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CHAPTER I

INTRODUCTION

1.1 Introduction

The enormous antibiotics market size with significant continuing growth rate
(Chrisoffersen, 2006) makes new antibiotics discovery the most research field of interest.
Additional reason for support the importance of novel antibiotics discovery is antibiotic resistance
problems (World Health Organization, 2001) which have increased and become a major problem
in global public health (World Health Organization, 2005). Drug resistance microorganisms have
increased risk of morbidity, mortality and overall health care expenditures (Nicolau, 2009;
Maragakis, 2008; Sipahi, 2008; Howard et al., 2001). Many infectious diseases are untreatable by
currently available antibiotics. Furthermore, development of new antibiotics in the pharmaceutical
industry is inadequate for the demand to deal with drug resistance problem (Davies, 2006). As a
consequence, new antibiotics discovery is always the need for treatment of infectious diseases.

Antibiotics being used nowadays were discovered from bacteria, actinomycetes and
fungi, isolated from natural habitats e.g. soil, water, plants and animals. Soil seems to be the
potential source of antibiotic producers because soil microorganisms have high diversity (Torsvik
et al., 1990; Gans et al., 2005) and quantity (Pettit, 2004; Gans et al., 2005), especially in the first
ten centimeters from the surface (Takahashi and Omura, 2003). The screening on soil
microorganisms discovered many clinically useful anticancers e.g. bleomycin, daunorubicin,
adriamycin, pentostatin, streptozocin, mithracin, mitomycin C, and actinomycin D. (Pettit, 2004),
and antibacterials, e.g. daptomycin (Baltz, 2008), erythromycin (Malmborg, 1986), gramicidin
(Gall and Konashev, 2001), novobiocin (Smith, 1956), rifamycin (Alvarez et al., 1990),

vancomycin (McCormick et al., 1955-1956) and streptomycin (William, 2004). At present,



screening on soil microorganisms has a tendency to rediscover of known compounds. In order to
reduce a redundancy of strains and compounds, the uncommon microorganisms from the unique
or extreme habitats, such as mangroves (Kathiresan and Bingham, 2001), sea (Li and Qin 2005)
and hot springs (Rainey and Oren 2006) should be screened (Faber, 2006). From these habitats,
many novel enzymes and biomolecules were found (Schiraldi and Rosa, 2002; Den Burg, 2003;
Ferrer et al., 2007).

The unculturable microorganisms become the attractive source of natural products
because they are seldom studied. Since less than one percent of microbe population in soil sample
could be cultured (Handelsman et al., 1998; Hallam et al., 2003), the unculturable population was
proposed to dominate in habitats (Staley et.al, 1985; Amann ef al., 1995; Stein et.al, 1996). Many
procedures were developed for access to the unculturable population. The culture-dependent
methods such as using new culture media (Balestra and Misaghi, 1997) or changing the culture
condition (Mitsui et al., 1997) have many constraints for application in the study of unculturable
population (Handelsman et al., 1998). Another approach is culture independent technique,
metagenomics. The term metagenomics was first used to call the collective genomes of soil
microflora and the process of metagenomics cloning and clones screening (Handelsman et al.,
1998). For more updated version, they refer to “the application of modern genomics techniques to
the study of communities of microbial organisms directly in their natural environments, bypassing
the need for isolation and cultivation of individual species" (Chen and Pachter, 2005).

By the metagenomics method, many known and novel natural products such as enzymes,
antibiotics, anticancers and multi-enzyme complexes, e.g. polyketide synthases and nonribosomal
peptide synthetases (NRPSs), have been found (Daneal, 2003; Kennedy et al., 2007). NRPS is
one of the most interested enzyme complexs since they involves in the production of many
clinically important antibacterial, antifungal, antiviral, immunosuppressant, and anticancer drugs,
for example penicillins, cephalosporins, glycopeptides, cyclosporins and bleomycins. (Felnagle et

al., 2007), and their gene, nrps, has an ability to be genetically engineered which aiming for



peptides structure modification. NRPS is organized in a repeated modular structure. Each module
consists of structurally independent domains with a specific function. The minimal module
consist of at least three core domains, adenylation (A) domain, thiolation (T) domain (also known
as peptidyl carrier protein; PCP) and condensation (C) domain. The A domain recognizes and
activates amino acid substrate to aminoacyl adenylate which binds to 4’-phosphopantetheinyl co-
factor of the PCP domain. Amino acids bound to PCP domain are then elongated by C domains
into peptidyl chain. Alternative domains such as epimerization domain which is responsible for
the change of the Ca stereochemistry may be found in some module. In the last step of
nonribosomal peptide biosynthesis pathway, release of the peptide from the NRPS is responsible
by thioesterase (Te) domain. The number and order of the modules correspond to the amount of
amino acids and the sequence of the peptide being synthesized, respectively (Lautru and Challis,
2004). They also affect the size of nrps which usually range from 5.9-48.5 kb (Kratzschmar et al.,
1989; Stachelhaus and Marahiel, 1995; Stachelhaus ef al., 1996; Marahiel ef al., 1997).

Due to the potential of metagenomics in novel natural products discovery, using
metagenomics approach to capture nrps from soil with unique-characteristics, for example
mangrove soil, may increase the opportunity to discover the novel nrps that produces clinically
important peptides which could bring this research area closer to the light at the other end of the

tunnel.

1.2 Objectives

The objectives of this study were to discover nrps gene from mangrove soil metagenome.
Specifically:

1. Screening on mangrove soil metagenome for new nrps gene by PCR

2. Construction of soil metagenomics library

3. Screening the soil metagenomics library for nrps gene



CHAPTER 11

REVIEW OF LITERATURE

2.1 Producers of natural products

Natural products and their derivatives are the single most important source of novel
drugs. Among the capable sources of natural products including microbes, plants, animals and
minerals, microorganisms are the most productive ones (Newman et al., 2003; Ganesan, 2008;
Harvey, 2008). Not all of them but some specific groups, e.g. actinomycetes, marine
cyanobacteria and endophytes are active natural products producer. For details of natural products
from marine actinomycetes and cyanobacteria, see Table Al in Appendix A.

Actinomycetes refer to gram positive mycelia forming bacteria in order Actinomycetales.
Actinomycetes, particularly in Streptomyces and Micromonospora genera, are the most
pharmaceutically important because approximately half of the discovered bioactive metabolites
including many clinically important antibacterial antibiotics, e.g. erythromycin, streptomycin,
vancomycin and tetracycline, antitumor and immunosuppressant are also produced by them
(Jensen et al., 2005; Lam, 2006). Actinomycetes usually have been isolated from terrestrial
habitats but can be discovered from marine environment, as well. Some of marine actinomycetes
may originate from terrestrial actinomycetes which were occasionally washed into marine water
and been able to adapt to live in that environment, but others are true marine actinomycetes which
can be found only in sea water (Bredholt et al., 2008). Rhodococcus marinonascens is the first
marine actinomycetes that were taxonomically described. After that, Salinispora which has an
obligate requirement of sodium for growth was discovered and classified (Fenical and Jensen,

2006). Marine actinomycetes adapt themselves to the extreme environment in the ocean, for



example high pressure, anaerobic conditions, extremely low or high temperature, high acidic
condition, according to their habitats. It is believed that marine and terrestrial actinomycetes are
different in characteristics since marine environmental conditions are significantly different from
terrestrial ones. Therefore, they might produce different types of bioactive compounds. Many
novel metabolites produced by marine actinomycetes usually have unusual structures and
properties.

The cyanobacteria are one of the most productive groups of microalgae. They proliferate
in marine and freshwater habitats, resulting in the formation of water red tide blooms.
Cyanobacteria are suitable objects for natural product discovery since they usually produce toxins
(Neilan et al., 1999). Many of their secondary metabolites are produced via non-ribosomal
peptide synthetase (NRPS) or mixed polyketide-NRPS pathway (Tan, 2007). Filamentous and
heterocystous cyanobacteria are the most likely sources of novel natural products within the
phylum since they contain diverse and novel nrps and pks genes (Ehrenreich e al., 2005).
Interestingly, cyanobacteria, which were found with symbiosis in bioactive compounds producing
marine invertebrate, are usually the primary producer of the secondary metabolites, for example
patellamides which produced from tunicate Lissoclinum patella are synthesized by Prochloron
didemni, a unicellular cyanobacterial symbiont (Schmidt et al., 2005). One example of the
important natural products from cyanobacteria is cyanovirin, a potent HIV fusion inhibitor. At
present, it has been placed on an accelerated track for clinical development (Dunlap et al., 2007).

