electrophoresis was run in 10% SDS-PAGE gel. About 5 ng of protein
was loaded in each lane. Extracts were obtained from E. coli containing the following
plasmids. pET11a, from the intact cells and the cell-interrupted supernatants (lanes 1 and
5); pLCW2-21 from the intact cells and the cell-interrupted supernatants (lanes 2 and 6);
pLCW2-23 from the intact cells and the cell-interrupted supernatants (lanes 3 and 7);
pLCW2-20 from the intact cells and the cell-interrupted supernatants (lanes 4 and 8),
respectively. The molecular masses (kDa) of the marker proteins (lane M) are given. The
overproduction of soluble MidC protein isindicated by arrows.
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4.19.3. Expression and detection of the MidK protein

An attempt was made to express the MidK protein from two recombinant plasmids,
pLCW3-2 and pLCW3-3. These were again transformed into E. coli BL21 (DE3)pLysS.
The expression of both corresponding clones resulted in the overproduction of large
amounts of the MidK protein. However, the protein was formed as insoluble inclusion
bodies athough various experimental conditions, such as cultivating in LB medium with
or without sorbitol and betaine, or in minera medium; aso, different incubation
temperatures at 37°C, 28°C or 20°C with high or slow shaking rates, were tried, but to no
avail (data not shown).

Attempts were made to clone the midK gene into the E. coli-S. lividans shuttle expression
vector, pUWL 201. The respective plasmids, pLCW3-8 and pL C3-9, were transformed into
S. lividans TK23. Unfortunately, no visible specific-expression bands were visible either
on SDS-PAGE gels from the extracts of both expressing clones or by Western blotting
detection from the extracts of TK23/pLCW3-9 (data not shown). Next, the midK gene was
cloned into the S. lividans expression vector, plJ4123, and the resulting recombinant
plasmid pLCW3-12 was transformed into S. lividans 1326. Expression of MidK was tested
in SGYEME liquid medium at 220 r.p.m., 28°C by thiostrepton induction (see Section
3.3.13). These transformants didn’t express the MidK protein in a visible form on SDS-
PAGE gels. Therefore, Western blotting and immuno-detection were used to detect the
His-tag MidK protein. The result of the expression (Fig. 4.20) showed that soluble His-

tag-MidK protein was indeed produced by the recombinant clone, but in low quantities.
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Fig. 4.20. Analysis of the expression of MidK in S.
—36 lividans 1326 by Western blotting. For the
\ ‘ expression conditions see text. Western blotting and
-_— , | immuno-detection see Section 3.5.4. Cdl-free
| 29 extracts were obtained from S. /ividans containing the
following plasmids: plJ6021 (/ane 1) and pLCW3-12
—24  (Janes 2 and 3). The expression of MidK is indicated
by arrows.
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4.19.4. Expression and detection of the Midl protein

For the expression of the putative glycosyltransferase, Midl, two recombinant expression-
plasmids, pLCW1-23 and pLCW1-33 were constructed. These were transformed into E.
coli BL21 (DE3) pLysS and E. coli IM109 (DE3). Overproduction of the Midl protein was
observed in the intact cell extracts of both expression-clones in both E. coli host strains.
However, the products were not visible in the cell-disrupted supernatant (cell-free extracts)
(data not shown). By using Western blotting and immuno-detection, the soluble His-tag-
Midl protein was detected from the clone E. coli BL21 (DE3) pLysS/pLCW1-23 (Fig.
4.21).

Other efforts were made in order to produce the soluble Midl protein, such as testing
different media and temperatures, but all failed. The midl gene was also cloned into
pUWL 201, resulting in the plasmids pLCW1-41b and pLCW1-51b, and into plJ4123,
producing the respective plasmid pLCW1-61. These were transformed into S. lividans
TK23 and S. lividans 1326, respectively. Unfortunately, the expression of Midl was not
visible on SDS-PAGE gelsin any of the recombinant clones. Further analysis by Western
blotting revealed that small quantities of the soluble Midl protein were obtained from the
cell-free extracts of S. lividans 1326/pLCW1-61, however, the expression band was much

weaker than the expression shown in lane 2 of Fig. 4.21 (data not shown).

Fig. 4.21. Analysis of the expression of MidlI in E.

‘ coli BL21 (DE3) pLysS by Western blotting. The

kDa expression strain contains the following plasmids:

pPET16b from the cell-disrupted supernatants (lane

— 45 1) and the intact cell extracts (lane 3); pLCW1-23

from the cell-disrupted supernatants (lane 2) and the

intact cell extracts (lane 4). The expression of Midl
isindicated by arrows.
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4.20. Assay for activity of a coupling reaction of the RImB, MidH and MidC proteins

The proposed mycaminose biosynthetic pathway starts from D-glucose-1-phosphate, via
dTDP-glucose and dTDP-4-keto-6-deoxy-glucose. In course of their further conversion to
dTDP-D-mycaminose, the following two intermediates, dTDP-3-keto-6-deoxy-D-glucose
and dTDP-3-amino-6-deoxy-p-glucose, are postulated (see Fig. 1.6). In order to confirm
this hypothesis by experimental data, the over-expressed proteins, MidH and MidC,
putatively involved in the biosynthesis of mycaminose, were tested by coupled enzyme

reactionsin vitro.
4.20.1. Activity assay of dTDP-D-glucose 4,6-dehydratase by RmIB
To prepare the first intermediate, dTDP-4-keto-6-deoxy-D-glucose (II), the expressed

RmIB protein (Verseck, 1997) was used to catalyse the following reaction using dTDP-D-

glucose (I) as a substrate.

4,6-dehydratase
(NAD")
dTDP-D-glucose T> dTDP-4-keto-6-deoxy-D-glucose
) H,O (1n)

The crude extract of soluble RmIB protein was obtained from the expression-clone E. coli
BL21(DE3)/pSVW?701, thereby the enzymatic reaction doesn’t need NAD" as a cofactor
since NAD" is present in tightly bound dehydratases in E. coli (Wang & Gabriel, 1969).
The analysis of this enzyme reaction (see Section 3.5.5) was performed by HPLC. A
typica wide peak appeared at 33.37 min, which was identified as the converted
prodcut II, compared to a peak at 34.49 min for the substrate I (Fig. 4.22A, B). Some
small peaks came out at the early stage in Fig. 4.22B because the RmIB was extracted
directly from the expression culture without further purification.
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Fig. 4.22. HPLC analysis of the RmIB reaction product. (A) apeak at 34.49 minisdTDP-D-
glucose (I) asacontrol. (B) apeak at 33.37 min is dTDP-4-keto-6-deoxy-D-glucose (IT) converted
by the crude RmIB extracts.

4.20.2. Reaction products from combined catalysis by RmIB, MidH and MidC

Two enzymes are postulated to be involved in the following reactions in the pathway of
mycaminose biosynthesis. Based on the above study, the over-expressed MidH and MidC
proteins were used to test their deduced functions as an isomerase and an

aminotransferase, respectively.

3-amino
A-i .
dTDP-4-keto-6-deoxy- 1O ATDP-3-keto-6-deoxy- "1  4TDP-3-amino-6-deoxy-
D-glucose D-glucose D-glucose
(1) (1) Iv)

Since the intermediates I1 and III were produced as an unstable form, a coupling
enzymatic reaction to combine RmiIB, MidH and MidC was done to detect the conversion

of the substrate I to the product 1V, by using L-alanine or L-glutamic acid as an amino acid
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donor and PLP as a cofactor. The crude extracts of MidH and MidC were obtained from
the expression clones E. coli BL21(DE3)/pLCW4-2 and /pLCW2-23, respectively. The
result of HPLC assay showed that there was a specific peak at 4.6 min when compared to
al other controls. Unfortunately, because all used enzymes, RmiB, MidH and MidC, were
not purified, the high background appeared at the beginning of retention time on HPLC
(data not shown). Therefore, LC-MS was used to further analyse this new peak. It showed
a pesk at m/z = 546 (M-H") which is the expected dTDP-amino-6-deoxy-D-glucose
product, compared to a peak at m/z = 545 (M-H") which is the compound II and a peak at
m/z = 547 (M-H") which is dTDP-L-rhamnose that was produced as a by-product due to
the crude enzymes used. ESI-MS/MS spectra by single ion monitoring confirmed this
result to compare a pesk at m/z = 562.8 (M-H") which isthe substrate I (Fig. 4.23).
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Fig. 4. 23. ESI-MS/MS spectra of dTDP-D-glucose and dTDP-amino-6-deoxy-D-glucose.
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5. Discussion

Midecamycin biosynthesis proceeds via the production of a 16-atom polyketide lactone, to
which two deoxyhexose moieties are subsequently added (see Fig. 1.1). For a better
understanding and application of this process, cloning of the midecamycin biosynthetic
(mid) gene cluster was suggested as a useful tool to step-wise analyse the functions
encoded by these genes in the production of midecamycin. The individual tools delivered
by the mid gene cluster could aso be used as part of a system for combinatorial
biosynthesis, which involves the genetic manipulation of mutistep biosynthetic pathways to
create molecular diversity in natural products for use in drug discovery. The main goals of
this work, therefore, were to identify the sub-clusters for 6-deoxyhexose formation and
transfer as well as the expression and enzymological analysis of the dTDP-D-mycaminose
pathway.

5.1. The S. mycarofaciens cosmid genomic library

To quickly isolate the mid gene cluster and identify the sugar sub-clusters in it, a cosmid
genomic library was first constructed using the S. mycarofaciens chromosomal DNA and
the cosmid vector pKU206. This turned out to be a straightforward process for the
following reasons. (1) Large and expected DNA fragments were cloned in arange of 20-35
kb. (2) The recombinant cosmid clones can directly replicate both in E. coli and in S.
lividans, which could facilate gene function analysis in Streptomyces. (3) It is more stable

when the positive recombinant cosmid clones are kept in S. lividans for maintenance.

There were two maor problems encountered during the manipulation of this gene library.
First, how to maintain all cosmid clones as long as possible? Three alternative methods for
storing different stages of the gene library were used in this study. They were (i) as ligation
stored at -20°C for an indefinite period; (ii) as frozen transformed E. coli clone mixture at
-70°C for afew years; (iii) as frozen transformed E. coli single clones in microtiter plates
stored at -70°C for a few years (see Section 3.4.1.5 and 3.4.2.1-2). We had used the two-
year-old ligation for packaging and plating a new gene library. The efficiency of producing
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cosmid clones turned out to be almost the same as the first gene library. The second method
was easier to handle but it implicated the amplification of the whole library during repeated
uses. The third method can keep an authentic gene library, but it requires some skill to
handle the process of storing. Secondly, cosmid clones have been noted to have a problem
of instability (Weis et al., 1987). Deletions arose if the cloned DNA contained larger
repeated sequences, especially PKS genes (Omura & Ikeda, personal communication). In
this study, E. coli IM108 was chosen as the host strain, which is recA deficient, and
transductions and transformations were performed at 30°C to minimize the potential
problems. It was aso suggested that plating and screening the gene library be done

immediately, because a proportion of E. coli cells containing cosmids lose viability.

5.2. Architecture of the mid gene cluster in S. mycarofaciens

DNA sequencing of two cosmid plasmids, Smyc-LC1 and Smyc-LC3, alowed the
identification of PKS genes, lactone and sugar modification genes, resistant and regul atory
genes, and sugar biosynthetic genes, which are all necessary for midecamycin biosynthesis
(Tab. 5.1 and Tab. 5.2). Up to now, the mid gene cluster has been obtained from about 74
kb in the genome of S. mycarofaciens. The gene organisation in the midecamycin producer,
S. mycarofaciens, a the beginning seemed to be quite similar to that of the tylosin-
producing S. fradiae in the large central region. Both gene clusters demonstrate that the
large PKS genes (midG or tylG) are flanked by two regions containing genes encoding
enzymes for the biosynthetic deoxysugars, as well as resistance and regulatory enzymes
(for midecamycin biosynthesis: Hara & Hutchinson, 1990; 1992; this study; for tylosin
biosynthesis: Baltz & Seno, 1988; Birmingham et al., 1989; Zaacain & Cundliffe, 1991,
Merson-Davies et al., 1994; Gandechaet al., 1997; Bate et al., 1999; Buter et al., 1999). As
shown in Fig. 5.1, the gene order for the mycaminose biosynthetic genes and some others
for lactone ring modification and regulation was found to be conserved between both
clusters, but the transcription patterns were different in part.

However, the location of genes involved in the mycarose biosynthetic pathway turned out
to be different between the mid and 1yl (tylosin biosynthetic) gene clusters. The five genes
(vICI, wICII, tyICIV, tyICV and tylCVII) arelocated downstream of #y/G. In contrast,
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Tab. 5.1. Summary of the genes found in Smyc-LC1

Coding capacity
Orf
in Gene aa Putative Proteins with
Fig. 4.10 function identity score®
orfl midM* {388} cytochrome P450 Tyll: 57%; PicK: 32%
orf2 midC 398 aminotransferase OleN2: 49%; TylIB: 47%;
EryCl: 47%; DesV: 45%
orf3 midA 303 dTDP-glucose Deslll: 62%; TylAl: 61%;
synthase AveBllI: 61%; SnogJ: 56%
orf4 midB 326 dTDP-glucose TylAll: 64%; AveBII: 62%;
4,6-dehydratase Gdh: 60%; DeslV: 60%
orf5 midD 264 thioesterase TylO: 44%; PikAV: 39%;
Rif-ORF12: 43%
orfé midE 388 4"-O-propionyl AcyB1: 51%
transferase
orf7 midF* {228} regul ator SrmR: 49%
orf8 midL* {372} 2,3-dehydratase TylCVI: 50%; OleV: 48%:
EryBVI: 42%
Coding capacity
Location  Temporary
at siteNo. genename DNA length  Putative function Proteins with
inFig. 4.10 (kb) of deduced aa seq. identity score
1-3 midl-4 1.8 unknown
15-16 midO 0.6 4-ketoreductase TylCIV: 50% {in 54 aa}
17-18 midl-6rp 0.55 dehydratase OleN2: 72%; EryCIV: 67%
{in 132 aa}
17-18 midl-6up 0.55 acyl-CoA SCI30A.22c: 44%
dehydrogenase {in 95 aa}
18-19 midl-3up 0.6 pyruvate PdhA: 41% {in 175 aa}
dehydrogenase
18-19 midl-3rp 0.8 unknown

(1) Partial sequence of orfs, incomplete at the 3' end.

(2) Partial sequence of orf. (3) AcyB1 from S.

thermotolerans (D31821); AveBIl and AveBIIl from S. avermitilis (AB032523); DeslIl, DeslV and DesV
(AF079762), and PicK (AF087022) from S. venezuelae; EryCl (X155541), EryBVI (Y11199) and Gdh
(L37354) from Sac. erythraea; OleN2 and OleV from S. antibioticus (AF055579); PdhA (L31844) from
Thiobacillus ferrooxidans; Rif-ORF12 (AF040571) from Amycolatopsis mediterranei; SCI30A.22¢C
(AL096811) from S. coelicolor; Snogd from S. nogalater (AF187532); SrmR from S. ambofaciens (X63451);
Tyll, TylAl, TylAll, TylB and TylO (U08223), TylCIV (U77459) and TylCVI (AF210634) from S. fradiae.
Acc. no. are given in parentheses. The aanumbersin partial protein sequence are indicated in braces.
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Tab. 5.2. Summary of the genes found in Smyc-LC3

Coding capacity
Orf
in Gene aa Putative Proteins with
Fig. 4.10 function identity score®
orfll midG* {133} PKS module 72(3-end)  NidA5: 60%; TylGV: 48%
orf12 midK 249 N-methyltransferase TylMI: 60%; OleM1: 57%
DesV1: 53%; EryCVI; 51%
orf13 midH 414 3,4-isomerase TyIMIII: 35%; DnrQ: 32%;
orfl4 midl 421 glycosyltransferase TyIMII: 59%; DesVIl: 55%;
OleG2: 54%; EryClll: 51%
orfl5 midJ 448 crotonyl-CoA Cecr: 75%; SC9C7.09c: 75%
reductase
orf16 mdmB? 387 3-O-acyltransferase AcyA: 59%
orf17 midN* {109} cytochrome P450 Car-orfP450: 56%
orf18 mirB* {135} ABC-transporter CarA: 67%; SrmB: 63%
orf19 mdmA? 271 resistance TIrD: 54%
orf20 midR* {140} regul ator OrfY:36%; SC7H1.21:34%
orf21 mdmC? 221 O-methyltransferase Car-orfB: 51%
Coding capacity
Location Temporary
at site No. gene hame aa Putative Proteins with
inFig. 4.10 function identity score
40-41 midG* {265} PK S module7? NidA5: 55%; TylGV: 43%
55-56 mid3-19B* {243}  3-oxoadipate enol-lactone SC3A7.07: 61%
hydrol ase/4-carboxymucono-
lactone decarboxylase
56-57 mid3-194* {246} hypothetical protein SC3A7.08: 72% {in 124 aa}
putative exonuclease SC3A7.09: 78% {in 101 aa}
57-58 mid3-7* {250}  glutamate uptake system  SC4H8. 16c (GluA): 73%

ATP-binding protein {in 147 aa}

(1) Partia sequence of orfs. (2) The genes, mdmA (A60725), mdmB and mdmC (M93958) were identified
elsewhere (see Section 4.9-10). (3) AcyA, Car-orfB and Car-orfP450 (D30759), and CarA (M80346) from S.
thermotolerans; DesV| and DesVIl from S. venezuelae (AF079762); DnrQ from S. peucetius (L47164);
EryClIl (Y14332) and EryCVI (U77459) from Sac. erythraea; NidA from S. caelestis (U78289); OleG2 and
OleM1 from S. antibioticus (AJ002638); OrfY from S. hygroscopicus (X86780); SC3A7.07, SC3A7.08 and
SC3A7.09 (AL031155), SC4H8.16¢c (AL020958), and SCI9C7.09c (AL035161) from S. coelicolor; TylG
(U78289), TylMI, TylMII, TyIMIII and ccr (X81885), and TIrD (X97721) from S. fradiae. Acc. no. are given
in parentheses. The aanumbersin partial protein sequence are indicated in braces.



DISCUSSION 96

A
midO midF midE  midlL midB midD midA midC midM midG
O D OdmmhEadaaEaa
metK IR wICVI IO wIAIl tylAl  tyIB wll IGI
OO <mEaEaaEadaEaa )
B

midG midK midH midl midJ mdmC mdmB midN mirB  mdmA midR
EpDDD K IomH—>
wlGV wIMIIT tyIMII tylMI  ccr trD  wICVII wICV tICIHI tICIl  tylCIV

E I @G KT oo

Fig. 5.1. Comparison of part of the gene clusters of midecamycin and tylosin. (A) The region of
upstream of PKSs (midG and tyIGI). (B) The region of downstream of PKSs (midG and tyIGV).
Genes are not drawn to scale. Genes having the same function from the mid and v/ clusters are
drawn by arrow bars with the same dark colour or pattern, in which uc means uncoding sequences,
and the deduced gene functions from the mid cluster were listed in Tab. 5.1 and Tab. 5.2. The white
arrow bars indicate various genes which are specific in the mid or ¢yl clusters, in which #y/-orf9 and
metK are not published the sequence data, #yICII encodes a 2,3-enoyl reductase, #yICIII encodes a 3-
C-methyltransferase, ty/CIV encodes a 4-ketoreductase, #y/CV encodes a mycarosyl transferase and
tylCVII encodes a 3,5- (or 5-) epimerase (acc. no. AF147704), and the mid genes see Tab. 5.1 and
Tab. 5.2.

a partial sequence midO (tylCIV-like) was found on the cosmid Smyc-LC1, upstream of
midG (Fig. 5.1). Analogous to ¢y/C-gene organisation, the further genes encoding mycarose
biosynthetic enzymes are expected to locate in the region of the 4.2 kb BamHI-Bglll DNA
fragment (sitel6-17 in Fig. 4.10), next to the midO gene. Very recently, this fragment was
partially sequenced by a Cambridge group (Leadlay, personal communication), confirming
that it contains a set of genes for mycarose biosynthesis.