Other major natural products producers are endophytic microorganisms, microbes that
host in the internal tissue of living higher plants without causing any immediate and apparent
negative effects (Saikkonen ef al., 1998; Saikkonen ef al., 2004). Each individual plant can host
one or more endophytes. Even though they live together in symbiotic or mutualistic relationships,
endophytes can become the aggressive saprophytes or opportunistic pathogens in some
conditions. The most common endophytes appear to be fungi and bacteria. The most frequently

isolated endophytes are fungi which are usually fungi imperfecti or deuteromycetes. The estimate



number of endophytic fungi may be at least 1 million species. Endophytic fungi usually produce a
specific phytochemicals which is a unique characteristic of the host because gene producing
secondary metabolite of the endophyte might genetically recombine with the host gene during
evolution. Endophytes studies not only allow the discovery of new metabolites but also facilitate
the production of rare natural products. The collection and fermentation of endophytes are bypass
for the production of many valuable bioactive compounds instead of harvest slow-growing and
uncommon plants. Rational selection of plants for endophytes studies include those with unusual
biology, novel strategies for survival, ethnobotanical history and are endemic (Strobel et al.,
2004). Endophytes from mangrove species are significant sources of useful metabolites since
mangroves usually produce unusual secondary metabolites, some of which are endemic and used

in traditional medicine (Ananda and Sridhar, 2002).

2.2 Soil as a source of microorganisms

Soil in traditional meaning is “the natural medium for the growth of land plants” (Soil
survey staff, 2006). In technical term, it refers to “a natural body comprised of solids (minerals
and organic matters), liquid, and gases that occurs on the land surface, occupies space, and is
characterized by one or both of the following: horizons, or layers, that are distinguishable from
the initial material as a result of additions, losses, transfers, and transformations of energy and
matter or the ability to support rooted plants in a natural environment” (Soil survey staff, 2006).
From both of the above meaning, mangrove sediment is considered as soil (Ferreira et al., 2007).
The upper limit of soil is end at air, water, plants or non-decomposition plant materials. The lower
boundary of soil is thin cemented horizons that are impermeable to roots, but not below 200
centimeters (cm) from surface. Although approximately all soil consists of other composition
other than mineral and organic components, most soils are dominantly divided into two

categories, mineral soil and organic soil (histosol). Mineral soils have less than 20 to 35 percent



organic matter by weight. Organic soil refers to soil at the upper 80 cm that consists of organic
matter more than a half (Soil survey staff, 2006). Soil organic matter, a derivative of biological
substances including thermally altered materials contained within the soil matrix or on the soil
surface, composes of living and nonliving component. Living components are organic materials
associated with the living cells existed in soil (plants, animals or microorganisms). Non living
components consist of dissolved organic matter, insoluble particulate organic matter, humus and
inert organic matter. Humus is a mixture of amorphous organic materials mainly biomolecules
(lipids, polysaccharides and proteins) and non-identifiable molecules, e.g. humic substances. Inert
organic matter usually refers to carbonaceous organic material, for example charcoal, charred
plant residues, graphite, and coal.

Mineral components in soil form matrix which absorbs organic materials. Soil matrix
contributes to soil architecture which refers to the arrangement of pores in soil and soil particles.
Since soil particle affects water, oxygen and decomposer organisms availability (via the
entrapment and isolation of decomposers from organic materials), it influences the biological
stability of organic materials (Baldock and Skjemstad, 2000). Soil mineral particles are regularly
bound together into aggregates, the larger secondary particles. Among them are soil spaces which
are the connection of various sizes of pores. Soil pores are ranging in size from diameter less than
0.1 millimeters (mm) (micropores) to more than 20 mm (macropores) (Baldock and Skjemstad,
2000). Individual micropores usually contain only one type of microorganisms. Categorizing the
mineral particles according to their size is called soil separate. The three main separates - sand,
slit and clay - have diameter in mm range from 2.0-0.05, 0.05-0.002 and less than 0.002,
respectively. The sand separate is subdivided into very coarse sand (2.0-1.0 mm in diameter),
coarse sand (1.0-0.5 mm), medium sand (0.5-0.25 mm), fine sand (0.25-0.10 mm) and very fine
sand (0.10-0.05 mm) (National employee development staff, 1987). The relative percentage of
sand, slit and clay classify soil into 12 major soil textural classes. Soil texture has an impact on

diversity and quantity of microorganisms (Foster, 1988; Girvan et al., 2003) due to soil



pedogenesis (Ulrich and Becker, 2006), and also affects the attachment of microorganisms to soil
particle (Bakken, 1985). Small organisms (0.3 mm in diameter) are found as a single cell in dense
fabrics of clay or humified organic matter while larger bacteria form small colonies in the larger
micropores or associated with substantial deposits of organic matter, e.g. fecal pellets and cell-
wall debris. Soil microfauna and fungi mainly occupy the larger voids (Foster, 1988).

Soil microorganisms play an important role in soil biogeochemistry. They appear to have
an influence in mineral and organic compound cycle, pedogenesis, soil structure, soil fertility, soil
quality and above ground ecosystems (Alexander, 1964; Schloter et al., 2003; Kirk et al., 2004).
On the contrary, soil properties directly affect microbial diversity and quantity (Aislabie et al.,
2008). Microorganisms in soil are high in biodiversity (Torsvik et al., 1990; Kirk et al., 2004;
Gans ef al., 2005). Soil has a larger amount of microorganisms when compared to other
environments (Pettit, 2004; Gans et al., 2005). Most of bacteria and fungi in soil, and other
environment, cannot be cultured (Staley et.al, 1985; Amann et al., 1995; Stein et.al, 1996; Kirk et
al., 2004). The culturable microorganisms in soil are approximately only 0.1-1 percent from all
microbial population (Handelsman et.al, 1998; Hallam et.al, 2003). Some studies revealed that
bacteria and fungi are found densely in soil from surface to one meter depth (Lavahun et al.,
1996). For actinomycetes, they overcrowd at the first 10 cm of soil surface (Takahashi ef al.,
2003).

Soil microbes are responsible for the production of several clinically useful lead
compounds. Anticancers, for example bleomycin, daunorubicin, adriamycin, pentostatin,
streptozocin, mithracin, mitomycin C, and actinomycin D (Pettit, 2004) and antibacterials, e.g.
daptomycin (Baltz, 2008), erythromycin (Malmborg, 1986), gramicidin (Gall and Konashev,
2001), novobiocin (Smith, 1956), rifamycin (Alvarez et al., 1990), vancomycin (McCormick et
al., 1995-1996) and streptomycin (William, 2004) were found from soil screening. Other
examples of drugs developed from lead discovered from soil microbes are from soil

actinomycetes, e.g. acarbose, aztreonam, cephalosporins, ivermectin, pentostatin, orlistat, penems



and tacrolimus. Some are from soil bacteria, for example mupirocin and gusperimus. The rest are

produce by soil fungi, for example caspofungin, lovastatin, ciclosporin (Ganesan, 2008).

2.3 Natural products form mangroves (Kathiresan and Bingham, 2001; Food and

Agriculture Organization of the United Nations, 2007)

2.3.1 Overview

The term “mangrove” refers to both plants and forest ecosystem. In general, mangroves
are salt-tolerant forests found along the intertidal zone in the tropics. They consist of certain plant
families, e.g. Rhizophoraceae, Avicenniaceac and Combretaceac which have developed
physiological, structural and morphological adaptations to the mangrove habitat, for example they
have an aerial roots system, desalination mechanism or viviparous reproduction. Mangroves grow
mainly on soft soil (Ferreira et al., 2007) and may be found as isolated patches of dwarf trees or
as prolific forests under suitable environmental conditions. The exact number of mangrove
species is ranged from 50 to 70 according to different classifications. Mangrove areas in
Southeast Asia are the largest of any regions and are outstanding for their high biodiversity. More
than 50 mangrove species grow along the coasts, some of them (degiceras floridum,
Camptostemon philippinensis, Heritiera globosa) are endemic to the region. Some of the
relatively common species are considered rare in the region as a whole, e.g. Ceriops decandra,
Osbornia octodonta, Scyphiphora hydrophyllacea, Sonneratia ovata. Mangrove forests in
Southeast Asian countries are well-constructed because of high rainfall, riverine inputs and the
edaphic and coastal features of this region. In Thailand, trees may grow to a height of 20-30
meters along these coasts.

Mangroves are outstanding in uniqueness and diversity which make them a suitable area

for novel drug discovery. Mangroves may be considered as an extreme environment since they
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grow in brackish water which is varied in salinity and fluctuating tidal level. Mangrove soil is
muddy, anoxic and contains low nitrogen and phosphorus content. In addition, estuaries, the place
where mangroves found, often act as efficient reservoirs of pollutants either from river or ocean
(Lugo, 1998; Kehriga et al., 2003). Therefore, mangrove soil in many areas is contaminated by
contaminants, e.g. oils, organic solvents, heavy metal and toxic chemicals (Canestri and Ruiz,
1973; Volkman et al., 1994; Kehriga et al., 2003; Vane et al., 2009). Organisms in this area must
morphologically and physiologically adapt and develop to this habitat and become unique. Plants
are the best example. Environmental conditions within mangrove forests, especially salinity,
make it extremely difficult for non-halophytic and non-wetland plants to grow and reproduce
(Lugo, 1998). Only 34 species in nine genera and five families are considered as major species,
true mangroves which occur exclusively in mangroves and have the ability to form pure stands.
Furthermore, microorganisms in mangroves are also uncommon. They are mixed population of
terrestrial and marine microbes. Terrestrial microorganisms usually inhabit at the top of
mangroves where the salt water never reaches while marine microbes reside the lower part of
plants (Nambiar and Raveendran, 2009). Soil microorganisms are halophiles and usually
anaerobes. Some of them adapt to the contaminated environment and develop the ability to
tolerate the specific toxicants found in mangroves, e.g. organic solvents tolerance bacteria
(Sardessa and Bhosle, 2002) and metal tolerance fungi (Zhihong and Yang, 2009). Mangroves are
also a unique habitat for a certain group of fungi called manglicolous fungi (Nambiar and
Raveendran, 2009) which are an important decomposer in the mangrove ecosystem and usually
found on ground mangrove materials. Beside the uniqueness of mangroves, they are also a diverse
ecosystem. Mangrove ecosystems are among the world’s most productive ecosystem since they
are able to store large amounts of organic carbon derived from suspended material from the river
and ocean (Ellison, 1998; Komiyama et al., 2008) and atmospheric carbon dioxide (Lal, 2005).
Mostly, the organic carbon accumulates in the upper 1.5 meters of the mangrove soil (Kristensen

et al., 2008). Organic matter is an important component of soil and related to quantity and quality



11

of above ground plant and microbial biomass in soil (Jia et al., 2005). Although mangrove forest
is the most species-poor forest ecosystems in the tropics (Lugo, 1998), the mangrove
microorganisms are very high in diversity. A variety groups of bacteria including sulfate-reducing
bacteria, methanogenic bacteria, nitrogen fixing bacteria and photosynthetic bacteria including
purple non-sulfur bacteria and green sulfur bacteria are found epiphytic or in soil. Some of
mangrove bacteria are symbionts or parasites. Besides, surprisingly diverse fungal communities
are seen in mangroves. Furthermore, mangroves are also the area where most of pharmaceutical
important microbes are found, for example marine actinomycetes (Fenical and Jensen, 2006;
Mitra et al., 2008.), marine cyanobacteria (Tan, 2007; Jones et al., 2009), and endophytic fungi
(Tomita, 2003).

Mangrove forests are used as a source of wood, food, fodder and other forest products,
e.g. tannin, alcohol, sugar, honey and medicine. In ecological viewpoint, mangrove ecosystem is a
nursery habitat for juveniles of fish and can be used for aquaculture. Moreover, microorganisms
isolated from mangroves also help in waste disposal, for example bioremediation of crude oil
(Odokuma and Dickson, 2003), waste water (Ye ef al., 2001; Wu ef al., 2008) and plastic
degradation (Kathiresan, 2003; Kumar et al., 2007) Mangrove forests also help to protect nearby
marine ecosystem by entrapping upland runoff sediments from upland rivers. They reduce,
protect, and prevent coastal erosion caused by the effects of wind, waves and water currents. In
addition, mangroves are major sources of drug discovery since they have unique biochemical
pathways which produce unique metabolites. From the historical period, human in tropical and
subtropical region used mangroves in traditional medicine. Some of these folk medicines are still
being used and researched in ethonopharmacology field. In addition, scientists found that not only
mangroves itself, other members of the ecosystem, e.g. bacteria, fungi and animals also produce
bioactive compounds.

Despite mangroves are highly beneficial to humans, they have often been undervalued

and destroyed. Mangroves area in Thailand has been reduced annually. However, the promotion
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in mangroves reforestation resulted in the decrease of deforestation rate from 1.1% per year in
1980-1990 to the annual rates of 0.3% in 2000-2005. The main causes of loss of mangroves area
in Southeast Asia, including Thailand, are overexploitation and the development of commercial
shrimp farms which has been promoted because of its high economic value. This activity causes
the loss of ecosystem diversity. In particular, conversion of forest to agricultural ecosystems
affects several soil properties especially soil organic carbon (Lal, 2005). Bacterial communities in
mangroves are also affected by shrimp farming by the use of chemicals, antibiotics and exotic
species (Sousa, 2006). Other factors affecting mangroves biodiversity are temperature, pH of
water (Oliveira and Pampulha, 2006) and pollutants. Hydrocarbons and heavy metals have impact
upon mangroves, microbes and marine organisms (Edwards et al., 2001; Agoramoorthy et al.,
2007; Labud et al., 2007; Zhou et al., 2009). Hydrocarbons, e.g. gasoline (Labud et al., 2007) and
polycyclic aromatic hydrocarbon (Zhou et al., 2009) inhibit microbial growth and also affect

nutrient cycling in soil.

2.3.2 Bioactive compounds from mangroves

Mangrove plants commonly produce tannin, phenolic compounds and organic osmolytes
for specific purpose (Kathiresan and Bingham, 2001). Tannins in mangroves might prevent the
plant from insect herbivores and inhibit the growth of bacteria, fungi and phytoplankton. Tannins
from mangroves are used for leather work and for the curing and dyeing of fishing nets. The
example of medical use of tannin is the bark of Rhizophora mangle, the red mangrove. Red
mangle bark has been used traditionally in folk medicine of Caribbean countries due to its
antiseptic, astringent, haemostatic and antifungal properties. It contains tannin as major
constituent and others, e.g. epicathechin, cathechin, gallic acid, ellagic acid, chlorogenic acid,
fatty acids and carbohydrates as minor constituents. Tannin component in Rhizophora has been

experimentally proven to possess antibacterial, heal wounds and have antiulcerogenic effects
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(Berenguer et al., 2006). The in vivo studies showed that Rhizophora mangle has gastroprotective
effect which appears through an antioxidant and prostaglandin-dependent way (Perera et al.,
2001; Berenguer et al., 2006). Mangroves produce phenolics and peroxidases from oxygen in
order to waste excess light energy since they grow in high sunlight tropical environments. In
addition, phenolic compounds in mangroves, especially in root, act as root growth hormone.
Phenolic compounds, as opposed to tannins, stimulate phytoplankton growth. As medicine,
polyphenols from red mangle bark exhibited cyclooxygenase-2 inhibitory activity and secretory
phospholipase A(2) inhibitory activity. These components contribute to anti-inflammatory
activity of the aqueous extract from Rhizophora bark (Marrero et al., 2006). Organic osmolytes
serve for salt regulating purpose maintaining osmotic balance. Example of organic osmolites from
mangroves species are mannitol, proline, glycine betaine, asparagines, stachyose and purine
nucleotides.

A large amount of bioactive compounds from mangroves have been studied. They
possess various activities range from antiviral to insecticide. A few mangroves species,
particularly those belonging to the family Rhizophoraceae, show particularly strong antiviral
activity. Some have activity against clinically important pathogenic viruses including human
immuno-deficiency virus (HIV), Vaccinia virus, encephalomyocarditis virus, new castle disease
virus and hepatitis-B viruses (Nakashima et al., 1996; Premanathan et al., 1999; Li et al., 2006).
Active components which contribute to potent anti-HIV activity may be acid polysaccharides
(galactose, galactosamine, glucose and arabinose). True mangrove floras also contain other
bioactive metabolites, for example diterpenoids, naphthoquinone and procyanidins which show
antibacterial activities against many bacterial species including Bacillus subtilis, Pseudomonas
aeruginosa, Staphylococcus aureus and mycobacteria (Rojas and Coto, 1987; Han et al., 2005a;
2005b; Han et al., 2007, Wangensteen et al., 2009). Some of mangrove plants also exhibit
antifungal activity (Rojas and Coto, 1987). Mangroves in genus Rhizophora exhibits antioxidant

activity (Vijayavel et al., 2006; Suganthy et al., 2009) while those in family Verbenaceae show
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strong cytotoxic (Xu ef al., 2004; Jones et al., 2005; Han et al., 2007). In addition to
chemotherapeutic agents, mangroves compounds are well known for mosquitoes repellant.
Mangrove extracts kill larvae of the mosquitoes Anopheles stephensi, Culex tritaeniorhynchus,
Culex quinquefasciatus, and Aedes aegypti either in smoke form or solution. Others compounds
discovered from mangrove plants may also have potential to be developed as drugs for diabetes
mellitus, (Tamrakar et al., 2008) atherosclerosis (Owen et al., 2007) and Alzheimer's disease
(Suganthy et al., 2008). For details of natural products from mangroves, see Table A2 in
Appendix A.