As seen in Tab. 5.1, a putative dehydratase gene, temporarily named as midl-6rp, was
found in the Smyc-LC1 sub-cluster at the site 17-18 of Fig. 4.10. The deduced product of
this gene showed high identities with OleN2 and EryCIV, in which EryCIV might act as a
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pyridoxal phosphate-dependent dehydratase to catalyse the removal of a water molecule at
C3-C4 during the biosynthesis of desosamine in Sac. erythraea (Gaisser et al., 1997), and
OleN2 might be involved in the course of transamination for the biosynthesis of the
desosamine precursor of oleandomycin in S. antibioticus. However, since the structure of
mycaminose differs from that of desosamine in that no C-4 hydroxyl elimination has to
take place, therefore, the finding of midi-6rp gene in the mid gene cluster is currently

beyond a useful explanation.

In the sub-cluster contained on Smyc-L C3, the region (4 kb or larger) downstream of midR
was found to host genes for which the deduced polypeptide products are highly similar in
both structure and order to those of so-called house-keeping genes from the S. coelicolor
genome (see Tab. 5.2). These genes in the vicinity of the mid gene cluster might play an
important role in the primary metabolism for the synthesis of the sugar or |actone precusors
before or during midecamycin biosynthesis. Another, more likely, explanation would be
that the whole mid-cluster has been inserted into a control region of the chromosome
containing essential genes and, therefore, might be more stable than the genes at the
chromosome ends (Lin & Chen, 1997; Volff et al., 1997).

The mid gene cluster was successfully probed by two homologous genes, midB (encoding a
dTDP-glucose 4,6-dehydratase) and midl (encoding a glycosyltransferase). These two
genes were first amplified by PCR and then chosen as probes to screen the cosmid library
of S. mycarofaciens. This basic strategy was considered mainly on the basis of the
published data of the ¢y/ gene cluster, since the two genes, #y/B (as midB) and tyIMII (as
midl) are located at the two sides of the PK'S sub-cluster. The data obtained have confirmed
that the midB and midl genesin the mid cluster have the same order as in the #y/ cluster, and
this could be understood as both antibiotics are structurally closely-related 16-membered
macrolides. This study could suggest that the midB- or tylB-like genes, and the midl- and
tyIMII-like genes can now be used as further hybridization probes with much higher safety
to quickly isolate other 16-membered macrolide biosynthetic clusters. Since the dTDP-
glucose 4,6-dehydratase is a common enzyme catalysing in the biosynthetic pathways of
mycaminose, mycarose and other 6-deoxysugars, and glycosyltransferase for the macrolide
aminosugar is necessary for sugar transfer to the aglycone directly, i.e., the specific

macrolactone ring.
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5.3. Hybrid antibiotic production by heterologous complementation

Recombinant DNA techniques now make it possible to produce new antibiotic structures
by engineering the biosnythetic pathways of antibiotics. This experimental approach is
called combinatorial biosynthesis and the substances thus produced are called hybrid
antibiotics. One of the methods to reach this goal is to transform the specific genes into
heterologous host strains, express and recombine them there in new combinations.
Although there were no antibiotic activities detected when the midK and midl genes were
transformed into the Sac. erythraea mutants Cl1168 and CIV89 (see Section 4.18), it is a
preliminary trial towards hybrid antibiotic production. Moreover, the finding of the mid
gene cluster and the analysis of gene functions carried out in this study have opened several
opportunities for further efforts to produce novel antibiotics. (1) Three acylation genes,
mdmB, mdmC and midE, could be used to modify the activity of macrolide antibiotics by
acylating hydroxyl groups on both lactone and sugar moieties, as was demonstrated earlier
engineering of carE from S. thermotolerans into S. thermotolerans and S. lividans (Epp et
al., 1989). For example, if mdmB (3-O-acyltransferase), or/and midE (4"-O-
propionyltransferase) could be introduced into the tylosin-producing strain, S. fradiae,
which does not acylate tylosin, it is expected that the recombinants would produce 3-O-
acetyltylosin, or 4"-O-propionyltylosin or 3-O-acetyl 4"-O-propionyltylosin, respectively.
(2) The midl gene encodes a glycosyltransferase possibly responsible for transfer of
mycaminose to the midecamycin aglycone. Recently, several experiments demonstrated
remarkably relaxed specificities of other glycosyltransferases towards both their sugar and
aglycone substrates. For instance, Xue et al. (1998) found that the desVII gene could accept
both 10-deoxymethynolide, the macrolactone of the 12-membered macrolides methymycin
and neomethymycin, and narbonolide, the macrolactone of the 14-membered macrolides
narbomycin and pikromycin, as substrates to add the desosamine moiety to their aglycones
in S. venezuelae. Moreover, Borisova et al. (1999) revealed that the glycosyltransferase
(DesV11) of the desosamine biosynthetic pathway is capable of recognizing the keto sugar
intermediate, the macrolide product produced by a des mutant, to attach it to the
macrolactone of methymycin. Therefore, it is conceivable that the Midl protein as a
component of the condensing machinery in macrolide biosynthesis could further explore its
application, including carrying sets of diverse nucleotide sugars, and attaching them to

different targets, such as 14- and 16-membered macrolide aglycones, or even an aready
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glycosylated macrolide. Protein engineering even could widen the specificity of Midl, or

hybrids thereof, for the acceptance of completely different aglycones and/or NDP-sugars.

5.4. Heterologous enzyme expression and combined enzymatic analysis

In order to achieve the soluble proteins of MidH, MidC, MidK and Midl, each in their
active forms, different expression systems in E. coli and S. lividans were tested and the
interpreted results are summarised in Tab. 5.3. To optimize the expression conditions,
lower temperature (28°C), and slow shaking rate (100 r.p.m.) and different media were
compared for expression of MidH, MidC, MidK and Midl in E. coli BL21(DE3)pLysS. As
a successful example the native soluble protein of MidH could be obtained when the
shaking rate was decreased from 200 r.p.m. to 100 r.p.m. during expression cultivation (cf.
Fig. 4.18A). This possibly causes change in the cytoplasmic environment for expression
and especially could reduce the rate of protein synthesis and, therefore, could facilitate its
correct folding. When the medium of LB/sorbitol/betaine was used instead of LB medium
for expression of the four proteins, the production in all cases was significantly increased
(see Tab. 5.3). This osmotic stress culture system could decrease growth rates because of
reduction of the carbon dioxide level, however, it can facilitate the uptake of the
‘compatible  solute', glycyl betaine, which is believed to cause thermodynamicaly
unfavourable 'preferential hydration' if excluded from the immediate domains of proteins
and, thus minimisation of solvent-protein contact and stabilisation of protein structure
could be the result (Arakawa & Timasheff, 1985; Blackwell & Horgan, 1991). However,
the expression of MidK and Midl in E. coli resulted in strong production of inclusion
bodies under various conditions of manipulation tested. Further efforts will have to be
made to recover the active proteins of MidK and Midl in E. coli, e.qg., by applying other
expression strategies, including co-expression of molecular chaperones (Martin & Hartl,
1997), using thioredoxin-deficient host strains to maintain a favorable redox potential and
facilitate disulfide bond formation in the cytoplasmic environment, and/or using soluble
polypetide products of the host as fusion partners (Makrides, 1996; Hannig & Makrides,
1998). Expression of the four proteins failed by using the pUWL 201 vector and insertion at
the 3' end of the ermE up promoter in S. lividans TK23. One of the possible reasons could

be the structure of the ribosomal binding sites (RBS) of these recombinant expression-
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plasmids which were taken from that of the pET-cassette. This RBS might not be suitable

for the trand ation of MRNA to protein in Streptomyces.

Tab. 5.3. Summary of protein expression in different expression systems

Expression plasmids
Protein pET1la pET16b pUWL201
: plJ4123
M1 M2 M1 M2 (native) | (Histag)| (His-tag)
MidH ++/s +++/s +++/is ++++/S v;//
i +++/s -
MidC ++++/s o
MidK +++/is ++++/is +++/is ++++/is
w/+ w/+ wi/- Wi+
Midl +++/is ++++/is +++/is ++++/is - -
w/+ w/+ w/- w/+

++ = protein overexpression, the production level isincreased with more plus; - = no protein expression
on SDS-PAGE gels; ++/s or ++/is= soluble or insoluble proteins were observed on SDS-PAGE gels,
respectively; w/+ = soluble proteins were detected by Western boltting; w/- = no expected proteins were
detected by Western boltting. M1: LB liquid medium; M2: LB with sorbitol and betaine.

To characterise the postulated function of MidH as an isomerase and MidC as an
aminotransferase in the pathway of mycaminose biosynthesis, a coupling enzymatic
reaction of RmIB, MidH and MidC was analysed by HPL C and followed by LC-MS. It was
confirmed that: (i) RmIB as a 4,6-dehydratase is to convert the substrate dTDP-D-glucose
to the intermediate dTDP-4-keto-6-deoxy-D-glucose (Verseck, 1997); and (ii) MidC is
indeed responsible for transamination to form dTDP-amino-6-deoxy-D-glucose (see
Section 4.20.2). But it is not clear at this point whether this transamination occurs at C-3 or
C-4 since the function of MidH was not individually elucidated. To further characterise the
specific function of MidC in the future, it is suggested that al three enzymes have to be
purified to reduce non-specific products produced. For instance, dTDP-L-rhamnose was
detected as a by-product in the reaction catalysed by the mixture of the crude extracts
containing the above three enzymes. The MidK (N-methyltransferase) protein was also
combined with RmIB, MidH and MidC to assay the reaction products. However, there was
no measurable transfer of methyl groups to the products. The possible reasons were either
because the soluble MidK protein was produced at very low levels (see Fig. 4.20), or the

protein isinactived.
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5.5. Phylogenetic analysis of some enzymes involved in midecamycin biosynthesis

A detailed analysis of the phylogenetic relationships of several of the mid-encoded proteins
within the same family of proteins was carried out in order to obtain further information
about how the secondary metabolic gene clusters, especially for macrolides, have been
evolved. In Fig. 5.2, seven phylograms are re-produced in which the MidD-tree deals with
thioesterases, affecting the product accumulation in the producing strains, and the other six

trees concern proteins which are involved in de novo mycaminose biosynthetic enzymes.

Fig. 5.2. Phylogenetic trees (non-rooted) of the proteins of MidD, MidA, MidB, MidC, MidH,
MidK and MidI aligned with the protein sequences of the corresponding family. The
phylograms were calculated by the program PAUP 3.1. The numbers denote the calculated lengths
of branches; The numbers in parentheses give the percent score of nodes found in bootstrapping
(500 times). For the amino acid sequence alignments see Appendices 7.6 to 7.12. The following
sequences were used and identified by their accession numbers in parentheses. MidD-tree:
ORF12Ame: Amycolatopsis mediterranei (AFO40571); ThiESgr: S. griseus (M93058); PIkAV Sve:
S. venezuelae (AF079138); TylOSfr: S. fradiae (U08223); GrsTBbr: Bacillus brevis (M29703);
SC3F7.14Sco: S, coelicolor (AL021409); TesAMtu: Mycobacterium tuberculosis (Z74697);
MLCB12.04cMle: M. leprae (AL035480); OrflShy: S. hygroscopicus (M64783); PchCPage:
Pseudomonas aeruginosa (X82644); Ery3Ser: Sac. erythraea (X60379); SrfADBsu: Bacillus
subtilis (X70356). MidA-tree: StrDSgr: S. griseus (X62567); OleDSanl: S. antibioticus
(AF055579); DnrLSpe: S. peucetius (L47163); GraDSvi: S. violaceoruber Ti22 (AJ011500);
RmIAMIe: M. leprae (L78815); TylAlSfr: S. fradiae (U08223); AcbAAct: Actinoplanes sp.
(Y18523); YifGEco: E. coli (U0O0096); RmIAEco: E. coli (AF125322); LmbOSli: S. lincolnensis
(X79146). MidB-tree: SCF81.08c: S. coelicolor (AL133171); StrESgr: S. griseus (X62567);
StrESgl: S, glaucescens (AJO06985); OleESan:  S. antibioticus (AF055579); GraESvi: S.
violaceoruber TU22 (AJ011500); TylAllISfr: S. fradiae (U08223); GdhSer: Sac. erythraea
(L37354); AcbBact: Actinoplanes sp. (Y18523); AcbDSgl: S. glaucescens (Fa. Hoechst. Dt.
Patentanmeldung Nr. 19622783 [1996]); RffEEco: E. coli (M87049); RmIBEco: E. cloi
(AF125322); LmbMSli: S. lincolnensis (X79146). MidH-tree: DnrQSpe: S. peucetius (L47164);
TyIMUISEr: S. fradiae (X81885); OleP1San: S. antibioticus (AJ002638); DesVIIISve: S. venezuelae
(AFQ79762); SnogNSno: S. nogalater (AF187532); PralOAhi: Actinomadura hibisca (D87924);
MidC-tree: StSASgr: S. griseus (Y08763); StSCSgr: S. griseus (Y08763); StrSSgr: S. griseus
(Y00459); DnrJspe: S. peucetius (M80237); TylBSfr: S. fradiae (U08223); OleN2San: S.
antibioticus (AF055579); DesVSve: S. venezuelae (AF079762); EryClSer: Sac. erythraea
(X155541); EryCIVSer: Sac. erythraea (U77459); OleN1San: S. antibioticus (unpublished data);
PerSVch: Vibrio cholerae (X59554); LamSSli: S. lincolnensis (X79146). MidK-tree: OleM1San:
S. antibioticus (AJ002638); EryCVISer: Sac. erythraea (U77459); StSGSgr: S. griseus (Y 08763);
GlyMRa: glycine methyltransferase from rat (X07833); LmbJSli: S. lincolnesis (X79146). Midl-
tree: OleGlSan: S. antibioticus (AJ002638); OleG2San: S. antibioticus (AJ002638); EryCllISer:
Sac. erythraea (Y14332); TyIMIISEr: S. fradiae (X81885); EryBV Ser: Sac. erythraea (U77459);
TyINSEr: S. fradiae (AJ005397).
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The second thioesterase (MidD): The polypeptide product of midD was shown to be
highly identical to the second thioesterase encoded by the #y/O gene in tylosin biosynthesis
of S. fradiae (Merson-Davis et al., 1994) (see Tab. 5.1), and both genes are located shortly
upstream of midG and tylG, respectively. As with other type | PKS, the enzyme catalysing
the final enlongation step (TylGV) in S. fradiae contains an integral C-terminal thioesterase
domain that is believed to be responsible for chain termination and ring closure to produce
tylactone; also, the aa sequence is highly identical to the C-terminal segment of the
midecamycin PKS, MidG (see Section 4.7). The question then arises what is the function of
MidD or TylO, these second (or free) thioesterases in macrolide biosynthesis. Bulter et al.
(1999) recently demonstrated that this free thioesterase activity of TylO is necessary for
bulk accumulation of tylosin in S. fradiae and that at least 85% of antibiotic production is
lost when TylO isinactivated. Therefore, they proposed that the TylO protein carries out an
editing function, whereby aberrant polyketide precusors blocking the synthase complex can
be removed to allow continued synthesis of normal products. Such free thioesterase genes
also have been found in the gene clusters of other macrolide biosynthesis, such as orf5 in
Sac. erythraea (Haydock et al., 1991), pikV in S. venezuelae (Xue et al., 1998), as well as
the free thioesterase gene in Bacillus subtilis during non-ribosomal peptide biosynthesis
(Schneider & Marahiel, 1998). However, suprisingly, the results of the phylogram showed
a close correlation between several sources of organisms (MidD-tree in Fig. 5.2). This
could be explained in that either, all of the genes have had a high rate of evolution, or, the
DNA fragments have horizontally been transferred between species which probably could
reduce the enzyme specificity. In part recent horizontal gene transfer and sometimes recent
gene duplication and divergence possibly resulted in two branches, GrsTBbr and
SC3F7.14Sco, and TesAMtu and MLCB12.04cMle, respectively.

The dTDP-D-glucose synthase (MidA): This enzyme has been studied in several cases
and catalyses the activation of nucleotidyl glucoside in the biosynthetic sequence for 6-
deoxysugars. In the comparison of the aa sequences of 12 proteinsin this family, the MidA-
tree in Fig. 5.2 revealed that overall there are two principal subgroups, when LmbO, with
clearly having a different function, was used as an outgroup. It is indicated in the first
group that MidA and TylAl which are the enzymes for 16-membered macrolide sugar
biosynthesis in Streptomyces, and AcbA which is the enzyme for the biosynthesis of the a—

glucosidase inhibitor acarbose in Actinoplanes, are closer to three other proteins from E.
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coli and Mycobacteria. However, MidA and TylAl are distinct from the second group, i.e.,
enzymes for the same function in the biosynthesis of 14-membered macrolides (OleD),
aminoglycosides (StrE), and anthracyclines (DnrL) in Streptomyces species. This indicates
that all of these genes, though being of common ancestry, have undergone divergence in at
least the Actinomycetes after horizontal gene migration. Therefore, the relationships seem
to be distributed non-taxonomically. In contrast to all other proteins in the MidA-tree, the
LmbO protein was proposed to use dTDP-octose instead of dTDP-glucose as substrate for
lincomycin biosynthesis in S. lincolnensis (Peschke et al., 1995; Piepersberg, personal
communication). Thus, the changed function to accept different substrate probably led to

fast evolution of the gene in the producers of lincosamids.