Another major source of natural product from mangroves is microorganisms which live
either endophytic or in soil. Natural products from plants may be produced from endophytic
microorganisms (Cheplick and Clay, 1988; Tomita, 2003; Lin et al, 2005). Most of bioactive
compounds from mangrove endophytes are produced from endophytic fungi and usually have
antibacterial or cytotoxic activity (Huang, H., ef al. 2007; Lin et al., 2008a; 2008b; Kjer et al.,
2009; Xu et al., 2009). Mangrove soil contains an enormous amount of microorganisms which
have specificity and diversity (Kathiresan and Bingham, 2001; Marchand, 2003). Moreover,
mangrove soil harbors marine actinomycetes and cyanobacteria which are robust sources of novel
natural products (Fenical and Jensen, 2006; Tan, 2007; Jones et al., 2009). In mangrove forests,
actinomycetes are likely to be found in rhizosphere soil rather than in plant tissue (Hong et al.,

2009).

2.4 Nonribosomal peptide synthetase

Polypeptides are mostly synthesized by ribosome, some are not. The first nonribosomal
peptide discovered in 1963 was tyrocidine, a cyclic decapeptide produced by Bacillus brevis.
Study in gramicidin S (Hori et al., 1989; Turgay, Krause and Marahiel 1992; Saito et al., 1994),

tyrocidine (Mootz and Marahiel, 1997) and polymixin B synthesis introduced the existence of
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ribosome-independent peptide synthesis pathway to public (Schwarzer et al, 2003).
Biochemistry of nonribosomal peptide synthetase (NRPS) was hypothesized as modular
enzymatic mechanism. The analysis of nrps gene found that the number of repeating encoded
sequences in nrps gene is equivalent to the number of amino acids activated by NRPS (Schwarzer
et al., 2003). Extensive studies of the structures and the functions of NRPSs nowadays combining
with the advanced genetic engineering technology may lead to a possible potential NRPS drug
modification which is important to new drug discovery since many nonribosomal peptide drugs
are clinically important and widespread used for medically important conditions (Doekel et al.,
2008; Velkov and Lawen, 2009).

nrps genes are found in a wide range of organisms, including bacteria and fungi, but are
not known in plants and animals. NRPS systems in eukaryotes are always single polypeptides
which have complete function while NRPS module in prokaryotes is often a multiple polypeptide
which has to assemble in order to form a functional NRPS (Velkov and Lawen, 2009). In
bacteria, nrps gene distribute vastly in phylum proteobaceria, firmicutes, actinobacteria,
cyanobacteria and planctomycetes. Bacteria in phylum proteobaceria usually produce
siderophores which act as iron chelating compounds while mycobactin-related siderophores are
produced by actinobacteria. Cyanobacteria produce toxic secondary metabolites, e.g. microcystins
and nodularins, which are cyclic peptides that cause acute hepatotoxicity and often lead to bloom
formation in marine and fresh water (Donadio et al., 2007). In fungi population, NRPSs are much
more abundant in euascomycetes than in basidiomycetes but rarely found in chytridiomycota,
zygomycota, schizosaccharomycota, and hemiascomycota. Most of nrps genes discovered by
genomic sequencing of fungi were from Aspergillus and Cochliobolus species (Jirakkakul et al.,
2008). nrps genes in fungi generally evolve rapidly. This resulted in discontinuous distribution of
the genes, and difficulties in identifying whether the genes have common ancestors. However,
some of nrps genes, e.g. nps2, nps4, nps6 and nps10 in Cochliobolus heterostrophus are relatively

conserved. The conservation pattern among nrps gene might relate to their function. nrps genes
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involving in growth and development show less variation in copy number and more conserved in
domain pattern in comparison with nrps genes involved in more niche-specific functions (Bushley
and Turgeon, 2010). Examples of medically significant nrps genes from fungi are acvA4 gene and
simA gene. The acvA gene which is produced from Aspergillus nidulans and Penicillium
chrysogenum controls the production of the precursor of B-lactam antibiotics, for example
penicillin. The simA gene from Tolypocladium inflatum controls the production of cyclosporin A.
Genes coding for NRPS are organized in operons or in clusters (Caboche et al., 2008) as

shown in Figure 1.

Ala NlbLeun I Ala NIl 0Val Bl A domain

[ E domain
[J C domain
0 PCP

E F domain
M R domain
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Figure 1: Organization of nrps gene (Linear tyrocidine synthethase gene) (Kessler et al., 2004)

nrps cluster usually vary from 5.9-48.5 kb in length (Kratzschmar et al., 1989;
Stachelhaus and Marahiel, 1995; Stachelhaus et al., 1996; Marahiel et al., 1997). nrps genes of
prokaryotes do not have intron, while those of eukaryotes usually have several introns and exons
(Velkov and Lawen, 2009). nrps genes, either in bacteria or fungi, frequently undergo horizontal
gene transfer, so their corresponding metabolites are not conserved across the kingdom (Brushley
et al., 2008; Khaldi et al., 2008; Rounge et al., 2009). Considering domain conservativeness,
condensation domain is less conserved than adenylation domain and thiolation domain. (Stein and
Vater, 1996) However, various modules of nrps show several highly conserved motifs, e.g. highly

conserved signature sequence, A1-A10, (as shown in Table 1) which are important for ligand
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binding in the adenylation domain; and signature sequence for cofactor binding site in thiolation

domain.

Table 1 Highly conserved core motifs of the adenylation domains of nonribosomal peptide

synthases; M, = Medium chain aliphatic amino acid (A, V, L, I and M); A, = Aromatic amino

acid (F, Y, H and W)

Core | Consensus sequence (Marahiel ef al., 1997) | Consensus sequence (Gulick et al., 2009)
Al | L(TS)YxEL M_(ST)A x(EQM,

A2 | LKAGXAYL(VL)P(LI)D (RKF)M,GM,

A3 LAYxxYTSG(ST)TGxPKG MM _X(ST)(STG)G(ST)TGxP
A4 | FDxS A

A5 | NXYGPTE A(GW)X(AT)E

A6 GELxIxGxG(VL)ARGYL GEx (n=10-14) GY

A7 Y(RK)TGDL (ST)GD

A8 GRxDxQVKIRGXRIELGEIE Rx(DK)x (n=6) G

A9 LPxYM(IV)P -

A10 | NGK(VL)DR PxxxxGKM,_ x(RK)

Other signature sequences are also found in condensation domain (C1-C7), thioesterase

domain, epimerization domain (E1-E7) and N-methylation domain (N1-N3), as shown in Figure 2

(Marahiel et al., 1997; Gulick et al., 2009). These amino acid sequences can be used for

designing degenerative PCR primers (Tapi et al., 2010), e.g. A2f/A3r, A3F/ATR and MTF/MTR

primers were specific for core A2/A3, A3/A7 and A2/A8 of adenylation domain, respectively.

(Neilan et al., 1999; Martens et al., 2000; Sacido and Genilloud, 2004)
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epimerization

N-methylation

Figure 2: Core conserve region of NRPS (Marahiel et al., 1997)

NRPS consists of modules which are subdivided into domains as basic units. Each
module is responsible for the incorporation of a specific monomer. Generally, each module
composes of three core catalytic domains: adenylation (A) domains, thiolation (T) domains
(peptidyl carrier protein: PCP) and condensation (C) domains. At C-terminus of NRPS enzyme, a

thioesterase (Te) which catalyzes the release of the peptide from the NRPS is often found (Figure

3).
IZI}-Phe
IZI)—F'he L-Pro
I;J-Phe lI_-Pro L-Phe
IfIJ-Phe IT-Pro IT-Phe D-Phe
D-Phe L-Pro L-Phe D-Phe L-Asn
T T T 1 [ _D-Phe.
I?-Pha IT-Pro II_-F'he I;)-F'he IT-Asn II_-GIn L-Led L-Pro
IZIJ—F'he IT-F'ro IT—Phe IIJ—Phe LI_-Asn LI_-GIn II_-Tyr /
D-Phe L-Pro L-Phe D-Phe L-Asn L-Gin L-Tyr L-Val L-Omn L-Phe
D-Phe L-Pro L-Phe D-Phe L-Asn L-Gin L-Tyr L-Val L-Om
1 1 ] I ] I 1 1 I L—Val D—phe
L-Phe L-Pro L-Phe L-Phe L-Asn  L-Gln  L-Tyr L-Val L-Orn L-Leu —_ \ y;
T T T WE) L-Tyr L-Asn
é. OlcQc0.cq LG~
M1 M2 M3 M4 M5 M M7 MB MO M10 Tyrocidine

Figure 3: Modular structure of Tyrocidine synthsthase NRPS (Felnagele et al., 2007)
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These domains form a minimal NRPS module which has classical A-T-[C-A-T]n-Te
assembly (Schwarzer et al., 2003). Three types of NRPSs are classified based on domain
architecture and assembly mechanisms (Mootz et al., 2002). Type A or linear NRPS has a
classical arrangement of domain and module which leads to a parallel structure between the
module and primary sequences of the peptide products. Type B or iterative NRPS also has a
classical arrangement of module and domain similar to type A, but their modules and domains are
re-used for synthesizing product with repeating units. Nonlinear or type C NRPS do not have
classical arrangement, for example the yersiniabactin-synthetase consists of a Cy-Mt-T unit.
NRPS may consist of a single A-T-C module (monomodular) or repeated A-T-C modules
(multimodular). Some NRPS genes may encode an incomplete NRPS module but fused to a
polyketide synthase (PKS) unit (Felnagele et al., 2007; Bushley and Turgeon, 2010).