The dTDP-glucose 4,6-dehydratase (MidB): This enzyme is characterised as for
conversion of dTDP-D-glucose into dTDP-4-keto-6-deoxyglucose, a common intermediate
for most 6-deoxysugars. This is a catalytically NAD"-dependent redox reaction for water
elimination (Wierenga et al., 1985; Scrutton et al., 1990). As shown in MidB-tree of Fig.
5.2, it is obvious that the enzymes in the first large group including 10 members of
Actinomycetes sequences are distinct from the second group, two enzymes from E. coli.
Multiple branches in the first group may be of recent origin or the genes have recently
evolved at different rates. As a result, the MidB, TylAll and Gdh proteins are closely-
related to each other which are all likely to be involved in macrolide biosynthesis.
However, it is important to note, (1) the gdh gene was not found within the erythromycin
gene cluster of Sac. erythraea, which lacks the dTDP-glucose 4,6-dehydratase gene, (2) the
midB gene is separated by another gene, midD, from midA4, which is in contrast to the
organisation of the equivalent genes in the 7/ cluster (cf. Fig. 5.1; the midBD unit might
have been inverted later after branching off from a common ancestor in which the gene
order was as in the ¢yl cluster, 1ylA1,AIl,0), (3) the OleE protein is more related to those
proteins in another branch of actinomycete members, though being used in an
erythromycin-like macrolide pathway. This allows the following general conclusions: (i)
the genes for the more frequently used first- and second-step enzymes (e.g., MidA, MidB)
in dTDP-6-deoxysugar pathways are not necessarily needed as inside components (strongly
co-regulated) of the gene clusters (as are more specific genes); (ii) these genes, when
present inside the biosynthetic clusters, do not necessarily co-evolve with the cluster.
Rather they can be easily gathered from various different sources, probably by horizontal
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gene transfer in most cases; (iii) their presence and conservation of these genes are kept

under selective pressure only by the end product(s) which are formed from the pathway(s).

The differently functioning LmbM protein was used as an outgroup again in the MidB-tree
and confirmed that in the lincomycin biosynthesis, a biosynthetic unit, a-

methylthiolincosaminide (MTL), utilized a starting sugar other than D-glucose.

The 3,4-isomerase (MidH): The aa sequence comparison of midH to other proteinsin the
GenBank showed that the top scores of identities to TylMIIl and DnrQ are only 35% and
32%, respectively. Although these proteins showed end-to-end sequence similarity to
cytochrome P450 enzymes from a variety of organismal sources, they all lack the critical
cysteine residue which provides the characteristic ligand to the heme iron in cytochrome
P450 (Bairoch, 1992; Nelson et al., 1993). This fact suggests that they represent a new
family of proteins with unknown enzymatic mechanism though they are likely to be derived
from cytochrome P450 proteins. The MidH-tree in Fig. 5.2 revealed that these proteins
from Actinomycetes seem not to need high sequence conservation. Therefore, rapid
divergence could cover to form a new family of enzymes, probably because very few or
none of the aa-motifs needed to be conserved for the mechanism. These genes may have
had a long period of evolution and during this period they have acquired their species
specificity by rapid horizontal gene exchanges to add up to the overall picture of a family
of proteins with the low conservation level and no heme-binding motif. It is clear from the
recently reported data (Gandecha et al., 1997; Salah-Bey et al., 1998; Madduri et al., 1998)
that these proteins are 6-deoxy-hexose 3,4-isomerases involved in  3-aminosugar
biosynthesisin severa gene clusters. Therefore, the still unknown mechanism of action and

the high divergence rate will have to be further analysed in order to interpret this result.

The aminotransferase (MidC): The polypeptide product of midC highly resembles the
putative aminotransferases from several deduced gene products in antibiotic biosynthesis,
so-called secondary metabolic aminotransferases (SMAT). The phylogenetic tree of 13
members of proteins in the SMAT family (MidC-tree in Fig. 5.2) demonstrated the
following. (1) The proteins MidC, TyIB, EryCl, OleN2 and DesV for transamination in
macrolide biosynthesis are more closely-related than the proteins from other Streptomyces

species. In addition, the MidC and TyIB proteins of 16-membered macrolides are much
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closer than the proteins of 12- or 14-membered macrolides. (2) The StsA, StsC and StsS
proteins are more similar to one another, where StsC acts as the L-glutamine:scyllo-inosose
aminotransferase to catalyse the first amino transfer in the biosynthesis of the streptidine
subunit of streptomycin, and StsA might catalyse the second step of the cyclitol
transamination reaction in S. griseus (Ahlert et al., 1997). The EryCIV and OleN1 proteins
are distinct from the proteins of the above macrolide group because they might act as
pyridoxal-phosphate-dependent dehydratases during desosamine biosynthesis in the
macrolide production as explained in Section 5.2. (3) The branch of the LmbS protein in
this phylogram was again used as an outgroup because it is a putative ketooctose
aminotransferase (Peschke er al., 1995; Piepersberg, personal communication). Taken
together, the macrolide sugar aminotransferases here behave as would be expected from a
common brand of PKS and sugar genes (in contrast to the other trees above).

The methyltransferase (MidK): The MidK protein shows significant sequence similarity
to a family of SMA-dependent N-methyltransferases from several Streptomces species. A
mini-phylogram (MidK-tree in Fig. 5.2) showed that there are two subgroups, a macrolide
group and the other group in addition to one outgroup (LmbJ). In the first group, the
relationship between MidK and OleM1 is surprisingly closer than that between EryCV1 and
OleM1. The StsG protein from S. griseus is close to GlyM, a glycine methyltransferase
from rat (Ogawa et al., 1987). This reflects the common ancestry on one hand, but also the
random and non-predictable horizontal gene transfer between various organisms.

The glycosyltransferase (Midl): The Midl protein highly resembles various
glycosyltransferases that are involved in the transfer of various deoxysugars to different
aglycones during antibiotic biosynthesis. The Midl-tree (see Fig. 5.2) reveded that, as is
expected, the relationship between Midl and TyIMII, which are the putative
mycaminosyltransferases, is closer than that between EryClll and OleG2, which are
desosaminyltransferases. It is understood that the EryBV protein is distinct from the above
four proteins because it is a putative mycarosyltransferase. The OleGl protein is
responsible for oleandrose transfer in the biosynthesis of oleandomycin in S. antibioticus
(Olano et al., 1998). However, OleGl is closer to OleG2 and EryCllI in the Midl-tree. This
could be explained in that the oleG1 and oleG2 genes are adjacent in the oleandomycin
gene cluster of S. antibioticus, and one gene was derived from the other via recent gene
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duplication and subsequent functional divergence. The TyIN protein is responsible for 6-
deoxyallose transfer in tylosin biosynthesis of S. fradiae (Wilson & Cundliffe, 1998),
therefore, it isless-closely related to the TyIMII and Midl proteins.

Based on anaysis of the deduced functions of the above proteins and mechanistic
considerations, the biosynthetic route to dT DP-D-mycaminose, a precursor of midecamycin
in S. mycarofaciens is proposed as given in Fig. 5.3, in which the proposed action of the
MidH protein (3,4-isomerase) is still hypothetical, since it is the only remaining essential

gene product for aminosugar biosynthesis, which could have that function.

CH,OH CH,0H CH,
0 MidA o MidB ° MidH
OH op —» OH O-dTbP ——» O OH O—dTDP ———»
HO HO
OH OH OH
glucose-1-phosphate dTDP-D-glucose dTDP-4-keto-6-deoxy-D-glucose
CH, CH, CH,
¢ o o .
MidC MidK MidI
0—dToP ——» K NH, 0—diDP —— { N(CHy), Jmo—dTDP ——»
HO HO HO
O OH OH OH
dTDP-3-keto-6-deoxy- dTDP-3-amino-6-deoxy- dTDP-D-mycaminose
D-glucose D-glucose

Fig. 5.3. The proposed biosynthetic route to mycaminose and the mid-encoding proteins
deduced to catalyse the various steps.
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7. Appendices

7.1 The nucleotide and encoded amino acid sequences of the midM region of

Smyc-LC1

1

TTT CTC OGT GCA TCC CTC
61

ACA ACC GGC GAG CGG TGA
121

TCC OGT OCG CGG GGG CGG
181

GAG CGA TTC ATA GGC TCA
241

CGC CGT ACC ACT TCC CAA
301

CTC AGC AAG GAG GCG AAC
L S K E A N
361

CAT CAC COG GTC TTC TGG
H H P V F W
421

GAC TAC CTG ACG GIC TCC
D Y L T VvV s
481

COG ACC COG OCC GAG CTG
P T P P E L
541

CCC GOC CAC GGC COCG ATG
P A H G P M
601

CGT CTG GGA OCC CGC ATC
R L G P R I
661

GAG ACC ATC GAC GIC GIC
E T | D V V
721

CTG CTG GGC ATA CCG TCC
L L G I P s
781

ACC AAC GAG GGC CTG GGG
T N E G L G
841

GCC CTC AAG GAG ATG ACC
A L K E M T
901

GTC GAC GAC CTG ATC TGC
V. D D L I ¢C
961

GTG GAG ATC GTC AAC ATC
V E | V N I
1021

CTG CTC AGC AAC CTC TCC
L L S N L s
1081

GCC GAC CGC GAG CTG GIG
A D R E L V
1141

AAC AAC ATC TTC CGC TTC
N N I F R F
1201

GGC CAG ATG GTC ATC GCC
G Q M V I A
1261

CCC GAC ACC TTC GAC ATC
P DT F D I
1321

ATT CAC CAC TGC CTG GGC

| H

H C L G

GCC

GAC

AAC

2

GAG

m

CGC

CGG

GGC

GGT

TAC

GAC

GGC

GIG

\Y

CTG
L

ACC
T

CTC
L

TGG
W

CGA
R

31

TCG CAC GIG AAC AGT GAA GIG TTC AGC ACC GGG
91
ATG TGT CAG GGT GCC GGG GBC GCT GCG GCA GCC
151
ACG GGG AGG TCA TTG TGT CAG GAC TCC CTIT GCT
211
CCG GCG TCG AGA GAC CGA AGT GCC CGC GIC GCG
271
GGA GAA TGG CCG ATG TCC GAG GCT CCG ACA GIG
M S E A P T \%
MidM___’,
331
CAG GAA CTC CTG GGA CTG GGT TCG CCT TCA
Q E L L G L G S P S
391
GAG AAT TGG GCA TGC CTG GGC AAG GIC TTC
E N w A C L G K \% F
451
AAT CCG CAG TTC TTC TCC TCC GAC TTC AAC
N P Q F F S S D F N
511
At G GIC ATC GGG CCG GGG ACC ATC GEC GCC
MV I G P G T I G A
571
AAG CTG GIC AGC CAG GCC CTC ACC CCG CGG
K L \% S Q A L T P R
631
GCC GIC ACT CAG GGG CTC CTC GAT GCG GIG
A V T Q G L L D A V
691
GAC CTC TCC TAC GCC CTG CCC GIG ATC GIC
D L S Y A L P \% | \%
751
GAC CCEC GAT GIG TTC CEC GGG TGG GIC GAC
D R D V F R G W V D
811
CCG AGC CTC CCG GAC AAC TTC AGC GAG ACG
P S L P D N F S E T
871
TAT CTC CTG CAC CAG ATT CAC GCC AAG CCC
Y L L H Q | H A K R
931
CTG GIC CAG GCC GAG CAG GAC GCGC CGC AAG
L \% Q A E Q D G R K
991
GCC CTG CTG CTC ACC GCC GGG CAC GIC TCG
A L L L T A G H \% S
1051
GTA CTG GAG GAG AAC CCG CAG GCG CTG GCG
\% L E E N P Q A L A
1111
GGT GCG GTG GAG GAG ACA CTG CGC TAC ccC
G A V E E T L R Y R
1171
AAG GAG GAC ACC GAC ATC CTC GGC CCG GAA
K E D T D I L G P E
1231
AGC CAG TCG GCC AAC CGC GAC CCC GAA CAC
S Q S A N R D P E H
1291
CGC TCA AGC AGC TCC CEC CAT ATG GCG TTC
R S S S S R H M A F
1351
TTC CTG GCA CGT CAG GAA GCC AAG GIG GTA

GCC
A

F L A R

Q

E

G K V V

ACG GCG AGG
CCG GCG GIT
G&C GAT CTT
TGC TCG GIC
CCA CTC GAA
P L E

ACC GG ACC
GAC
GAG ATG

CTC CCG

—

CGG

CAG

GAG

CTC

AGC CCC TTC
s P F

ATG AAG AAG

TTC CCG GAG
GGC ATC GGT

CTG GAA CTG
L E L



APPENDICES 123

1381 1411
ATG CTG GAT CAG GIC AGG GAA TTC GAG CTC GGT' ACC CGG GAT CCT CTA GAG TCG ACr
M L b @ v R E F E L GG T R D P L E S

* The sequence is not complete at the 3"end.

7.2. The nucleotide and encoded amino acid sequences of the midCA region
of Smyc-LC1

1 31
GEC CCA ATG GIT TTG CCG AGT GCT CAA GGA ATT CGC ACC GGA ATC GIT CGC CCT TAG TCC
TTC GCT CGC GGC ATA CGA GGA GIC CGA TTA TTA CCG CGA CTA CGA CAC ATT CCT GCG CGA

CGC ATG GAG CAT AAA GIG AAC GIG CCC TTT CCT CGA CGC GGG TGC GEC TAT CGG GAG CTG
M E H K VvV N V P F P R R G C G Y R E L

MidCc—p»
181 211
CGG GCC GAC ATC GAC GGG GCC CTT CGG CGG GIG TCC GCC TCC GGA CGC TAT CTG CTG GGr
R A D | D G AL R RV S A S G R Y L L G
241 271
GCG GAA CTG GCG GGG TTC GAG GCG GAA TTC GCC GCG TAC TGC GAC AAC GAC TGC GIG GCG
A E L A G F E A E F A A Y C D N D C V A
301 331
GIC GEC AGC GEC TGC GAC GCC CTG GAG CTG GIG CGC GCG CTC G&C ATC GG&C CcC GGr GAC
vV G S G C D A L E L V R A L G I G P G D
361 391
GAG GIG GIG GIG CCC GCG CAC ACC TTC ATC GGC ACC TGG CTG GCG GIG TCC GCC GCC GGG
E VvV V V P A H T F | G T W L A V S A A G
421 451
GCC CGG CCG GIG GGT GTC GAC CCG ACG CCG GAC GGG CTG TCC ATG GAC CCG GCG CAG GIG
AR P V GV D P T P D G L S M D P A Q V
481 511
GAG GCG GCG ATC ACT CCC CGG ACC AGG GCC GIG ATG CCG GIG CAT CTG TAC GGG CAT CCG
E A A | T P R T R A V M P V H L Y G H P
541 571
GCC GAT CTG GAC CCG CTT CTG GCG ATC GCC GAA CGG CAC G&C CTG GCC GTIG GIG GAG GAC
A D L D P L L A I A E R H G L A V V E D
601 631
GCC GAG CAG GCG CAC GGEC GCC CGC TAC CGG GBC CGC CGG ATC GGBC TCG GGC CAT GIG GICc MidcC
A E Q A H G A R Y R G R R I G S G H VvV V
661 691
GCG TTC AGC TTC TAC CCC GGC AAG AAC CTC GGC GCC ATG GA GAC GBC G&G GCG GIG are
A F S F Y P G K N L G A M G D G G A V V
721 751
ACC GEC GAC GCC GCC CTG GCC GAC CGG ATC CGG CTG CTG CGC AAA TGC GGC TCC CGT GAG
T G D A A L A D R 1 R L L R K C G S R E
781 811
AAG TAC CGG CAC GAG GTA CAG GCC ACC AAC TCG CGG CTC GAC GAG TTC CAG GCC @CC GIG
K Y R H E V Q A T N S R L D E F Q A A V
841 871
CTG CGC GCC AAG CTG CCA CGG GIG CCG GCC TGG AAC GCC CTC CA GIG CGC ACG GCC GAG
L R A K L P R V P A W N A L R V R T A E
901 931
CGC TAC AGC CAG GIC TTG GGT GCC CTC CCG CAG ATT GCC GTIC CCC GCC GCC GCC CCcC TGG
R Y S Q VvV L G A L P Q 1 AV P A A A P W
961 991
GCC GAT CCG GIG TGG CAC CTT TAT GIG ATC CTG CGC GCG AAC CGC GAC GAA CTG CaC cac
A D P V W H L Y V I L R A N R D E L R R
1021 1051
CGA ATC GAA CGG GCC GGG GIG GAG ACC CTG ATC CAC TAC CCC GTA CCG CCC CAC CGG Acc
R | E R A G V E T L 1 H Y P V P P H R T
1081 1111
CCG GCC TAC GCC GAC GAT TCC GGC CGG CGC TCC GGC CGC ACC CAC CCG CTC AGC GAA CeC
P A Y A D D S G R R S G R T H P L S E R
1141 1171
CGI' GCG GCG GAG AGC CTC AGC CTT CCC TCG GGC CCC CAC CTC GG GAC GAC GCG TTC CAG
R A A E S L S L P S G P H L G D D A F Q
1201 1231
ACC GIC GTA GCG GCG GIC CGC GCG GCG GCC GTA GGA CTG CCG GCG TAT CCG GCG CCG GAC
T V V A A V R A A A V G L P A Y P A P D




GEC TGC TGC TCT CCC TGG AGG AGA AGC CCG
L L L S L E E K P V

1861

GEC TGT ACC TCT ACG ACA ACG ACG TCG TCG
L vy L Y D N D V V D

1921

GCG GIG AGT TGG AGA TCA CCG ACG TCA ACA
G E L E 1 T D V N K

1981

TGA TCG AGC TGG GTC ACG GCT TCG CCT GGC
|l E L G H G F A W L

2041

AGG CCA GCC AGT ACG TCC AAC TGC TGG AGC
AS Q Y V Q L L E Q

2101

AGG AGA TCG CCC TGC GGA TGG GGT TCA TCA
E I A L R M G F | N

2161

AGC TGG GCA ACT CGG GCT ACG GCT CCT ACC
L G N S G Y G S Y L

2221

CCT GAG ACG GAA CCG TGG ACC AAC ACC CGG

2281
GGI' ACC GAT CTC CGG TAC CCG GGG ATC CTC

TTC GIC CCC GCT CCA ACC TGG CCG TCA CCG
R P R S N L A V T G

1891

ACA TCG CCA AGA ACA TCA GEC CGI CCG CAC
| A K N | R P S A R

1951

AGG TCT ATC TGG AGC AGC GAC GCG CCC GGT
vV Y L E Q R R A R L

2011

TGG ACA TGG GTA CCC ACG ACT CGC TGC TCC
D M G T H D S L L Q

2071

AGC GCC AGG GGG TGC GGA TCG CCT GCG TCG
R Q G VvV R | A C V E

2131

ACG CCG ACG AGC TGT ATC TGC TCG GCT GCG
A D E L Y L L G C E

2191

TGA TGG AGG t &g CTT CCC ATG CCG GCG CTG
M E V A S H A G A A

2251

GGC ATC ATC CGG GGA CCG CTG CGG ATT CCC

2311
CTA G
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1261 1291

GAC ACG GAG CGC GCG ACG CCG GGC GGEC CAC CGT CTT CCT CTA TCG ACG GAG ATA C& TGA

b T E R A T P G G H R L P L S T E | R *

M T
MidA

1321 1351

CCG AGA CCA TAT CGG GGTI GIC CCG GAA TGA AGG GAA TCA TCC TCG CCG GIG GCG GIG GCA
E T | s G ¢ P G M K G I | L A G G G G T

1381 1411

CCC GCC TGC GCC CCC TGA CCG GGA CGC TGT CCA AGC AGC TGC TCC CGG TCT ACA ACA AGC
R L R P L T G T L S K Q L L P V Y N K P

1441 1471

CGA TGA TCT ACT ACC CGC TGI CCG TGC TGA TGC TGG GCG GCA TCA ACG AGA TCC TCA TTA
M Y Y P L S V L M L G G | N E | L | |

1501 1531

TCT CCA CGC CGG ACC ATA TCC TTG AGC AGT TCA GCG GCT GCT GEC GAC GGG TCC G&C TCG
S T P D H | L E Q F $ G C W R R V R L G

1561 1591

GCC TCG ACA TCA CGT ACG CGG AGA GCC CGA GCC CCA GGG GCA TCG CCC AGG CCC TCA CCA
L D | T Y A E s P S P R G | A Q A L T

1621 1651

TCG GCT CGG ACC ACA TCG GCA ACT CCC CGG TGG CGC TGA TCC TGG GCG ACA ACA TCT TCC
G S D H | G N S P V A L | L G D N | F H

1681 1711

ACG GCC CCG GGT TCT CCT CCG TGC TCC AGG GCA GCA TCC GCC ACC TTG ACG CCT GIG TGC MidA
G P G F S S V L Q G s I R H L D G C V L

1741 1771

TGT TCG GCT ATC CGG TGA GCG ATC CAG GGC GCT ACG GCG TCG GGG AGA TCG ACC GGG ACG
F Gy P V S D P G R Y G V G E | D R D G

1801 1831
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10n

d sequences of the midDBL regi

1no aci

7.3. The nucleotide and encoded am

of Smyc-LC1

3 3
880 53< BRw BE- BE< 3B~ 3b- E8< BB= §B- B8~ €8~ §E< 8%  BB> B8B- 8B
38~ BBw BH< BB B8B> BR- §E> =2o BBo 8F- §Bc BBw §E« QF=g 8B BB« §fe
spr 22> BHe BH< BYe BE= Bf- 8F- B8« EE< {8« BB- 8- BB-> 88> 55= Bl
89< 980 88< BEo B~ BSo BEo 8B~ 8- BBw BEo 98 HH< LP<l 5E- BEw &5
88< BBo BBo BB P3> BB~ BB~ 80> BB> 88> BB~ BBv Spo B8~ BE= 8B §§-
Fg- BB< 38> BE~ §B- BBw fE« EQv €8« 8F- §B« BB> Ef< Bz~ DPIw 8Bo BBo
88 2%~ B8« BR= BB= 8B~ 8B~ §Be BE> BY< fE« DIo §B> §5o BB= 55> B&«
88 8B= &8~ B&> EB- 3B~ BB~ B8« BRw EE- BB BH- BB~ 88~ 8B« BB« BB~
38 B2 3B BH- B8~ b3o 3p< EE- BR> §B= BBw BB- 8B- HB= 8B« HH- §Eo
705 568-588-388<5BR-5B8B=588w5BE<208<5EB-20B~2BE-220b>58B- 588588383+
58 3B~ BBo BE- BB« 8B> 8B~ B8~ BB~ §B- PG~ BBo §B8o fb- BYs BH- BBe
55 bo< §8c BBw EB- 3B~ U8« BB- BB> fE« BB- BBo BB BB~ BB« Zze HBe«
58 BB~ 9P G3< BB~ B8~ GB~ 3%> BB~ §B- BYo BB> §E- BBo BE~ BH- §Be
55 88~ 2P+ BH< 98« BY< §f- BB= RBo 8F- B8~ DIw BF= Fp- PG~ BBe BB~
55 8B~ 88w £Z< BB~ BB- 53w 35« BBo 88> BB- 3B= BH< BB> DI~ BB BB«
58 BB~ 30~ BH= BB« B8« P8o BY. BYe 3b- BBw 8B- EEo 8B- b3« oo 85>
55 88< BB~ BBo B%- BE= EE- 8%= BHo BRe §Bo BB« 880 §B= Eso BB~ Gfe
58 B8o B&o BE< BB~ BB~ BB~ BE- BH< fBe BB~ BB> B~ 8B« LR« B« BB
ot 28< BBo BB> 3P> BB> D3w §B> BB« PI= BB> LPo B8« g5 [&- bBIw B8«
.65 =8B=3BB>3BE<3PR-38E-235-358 =388 5083082 E8-REE-28Y~ 58B-88H -5~
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A
Y

L
G

\%
D

GCG GCA GCG GCA
CCT CCT GCA
L VvV H

A
G
L

R
ACG
G
R

G
N
E

G
R
A

R
R
L
A

p
A
G

CCG GEC GGC CGC CCC GGG CCA CCA GGG
GEC CCG CCG GCG GGG CCC GGT GGT CCC

1231
1471
V
1591
GCA CCA CCA GAT CGG CGC CCG
A
1891

GGEC CCG GGC GCA CGG CCA GCG CCT CCC GGA GGA GGA cGr
CCG GEC CCG CGT GCC GGT CGEC GGA GGG CCT

G

1171
W D

AGT GGI' CGT CCA CGTI GCA GCC AGT CGC GCC GGTI' TGC CGC CGr CGC CGT

L
R
D

H
p
L

V
L
V
M

D
D
Q

<4 MidB

V

CGTI GGI' GGT' CTA GCC GCG G&C
AGA CGT ACG GAC

D
G

CCA GCA GGI' GCA CGTI' CGG TCA GCG CGG CCA

TCC TCT GA TGC CTG

TCA
H
AGG
R

A

A

CCA G
GGI CCT
L |

V
ACT
V

p
P

L
G

AGA GCG GGA CGG CCG CCC CGT CAA GCA GAT TGC
TCT CGC CCT GCC GGEC GGG GCA GIT

1201

1801

CTC CGG TGA
GAG GCC

APPENDICES

MidL

G

G L L
TGG GC TGC TGG
TTC ACC CCG ACG ACC

E V
CCG AAG
GGC TTC

AL

8y

F N

R
CC
GG

D
TCG A
TGG AGC TGG GGC ACGC T

1981

P V

D

ACC TCG ACC CCG
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APPENDICES

2131
2371

2461

D V Q A L R V L R Q Q K V P L N Q V

L

GIC TCA TCG ACG TCC AGG CGC TGC GIG TGC TGC GCC AGC AGA AGG TCC CGC TCA ACC AGG

2551

CAG AGT AGC TGC AGG TCC GCG ACG CAC ACG ACG CGG TCG TCT TCC AGG GCG AGT TGG TCC MidL

2521
* The sequence of midL is not complete at the 3' end.



APPENDICES 128

7.4. The nucleotide and encoded amino acid sequences of the midE region

of Smyc-LC1
1 31
GGC GGC GGG CAG OGC ACC CGT ACC TGA TGG CCA ACT CAC CTG TAC GGA CCG CTG GTT GGT
61 91
GTC GGG ACA CCT CAT CGA ATG GOG CTA CGG AAC GAC GCC GCT ACG TCC GGT GAT TGC GAA
121 151
ATC CAT TCT TCC TGA CGT TTT CCG GAC GCT GAC ACC ACT GTG TCA GCT GOC ACT TGC CGG
181 211
GCT CAG CGG CCA TGC CCT AGA AAT CCC CTC TCA TCC ACG CCC ATT TAC CTG CGA GGT ACT
241 271
GCT ATG CCC TTG CCG AMA CAC CTG CCG TCG CTC GGBC GGC ATG OGG GOC ATC GCC GCA CTG
M P L P K H L P S L G G M R A I A A L
MidE >
301 331
GTG GIG TTC TGC TCT CAT ATC GCT TCC CAG CCG TTT TTC CGC AAC GCC AAG ATA TAC TCC
V V. F C S H I A S Q P F F R N A K I Y s
361 391

ACC GCA CAG GIC CCG CTG GAC GTC CTG GGG COG CTG GCG GIC TCG TTC TTC TTC ATG CTC
T A Q V P L DV L G P L A S F F F M L
421 451

AGC GGA TTC GIC CTC ACC TGG GCG GGC ATG CCC GAC CCG TCC AAG CCT GCC TTC TGG CGC
S G F V L T WA G M P D P S K P A F W R
481 511

CGC CGT TGG GIT CGG GIC TAC TCG CTG CAC CTG CCG GTC CTG CTG CTC ACG CTG GCG ATC
R R W V R V Y S L H L P V L L L T L A

541 571

GTG CTG TGG CTG AAG GAA CCC AAT ATG GGC GGG TCG GTG TGG GAC GGC TTC CTC AGC AAC
V L WL K E P N M G G S V G F L S N
601 631

CTG CTG CTC GTC CAG TCG TGG TGC CCC GAC TAC CAC CAG A

L L L V Q S W C P D Y H O
661 691
GOG TGG TCC CTC TCC TGC GAG ATG CTG TTC TAC GCC GCC TTC CCG TTC CTG TTC GCC TTC
AW S L S C E M L F Y A A F P F L F A F
721 751

TTC TCC AAG ATG CGT GOC GAG CGG CTG TGG TCC TGG GIC CTG GGC ATC TCC GIC GIC GCC
F S K M R A E R L W S W V L G I S V V A
781 811

GOG GCC GTG CCC GCC CTC GOC CTG CTG CTC CCC TCG GOC CCC ACG CTG CCC TGG GAC CCG
A AV P A L A L L L P S A P T L P WD P

AC GEC AGC ATG AAC CCG GIG
G §S M N P V

841 871

AAC ATG CCG GAG CTC CAA TAC TGG TTC ATC TAC ATG CTT CGC GCG GIG CGG CTG CTG GAA
N M P E L Q Y W F | Y M L R A V R L L E
901 931

TTC GCG CTC GEC GEC GIC CTG ATG GCG CAG ATC GIC AGG CGC GEC CGC TGG ATC G&C CCG
F A L G G V L M A Q I vV R R G R W I G P
961 991

ACC CCG GGG GIG TGC GCG CTG CTG TTC GCC GEC GGG TTC GCG CTG TCC TTC GCC CTG CCG
T P G V C A L L F A G A F A L S F A L P
1021 1051

TCC TAT CTG GCT CGC GAT GCG CCG ACG GIC CCG CTG ATC GCG CTG CTG CTC G&C TCC CTG
s Yy L AR D A P T V P L | A L L L G S L
1081 1111

GCA GCT GEC GAC ATA CGEC GGT ACC CGG TCG TGG CTG GEC ACC CGG ACG ATG GIG CTG CTG
A A G D I R 6 T R S W L GG T R T M V L L
1141 1171

GGT GAA CTC ACC TTC GCC TTC TAC GIC ATC CAC TAC CTC GIC ATC CAG TAC GGG CAC CccC
G E L T F A F Y V I H Y L VvV | Q Y G H R
1201/ 401 1231/ 411

TTC CTC GGC GGI GAG CTG AGC TAC TAC CGA CAG TGG GAC ACC CCG GCC GCG ATC G&C CTC
F L G G E L S Y Y R Q w D T P A A | G L
1261 1291

ACC GIT CTC GCC CTC GG CTC AGC GI'G GEC CTC GCC GCG CTC CTC CAC TTC TTC GIG GAG
T v L A L G L S V G L A A L L H F F V E
1321 1351

AAG CCG GIC GIC CGG GCC CTC GEC CGC TCC GEC AAG GCG TCC CGC GCG TCC AAG GCC CCG
K P V V R A L G R S G K A S R A S K A P
1381 1411

CAG CCC GAG CCG CCG GCG CCC CTG CTG TCC TGA GCG GGI CCG GCG GCA CAA CAG TGTI GCG
Q P E P P A P L L S =

1441

GGG CGC GCC ACA TG
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7.5. The nucleotide and encoded amino acid sequences of the midGKHIJ
region of Smyc-LC3
1 31
GGA TCC CGG GTA CCG AGC TCG GTA COG GGG ATC TCG GOG CGA TGG GOG TCT GGC GOG AAG
/ P 6 T E L G T GG D L G A M G V W R E D
MidG (Module7?)
61 > 91
ACC TGC TGC GCT GGG CCC TOG ACC GCA GCA CCG TCA CCC TGG AGG ACC ACC GGC TCA CCG
L L R WA LDW RS T V T L E DHR R L T A
121 151
CCA TGG COG GCT ACC ACC GGC TGC TGC TOG ACA CCA GGC TCA CCG CAC TAC GOG OCC CGG
M A G Y H R L L L D TR L T A L R A P V
181 211
TCC TGC TCG TCC GGG CGT COG AGC CGC TGC GOG AGT GGBC COG COG ACG OGG GCC GAG GOG
L L V R A S E P L R E WP A D A G R G D MidG
241 271
ACT GGC GCT CCC AGG TTC CGT TOG CCC GGA CCG TCG CCG AGG TGC COG GCA ATC ACT TCA
W R S Q VP F A RTV A EV P G N H F T
301 331
CCA TGC TCA OCG AAC ACG CGC GGBC ACA COG CGT OCG TCG TGC ACG ACT GGC TGG GTG CCG
M L T E H A R H T A S V V H D WL G A D
361 391
ACC OGC GGC CAG CCG AGC CCA CCC TGC TCA CCG GAG GAA AAC ACT GAT GTA CGC CAA CGA
P R P A E P T L L T G G K H =
M Y A N D
MidK >
421 451
CAT CGC GGC CCT CTA CGA CCT GGT CCA CGA AGG GAA GGG CAA GGA CTA OCG GCA GGA GGC
Il A A L Y DL V HE G K G K D Y R Q E A
481 511
CGA GGA GAT OGC CCA GIT GGT GOG AGC CCA OCG CCC GGC CAC COG GTC GCT GCT CGA CGT
E E I A Q L V R A HR P A T R S L L D V
541 571
CGC CTG CGG AAC OGG CCA GCA CCT GOG CCA CCT CGA CGG CCT CTT CGA CCA CGT CGA GGG
AC G T G Q HL R H LD G L F D H V E G
601 631
CTT GGA GCT CTC CCA GGA CAT GCT GGC CAT OGC CAT CGG CCG GAA COC GGA TGT CAC CCT
L E L S Q bM L A I A1 G R NP D V T L
661 691
CCA CGA GGG AGA TAT GCG CTC CTT CGC GCT GGG CCG CCG GIT CGA TGC GGT GAT CTG CAT
H E G DMTZ R S F AL G R RF DAV I C M
721 751
GIT CAG CTC CAT CGG TCA TTT ACG GAC CAC OGA CGA ACT CGA CAG CAC CCT GOG GIG CTT
F S S I G H L R T T D E L D S T L R C F MidK
781 811
CGC CBG CCA OCT TGA GCC CGG CGG CGC CAT OGT CAT CGA ACC CTG GTG GTT CCC CGA CTC
A G H L E P G G A I V I E P WWTF P D S
841 871
CTT CAC COC OGG CTA CGT CGG CGC CAC GTC ACC GAG GOG GGC GAA CGG CAC CAT CTG CCG
F T P G Y V G A T S P R R ANG T I C R
901 931
GGT CTC CGA CTC CGT GCG GGA GGG GGA CGC CAC ACG CAT TGA GGT GCA CTA CCT GGT COGC
Vs DS V R E G D A T R I E V H Y L V A
961 991
CGA GOC AGG OGG OGG CAT TCG CCA CCT CAC CGA GGA CCA CAC CAT CAC CCT GTT OCC ACG
E P G G G I R H L T E D H T I T L F P R
1021 1051
CGC CGA CTA TGA GOG CGC CTT CGA GOG TGC OGG CTG CGA CGT GOG CTA CCA GGA GGG CGG
ADY E R A F E R A G C DV R Y Q E G G
1081 1111
CTC CTC CGG OCG CGG ACT GIT CAT CGG CAG OCG GCT GAC GOG GAT TCC GOC CCG AGA CGA
s s G R G L F I G S R L TR 1 P P R D D
1141 1171
CGA GAG GAA OCC ATG CCA ATC CCT GOC ACG GOG OCG GCG CCC GIG AAC GOC GGC ACC CGG
E R NP C Q S L P R R R R P =
M P I P A T A P A P V N A G T R
MidH — P
1201 1231
GAG CTC GGC OGC GG CTT CAA CTG ACC CGT GCC GOG CAG TGG TGC GOG GGT AAC CAG GGC
E L G R R L QL T R A A Q W C A G N Q G MidH
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1261 1291

GAC CCG AAC GCG CTG ATC CTG CGC GCC ACC GCC GAC CCC GCC CCG CTC GAA CGG GAG ATC

D P N A L | L R A T A D P A P L E R E |

1321 1351

CGEC GCC CGEC GGA CCA TGG TTC CGC AGC GAG TTG ACC GEC GCT TGG GIG ACC GCG GAT CCG

R AN R G P W F R S E L T G A W V T A D P

1381 1411

AGG TGG CGG CAG GCC GCG CTG GCC GAC CGC GCC TTT GCA CGC TCG ACC GCG CCG ACC GTIC

R W R Q A A L A DR A F A R S T A P T V

1441 1471

GIC CGG ACG CGG AAC TGC TGC CCC TCG CAG AGG CTT TCC CCT GCC ATG AGC GTG CAG AGC

v R T R N C C P S Q R L S P A M S V Q S

1501 1531

TCG CCC GGEC TAC GGG CTG GCC GCC CCG GTG CTG AGT CGC TGC GCC CCG GCC GAG GCG ccC

s p G Y G L A A P V L S R C A P A E A P

1561 1591

TGC GAG GCG CGTI' ACC GCC GCT CGT CGG TTG CTC CGC CGT CTC CTT CCC TCC GAC G&C GCC

cC EE AR T A A R R L L R R L L P S D G A

1621 1651

GGG TTC GAC CTC GIC ACC GAG GIC GCC CGG CCG TAC GCC GIC GGG CTG GTIG CTC CGG CTT

G F D L V T E V A R P Y A V G L V L R L

1681 1711

CTC GEC GIG CCG GAC TGC GAC CGC GAC ACC ATG GGG GGG GCG CTC GCC GEC TGC GCT ccC

L G v P D C D R D T M G R A L A G C A P

1741 1771

AAC TTt GAC GCC CGG TTG GCC CGC AGA CCC TGG CTG TCG CTC GGG AGT CCA CCG ACG CCG

N F DA R L A R R P WL S L G sS P P T P MidH

1801 1831

TCC AGA CCT TGG CCG ACC ATG TCC CGG AAC TCG TTG CTG AGA AGC AGC GGG CCG TCG AGA

s R P W P T M S R N S L L R s § G P S R

1861 1891

GCG CCG AGC CCC GEC CCG ACG ATG TTC TCG CCC TCC TCC TGC GCG ACG GIG CCG CCC CGC

AP S P G P T M F sS P s s C A T V P P R

1921 1951

GAT GIC GAG CGG ATC GCG CTG CTC CTC GCC ATC GEC ACC CCC GAG CCC GCG GCC ACC GCC

D VvV E R | A L L L A G T P E P A A T A

1981 2011

GTIC GCG AAC ACG GIG CAC CGG CTG CTG AAC CGG CCG GGG GAG TGG GGA CGT GTC CGC CGG

vV A N T V H R L L N R P G E W G R V R R

2041 2071

ACC CCG GCC GCC GGG CGG GCC GIC GAC CGG ACC CTG CGC GAC CGG CCC CCG GCC CGA CTG

T P A A A R A V D R T L R D R P P A R L

2101 2131

GAG AGC AGG GIC GCC AGC ACC GAC CTT GAG TCG cGTI GGT TGC CGG ATC GCC GCC GAC GAC

E S R V A S T D L E S R G C R | A A D D

2161 2191

CAC GIC GIG GIG CTG GCC GCC GGG GGG CGG GAC GCT CCG GG CCC GAG CCG CTC G GeC

H v v v L A A A G R D A P G P E P L G G

2221 2251

CGG ACG CGA CCG CAC TTG GCC CTC GCC CTC CCG CTC ATC CGG CTG GCC GCC ACC ACC GCT

R T R P H L A L A L P L | R L A A T T A

2281 2311

GTIC CAG GIC ATG GCC GGA CGC CTG CCC GGA CTG AGG GIC GAG GAC GAG CCT CTG ACC CGG

vV Q VvV M A G R L P G L R v E D E P L T R

2341 2371

CCG CEC TCC CCG GIC GTA TGC GCC TGI GCC CGEC TTC CGG GIC CAC CCG GGA TGA CCC TGC

p R S P V V C A C A R F R V H P G =*

2401 2431

CGC CCG TAC ACC CCG GCC CGA ACT GGA GIC ACC GTG CGC GIC CTG CTG ACC TCC CTA GCC
M R V L L T S L A
MidI >

2461 2491

CAC AAC ACC CAC TAC TAC AGC CTG GIG CCC TTG GCG TGG GCC CTA CGC GCG GCC G&G CAC

H N T H Y Y S L V P L A W A L R A A G H

2521 2551

GAG GIG CGG GIG GCG AGC CCG CCC TCG CTC ACC GAT GIC ATC ACC TCC ACC GGG CTG CcCcC

E VvV R V A S P P S L T D V I T S T G L P

2581 2611 MidI

GCC GIC CCC GIC GGC GAC GAC CAG CCC GCC GCC GAA CTG CTC GCC GAG ATG GGC G&C GAC

AV P V G D D Q P A A E L L A E M G G D

2641 2671

CTC GIC CCC TAT CAG CGG GGC TTT GAG TTC GCC GAG GIG GAG CCC GCC CAG GAG ACC ACC

L v P Y Q R G F E F A E V E P A Q E T T

2701 2731

TGG GAG CAT CTG CTC GEC CAG CAG AGC ATG ATG TCC GCC TTG TGG TTC GCG CCG TTC AGC

W E H L L G Q Q §s M M S A L W F A P F S
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2761 2791