The A domains belong to the adenylate-forming enzyme superfamily. They select,
activate and incorporate the substrate into T domains of NRPS. Their substrate can be
proteinogenic amino acids or nonproteinogenic amino acids as well as carboxy and hydroxyl
acids, e.g. aryl acid (Jirakkakul et al., 2008). A domains have a high substrate specificity which is
also seen in C and Te domains in the lesser extent. A domains activate the carboxyl group of the
amino acid via ATP-dependent reaction to form aminoacyl-AMP intermediate. Aminoacyl
intermediate is then transferred to 4’-phosphopantetheine of the thiolation domain and then
covalently bound to thiol group of the 4’-phosphopantethein, which results in aminoacyl
thioesters. Bounded aminoacyl thioesters then form peptide bond with aminoacyl thioesters or
peptidyl thioesters which are bound with T domain of the adjacent module. Peptide bond
formation is catalyzed by C-domain (Weber and Marahiel, 2001; Challis and Naismith, 2004).

Condensation (C) domain is in the acetyl coenzyme A dependent acetyl transferase
superfamily. They contain two structural similar subdomains. Each subdomain contains distinct
substrate-binding sites, donor site and acceptor site. While donor site binds nuclephilic aminoacyl

thioesters from preceding module, acceptor site binds electrophilic aminoacyl thioester of the
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corresponding T domain of the module. The acceptor site is more selective for the correct
substrate than the donor ones. In several NRPSs, cyclization domain (Cy domain) may be found
instead of C domain. The Cy domain has additional function that, after condensation, some amino
acids, e.g. cysteine, serine or threoine are cyclized resulting in thiazoline or oxazaline ring.
Besides, both C and Cy domains have high sequence similarity (Weber and Marahiel, 2001;
Challis and Naismith, 2004; Roongsawang et al., 2005; Rausch ef al., 2007).

The last module of NRPS, at the C-terminus, is typically a Te domain. Thioesterases
belong to a,B-hydrolase family and are categorized into two types. Type I Thioesterases which
are founded at the last domain of NRPS are responsible for the release of the peptide from
enzyme complex by catalyzing the hydrolysis of the peptide bonds and intramolecular cyclization
formed amide or ester bonds formation of nonribosomal peptide. The release of the peptide from
enzyme, either by hydrolysis or cyclization, is a result of ester bond formation between terminal
hydroxyl group of the nonribosomal peptides and serine residue of the Te domain, resulting in
ester-linked intermediate. Substrate specificity of Te domains that responsible for hydrolysis and
cyclization is different. Specificity of those which catalyze the cyclization is flexible while
specificity of Te domains which hydrolyze linear peptides from an NRPS is unknown. On the
other hand, type II thioesterases which often stand alone but are encoded within nrps gene
clusters may play an important role in removing the inactivated acetyl groups of incorporated
amino acid from the 4’-phosphopantetheine thiol of thiolation domain (Weber and Marahiel,
2001; Challis and Naismith, 2004).

After the release of nonribosomal peptide from Te domain or during the elongation step,
nonribosomal peptide structure can be modified by tailoring enzymes. Glycosyltransferases add
aglycones with particular deoxysugars after peptide is released while acyl carrier protein grows
the acyl chain during chain elongation step. Tailoring enzymes which modify peptide during
synthesis may act as separate subunits (in trans) or in relevant module (in cis). Examples of

modifying domains which catalyze substrate during NRPS synthesis are C-methyltransferase (C-
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MT domain), epimerization domain (responsible for transformation of L-amino acid into D-amino
acid), cyclization domain (responsible for heterocyclization of cysteine and serine/threonine
residues to thiazoline and oxazoline, respectively) and cytochrome P450s (responsible for
oxidative cyclization of phenolic sidechains). Additional non-NRPS tailoring enzyme may
modify either substrate or final peptide product by aminoacyl B-hydroxylation, halogenations and
glycosylation (adding of sugar, glycone, to aglycone moiety of the molecule) (Walsh et al., 2001;
Cadel-Six et al., 2008; Bushley and Turgeon, 2010).

Nonribosomal peptides differ from ribosomally synthesized peptides in several features.
First of all, they can be linear like ribosomal peptides, but also branched or cyclic (Caboche et al.,
2008). Second, NRPSs are able to incorporate non-proteinogenic amino acids, e.g. ornithine,
hydroxyphenylor dihydroxyphenyl-glycine and (4R)-4-[(E)-2-butenyl]-4-methyl-L-threonine
(Bmt) into nonribosomal peptide while ribosome are not. Besides, bond that connects amino acids
in nonribosomal peptides can be pepide bond or ester bond. Next, nonribosomal peptides are
usually heterocyclic or macrocyclic, branch or unbranch, and represent dimers or trimers of
identical structural elements. In addition, these peptides may obtain side chain via N-
methylations, N-formylations and glycosylations. Nonribosomal peptide may contain acetate or
propionate units which are inserted by polyketide synthase and sometimes fatty acids inserted by
fatty acid synthase (Schwarzer ef al., 2003; Challis and Naismith, 2004). Finally, structure of
nonribosomal peptide is diverse because of the differences in the selection of amino acids
activated by A domains, modifying domains, for example E (epimerization) domains, cyclization
and modifying enzymes, e.g. glycosyltransferases, carbamoyltransferases, and oxidases, in
different NRPS complexs.

Various types of clinically significant pharmaceutical products are derived from
nonribosomal peptides. (Felnagele et al., 2007) The most important example is B-lactam
antibiotics, e.g. penicillins and cephalosporins, which are produced by a variety genera of fungi

(Penicillium, Cephalosporium and Aspergillus) and bacteria (Streptomyces, Nocardia,
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Flavobacterium and Lysobacter). Their mechanism of action is inactivation of the
transpeptidation reaction in cell wall synthesis. f3-lactam antibiotics biosynthesis pathway begin
with the formation of tripeptide ACV from L-o-aminoadipate, L-Cysteine and D-Valine which is
catalyzed by an NRPS designated as ACV synthetase. ACV is then modified by isopenicillin N
synthetase into isopenicillin N which contains B-lactam and thiazolidine rings, the shared
structure of B-lactam antibiotics. The next example is glycopeptides, e.g. balhimycin, bleomycins,
chloroeremomycin, vancomycin and teichoplanin. Glycopeptides is heptapeptides synthesized by
actinomycete from various species including Actinoplanes and Streptomyces. Vancomycin and
teichoplanin are produced by Amycolatopsis orientalis and Actinoplanes teichomyceticus,
respectively. Their mechanism of action is inhibition of cell wall synthesis of gram-positive
bacteria by hydrogen bonding with D-Alanyl-D-Alanine of peptidoglycan precursor. This inhibits
the transglycosylation of peptidoglycan for further elongation and cross-linking. Thus,
peptidoglycan of the cell wall is weakened and cell wall is more susceptible to lysis. Vancomycin
and teichoplanin is considered as clinically useful pharmaceuticals as the USFDA approved of
vancomycin for the treatment of patients with infections caused by staphylococcal and
streptococcal species. However while teichoplanin is not approved by the USFDA, it is used in
Europe for the treatment of gram-positive infection. Cyclosporins, a group of 11 amino acid
cyclic peptide produced by Tolypocladium inflatum, are also the best representative of
nonribosomal peptide drugs. Cyclosporin A is the most medically useful because it has
immunosuppression (due to T-cell suppression) and anti-inflammation activities. Nevertheless, it
has high toxicity. Cyclosporin A is used clinically as an immunosuppressant in prevention of
organ rejection after allogenic organ transplantation and in treatment of autoimmune disease. The
other examples of nonribosomal peptide natural products are bacitracin, capreomycin,
daptomycin lipopeptides, polymycin and quinoxalines (Kleinkauf, and Dohren, 1990; Felnagele

etal.,2007).
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2.5 Metagenomics

Jo Handelsman and colleagues first used the term metagenomics in 1998 (Handelsman et
al., 1998) to term the collective genomes of soil microflora. Metagenomics refers to a set of
research techniques that consist of metagenomics cloning and clones screening. The definition
now has been updated and is “the science of discovering, modeling, understanding and ultimately
managing at the molecular level the dynamic relationships between the molecules that define
living communities and the biosphere” (Committee on Metagenomics, 2007). For a less
complicated version, metagenomics means “the application of modern genomics techniques to the
study of communities of microbial organisms directly in their natural environments, bypassing the
need for isolation and lab cultivation of individual species" (Chen and Pachter, 2005).