GGC GCC GCC ACG ATG GAC GAC ATC GIC GAC TTC GCC CGC GAC TGG CGT CCC GAC CTC GIC
G A A T ™M D D I v D F A R D W R P D L V
2821 2851

GTA TGG GAA CCC TGG ACC TAC GCC GGG CCG ATC GCG GCT CGT GCC TGC GEC GCC GCC ACC
v W E P W T Y A G P | A A R A C G A A T
2881 2911

GCG CGT ATC CTC TGG GEC CCC GAC GCC ATC GGA CGG TCC CGG CGG CEC TTC CTC GAA GCG
A R | L W G P D A | G R R R R F L E A

S
CTC GAA CGA GIG CCG GAG GAG CTG CGC GAG GAC CCC ATC GCC GAA TGG CTC GGC TGG ACG
L E R V P E E L R E D P | E L w T

CTG GAC CGG TAC GGG TGC GCC TTC GAC GAA CGC GAC

GT
L D R Y G C A F D E R D V
Al Al

A w G
G CTC GGEC CAC TGG GIG ATC GAC
L G H W V

A T

CCG GEG CCC CGC AGT ACC CGA CTG GAC CTG GGA CAG CG GIC CCC ATG TGC TAC GIG

P G P R S T R L DL G Q T T V P M C Y V
3121 3151
CCC TAT AAC GGG CGC GCC GIC ATC GAA CCC TGG CTT GCC GAG AAG CCC GAG CGC CCT CGC
P Y N G R A V | E P W L A E K P E R P R
3181 3211
GTC TGC CTC ACT CTC GGG ATC TCC GCC CGC GAG ACC TAC GGC CGC GAC GCG GIC TCC TAC
vV C L T L G 1 S AR E T Y G R D A V S Y
3241 3271 MidI
TCC GAG TTG CTT CAG GCG CTG GGC CGC ATG GAG ATC GAG GIG GIG GCC ACC CTC GAT GCC
S E L L Q A L G R M E I E V V A T L D A
3301 3331
TCG CAG CAG AAG CGC CTC GGC AGC CTT CCC GAC AAC GIC GIG CCG GTG GAC TTC GIG CCG
S Q Q K R L G S L P D N V V P V D F V P
3361 3391
CTC GAC GOG CTG CTG CCG AGC TGT GCC GCG ATC ATC CAC CAC GGC GGC GOG GGC ACT TGG
L D A L L P S C A A I I H H G G A G T W
3421 3451
TCC ACC GCC CTG CTC CAC GGC GTA CCG CAG ATC CTG CTG CCC GOG CTG TGG GAC GCG CCG
S T A L L H G V P Q | L L P A L W D A P
3481 3511
CTC AAG GCC CAG CAG CTC CAG CGC CTG TCG GCC GGA CTC AAC CTG CCC GCC GOG ACC CTC
L K A Q Q L Q R L S A G L N L P A A T L
3541 3571
ACG GCG CGC CGC TTG GCC GAC GOG GIG CAC ACG GCC GTA CAC GAT CCC GCG ATC CGG GOG
T AR R L A D A V H T A V H D P A I R A
3601 3631
GGC GOG CGG CGG CTG CGC GAG GAG ATG CTC GCC GAC CCC ACG CCC GCG GCA ATC GTC CCC
G AR R L R E E M L A D P T P A A I vV P
3661 3691
ACG CTG GAG CGC CTC ACC GCC CTG CAC CGG GCG GCC TGA CGC AAC GTT CGA ACG GAG CCG
T L E R L T A L H R A A =+
3721 3751
ATC CAC CAT GCC CGA CAG TCA TGC CCT GAG CGA GCT GCT CGC CGC GAG CCG CGC GCC CGA
M P D S H A L S E L L A A S R A P D
MidJ —P>
3781 3811
CCA CAC CCC CGA GGA CAT CGC CGC GCT GCC CCT GCC CGA ATC CTT CCG GGC CGT GAC CGT
H T P E D | A A L P L P E S F R A V T V
3841 3871
CCA CAA AGA GGA CAC CGA GAT GIT CCG CGG CAT GAC CAG CGC GGA CAA GGA CCC GOG CAA
H K E D T E M F R G M T S A D K D P R K
3901 3931
GTC GCT GTG CGT CGA CGA GGT GCC GGT TCC CGA AGT CGG GCC CGG CGA GGC CCT GAT AGC
s L ¢C VvV D E V P V P E V G P G E A L | A
3961 3991
GGT GAT GGC CAG CTC GGT CAA CTA CAA CAC CGT GIG GIC GTC CCT CTT CGA GCC GAT GCC MidJd
vV M A S S V N Y N T V W S S L F E P M P
4021 4051
GAC CTT CGG CTT CCT GGA GOG CTA COG GCC GCA CCT CGC CGT GGC CGC TCG TCA CGA CCT
T F G F L E R Y R P H L A V A A R H D L
4081 4111
GCC GTA CCA CAT CCT CGG CTC CGA CCT GGC CGG CGT TGT GCT ACG CAC CGG CCC GGG GGT
P Y H | L 6 S DL A G V V L R T G P G V
4141 4171
GAA TGT TTG GGC GCC CGG CGA CGA GAT CGI GGC GCA CTG TCT AAC GGT GGA GCT GGA AAA
N V. W A P G D E | V A H C L T V E L E N
4201 4231
CCC GGA CGG ACA CGA CGA CAC CCT GCT CGA CCC GGC CCA GOG GAT CTG GGG CTT CGA GAC
L L R I G F T

p D G H D D T
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4261/ 1421 4291

CAA CTT CGG CGG CCT GGC CGA GAT AGC CCT GGT CAA GGC CAA CCA GCT GAT GCC CAA GGC
N F G G L A E | A L V K A N Q L M P K A

4321 4351

CGC ACA CCT CAC CTG GGA GGA GEC CEC CEC ACC GEG TCT GGT GAA CTC CAC CG&C CTA CCG
A H L T W E E A A A P G L V N S T A Y R

4381 4411

TCA GCT GGT CTC CCG CAA CGG CGC CGG CAT GAA GCA GCA CAA CGT GIT GAT CTG GGG CGC
Q L v S R N G A G M K Q H N V L | W G A

4441 4471

CAG CGG CGG TCT GGG CTC GTA CGC CAC CCA GCT CGC CCT CGC CGG TGG GEC CAA CCC car
s 6 6 L 6 s 'Y A T Q L A L A G G A N P V

4501 4531

CTG TGI GGT' CTC CAA CCA GCG CAA GEC CGA GGT GIG CCG GEC CAT GGG CGC GGG GGC GAT
c v vV s N Q R K A E V C R A M G A G A |

4561 4591

CAT CGA CCG CTC GGEC CGA GGA CTA CCG CTT CTG GAG CGA CGA GCA GAC CCA GAA TCC &CG
| b R S A E DY R F W S D E Q T Q N P R

4621 4651

GGA GIG GAA GCG GIT CGG TGC CCG TAT CCG GGA GIC GAC CGG TGG TGA GGA CGT GGA CAT
E W K R F G A R | R E § T G G E D Vv D | MidJd

4681 4711

CGT CTT CGA GCA TCC TGG CCG GGA GAC GIT CGG GEC GIC TGT CTA CGT CGC CCG CCG GGG
v F E H P G R E T F G A S V Y V A R R G

4741 4771

CGG CAC CAT CGT CAC CTG CGC CTC CAC TTC CGG CTA CCG TCA CGA GIT CGA CAA CCG CTA
G T | v T C A s T S8 G Y R H E F D N R Y

4801 4831

TCT GIG GAT GCA CCT CAA GCG CAT CGI CGG CAC CCA CTT CGC CAA CTA CCG CGA GGC ATG
L W M H L K R | v G T H F A N Y R E A W

4861 4891

GGA GEC GAA CCG CCT CGT CAC CAA AGG GAA GAT TTA CTC CAC CCT CTC CTG CAC CTA CCC
E A N R L V T K G K I y § T L s C T Y P

4921 4951

GCT G&C TTT TTT CGC GCT TGC CGT CCA CGA CGT GCA CCG CAA CGT CCA CCA GGG CAA GGT
L A F F A L AV H D V H R N V H Q G K V

4981 5011

CGG CGI' GCT GIG TCT GGC CCC GAT GGA GGG TCT GGG CGT GCG CGA CGA GGA GAT GCG CGC
G v L ¢ L A P M E G L G V R D E E M R A

5041 5071

GCA GCA CCT CGA CGC GAT CAA CCG ATT CCG Cre ACC GCT CCT TTG TCC CGA GGC ATA TCC
Q H L D A | N R F R *

5101 5131

GCC GCT CGTI CCC GGA GGT TTT TTC AAA GGA GGG GCC CAC AGT CCG AAA GCG GIT TCA TGC

5161 5191

AGG CGC TCG GCT GGG GGI TTC CCA GCC GAG CGTI TTG TTG CGI' GGG CTT TTG GIC GCG ATG

5221
GCC G G
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7.6. Sequence alignment of the MidD protein with other thioesterases for construction
of MidD-tree in Fig. 5.2

M dDSny
ORF12Ane
Thi ESgr

Pi kAVSve
Tyl CSfr

G sTBbr
TesAM u
MLCB12. 04C
O f 1Shy
PchCPae
SC3F7. 14Sco
Ery3Ser

Srf ADBsu

M dDSny
ORF12Ane
Thi ESgr

Pi KAVSve
Tyl OSfr

G sTBbr
TesAM u
MLCB12. 04C
O f 1Shy
PchCPae
SC3F7. 14Sco
Ery3Ser

Srf ADBsu

M dDSny
ORF12Ane
Thi ESgr

Pi KAVSve
Tyl OSfr

G sTBbr
TesAM u
M.CB12. 04C
O f 1Shy
PchCPae
SC3F7. 14Sco
Ery3Sery
Srf ADBsu

M dDSny
ORF12Ane
Thi ESgr

Pi KAVSve
Tyl OSfr

G sTBbr
TesAM u
M.CB12. 04C
O f 1Shy
PchCPae
SC3F7. 14Sco
Er y3Ser

Srf ADBsu

LVLRRL- PARPAPAVRLVCFPHAGGSATSF- LPFVQTL PDQVEMLAVQYPGRQDRRGEPLI GTI EG
KWLRRF- ERAPDARARL VCL PHAGGSASFF- FPLAKAL APAVEVL AVQYPGRQDRRHEPPVDS| GG
RW.RRYHP- AEADAVRL VCFPHAGGSASFY- HPVSARFAPGAEVVSL QYPGRQDRRKEPCVPDL GT
LW RRFHP- APNSAVRLVCL PHAGGSASYF- FRFSEEL HPSVEAL SVQYPGRQDRRAEPCL ESVEE
MALRCYAPVPGTPAHRL VCFPHAGGSARAYRPFAL EL AAAGVETHAVQYPGRQDRRKEPFARTLEE
KWFVNAN- VNSAAKLRLFCl PYAGGGASAF- YEWSHFFPKEI EVCSI QLPGRENRGAEVPLTNLQQ
GHSDDSSGDAKQAAPTLYI FPHAGGT AKDY- VAFSREFSADVKRI AVQYPGQHDRSGLPPLESI PT
GHSNNGNDDETSTTPTLYI FPHAGGDATYY- VPFSREFSADI KRI AVHYPGORDGYGLPALTSI PA
MIDW QSVSAPDAVARVVCL SRAGGSARDF- DRWRAPMGEDVEL AAVQL PGRL DRFHEPPL SDLHE
AAWRPFRL TPMPRLRLACFPHAGGSASFF- RSWSERL PPDI DLL AL QYPGREDRFNEAPATRLED
AAPAAEPPDPAAAPL RLVCFPYAGGTVSAF- RGWERL GDEVAVVPVQL PGRGLRLRERPYDTMEP
STW.RRFGPPVEHRARL VCFPHAGAAADSY- L DL ARALAPEI DVDAVQYPGRQDRRDEEPL GTAGE
SQLFKSFDA- - SEKTQLI CFPFAGGYSASF- RPLHAFL QGECEMLAAEPPGHGTNQ TSAI EDLEE

LVEPLAEVLATHSDRP- - - - LVLFGHSMGATVAYEVARVL QORGA- APAGLVVSGRRAPI VNRPMT
LTNRLLEVLRPFGDRP- - - - LALFGHSMGAI | GYELAL RVPEAGL PAPVHL FASGRRAPSRYRDDD
LDLI TEQLL- PLDERP- - - - TVFFGHSMGAAL AFETAVRL EQKGA- GPRTVI ASGRRGPSTTRAER
LAEHWAATEPWNEGR- - - LAFFGHSLGASVAFETARI LEQRHGVRPEGL YVSGRRAPSLAPDRL
LAERVLPELRRL L DAPDGVPVAL FGHSMGAVWAYETARL LHRSGAPRPAGL | LSGRRAPTADRTET
| VEI VAEEI QPLI NI PF- - - - AFLGHSMGAL | SFELARTI ROKSNVNPVHL FVSGRHAPQI PCAKQ
LADElI FAMVKPSARI DD- - PVAFFGHSMSEGMLAFEVALRY- QSAGHRVLAFFVSACSAPGHI RYKQ
LADEI FAI MKPSAPPEG- - AVAFFGHSMEGMLAFEVAL RF- QSAGYRLI ALFVSACSAPGYI RYKQ
| AEEVAAALTTLPARP- - - - YVLFGDCMGAL LAFETACAL RRRGAAPPDCL VWASYPAPDRLRTER
LADGAAL AL RDFADAP- - - - LALFGHSLGAALAYETALRLET- PAALR- HLFVSAHPAPHRQRGGA
LAEAVADALEEHRLTHD- - - YALFGHSMGAL LAYEVACVL RRRGAPRPRHL FVSGSRAPHL YGDRA
I ADEVAAVLRASGGEDG - - PFALFGHSMGAL I AYETARRL EREPGGGPLRL FVSGQTAPRVHERRT
LTDLYKQELNLRPDR- - - - PFVLFGHSMEGM TFRLAQKLEREQ FPQAVI | - SAI QPPHI QRKKV

- VHLYDDDRL LAEL RSL EGTDESL L NDPEL L QWL PAI RNDYRAVGT YTHPPGAPLASALTVFTG
- VRGASDERL VAEL RKL GGSDAAM_ADPEL L AMWL PAI RSDYRAVET YRHEPGRRVDCPVTVFTG
- VHTRDDDG VAEMKRLNGTAAGVL GDEEI LRVAL PALRGDYRAI ETYTCPPDRRLACGLT- LTG
- VHQLDDRAFLAEI RRLSGTDERFLQDDEL L RLVL PALRSDYKAAETYLHRPSAKL TCPVVALAG
- AHLLGDREL LAEI RRLQGTDPGAL ADEEVL RWL PAI RGDYAAVGRYRHVPGPRPGCPLTVFTG
DYHLLPDEQFI QELRSLNGTPEI VLQDAEMVSI LLPRLRADFSVCGSYQYKNDEPFECPI TAFGG
- LQDL SDREM. DL FTRMI GVNPDFFTDDEFFVGAL PTLRAV- RAI AGYSCPPETKLSCPI YAFI G
- | KDFSDNDML. DL VVRMI GWNPDFFEDEEFRVGVLPTLRAA- Rl | AGYNCPPETTVSCPI YTYI G
PYGDGSADDL RQRL REVGGVPPAVL DEDEL FEL M_PM_RADFAAFEGYRHRPTEPL SVDI HALVG
- LHRG- DEAALLEDVRRQGGASEL LEDADLRALFLPI LRADYQAI ETYRRAQPI ALACALDVLLG
- DHTLSDTALREVI RDL GGLDDADTL GAAYFDRRL PVL RADL RACERYDWHPRPPL DCPTTAFSA
- DLPGDDG- LVDELRRL- GTSEAALADEAL L AVSL PVLRADYRVLRSYAWADGPPLRAG TALCG
- SHLPDDQFLDHI | Q- LGGVPAEL VENKEVMSFFL PSFRSDYRALEQFEL YDLAQN QSPVHVENG

ADDPNVTATEAAAVQAVAEAGAQVRT FPGGHFFL YQQVAEVCGALVD- TLAPLLPAG
DHDPRVSVGEARAVEEHT TGPADL RVL PGGHFFLVDQAAPM ATMTE- KLAG- - PAL
EDDPLTTVEEAERWRDHT TGPFRLRVFTGGHFFLTOQHLDAVNTEI AQ- ALHPD- RAA
DRDPKAPL NEVAEVWRRHT SGPFCL RAYSGGHFYLNDQWHEI CNDI SD- HLLVTRGAP
DADPNVTLPEAEAVREL TTGAFALRVFPGGHFYLNDQREAVCRTI EE- TLRHGSKSA
KNDNGVT YQSL EAVWREQT KREFSVCMYPCGDHFFL YESKYEM EFMCK- QLRLVLAPK
DKDW ATQDDVDPWRDRT TEEFSI RVFPGDHFYLNDNLPELVSDI EDKTL QWHDRA-