In the past, microbiological researches rely on cultivation method. Microorganisms
including bacteria, archaea, eukarya and viruses in the environmental samples, e.g. soil, water and
plants are isolated into a single colony. This approach cannot study the unculturable population
which is estimated to be 99% of microbial population in the environment (Staley et al., 1985;
Amann et al., 1995; Stein et al., 1996; Handelsman et al., 1998; Hallam et al., 2003). This
unculturable population is also largely diverse and unrelated to the cultured ones (Riesenfeld et
al., 2004). Most of microbes in environmental sample cannot grow in selected culture media
because of many reasons including inappropriate growth conditions, e.g. inoculums size,
temperature, pressure, atmosphere, surface area, media type and incubation period, and
microorganism factors, e.g. growth rate, symbionts and toxic products (Simu et al., 2004; Davis et
al., 2005). These obstacles retard the development of cultivation method and raise the culture-
independent approach as an alternative. As metagenomics is the culture bypassing method which
microbial genome can be expressed, it may be the solution to this problem.

Metagenomics comprises four major processes. First, Metagenomes (collective genomes

from environment) are extracted from sample of interest and are purified. Second, Metagenomic
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DNA is cloned into a suitable cloning vector and transformed into host strains, resulting in
metagenomic library. Third, metagenomic library is screened by either sequencing approach or
functional approach for required phenotype. Finally, selected clones are collected for additional
study (Streit and Schmitz, 2004). Types of samples collected depend on the objectives of the
study. Suitable samples for novel bioactive compound screening are soils (Handelsman et al.,
1998). It has been reported that marine water, mine drainage or animal samples are efficient
samples for microbial communities and diversity studies, symbiosis researches and natural
products research (Handelsman, 2004). Metagenomic DNA is extracted from a sample by direct
or indirect method. Indirect method or cell extraction method is the method that isolates active
microbial cells from sample and then extracted for metagenomic DNA. Although this method
gives higher purity and diversity of genomic DNA, lower DNA yields limits its use (Steffan et al.
1988; Gabor et al., 2003). Direct DNA extraction or cell lysis method (Steffan et al. 1988; Picard
et al., 1992; Ogram et al., 1997) is performed by breaking microbial cell directly and extracting
DNA from the sample. Cell disruption can be done in various lytic treatment including
mechanical forces, for example bead-mill homogenization, bead-beating, sonication, heating or
thermal shock, and chemicals, e.g. cetyl trimethylammonium bromide (CTAB), proteinase K and
sodium dodecyl sulfate (SDS) (Xia et al., 2006). Chemical or enzymatic lysis is relatively gentler
than mechanical disruption methods (Rajendhran and Gunasekaran, 2008). This method yields
much higher DNA quantity compare to indirect method. Though this procedure gives less DNA
purity, the contaminants do not cause problems since they can be eliminated in the additional step
of purification. Moreover, eukaryotic genome, which is co-extracted, is generally not expressed in
bacterial host organisms. Purification processes are needed for both extraction methods but more
extensive for direct extraction. At least four types of purification methods are commonly used:
cesium chloride density gradient centrifugation, chromatography, electrophoresis and dialysis,
and filtration. To remove all contaminants, several purification methods should be combined

depending on the type of an environmental sample (Roose-Amsaleg et al., 2001). Extracted DNA
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can be quantified and qualified by UV visible spectrophotometer using optical density (OD) at
specific wavelength. OD at 230 nanometer (nm) indicates the amount of salt, solvent and humic
acid contaminant. OD at 260 and 280 nm indicate the amount of DNA and protein impurity,
respectively. Double strands DNA with concentration of 50 microgram per milliliter have an OD
»0 €quivalent to one. DNAs which are suitable for downstream process should have OD ,,/OD ,,
and OD

/OD ., ratios in the ranges of 1.8-1.9 and 1.4-1.9, respectively (Wilfinger et al., 1997,

260 230

Roose-Amsaleg et al., 2001).

Metagenomic library construction is performed after the extraction and purification steps.
Purified metagenomic DNA is cut by restriction enzyme and then inserted into vector.
Recombinant vector is then transformed into competent host cell. Type of vector used in ligation
reaction depends on metagenomic DNA size. A small sized insert DNA can be easily transformed
without the need of very high DNA purity. However, it cannot contain large gene clusters or
operons. Furthermore, a large number of clones are needed for library coverage. On the contrary,
large DNA is suitable for a study of a large gene cluster or microbial genomes, but it is difficult to
obtain and process (Streit and Schmitz, 2004; Daniel, 2005). Each vector type delivers DNA-
insert which has different sizes. Small sized DNA [less than 10 kilo base pairs (kb)] is generally
delivered by plasmid (Henne et al., 1999) while larger sized insert is usually delivered by cosmid,
fosmid or bacterial artificial chromosome (BAC). Cosmid delivers insert which has length
ranging from 25 to 35 kb (Entcheva et al., 2001). DNA with size approximately of 40 kb is
usually delivered by fosmid (Beja et al., 2002). BAC is usually used with larger sized insert (200
kb) (Beja et al., 2000; Rondon et al., 2000). Plasmids have higher copy numbers than the other
vectors. This property yields advantages for the detection of weakly-expressed foreign gene.
Many transformation methods including chemical or mechanical transformation are used.
Electroporation is the most popular method due to its ease, rapidity, high efficacy and
reproducibility (Sambrook and Russell, 2001). For host cells used in metagenomic library

construction, Escherichia coli are preferred because they are commonly employed in downstream
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process and industrial fermentations (Daniel, 2004; de Lorenzo, 2005). Other hosts used include
Aspergillus (Lubertozzi and Keasling, 2008), Pseudomonas putida (Li and Qin, 2005) and
Streptomyces lividans. (Hopwood et al., 1985). Streptomyces host should be encouraged for use
in drug discovery purpose because it is the well known antibiotics producer (Rajendhran and
Gunasekaran, 2008).

Metagenomic libraries are screened by sequence—based analysis or functional screening
(Schloss and Handelsman, 2003; Daniel, 2004). These two approaches have different advantages
and disadvantages. Sequence-based screening is the screening of libraries for clones that contain
required sequences by hybridization probes or PCR primers designed from conserved DNA
sequences of already known genes or protein families, for example 16S rRNA gene. This
approach relies on known conserved DNA sequences. It is also an expression-independent
approach which allows the detection of unexpressed gene or incomplete gene fragment. In other
word, it can be said that sequence based screening is not suitable for a full length gene. On the
contrary, functional screening is expression-dependent. This approach begins with identification
of clones that express phenotype of interest followed by characterization of the active clones by
sequence-based method or biochemical analysis. Functional screening allows the detection of
functional genes which express the functional gene products. It also has the potential to detect
novel genes encoding new types or classes of bioactive compounds since it does not depend on
known conserve sequence. However, expression problems of foreign gene in selected host cell
may limit the detection ability of this method. Different codon usage, transcriptional co-factor,
protein folding and protein secretion could be a reason for poor protein expression and low
activities of the transformant (Streit and Schmitz, 2004).

Metagenomics contribute to various potential applications in many fields which
microorganism involved (Committee on Metagenomics, 2007). In earth sciences, genome-based
microbial ecosystem models may describe and predict global environment process.

Metagenomics also facilitate in community-based microbial biology, ecology and evolution.
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Microbial diversity in selected habitat can be accessed more easily via sequence-based analysis
by using 16S rRNA gene. Metagenomics also assist in understanding of microorganisms’
activities in energy production or waste remediation. The role of microorganisms in health of
plants and animals may involve in agriculture. The better understanding about symbiosis and
pathogenesis of microbials in domestics lead to more productions and loss of less animals and
plants. Novel natural products, for example enzymes and bioactive compounds which may
generate benefits in foods, cosmetics and pharmaceutical industry, are expected to be discovered
from metagenomics. Metagenomics obviously have pharmaceutical application in novel drugs
discovery. Functional screens of metagenomic libraries have identified both novel and previously
described natural products, for example biotin, enzymes, antibiotics and biosynthetic pathways
(Daneal, 2003; Schloss and Handelsman, 2003; Kennedy et al., 2007). Enzymes, e.g. agarase,
alcohol oxidoreductase, amidase, amylase, 3-galactosidase (Wang et al., 2010), chitinase, DNase,
glycerol/diol dehydratase, 4-hydroxybutyrate dehydrogenase, lipase (Liaw, et al., 2010) protease
and xylanase (Mo et al., 2010) were discovered via metagenomics. Antibiotics, e.g.
ascidiacyclamide, discodermolide (Dunlap et al., 2007), indirubin (Osburne et al., 2000), N-
acyltyrosine, N-acylaromatic long chain amino acid antibiotis, onnamide (Haygood and
Davidson, 1997; Piel et al., 2004), terragines (Wang et al., 2000), turbomycins (Gillespie ef al.,
2002), and violacein (Brady et al., 2001), and anticancers, for example bryostatins (Haygood and
Davidson, 1997; Davidson et al., 2001; Hildebrand et al., 2004; Dunlap et al., 2007) and
patellamides (Bergmann and Feeney, 1950; Bergmann and Burke, 1995; De Rosa et al., 1995;
Schmidt et al., 2005) which have potential in drug development were also found. Besides, in
metagenomic libraries screening, biosynthetics pathway, e.g. biotin synthetic pathway, polyketide
synthase and nonribosomal peptide synthetase gene cluster were discovered.