DKDW ATQEDMKPWRERT TGAFAI RVFPGDHFYLNGNL SELVCDI EDKTL EWCDRA-

ADDPYVTVTDLHGWORHT TGEFTARAL PGGHFFLHESDDAVSRVRSL - ALAGARAAR
EHDEEVSAAEAQAWSDASRT PARL RRFPGGHFYLSEGRDAVI EHLLR- RLAHPDALS
AADPI ATPEMVEAVRPYTTGSFL RRHL PGNHFFLNGGPSRDRLLAHLGTELDALGT T
DADPL TATGDAERW.QHSVI PGRTRTFPGCGHF YL GEQVTEVAGAVRRDLLRAGLAG

L DDKK- CI RDAEGWKK- WAKDI TFHQFDGGHMFLLSQTEEVAERI FA- | LNQHPI | Q
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7.7. Sequence alignment of the MidA protein with other dTDP-glucose synthases for
construction of MidA-tree in Fig. 5.2

St r DSgr M - - - KALVLAGGTGTRLRPI THTSAKQLVPVANKPVLFYGLEAI RAAG | DVA WG DTAD
a eDSanl V- - - - KALVLAGGSGTRLRPI THTSAKQLVAVANKPVLFYGLEAI AAAG TDVGLI VG DTAG
A eDSan2 M - - - KALVLAGGSGTRLRPI THTSAKQLVAVANKPVLFYGLEAI AAAG TDVGLI VG- DTAG
G aDSvi M - - - KALI LSGGMCEDRLRPFTYSMPKQLVPVANKPI LVHCLENVRAI GVEEVAVWWG- DRAD
Dnr LSpe M - - - KALVLSGGSGTRLRPFTHTSPKQLVPVANKPVLYYVLEDI AQASI TEVA WG ETSN
RmM AM e M ---RA | LAGGSGTRLYPI TLA SKQLLPVYDKPM YYPLSTLMVAG RDI LVI TTAHDAP
Tyl Al Sfr M - - - KG | LAGGSGTRLRPLTGTLSKQLLPVYDKPM YYPLSVLMLAG REIl Q | SSKDHLD
M dASny M - - - KA | LAGGGGTRLRPLTGTLSKQLLPVYNKPM YYPLSVLM.GG NEI LI | STPDHI L
AcbAAct M/GHVRG LLAGGTGSRLRPVTWAVSKQLMPVYDKPM YYPLATLVSCG REI LVI TTETEAA
Yi f GEco M - - - K@ MLAGGSGTRLHPI TRGVSKQLLPI YDKPM YYPLSVLMLAG REI LI | TTPEDKG
Rm AEco MKTR- KA | LAGGSGTRLYPVTMVAVSKQLLPI YDKPM YYPLSTLMLAG RDI LI | STPQDTP
LnbCsl i M T- - - LWLAGGRGTRLGAYA- TTAKAL L PVDGEPFLVRAL RRYRAGAASPMSCCAPGHHAA
St r DSgr El VAAVGDGSRFGLKVSY! PQSKPLGLAHCVLI SRDFLGEDDFI MYL GDNFVVGVVEDSVREF
A eDSan1 EVRAPVCGDGAKFGLDI TYI EQSRPLG.AHAVLI AHTYL GDDDFVMYLGDNFI VGG DDLVRTF
a eDSan2 EVRAAVCGDGAKFGLDI TYI EQSRPLGLAHAVLI AHT YL GDDDFVMYLGDNFI VGG DDLVRTF
G aDSvi EVRAVWCGDGSAFGLDVTYL QQEAPLG.AHCVSI AEEFL GDEDFVMYLGDNI LAEG AESARAF
Dnr LSpe El RKAVGSGDRFGLRVTYLPQEAPLGLAHAVLI ARDYL GEEDFVMYLGDNFVVGE AGNSSTF
RmM AM e GFKRLLGDGTQFGVYNI SYATQDHPDGLAQAFVI GANHI GADTVALVLGDNI FYGPGLGTSLR-
Tyl Al Sfr LFRSLLGEGDRLGLSI SYAEQREPRG AEAFLI GARHI GGDDAALI LGDNVFHGPGFSSVLTG
M dASny EQFSGCVWRRVRLGLDI TYAESPSPRG AQALTI GSDHI GNSPVALI LGDNI FHGPGFSSVLQG
AcbAAct QFORLLGDGSQWGEL RLEFAVQORPGAE AEAFLI GEEFLAGGPVALM_GDNL LHGVDFRPCVQR
Yi f GEco YFQRLLGDVGEFG QLEYAEQPSPDGLAQAFI | GETFLNGEPSCLVLGDNI FFGQGFSPKLRH
Rm AEco RFQQL L CDGSQWGELNL QYKVQPSPDGLAQAFI | GEDFI GGDDCALVLGDNI FYGHDL PKLVEA
LnbCsl i QVQEVI GDGSALGLRVTHSAEPEPLGPI GALRHALPLLPET- - - - YLLTYCDVVPTI DV- - - -
St r DSgr RAAR- P- - DAHLMLTRVPEPRSFGVAEL S- DSGQVL GLEEKPAHPKSDLALVGVYLFSPAI HE
A eDSan1 RDGRRP--AARI - - - == - e o e e e e e e GWGVYFFTPPSTR
a eDSan2 RDGRPP- - AARI LL THVSDPSAFGVAEL D- DDGRVVGLEEKPRHPKSDLALVGVYFFTPAI HE
G aDSvi RDER- S- - AARLLLTKVADPRAYGVAETD- ATGRVHALVEKPERPRSDLAVI GVYFFTAAVHD
Dnr LSpe RAER- P- - DAQI LLTRVSDPSSFGVAEI G- CDGRVVALEEKPRHPRSDLAVWA YLFTPVVHE
RmM AM e RFQYVS- - GGAI FAYCVANPSSYG VELG D- G ALSLEEKPATPKSQYAVPGLYFYDNDVVE
Tyl Al Sfr TVARLD- - GCCELFGYPVKDAHRYGVGEI DSG- GRLLSLEEKPRRPLEP- GRHRLYLYTNDVVE
M dASny SI RHLD- - GCVLFGYPVSDPGRYGVGEI DRD- GLLLSLEEKPVRPRSNLAVTGLYLYDNDVVD
AcbAAct ARET- A- - GGHVFGVAVADPSAYGVVEFDAA- GRVLSI EEKPVRPRSPYAVPGFYL YDADVVE
Yi f GEco VAARTE- - GP- VFGYQVNVDPERFGXVEFD- DNFRAI SLEEKPKQPKSNWAVT GL YFYDSKVVE
Rm AEco AVNKES- - GATVFAYHVNDPERYGVVEFD- NNGTAI SLEEKPLEPKSNYAVTGLYFYDNDVVE
LmbOSl i R T SFTAAARASDCPAVNVAVGTAPTPPEANVLLSG - - - - QQVSS
St r DSgr AVAA- | TPSWRCGELEI TDAVQWLI DAGRDVRSTVI SGY- WKDTGNVTDMLEVNRLVLE

d eDSanl PSAP- | EPSVRGELEI THAI QHLI DNGADI QSMWVI EGY- WKDTGNVADMLEVNRTVLE

A eDSan2 AVRA- | EPSWRGELEI THAI QHLI DNGADI QGSMWVI EGY- WKDTGNVADMLEVNRTVLE

G aDSvi AVRA- | EPSARGELEI TDAI QYLVERGDRVVADEYTGY- WKDTGSPDDLLDCNRVLLG

Dnr LSpe AVRA- LTPSRRCGELEI TDALQALLDGPYDVRYTTI SGY- WKDTGNVADM_EVNRAVLD

RmM AM e | AR- GLTKSARGEYEI TEVNQ YLNQGRLTVEVLARGTAW.DTGTFDSL L DASDFV- -

Tyl Al Sfr | AR- TI SPSARGEL El TDVNKVYLEQGR- AAHGAGAVVAW. DMGTHDSL L QAGQYV- -

M dASny | AK- NI RPSARGELEI TDVNKVYLEQRRARL | EL GHGFAW. DMGTHDSL L QASQYV- -

AcbAAct TAR- SLRPSARCGELEI TEVNQAYLRRGAL SVTLLGRGAG LARHRHPGRLHARGRL - -

Yi f GEco YAKQ VKPSERGELEI TSI NQWLEAGNLTVELLGRGFAW.DTGTHDSL| EASTFV- -

Rm AEco MARKNLKPSARGELEI TDI NRI' YMEQGRL SVAMMGRGYAW.DTGTHQSL I EASNFI - -

LmbOSl i YAKSPPPGATHCDRGLLALERRLLDRHP- - - - - - - - - - GRTEADFYGALARRGELGAV
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St r DSgr
d eDSsanl
d eDSan2
G aDSvi
Dnr LSpe
Rm AM e
Tyl Al Sfr
M dASny
AcbAAct
Yi f GEco
Rm AEco
LmbCsl i

St r DSgr
ad eDSanl
ad eDSsan2
G aDSvi
Dnr LSpe
Rm AM e
Tyl Al Sfr
M dASny
AcbAAct
Yi f GEco
Rm AEco
LnbCsl i

TT- EPRCDGLVDERSGLI GRVLVEEGAEVRNSRVMGPTVI GAGTRVTNSYVGPFTSLAEDC
DL- EPRI EGTVDEHTVWI GRVWVGEGARVTNSRI MGPAI | GAGPEI SDSY! GPFTSVGDNC
DL- EPRI EGTVDEHTVVI GRVWVGEGARVTNSRI MGPAI | GAGAEI SDSY! GPFTSVGDNC
RL- RPGVHGEVDAASTVEGTVWVEAGRSWEDSRL VGPL VWGAGSVWRGSEL GPYTAL GRDC
G - EPGVEGQADAASEL VGRVRI EAGAQI RASRI VARRHRAG- - RVTDR- TSALHVDRGDC
-------- RTLERRQGL- - KVSVPEEVSVRVGW DDEQLAL RAHSLAKSGYGCY- - - - - - -

-------- RARHRRGP- - - - - GHQDRL CGGGGL AGRFPRHRARACPRRAVDEQR: - - - - - -
-------- QTVEKRQGF- - KI ACLEEI AWRNGW. DDEGVKRAASSL AKTGYGQY- - - - - - -
-------- ATI EERQGL- - KVSCPEEI AYRKGF| DAEQVKVLAEPLKKNAYGQY- - - - - - -
Rl GAPGADI GTAHR: - - = = = = = = === = cm e o ee e cee e YERYL RTGEK-

VWEDSEVEFS! VLRGASI SGVR- Rl EASLI GRHVQVTSAPEVPHAHRL VL GDHSRAQI SS
Rl TGSEMEFSI MLAESAI TGVR- Rl EGSLI GRNVQVTQSL HAPNAHRFVL GDHSKVE! Q8
RI TGSEMEFSI MLAESAI TGVR- Rl EGSLI GRNVQVTQSL HAPNAHRFVL GDHSKVE! QS
VLEDAG RDSI VLDGVSI QGVR- GLSGSLI GRSAAV- RTGEAAGRR- LI | GDHTQAEVAA
SI ETARSSLHHA- GRLPAHGTR- RVQHSLL GRNVTVAPAPRVPAGSRL| LGDDSRVEI SS
---------------------------- L SEL L ERGXFRQAXPTPRRLLWSTGLTEQALC
---------------------------- | | DVAVRGAAA- - - - - - = - - - - - D- SRAQ - -

---------------------------- LRTVPAGSDRRRAQPYPQ: WPA- - - LTAAAG:
---------------------------- LLELL- - - RARPRQ Y- - - === -===---=-
---------------------------- LLKM - - =K== G == Yeommmmmmmmmce e

7.8. Sequence alignment of the MidB protein with other dTDP-glucose 4,6-
dehydratases for construction of MidB-tree in Fig. 5.2

SCF81. 08c
St r ESgr
St r ESgl

d eESan
G aESvi
Tyl Al'l Sfr
M dBSny
CGdhSer
AcbBAct
AcbDSgl
Rf f EEco
Rm BEco
LnbMsSI i

SCF81. 08c
St r ESgr
St r ESgl

d eESan
G aESvi
Tyl Al Sfr
M dBSny
CdhSer
AcbBAct
AcbDSgl
Rf f EEcO
Rm BEco
LnbMsl i

- NI LVTGAAGHI GSRYVRGLLASDAPG- - - APRVTVLDALTYAGSTANFTLELGHPRLEF
- HLLVTGAAGFI GSQYVRTLL- G- - PGGPPDVVVTAL DAL TYAGNPDNL AAVRGHPRYRF
TRLLVTGGAGFI GSHYVRTLL- G- - PDGPPDAVVTVLDAL SYAGNLANL DPVRDHPRL RF
- NLLVTGAAGHI GSRYVHHLLEATRRGREPAPVI TVLDKLTYAGV- - - LGNVPDDPAVTF
- RLLVTGAAGFI GSHYVREI LAGSYPESDDVH- VTVVDRL TYAGRRDNL PE— HHERL DF
- RVLVTGGAGH| GSHFTGQLLTGAYPDLGATRTV- VLDKL TYAGNPANL EHVAGHPDLEF
QRI LVTGGAGFI GSRFVNAL LNGSLPEFGKPEVV- VLDALTYAGNLANLAPVGDCGGLRV
- RVLVTGGAGHI GSHYVRQLL GGAYPAFAGADVV- VL DKL TYAGNEENL RPVADDPRFRF
- KI LVTGGAGFI GSHFVTSLI SGDI ATPQPVTQVTVVDKL GYGGNL RNLAEASADPRFSF
TTI LVTGGAGHI GSAYVRRLLSPGAP- - GGV- AVTVLDKLTYAGSLARLHAVRDHPGLTF
RKI LI TGGAGFI GSALVRYI | N- - - - - - ETSDAVVVVDKLTYAGNL MSLAPVAQSERFAF
- KI LVTGGAGHI GSAWRHI | N- - - - - - NTCQDSVVNVDKLTYAGNLESLAEI SDSERYSF
GRYCVHRGAGFI GSPTSSKRLLAE- - - - EGTRGVWAYDDLSNTTT- RW EPLLADERLRF

VHGDI RDAALVDRLTAGA- - DOVWHFAAESHVDRSI HAASDFVL TNVVGT QF TNLL DAAL
ERGDI CDAPG- RRVVAG- Q- DQVVHLAAESHVDRSLLDASVFVRTNVHGT Q- T- LLDAAT
VHGDI CDADLVDRVVAG- Q- DQVVHLAAESHVDRSL LDAAAFVRTNAGGT Q- T- LLDAAL
VRGDI ADAPLVDSL MAEA- - DOVVHFAAETHVDRSI TSPGTFVRTNVLGTQV- - LLDAAL
VHGDI CDRDLLDRVLPGH - DAVWHFAAESHVDRSL TGPGEFVRTNVMGT Q- Q- LLDAAL
VRGDI ADHGWARRL MEGV- - GLVVHFAAESHVDRS| ESSEAFVRTNVEGTRV- - LLQAAV
VAWDI CDRSTVALANVAGA- - DL VWHFAAESHVDRSI DDADAFVRTNVLGTHV- - LLREAL
VRGDI CEVWDVVSEVMREV- - DVWWHFAAETHVDRSI LGASDFWTNVWGTN- T- LLQGAL
VRGDI CDEGLI EGLMARH- - DTVAHFAAETHVDRSVWASGPFVASNLVGT QV- - LLDAAL
VQGDVCDTALVDTLAARH- - DDI VHFAAESHVDRSI TDSGAFTRTNVLGTQV- - LLDAAL
EKVDI CDRAEL ARVFTEHQPDCVMHLAAESHVDRSI DGPAAFI ETNI VGTY- T- LLEAAR
ENADI CDAEGDGL YFGQHQL DAVMHLAAESHVDRSI TGPAAFI ETNI VGTYV- - LLEAAR
VRADVLDTA- - - RL- TEELADDVCHL ASSVDVRKGYHDRGFDLRQCAEGTL- S- VLNAMR
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SCF81.08¢c - -------- RHGVGPFVHVSTDEVYGSVDAGS- - - - - - - - - - ATEEHPLRPSSPYSASKA-
StrESgr  --------- RHGVASFVQVSTDEVYGSLEHGS- - - - ---- - - W' EDEPL RPNSPYSASKA-
StrESgl 0 - RHGVAPFVQVSTDEVYGSLETGS- - - ------ - WI'EDEPL RPNSPYAT SKA-
OeEsan  --------- RHGVGPFVHVSTDEVYGSI EHGS- - - - ---- - - WPEHQPL CPNSPYSASKA-
GaEsvi @ - HAGVDRVLHVSTDEVYGSLDSGT- - - - - - - - - - WI'EDSPLLPNSPYAASKA-
TylA'l Sfr e - - - DAGVGRFVHI STDEVYGSI AEGS- --------- WPEDHPVAPNSPYAATKA-
MdBSny oo AVRPGRFVHVSTDEVYGSI PEGS---------- WSEDHPL SPNSPYAASKA-
GdhSer  --------- AANVSKFVHVSTDEVYGTI EHGS- - -------- WPEDHL L EPNSPYSAAKA-
AcbBAct --------- RHHI GRFLHVSTDEVYGSI DTGS---------- WAEGHPL APNSPYAASKA-
AcbDSgl --------- RHGVRTFVHVSTDEVYGSLPHGA- - - - - - - - - - AAESDPLLPTSPYAASKA-
Rf f EEco AYWNAL TEDKKSAFRFHHI STDEVYGDLHSTDD- - - - - - - - FFTETTPYAPSSPYSASKA-
Rm BEco NYWSGL DDEKKKNFRFHHI STDEVYGDL PHPDEVNSNETLQLFTETTAYAPSSPYSASKA-
LnbMsS| i A- - SG P- - RTVLFS- - - - SSSTVYGD- - - - - - - - - PVTLPTPEHAGPYAPHL DVRGREAL
SCF81. 08¢ SGDLLALSYHRFTTHGLDVRVTRCSNNYGPHQFPEKL VPL FVTRL L DGHRVPL YGDGRNV
St r ESgr SGDLLALAHHV- S- HGLDVRVTRCSNNYGPRQFPEKLI PRFI TLLVDGHRVPLYCGDGLNV
St r ESgl SGDLLALAMHV- S- HGLDVRI TRCSNNYGPYQFPEKLVPRFVTLLLEGRKVPLYGDGLHV
A eESan SSDLLALSYHR- T- HGLDVRVTRCSNNYGPHQFPEKI VPLFVTNLLDGLRVPLYCGDGLNV
G aESvi STTWSAAPTTV- R- HGLDVRI TRCSNNYGPROHPEKLI PNFVTRLLTGRQVPL YGDGRNV
Tyl Al'l Sfr ASDLLALAYHR- T- YALDVRVTRCSNNYGPRQYPEKAVPLFTTNLLDGLPVPLYGDGGENT
M dBSny ASDQLALAFHR- T- HGLPVCVTRCSNNYGPYQYPEKI | PLFVSNLLDGAAVPL YGDGGNR
GdhSer GSDLI ARAYHR- T- HGLPVCI TRCSNNYGPYQFPEKVLPLFI TNLVDGRRVPLYCGDGLNV
AcbBAct GSDLLALAYHQ T- HGVDVVWTRCSNNYGPRQFPEKM PLFVTRLLDGLDVPVYCGDGRNI
AcbDSgl ASDL MALAHHR- T- HGL DVRVTRCSNNFGPHOQHPEKL | PRFLTSLLSGGTVPL YGDGRHV
Rf f EEco SSDHLVRAWLR- T- YGLPTLI TNCSNNYGPYHFPEKLI PLM LNALAGKSLPVYGNGQQ
Rm BEco SSDHLVRAVKR- T- YGLPTI VSNCSNNYGPYHFPEKLI PLVI LNALEGKALPI YCKGDQ
LmbMS| i AAEGLL SANCHL - - DGFTAHVFRFGNVVGGERVNHGVI HDFI EKL DARRVRLQVL GDGRQR
SCF81. 08c RDW.HVDDHCRGFTVDLVRTRGRAGE- VYNI GGGTELSNRDLTGAL - - - LLDACGAG: - - - - -
St r ESgr REW.HVDDHVRG EA- - VRTRGRAGR- VYNI GGGATLSNKELVGL- - - LLEAAGAD- - - - - -
St r ESgl RDW.HVDDHVGGE EA- - VRARGRAGR- VYNI GGGTSLANRDLVDL - - - LLKACGAG - - - - -
d eESan REW.HVDDHCL GVDL- - VRTQGRPGE- VYHI GGGTELTNRDLTGL- - - LLDAFGVG - - - - -
G aESvi REW.HVDDHCRALQL- - VLTKGRAGE- | YNI GGGSGVBNREMIAR- - - LLDLLGAD- - - - - -
Tyl ALl Sfr REW.HVDDHCRGVAL- - VGAGGRPGV- | YNI GGGTELTNAELTDR- - - | LELCGAD- - - - - -
M dBSny RDW.HVDDHCRG AL- - VARGGRPAK- VYNl GGGTELTNTELTER- - - PAEAVRTD- - - - - -
GdhSer RDW.HVTDHCRG QL- - VAESGRAGE- | YNI GGGTELTNKELTER- - - VLELMEQD- - - - - -
AcbBAct RDW.HVSDHCRGLAL- - ALGAGRAGE- VYHI GGGAEATNLELTEI - - - LLEACGAR- - - - - -
AcbDSgl RDW.HVDDHVR- - AVELVRVSGRPCGE- | YNI GGGTSLPNLELTHR- - - LLALCGAGP- - - - -
Rf f EEco RDW.YVEDHARAL YC- - VATTCGKVGET- YNI GGHNERKNLDVVETI CELLEEL APNKPHGVA
Rm BEco RDWLYVEDHARAL YT- - VWTEGKAGET- YNI GGHNEKKNI DVVFTI CDLLDEl VPKEKS- - -
LmbMS| i KNYFLVEECVDG - - - - LTASGKLGPG- FHVLNLGNPGTVSVDEI AAl VI DEMGALKGV- GLE
SCF81. 08¢ - - PDRI VHVEDRKGHDL RYSVDWF T SKAREEL GYRPHRDLATGL AETVAWYRDNRAWAEPL
St r ESgr - - WGSVEYVEDRKGHDRRYAVD- - STRI QREL GFAPAVDL ADGLAATVAWYHKHRSWAEPL
St r ESgl - - WDRVEHVPDRKGHDRRYSVD- - ASRI RREL GHVPATDL STGL AATVAWYRDNRAWAEPL
A eESan - - WDVVDPVADRKGHDRRYAL D- - CAKAADEL GYRPRRDFAEG ARTI DWYRDNRAWNEPL
G aESvi - - WDMVRHVEDRL GHDFRYAI D- - DSKI REEL GYAPRWSI ESGL GAVVDWYRDHPDFWRAP
Tyl Al Sfr - - RSALRRVADRPGHDRRYSVD- - TTKI REELGYAPRTG TEGLAGTVAWYRDNRAWNEPL
M dBSny - - WBAVREVPDRKGHDRRYSVD- Y- AKI ANELGYAPRI G DEGL ADTVRWYRENRAWAKPL
GdhSer - - WBMVQPVTDRKGHDRRYSVD- - HTKI SEEL GYEPVVPFERGLAETI EWRDNRAWNEPL
AcbBAct - - RSRI SFVTDRKGHDRRYSLD- Y- SKI AGELGYRPRVDFTDG AETVAWYRANRSWATDG
AcbDSgl - - - ERI VHVENRKGHDRRYAVD- - HSKI TAEL GYRPRTDFATALADTAKWYERHEDWARPL
Rf f EEco HYRDL| TFVADRPGHDL RYAI DA- - SKI AREL GCVPQETFESGVRKXVQWYLANESWAKQV
Rm BEco - YREQ TYVADRPGHDRRYAI DA- D- KI SRELGWKPQETFESG RKTVEWYLANTNWENV