Although metagenomics may solve the cultivation problems, they still have many
limitations (Committee on Metagenomics, 2007, Dupr’e and O’Malley, 2007). First of all,

metagenomics DNA from some types of sample, especially from soil, require a large number of
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clones in metagenomic library to cover the entire metagenomic DNA. Second, technology
limitations are considered to be important. Current technologies, e.g. sequencing technology,
bioinformatics and metagenomic database, cannot efficiently deal with large amount of complex
data derived from metagenomes. The sophisticated study, for example comparison of bacterial
communities or microbial system biology, needs the use of high technology. Metagenomic
technique has various in-process technical biases, e.g. sampling, lysing cells for DNA extraction,
cloning and expression systems. Furthermore, metagenomes usually contain DNA of major
population. The information about minor members of communities with important role is still
scarce. The techniques used to study rare community members, for example cell sorting or
community DNA normalizations are still in the development process. Another problem in
metagenomic research is an inadequate of genomic data. Some sequences in database do not have
functional data which lead to inadequate number of reference genome to identify microbial
functions. Some data, for example physical conditions is difficult to associate with functional
data. Finally, the use of expression host cell in functional screening is usually restricted to E. coli.
This limits the discovery of genes that cannot be expressed in E.coli and raises the need of novel

gene-expression system.

2.6 Soil metagenomics (Daniel, 2005; Rajendhran and Gunasekaran, 2008)

Soil is one of the best microbial niches for metagenomic research due to the quantity and
diversity of uncultured microbial population. Soil has many significantly different characters from
other samples; therefore procedure of soil metagenomics differs from the others. Storage of soil
samples in any stages: on site collection, shipping, and long term storage is critical because it has
a strong influence on experimental results. Although different storage methods affect microbial
properties of different soil types in different levels, freezing is proved to be the best storage

method comparing with air-drying for all soil types (Wallenius et al., 2010). For some instances,
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soil microbial enrichment can be done in order to increase the discovering frequency of desired
population. The most critical process in soil metagenomic research is DNA extraction because it
affects both the species abundance and composition of the bacterial community (Laurent-Martin
et al., 2001). Soil DNA extraction, either by direct or indirect process, is difficult because soil
microbe is firmly trapped by soil matrix. Clay component in soil attaches well to microbial cell
wall. Soil with higher amount of clay is harder to be extracted but it appears to have less impurity.
In other words, clay content of the soils is positively correlated with the purity of soil DNA but is
negatively correlated with DNA yielded from extraction (Bakken, 1985). Yield and diversity of
soil DNA is also affected by the extraction method used because different soil microorganisms
have different susceptibilities to different cell lysis procedure. Chemical or enzymatic lysis is
selective to particular cell types and penetrate soil matrix partially while mechanical disruption
homogeneously disperses soil or sediment samples in lysis buffer. Therefore, mechanical
treatment is more effective and less selective than chemical lysis. However, DNA shearing is the
major disadvantage of mechanical treatment (Rajendhran and Gunasekaran, 2008). Different
extraction procedures result in different yields of DNA. The amounts of DNA isolated from
different soil types per a gram of soil range from less than one microgram to approximately 500
micrograms (Daniel, 2005). Direct lysis is preferred because it is suitable for various soil textures,
less time consumption and better DNA yield (Roose-Amsaleg et al., 2001; Daniel, 2004).
Another major problem of soil extraction is humic substances which are always co-extracted
because they have physicochemical properties similar to that of nucleic acids. The impurities
from humic compounds can interfere enzyme Kkinetics, e.g. restriction-enzyme and Tag
polymerase. They also affect other downstream processes, e.g. transformation, cloning and DNA
hybridization. To remove humic substances, purification steps often require PVP
(polyvinylpolypyrrolidone) (Roose-Amsaleg et al., 2001). DNA from soil extraction should be
precipitated using 5% polyethylene glycol instead of absolute ethanol or isopropanol in order to

remove the humic impurity. Soil DNA measurement should be done with densitometric analysis
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of ethidium bromide stained agarose gel instead of spectrophotometric because OD, , indicates

260
the levels of humic substances rather than the DNA (Arbeli and Fuentes, 2007). In general, purity
of soil genomic DNA can be evaluated by absorbance ratio at 260/230 nanometers (DNA/humic
acid) and 260/280 nanometers (DNA/protein) (Roose-Amsaleg et al., 2001). Absorbance at
higher wavelengths (320 or 340 nanometers) have been reported that they can be used to measure
the level of humic acid and give the optical density that is independent from the OD of DNA and
protein contents (Rajendhran and Gunasekaran, 2008). Soil DNA which is still contaminated with
humic or matrix substances or sheared during purification step might be used to construct plasmid
libraries but better to be discard. Another critical step is library construction. Soil metagenomic
library needs to have a large size of inserts and high number of clones to cover the enormous
amount and diversity of soil microbe. Approximately, more than 10’ plasmid clones (5 kb inserts)
or 10° BAC clones (100 kb inserts) are required to represent the genomes of all the different
prokaryotic species presented in one gram of soil (Handelsman et al., 1998). Many soil
metagenomic researches for novel drug discovery use fosmid, cosmid or BAC as a vector since
they allow the detection of a large gene cluster, e.g. polyketide synthases. For the screening of
soil metagenomics, high-throughput and sensitive screening methods are required. PCR is mostly
used for sequence-based screening of soil-based library and often applied for identification of 16S
rRNA gene in phylogenetic study. Genes encoding enzymes which contain highly conserved
domains, e.g. polyketide synthases, gluconic acid reductases and nitrile hydratases are compatible
with PCR based method. In most functional screening, E. coli has successfully been used as the
expression host (Daniel, 2005).

Soil metagenomics have various applications, e.g. identification of functional genes,
investigation of the microbial diversity and community dynamics, and assembly of complete
genome of an uncultured organism. Using functional screening, many novel compounds with
potential application in biotechnological and pharmaceutical industry were found. Mangrove soil

metagenomics reveal the existence of new lipase subfamily (Couto et al., 2010). From soil
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metagenomics, enzymes, for example 1,4-~-glucan branching enzyme agarase, 4-hydroxybutyrate
dehydrogenase, alcohol oxidoreductase, agarase (which usually found in marine microbe),
amidase, amylase, cellulases, glycerol/diol dehydratase, lipase, pectate lyases and protease, were
discovered. Moreover, biosynthesis pathway of vitamin or its precursor, e.g. ascorbic acid, biotin
and nitrile hydratases (nicotinamide precursor) was found. Clones with antibiotics activites, for
example indigo blue, indirubin, N-acylaromatic long chain amino acid, terragine, turbomycin and
violacein were also detected from this approach (Voget et al., 2003; Daniel, 2004; Lim et al.,
2005; Schmeisser et al., 2007). Almost all of antibiotics were found form E. coli-constructed

metagenomic library except terragine, which were in streptomyces host (Wang ef al., 2000).



CHAPTER III

MATERIALS AND METHODS

3.1 Materials

3.1.1 Culture media and antibiotics

Luria Bertani (LB) agar (Difco) supplemented with ampicillin (T.P. Drug
laboratories) (100 pg/ml) was wused for the cultivation of Escherichia coli
DH5a carrying pGEM®-T Easy vector. For blue-white selection of transformants that contain
pGEM®—T Easy vector, LB agar containing ampicillin, 5-bromo-4-chloro-3-indolyl-beta-D-
galactopyranoside (X-Gal) (Sigma) (40 pg/ml) and isopropyl-beta-D-thiogalactopyranoside
(IPTG) (Sigma) (40 pg/ml) was used. Culture media for the cultivation of E.coli DH50 which
was used for metagenomic library construction (section 3.6) was LB agar supplemented with
chloramphenicol (Sigma) (12.5 pg/ml). For an induction of fosmid production, E.coli DH50. was
cultured on LB agar containing chloramphenicol and arabinose (Sigma) (10 mg/ml). Sabouraud’s
dextrose agar (SDA) (Merck) was used for cultivation of Candida albicans ATCC 90028 in the
antifungal assay. Ketoconazole (USP24; Karingo, Italy) was used in antifungal test. Muller-

Hinton (MH) agar (Merck) was used for cultivation of Bacillus subtilis in the antibacterial assay.