LmbMS| i - - HEGG- - VRGAPGDVPVVEYDL - T- RV- HELGASAPTDGRQAI RTCARRL L AERGAQRP-



APPENDICES

7.9. Sequence alignment of the MidH protein with other putative isomerases for
construction of MidH-tree in Fig. 5.2

M dHSny
Dnr QSpe
Tyl M1 Sfr
A eP1San
DesVI | Sve
SnogNSno
Pr al0Anhi

M dHSmny
Dnr QSpe
Tyl M| Sfr
d eP1San
DesVI | Sve
SnogNSno
PralOAnhi

M dHSny
Dnr QSpe
Tyl M| Sfr
d eP1San
DesVI | Sve
SnogNSno
PralOAhi

M dHSny
Dnr QSpe
Tyl M| Sfr
a eP1San
DesVI | Sve
SnogNSno
PralOAnhi

M dHSmny
Dnr QSpe
Tyl M1 Sfr
A eP1San
DesVI | Sve
SnogNSno
Pr al0Anhi

VNAGTRELGRRLQL TRAAQNCAG QGDPYALI LRATADPAPL - EREI RARGPWFRSEL TGAW/T
AAPTDSEL GRHLL TVRGFHFVFGAL GDPYARRL RGEADHL SL - GEL VRDRGP- LHGSALGTWT
AHDL SR- AGRRL QL TRAAQWFAGNQGDPYGM LRAGTADPAPYEEEI RERGPLFHSELLGTW/T
MED- S- EL GRRL QVL RGVQW/FGANGDPYARL L CGVEDDPSPFYDAI RTLGE- LHRSRTGAWT
RAVADREL GTHLLETRGE HW HAANGDPYATVL RGQADDPYPAYERVRARGA- LSFSPTGSWT
MKLTDSELGRALLSLRGYQALRA HHDPYAL LLRAESDDPAQLGRLLRERGR- LHRSDTGTWT
MPSSKDAPTVDPRPDVTPAFPFRPD- DPF- - - - QPPCEHARL RASDPVAKWV- LPTCGDH AWV

ADPRWRQAAL ADRAFFDLVTEVAR- PYAVGALVLRL L GVYPDCDRDTMGRALAGCAPNFDARLARR
ADGGE SARLLDDPLLFDVVSDLAR- PAI AGSLAAVLG.PDEARAEL PDLLAACGPVLDSAL CPP
GSRHVADAVTADDAFLGVPAE- - R- - - - - SAL DAAHGNPGGPL PRFETALTGCRRALDALLCPQ
ADPGLGGRI LADRKAFDLVEEYAG- PVEVLA- - Rl WGVPEEDRARFGRDCRALAPALDSLL CPQ
ADHALAASI LCSTDFFVRPAVTLV- PYAAAA- AAVL GVPADRRADFADL LERLRPLSDSLLAPQ
ADHATASRLLADPRFFDLRADYAL - - VEAAC- - ALLALPAGQCSLFG- AFS- PAVLLDATVVPP
TRYADVRFVTSDRRF- - VI CEM_GVPPEDRPRFQDWIDRMLTI GAPALAQADEI KAAVGRLRGY

PW.SL GSPPTPSRPWPTMSRNNRPGEWGRVRRTPA- AARAVDRTL RDRPPARLESRVASTDLES
RLPVARAMI QAL RRVREL MAAKHDEQWSL L RADPGRAADAVEETLRWAPPVTLRSLI TQGEVQ
LLADARAGLAAEEAL RAVL GEERPAQVWRAL TADPGLAGAAI TETLLWAPPVRLESRVARETAVL
QLALSKDVASALEDLR- LLFD- - TGRVAAGQVAGQALHRAVSYRI ATRFA- REDLELAGCEVKS
SLRTVRAADGALAEL TAL LADDPPVQL DARVVRCGETEL AGRRL PAGAHVVWVL TAATGRDPEVFT
RLPEARAL| ASTAEL TALWPRAAPA- VEETLRHAPPARL FTLHATGPER- VADVDL PAGAEVA-
LAEL| DAKTAAPAD- DLLSLLG PAAVEELLRYGQ GGGAGAI RI AVEDVEVGGTLVRAGEAV-

RGC- Rl AADDHVWLAAA- GRDAPGPE- P- - ------------- LGCGRTRPHLALALPLI RLAA
GCGE- TLEADQHVVVLVDAAQRDPAL YEDPDRFRL DRPRSPGFTHVAL AGRDHL GLVAPLVRV(QC
AGR- TLPAGTHLVWLAAAANRDACRNAGPAVTGFDVLRRASD- - - - GGPQPH GLPEDLHFRLS
GDEVWLAGAI GRNGPSAAPPAPPGPAAPPAPSV- FGAAAFENAL AEPLVRAVTGAAL QALAEG
DPERFDLARPD- - - AAAHLALHPAGPYGPVASLVRL QAEVAL RTLAGRFPGLRQAGDVLRPRRA
------------ VWAAA- HRDPSWCPDPDRFDLTRNER- - - - HLALPPDLPLGALAPLLRVCA
----- | PL- - - - - FNAANRDPEVFADPEEL DL GRTDNPHI ALGHG HYCLGAPLARLELQWVLE

TTAVQVMAGRL PGLRVEDEPL TRPRSPVVCACARFRVHPG
TAVLRALAERL PGLRAEGEPL RRGRSPVVRAPLSLRLACQK
GPLVRRTAEAGLRALAEGPPRL TAAGPVVRRRRGLGRLPV
PPRLTAAGPVVRRRRSP- WGGELHRAPVA- A- A- - - - - - -

PVCGRGPL SVPVSSSRQAGDVL RPRRAPVGRGPL SVPVSSS
TAAVAALAAGL L PLRAVGPPVRRLRAPVTRSVLRFPVAPC
TLVERT- - PALRLAI DDADI TWR- PGLAFARPDALPI AW
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7.10. Sequence alignment of the MidC protein with other aminotransferases for
construction of MidC-tree in Fig. 5.2

LmbSSl i FDTAEEEAVLRVVR- - - SG WBVSTGAEAQSFEEEFAAY! GRRHAGA- - - LT- - SCT- - A
St sSASgr WAES- REAFDDP- - - - - - GE----- GEW/RRFEQAAADRFGAAHCL - - - GV- - NSGTS- A
St sCSgr WPQPGDRALKSLEDVLTSGRWII SCAYQGRDSYERQFASAFADYCGSAMCVPI STGT- - A
St r SSgr WPQLTDDDI EAAVAALRS- NRLV- - GQGNSTVEEFEAALAAGY - GVEHAVAVSTGTA- A
Dnr JSpe REERADI L- DAVETVFESGQLI L- - GTSVRSFEEEFAAYHGLPYCT- G- - VD- N- GTN- A
Tyl BSfr GVESAI GGGAAAVA- - ARGRYLL- - GAELAAFEERFAEYCGNAHG:- - - - - VAVGSGLDDA
M dCSny RELRADI DG- ALRRVSASGRYLL- - GAELAGFEAEFAAYC- DNDG- - - - - VAVGSGCD- A
A eN2San LELKHDI DA- ATGRVLDSGRYLL- - GPELAAFETEWAAYCGARHC- - - - - VAVGSGCD- A
DesVSve EELRAETDA- Al ARVLDSGRYLL- - GPELEGFEAEFAAYCETDHA- - - - - VGVNSGVD- A
EryC Ser LELRSDI F- QACRRVLGSGWYL- - HGPEEEAFEAEFAAYCENAHGC:- - - - - VTVGSGCD- A
EryCl VSer TVGDRERFFARLEVWAL NNNW L TNGGPLVREFEGRVADLAGVRHG- - - - - VATCNATV- A
O eNlSan NTGDRKRLLDRLEWALDNRW LTNGGPLVREFEQRI ADLAGVRNG- - - - - VATCNATAG
Rf bEVch LDGNERKYLNDC- - - | DSGW VSSRGKY| DRFETEFAEFLKVKHA- - - - - TTVSNGT- VA
LmbSSl i ARHGALRANG GPGDEVSVPQVPFVPRPPAWSTPGGA- PCSRTS- VP- - - - - STSPFDPD
St sSASgr LV- AALVA.G GPGDEVI VPGYMFVASI AAV- LHCGADWLAEV- D- - - - - - DSLTLDPA
St sCSgr SLAI ALEACGVGAGDEVI VPGALSWASASAV- LA NAVPVLVDV- DP- - - - - ATYCLDPA
St r SSgr - VHLALHALDVGPGDEVI VPTHTFI GSASPVTY- LGARPVFADV- TP- - - - - DTHCLDPD
Dnr JSpe LV- LGLRALG GPGDEVVTVSNTAAPTWAI DA- VGATPVFVDVHE- - E- - - NY- LMDTG
Tyl BSfr - V- WVALWAL GVGEGDEVI VPSHTFI ASW. AVSA- TGATPVPVEPGDPGEPGPGAFLLDPD
M dCSny L- ELV- RALG GPCDEVVVPAHTFI GTWLAVSA- AGARPVGVDP- TP- - - - - DGLSMDPA
A eN2San L- ELALRAMDI GPGDEVI VPAHTFAATW.AVSA- TGAEPVAVEP- EP- - - - - ATFTLDPE
DesVSve L- QQALRGLG GPCGDEVI VPSHTYI ASWLAVSA- TGATPVPVEPHE- - - - - - DHPTLDPL

EryCl Ser L- ELSLVAL GVGQGDEVI VPSHTFI ATW.GVP- - VGAVPVPVEP- - - - E- G- VSHTLDPA
EryCl VSer L- Q_VLRASDVS- G EWWMPSMIFAATAHAASW LGLEPVFCDV- DP- ETG- - - - LLDPE
A eNlSan L- QLLLREAEVT- G- EVI MPSMTFVATAHAVRW LGLRPVFCDI - DPD- TG - - - CLDPK

VchPer S L- HLAMSALG TQGDEVI VPTFTYVASVNTI VQ- CGALPVFAEI - E- - - - G ESLQVSVE
LnbSSl i QVKSLI TERTKAVRARCTFRPHCRHWNPL RFL CDSHGL TL PRTPRTPL PARDGDAVAGRA
St sASgr DVRARI TPRTRAVMPVHWL G- APADMTI AL RAVADEHGL HL L EDCAQSAGGSYRGRPLGT L
St sCSgr ATEAAI TERTRAI TVWWHAYS- AVADLDAL LDl ARRHGLPLI EDCAHAHGAGFRGRPVGAH
St r SSgr SVKSLI GERTKAI VWWHI NG- | AADVAAL TAVAAEAGVPVI EDAAQALGTEI GGRPI GGF
Dnr JSpe RLRSVI GPRTRCLLPVHLYG QSVDMTPVL EL AAEHDL KVL EDCAQAHGARRHGRLVGTQ
Tyl BSfr RLEAALTPRTRAVMPVHLYG- HPVDL DPVGAFAEPHGL AVVEDAAQATARY- RGRRI GSG
M dCSny QVEAAI TPRTRAVMPVHLYG- HPADLDPLLAI AERHGLAVVEDAGSAR- RPLPGRRI GSG
A eN2San RVEAAI TSRTRVI LPVHLYG HPADLAAL SEVAERHGVRI L EDAAQAHGAQAYCGRRVGAW
DesVSve LVEKAI TPRTRALLPVHLYG HPADVDAL RELADRHGLHI VEDAAQAHGARYRGRRI GAG

EryCl Ser LVEQAI TPRTAAI LPVHLYG HPADL DAL RAI ADRHGL AL VEDVAQAVGARHRGHRVGAG
EryCl VSer HVASLVTPRTGAI | GVHLWG RPAPVEAL EKI AAEHQVKL FFDAAHAL GCTAGGRPVGAF
A eNlSan LVEAAVTPRTGAI LGVHLWG RPSRVDEL AAI AAEHGL KL FYDAAHAL GCTSRQRRLGSF

VchPer S DVKRKI NKKTKAVVAVHI YG- QACDI QSLRDLCDEHGLYLI EDCAEAI GTAVNGKKVGTF
LrmbSSl i GDASAFSFFATKPI TTA- EGGVLCTDTARVADEARRWSL HGL SRGAW- N- - - - - - - RY-
St sASgr GSAGTFSLNHYKM TSL- QGGFVL MDDPL VFQRAYSFHDQGWFPYRQD- RG- - - - - - - - -
St sCSgr GAAGVFSMQGSKL L TC- GEGGAL VTDDADVAL RAEHL RADGRWWRR- E- - - PV- GVGEMVE
St r SSgr GDLACVSLFEQKVI TSGGEGGAVL TDNPVYAERVRRLRSHGEG: - - - - - - - PVSGSPGM
Dnr JSpe GHAAAFSFYPTKVL GAYGDGGAVVTPDAEVDRRLRRLRYYGMGER- - - - - - - - - - - - - YY
Tyl BSfr - HRTAFSFYPGKNL GAL GDGGAVVTSDPELADRLRLLRNYGAREK- - - - - - - = = = = - - YR
M dCSny - HWWAFSFYPGKNL GAMGDGGAVV TGDAAL ADRI RLLRKCGSREK- - - - - - - - - - - - - YR
A eN2San ST- TAFSFYPGKNL GGFGDGGAVVTDDAELAERVRLLRNYGSREK- - - - - - - = = = = - - YR
DesVsve SSVAAFSFYPGKNL GCFGDGGAVVTGDPELAERLRMLRNYGSRQK- - - - - - - - - - - - - YS
EryC Ser SNAAAFSFYPGKNL GAL GDGGAVWTTDPALAERI RLLRNYGSKQK- - = = - = = = == = - - YW
EryCl VSer GNAEVFSFHATKAVTSF- EGGAl VTDDGLLADRI RAMHNFG APD- - - - - - - - - - - - KLV
ad eN1San GDAEVFSFHATKVWNSF- EGGGE VTDDDTRAERLRALHNFGLGHD- - - - - - - - - GV- - --

VchPer S GDVSTFSFFGN\KTI TS- GEGAWVSNSDI | | DKCLRLKNQGWAGK- - - R- - - - - - - - YW
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LnbSS i - - - R- - - PGHKYNVSDL GRRPGPAQLAKAGRLHARRTAI AEVYLRE- LAGLD- RLELPRG
St sASgr - EGD- PLLGWLGLGELNAAVALAQLGKLDLI LDRI RGVKHR- LVAAI GEL- PGVRRRTL
St sCSgr L EETGRMMGSNACL SEFHAAVL L DQLEL L DGONARRTR- AADHL TDRL SEL - GMTAQATA
St r SSgr WAHEV- - - GYNYRLTSVQAAVGLAQHKRL GDL- EARRRNAA- YLSERLAGVE- GLELPVE
Dnr JSpe VVDTP- - - GHNSRLDEVQAE! LRRKLRRLDAYVEGRRAVARRY- EEGLGDLD- GLVLPTI

Tyl BSfr HEER- - - - GTNSRL DEL QAAARVRKL PRNL DAWNTRRREI AARYCGEALAGL- PGVTVPEA
M dCSny HEVQ - - - ATNSRLDEFQAAVL RAKL PRVPAVWNAL RVRTAERYS- QVLGAL- PQ AVPAA
A eN2San HEVR- - - - ATNFRL DEL QAAVL RVKL AHL DAWIERRAAVAARYL- DGLAGLD- G VLPRP
DesVSve HETK- - - - GTNSRLDEMQAAVLRI RLAHL DSWNGRRSALAAEYL- SGLAGLP- G GLPVT

EryCl Ser HEVR- - - - GTNARL DEL QAAVL RVKL RHL DDWNARRT TLAQHY- QTELKDV- PA TLPET
EryCl VSer TD- - - - - VGTNGKMSECAAAMGL TSLDAFAETRVHNRLNHAL Y- SDELRDV- RG SVHAF

A eNlSan - - G - - - A NAKVMSEAAAAMGL TSL EAFADAVASNRANYEL Y- RQELSGL- PGVRLI DY
VchPer S HD- - - - LVAYNYRMINLCAAI GVAQLERVDKI | KAKRDI AEI Y- RSELAGL- PMQVHKES
LnbSS i HRHQPSSWYL FPV- RVHGHRRDAFRQR- L- HALGVGT S- VHFEPLHRFTW.RDHVVRTGQ
St sASgr HDAEGECGT VAVYV- FEDAAHAL DVARRLGTRVLL - DSPTHYYGGLPALAAFGRGDRSTV
St sCSgr PGTTARAYYRYLV- RLPDEVLAVAPVERFAHAL TAEL GFAVT QTHRPLNDNPLNRPSSRR
St r SSgr PPGTTHAYVKYAV- RVWPGDGRRSAADI AAHLRSRGVP- VLLRYPYPLHKQPAFA- - - - -

Dnr JSpe AEGNDHVYYVYW- RHPE- - RDRI LEALTAY- D- | H- LNI SYPW - PVHTMSGFAHL - GY
Tyl BSfr ARGGAGWHQYVL - RQPV- - RDR- LRRRL- - AEAGVETLVHYPV- - AVHASGYAGA- - G-

M dCSny APVWADPWWHL YVI - LRAN- - RDE- LRRRI - - ERAGVETLI HYPV- - PPHRTPAYADDSGR
A eN2San APWADPWWHLFVI - RSAD- - RSA- LRERLA- - AAGVETLI HYPV- - PVHRSEAYAGSRQA
DesVSve APDTDPWWHLFTV- RTER- - RDELRSHL - - - DARG DTLTHYPV- - PVHLSPAYAGE- - A

EryCl Ser HPWADSAWHL FVL - RCEN- - RDH- LQRHL- - TDAGVQTLI HYPT- - PVHLSPAYADL- GL
EryClVSer  DPGEQNNYQ YVI | SVDSAATG DRDQLQAI LRAEKWAQPYFSPG- CHQMQPYRTE- - -
a eN1San DPAERNNYH- YVI ALI DAGVTGLHRDLLLTLLRAENWAQPYFSPG- CHQREPYRTE- - -

VchPer S NGTFHSYW.TSI | LD- QE- F- - EVHRDGLMIFLENNDI ES- RPFFYPAH- T- - - - - - - - -
LnbSS i --GFPVA------ DAAA- - - - - DTLV- - - SLPVFPAMHDDAAVSRVVAAVR- - -
St sASgr PFRAPGG- - - RPSASFEPGTLPRTDDVLGRSI ALATGVSDDYL GPGFGVHADSSA
St sCSgr RFATDARYL ERVDPSRFDL PAAKRAHE- - - SWSFSHEVLLAPLDAI DDI ARAFR
St r SSgr Vommmme e - - SLPVAERLSQELLALLPSHPGALVEG - ------- EYHG -
DNrJSpe  ----c-meeeeeiec e m e e GPGADLPVT- ERLAG
Tyl BSfr WL------------- SLPI GPHLPDEAVE- WI AAVQSAA- P- - - - - - - ERLAGE
M dCSny SL------------- SL PSGPHL GDDAFQTVWAAVRAAAVRSGRTHPL SERRAAE
A eN2San VL---ccmmemaan- SLPI GPHLSDDAVKAVI EAVRGAVAARA- - QPVAERLARE
DesVSve WL------------- SLPI GPHLERPQAL RVI DAVREWAEPPEGSL PRAESFARQ
EryCl Ser VL---ccmmemaan- SLPI GPHLSREAADH- VI ATLKAGAPPGSFPVA- ESLAGE
EryCl VSer VL-------mmm - - - ALPTGPAVSSEDI RRVCDI | RLAATPPLRLENT- EQLSDR
A eNlSan VI-eemmmmemaee ALPTGPAVSREDI RRVCDI | RVAAAHPVSL PHT- EHLAEQ

VchPer S TAFPLSNSYSHRG - NLPSWPGLCDDQVKE- | CNCl KNYF- - - - LPMY- EHLAEK
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7.11. Sequence alignment of the MidK protein with other methyltransferases for
construction of MidK-tree in Fig. 5.2

M dKSmy
Tyl M Sfr
A eMLSan
Er yCVI Ser
LnbJSli
St sGSgr
G yMra

M dKSny
Tyl M Sfr
a eMLSan
Er yCVI Ser
LnbJSl i
St sGSgr
d yMra

M dKSny
Tyl M Sfr
a eMLSan
Er yCVI Ser
LnbJsSl i
St sGSgr
d yMra

M dKSny
Tyl M Sfr
a eMLSan
Er yCVI Ser
LnbJSl i
St sGSgr
G yMra

M dKSmy
Tyl M Sfr
ad eMLSan
Er yCVI Ser
LnbJSl i
St sGSgr
G yMra

M---enaenn-- YANDI AALYDLVHEGKGKD- - - - YRQEAEEI - A- QL VRAHRPATRSLLDVA
MAHSSATAGPQADYSGE! AEL YDLVHQGKGKD- - - - YHREAADL - A- ALVRRHSPKAASLLDVA
MRADTEP- - - TTGYEDEFAEI YDAVYRGRGKD- - - - YAGEAKDV- A- DLVRDRVPDASSLLDVA
M-----oo--- YEGGFAELYDRFYRCGRGKD- - - - YAAEAAQV- AR- LVRDRLPSASSLLDVA
M5- DHDFA- - - KLYGDKI ADVYDVWPGDAGPP- P- - - - - DADRA- APFLAALANGRPALEL GV-
M\PRK- P- - - HVDWDHL FGDDYDYF- DLPDLTP- EL SEKEASNM V- EL GGFDAGVD- - LLDAP
MDSVYRTRSLGVAAEG PDQYADGEAARVWAL Yl GDTRSRTAEYKAW. L GLL ROHGCHRVLDVA

CGTGQHLRHL DGL FDHVEGLEL SQDMLAI Al GRNPDVTL- - H- EGDMRSFAL - - - - - - G RRFD
CGTGVHLRHLADSFGTVEGLELSADM_AI PRRRNPDAVL - - H- HGCDVRDFSL - - - - - - G RRFS
CGTGAHLRHFATL FDDARGLEL SASM.DI ARSRMPGVPL- - H- QGDMRSFDL- - - - - - GPR- VS
CGTGTHLRRFADLFDDVTGLELSAAM EVARPQLGAE PV- - - LOQGDVRDFAL- - - D- - - - REFD
- GTGRVAVPLAESGVEVHGVDSSARM.EI LKEKSGGA- VHGH QQDFGRLDL- - - - - - GERRFG

CGHGRHANVL ASRGYRVVGVDRDERFL SMARKEAESMG- - - - VQVDYRHVDL REMSF- - SAEFD
CGTGVDSI MLVEEGFSVTSVDASDKM. KYAL KERWNRRKEPAFDKW/I EEANW.TDVPAGDGFD

AVI CMFSSI GHLRTTDELDSTLRCFAGH- - - - LEPGGAI VI EPWAFPDSFTPGY- - V- GA—TS
AVTCMFSSI GHLAGQAEL DAAL ERFAAH- - - - VL PDGVYWVWWEPWAFPENFTPGY- - VAAGT V- E
AVTCMFSSVGHLATTAELDATLRCFARHT- - - - RPGGVAVI EPWAFPETFTDGY- - VAGDI V- R
AVTCMFSSI GHVRDGAEL DQALASFARH- - - - LAPGGVWVVEPWAFPEDFLDGY- - VAGDVWV- R
LVFALFNTLFCLLTQDEQ ACLRSAA- NC- - - LETEGLLVLQCLN- PKSLPDGS- DVAL- VELE
AAVSWYSSFGYFDDETDRD- | LRR- - - - YRRALRPGGRFLLDVHS- PYRHI PS- - - VLANHEVH
AVI CLGNSFAHL PDSKGDQSEHRLAL KNI ASMVRPGGLLVI DHRNYDY! LSTGCAPPGKNI YYK

PRRANGT| CRVSDSVR- EGKTTRI EVHYLVAEPGGA - - RHLTEDHT! TLF- - PRADYERAFE
AGGITVT- - RVSHSSR- EGEATRI EVHYLVAGPDRA - THH EESHRI TLF- - TREQYERAFT
VDG R- TI SRVSHSVR- DGGATRMEI HYVI ADAEHGP- - RHLVEHHRI TLF- - RAHAYTAAYE
- DG- DLTI SRVSHSVR- AGGATRVElI HWVADAVNGP- - RHHVEHYEI TLF- - ERQQYEKAFT
HDGVHL- - D- VSKHDPVAQTLTAHHI VLSESGARFFPYTLRYSHHTEL DL MAARFAGFELRSR
VDI LRRGQD- MA- VDI QELDAEASRYYAEKL TI RDDKVVRARYSVRMFTAPEI LEWFRSAGFS
SDLTKDI TTSVLTVNNKAHWTLDYTVQVPGAGRDGAPGFSKFRLSYYPHCLASFTELVQEAF

RA- GCDVRYQEGGSSGRG: LF- - - - - - N- RQ PA
AA- GLSVEFMPGGPSCRG- LFTGLPGA- - KGETR
KA- GYTVEYLDGGPSGRG LFV- - - - - GIR--T-
- AAGCAVQYLEGGEPSGRG LFV- - - - - GVRG - -
HADFDGAAYRPDSRYHVS- VYA- - - RAH- - GD- -
HARVMDETGGTFTVSSRR- LMW- - - - - - - LG TA

GCRCOHSVLGEFKPYRPGQAYVPCYFI HVLKKTG
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7.12. Sequence alignment of the Midl protein with other glycosyltransferases for
construction of Midl-tree in Fig. 5.2

A eGlSan
Er yBVSer

0 e@San
EryCl || Ser
Tyl M| Sfr
M dI Sy
Tyl NSf r

A eGlSan
Er yBVSer
a eXSan
EryC || Ser
Tyl M1 Sfr
M dI Sy
Tyl NSfr

a eGlSan
Er yBVSer
ad e&San
EryC || Ser
Tyl M1 Sfr
M dI Sy
Tyl NSfr

a eGlSan
Er yBVSer
ad e@&San
EryC || Ser
Tyl M1 Sfr
M dI Sy
Tyl NSfr

d eGlSan
Er yBVSer

d e&San
EryC || Ser
Tyl M| Sfr
M dI Sy
Tyl NSfr

A eGlSan
Er yBVSer

0 e@San
EryCl || Ser
Tyl M| Sfr
M dI Sy
Tyl NSfr

a eGlSan
Er yBVSer

0 e@San
EryCl || Ser
Tyl M| Sfr
M dI Sy
Tyl NSfr

MRVLLTCFANDTHFHGL VPLAWAL RAAGHEVRVASQPAL SDTI TQAGL TACPWAGT - RFLELMGE
MRVLLTSFAHRTHFQGLVPLAWAL RTAGHDVRVAAQPAL TDAVI GAGL TAVPVGSDHRLFDI VPE
MRVMMI TFAANTHFQPLVPLAWAL RTAGHEVRVVSQPSL SDWTQAGL TSVPVGTEAPVEQFAAT
MRVVFSSMASKSHL FGL VPLAWAFRAAGHEVRVWASPAL TEDI TAAGL TAVPVGTDVDLVDFMIH
MRVLLTCI AHNTHYYNLVPVAWAL RAAGHEVRVAAQPALTDTI TASGL TAVPVGGNESVLEFVTE
MRVLLTSLAHNTHYYSLVPLAWAL RAAGHEVRVASPPSL TDVI TSTGALPAVPVGDDQPAAEL LAE
M--emmm e PEVVETLRRGPAVRDL MKGL PPAPEEYDQEVLDRI ERAGEGVDLVWH

| GADVCKYSTG DL- GVR- AELTSVEYLLGVHTTLVPTFYSLVNDEPFVDGLVALTRAVWRPDLI L
VAAQVHRYSFYL DFYHRE- QELHSVEFL L GMQOEAT SRWYPVVNNDSFVAEL VDFARDWRPDL VL
WGEDDAY! GVNSI DFTGNDP- GLWIWPYL L GVETM.VPAFYEL L NNESFVDGVVEFARDWRPDL VI
AGHDI | DYVRSLDFSERDPA- TLTVEHLLGMQTVLTPTFYALNMSPDTLI EGWSFCRKWRPDLVI
| GGDPGPYQRGVDFAETCG- EPL SYEHAL GQOTAMSAL CFAPFNCDSTI DDMVALARSVWRPDL VL
MGGDLVPYQRGFEFAEVEPAQET TVEHL L GQQSMVBALWFAPFSGAATVDDI GRLRRDWRPDL VWV
- - - APLTVTTALGEPSTPW.SVNWAP- - - - - - = = - - oo - - - - N-T-emmemee-- STW-----

VEHFSFAGALAARATGTPHARVLWGESDL I VRFRRDFLAAAANPARRAPRDPMAAW. GW RTGW/S
VEPFTFAGAVAARACGAAHARL LWGSDL TGYFRGRFQAQRL RRPPEDRPDPLGTW. TE- VAGRFG
VEPL TFAGAVAARVT GAAHARL PVWGQEI TL RGRQAFLAERAL QPFEHREDPTAEW.P- - HARPVR
WEPLTFAAPI AAAVTGTPHARLLWGPDI TTRARQNFLGLL PDOQPEEHREDPLAEW. TWILEKYGG
VEPFTYAGPI AAHACGAAHARL LWGPDVI LNARAQFRRLAPDSPEEPREDPVAEW. GM LERHGL
VEPWIYAGPI AARACGAAHARI LWGPDAI GRSRRRFLEAL ERVPEEL REDPI AEW.GATLDRYGC
F-P---AVE----- SG - QRRM - GP- LT- PLYNRL- THW RA- - E- R- D- - - HW GARRAEVNE

TFDEEL- - - - - VTGPWII DPLPRSMRLPTGITT- V- PMRYVRTT- AA- VWPAWRHVRGGPRI CL
VE- - - - FGEDLAVGQWSEVDQL PPSFRLDTGVET- WA- RTLPYNGAS- VWWPDW.KKGSATRRI Cl

CSFDE- - - - EWTGQWT| DTLPRTMRLEL SEEL RTL DVRYVPYNGPA- VWVPPW/MWEPCERPRVCL
PA- - - - FDEEVWGQW| DPAPAAI RLDTGLKT- V- GVRYVDYNGPS- VWPEW. HDEPERRRVCL
TAERE- TVEELI GGOMLDPTAESLRCPR- P- A- VWWPFRFVPYNGRS- VL PDW.L RKPGRPRVCF
AFDERD- - - - - VLGHWI DPGPRSTRLDLGQ T- TVPMCYVPYNGRA- VI EPW.AEKPERPRVCL
FRGRPRL- - - PPFCKSSPL RRL GHPRHHL YPFSPSVL PKPRDWPGQCHVT GYWFWDQPGW RPSP

TLGVSARQ TLGDG VSLA- EVLAALGDVDAEI VATLDASQRKLLGPVPD- - - - - NVRLVDSPCP

TGGFSGLGLAADADQFARTLAQLARF- - - DGEI WTG SGPDTSAV- - - - - - - PDNI RLVD- FVP
TI GTSQRD- S- GRDLVP- - STTCSTP- DVAAEI VATSTPPSRRSAA- APG- - - - - NVRAGD- FVP
TLA SSRENSI GQ- - VSI - EELLGAVGDVDAEI | ATFDAQQLEGVA- - - - - NI PDNVRTVG FVP

TLGVSARE- TYGRDAVPF- HELLAGLGDLDAEI VATLDPGQLSGAG - - - - EVPRNVRAVD- FVP
TLG SARE- TYGRDAVSY- SELFQALGRVEI EVWATLDASQKRLGSLPD- - - - - NVWWPVD- FVP
EL EDFLADGEPPVLLTLGSTWPLHRQEMVEYPVTTARGARRRLLLVGGPE- - - - - NVVRVPS- AD

CTPVLPTCSAI VHHGGAGTW. TAAVHGVPQ VL CDLVDNPVRARQT QARARGLFI HPSEVRRPG
MGVLLONCAAI | HHGGAGTWATALHHG PQ SVAHEWDCMLRGQQTAELGAG  YLRPDEVDA- D
LHALMPTCSAI VHHGGPGTWETA- LHGVPQ | LDTSWDTPVRAQRMUQL GAGL SMPVCGELGV- E
VHAL LPTCAATVHHGGPGSWHT AAI HGVPQVI LPDGADT GVRAQRTQEFGAG ALPVPELTP- D
MDAL L PTCSAVVHHGGAGT CFTATLNGLPQ VWAALWDAPL KGAQLAEAGAGVSI A- PEKLD- A
LDALLPSCAAI | HHGGAGTWSTAL LHGVPQ LLPALWDAPLKAQQALQRLSAGLNLPAATLTA- R
YSW.VPRTAAVVHHGGFGT TADAVRAGVPQVL VPVL RRPPL L GRPAAADGHGDHPVPL ARVMNRE

SVRACAGVLTGAPSI - - - - RAAAQRVRDEMNAEPTPGEVVTVLERLAAS- - - -

SLASALTQVVEDPTY- - - - TENAVKLREEAL SDPTPQEI VPRLEELTRRH AG
ALRDRVLRLLCGEPEF----RAGAERI - - - - ---------mmm oo oo -

QLRESVKRVLDDPAH- - - - RAGAARVMRDDMLAEPSPAEVWGE CEEL AAGRREP
ATLRAGVVRALEDE- GHSRRSAGLL- RAEMLAEPTPAGLVPQLERLTALHRNG
RLADAVHTAVHDPAI - - - - RAGARRLREEM_ADPTPAAI VPTLERLTALHRAA
ALAASVRTAVTDPAVAVRARW. GEAVAAERGVENACVLI EEWAETRTTAHTPG