3.1.2 Chemicals

Chemicals used in this study were as the followed: for soil DNA preparation,

lysis buffer which composes of tris (hydroxymethyl) aminomethane (Tris) (BioScience Inc),
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ethylenediaminetetraacetic acid (EDTA) (BioScience Inc), cetyl trimethylammonium bromide
(CTAB) (BioScience Inc) and sodium chloride (Merck); sodium acetate (Merck), absolute ethanol
(Merck), isopropanol (Merck), was used. Chemicals for agarose gel electrophoresis were TBE
buffer which consists of Tris, boric acid (BioScience Inc) and EDTA; agarose (Vivantis),
polyvinyl pyrrolidone (PVP) (Applichem). SYBR® (invitrogen) was used instead of ethidium
bromide for DNA staining in purification process. For polymerase chain reaction (PCR), GoTaq

Colorless Master Mix (Promega) was used throughout the study. All of PCR primers in this
research were synthesized by 1" Base, Singapore. Glycerol (Fisher Scientific) was used as
cryoprotectant for library storage and used in electrocompetent cell preparation. HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (Applichem) was used in preparation of

electrocompetent B. subtilis.
3.1.3 Plastic wares and extraction Kits

Plastic wares used in this study were as the following: 50 ml centrifuge tubes
(Corning), centrifuge tubes 30 ml (Nalgene®), microtubes 1.5 ml (Axygen), disposable plastic
petri dish (Hycon). For DNA purification by dialysis, SnakeSkin® pleated dialysis tubing
(Thermo Scientific) was used. For DNA extractions, High-Speed Plasmid Minikit (Geneaid) were
used for plasmid extraction and FosmidMax® (Epicenter) was used for fosmid extraction. Glass
beads (undrilled, 3 mm; Ajax Finechem Pty Ltd) were used to spread bacteria suspension on agar

plate.
3.1.4 Microorganisms, host cells and cloning vectors

For screening of nrps gene on mangrove soil, E. coli DH50 was used as a host

®
cell and pGEM -T Easy vector (Promega) was used as a cloning vector. For construction of soil
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metagenomic library, host cell and cloning vector was acquired from CopyContlrolTM Fosmid
Library Production Kit with pCC2FOSTM vector (Epicenter). For sequence-based library
screening, Micromonospora chalcea ATCC 12452 was used as a positive control in PCR which
was used for nrps gene amplification. pSuperBAC in E. coli, DHI0OB JW366 (obtained from
Department of Plant Pathology, University of Wisconsin, Madison, USA.) was used for the

construction of chloramphenicol-resistant Bacillus subtilis.

3.1.5 Tested strains

For functional-based screening, Candida albicans ATCC 90028 was used in the
antifungal assay. The microorganism was maintained on SDA and stored at 4°C. For the
screening of antibacterial activity, chloramphenicol-resistant Bacillus subtilis was used. B. subtilis

Cm" was maintained on LB agar containing chloramphenicol (12.5 pg/ml) and stored at 4°C.

3.1.6 DNA marker

Different types of DNA markers were used depending on the length of DNA
loaded. Lambda DNA HindIll digest marker (Fermentas), GeneRuler DNA marker mix
(Fermentas) and VC100bp Plus DNA Ladder (ready to use) (Fermentas) were used in the

experiment.

3.2 Instruments

For centrifugation of DNA, 50 ml centrifuge tubes were centrifuged in Heraeus

Megafuge 1.0R with refrigeration (DJB Labcare, England) and 30 ml centrifuge tubes were used

with refrigerated centrifuge (Sigma 2K 15, B. Braun Biotech International, Pennsylvania, USA).
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POWER PAK 300 (Bio-Rad, California, USA) was used for agarose gel electrophoresis. For
optical density (OD) and % transmittance measurement, UV visible spectrophotometer (UV-
160A UV-Visible recording spectrophotometer, SHIMADZU, Kyuto, Japan) was used.
Automated thermal cycler (Mastercycler gradient, Eppendorf, Hamburg, Germany) was used for
PCR. MicroPulser (Bio-Rad, California, USA) was used for electroporation. Colony replication

was performed by replica plating tool (Scienceware, Pequannock, NJ, USA).

33 Sample collection

Soil sample was collected from Klongkone mangroves, Samutsongkhram province in
September 2008. The soil sample were collected from surface to 10 cm depth and stored on ice
during sample collection and transportation. For long term storage, soil samples were kept at -

20°C.

34 Soil DNA preparation

DNAs of soil microorganisms were extracted by direct extraction method (Brady, 2007).
After the extraction, soils DNAs were purified and size-selected by gel electrophoresis and
dialysis (Brady, 2007). Purified soil DNAs were quantified and qualified by OD measurement at
230, 260 and 280 nm (Wilfinger et al, 1997). Ten reactions of direct soil extraction were
performed in 50 ml sterile tubes. Twelve and a half grams of soil (total 125 grams of soil for ten
reactions) and 15 ml of lysis buffer were added into each bottle which was then incubated at 70°C
in water bath for 2 hours. Then, soil suspension was centrifuged at 5,000 rpm at 25°C in order to
separate the supernatant and soil precipitate. Supernatant was put into 30 ml centrifuge tube.
Next, 0.7 volume of cold isopropanol was added into soil supernatant to precipitate DNAs from

the supernatant. DNA pellet was collected by centrifugation at 3,500 g for 30 minutes at 25°C.
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Pellet was then washed by cold 70% ethanol. Washed DNA was then air-dried and dissolved in
sterile distilled water.

Extracted DNA was purified by agarose gel electrophoresis. Agarose gel was prepared at
0.6% concentration in TBE buffer. PVP in a 2% final concentration was added into the gel
(Young et al., 1993). Gel electrophoresis was performed in air-conditioning room using 30
voltage of electromotive force until visible brown band of humic substances move out of the
agarose gel. Agarose gel was stained with SYBR gold and then excised under blue light, leaving
only the required size (in this experiment, the DNAs longer than 23 kb were required). Excised
agarose gel was placed into TBE buffer in dialysis bag. Agarose gel electrophoresis was
performed in dialysis bag in order to extract size-selected DNA from agarose gel into TBE buffer.
DNAs in TBE buffer was then precipitated by adding 0.1 volume of 3 molar sodium acetate and
0.7 volume of cold isopropanol. DNA pellet was washed by cold 70% ethanol, air-dried and
dissolved in sterile distilled water. Purified soil DNAs was kept in the refrigerator for further
process of the experiment.

Optical density of DNA at 230, 260 and 280 nm was measured by UV visible
spectrophotometer in order to determine the quantity and purity of purified the DNA. OD ,,,
indicates the amount of salt, solvent and protein contaminant in DNA solution while OD .,
indicates the amount of protein contaminant. OD , indicates an amount of DNA. Double strands
DNA with concentration of 50 microgram per milliliter have an OD ,, equivalent to one. Soil
/OD

DNA which is suitable for further downstream process should have OD ,,/OD ,,, and OD

260 260

,3 ratios of 1.8-1.9 and 1.4-1.9, respectively.
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3.5 Screening on mangrove soil metagenomes for nrps gene

3.5.1 PCR amplification of nrps gene from mangrove soil

Purified soil DNAs from section 3.4 were used as a DNA template for PCR
amplification. nrps gene encoding A domain was amplified by using three primer pairs which are
A2f (AAG GCN GGC GSB GCS TAY STG CC)/A3r (TTG GGB IKB CCG GTS GIN CCS
GAG GTG) primers (Martens et al., 2007); A3F (GCS TAC SYS ATS TAC ACS TCS GG)/
A7R (SAS GTC VCC SGT SCG GTA S) primers (Sacido and Genilloud, 2004) and MTF2 (GCN
GGY GGY GCN TAY GTN CC)/MTR (CCN CGD ATY TTN ACY TG) primers (Neilan et al.,
1999). PCR amplification was performed in a 20 ul reaction mixture consisting of GoTaq®
Colorless Master Mix. The thermocycling program was performed using an automated thermal
cycler and run as follows; For A2f/A3r primers, 95°C for 5 min; 40 cycles of 95°C for 1 min,
70°C for 1 min and 72°C for 2 min; with a final extension period of 7 min at 72°C; For A3F/A7R
primers, 95°C for 5 min; 35 cycles of 95°C for 30 sec, 59°C for 2 min and 72°C for 4 min with a
final extension period of 10 min at 72°C ; For MTF2/ MTR primers, 94°C for 5 min; 35 cycles of
94°C for 1 min, 50°C for 1 min and 72°C for 2 min; with a final extension period of 7 min at
72°C. DNA from M. chalcea ATCC 12452 was used as positive control for nrps gene

amplification since its genomic DNA contains nrps gene cluster (Sacido and Genilloud, 2004).

3.5.2 Preparation of electrocompetent E. coli DH50.

Electrocompetent E£. coli DH5a cells were prepared by chemical method using
calcium chloride (Sambrook and Russell, 2001) with some modifications. Briefly, E. coli was
inoculated into 5 ml of LB broth and incubated at 37°C with shaking at 200 rpm for overnight.

Overnight culture in a volume of 300 pl was then inoculated into 30 ml of LB broth and
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incubated at 37°C with shaking at 200 rpm to an OD,, of approximately 0.5. Cells were
transferred into centrifuge bottle and spun down at 4°C for 10 min. Supernatant was discarded.
Cell pellet was gently resuspended in 30 ml of ice-cold 10% glycerol. Cell suspension was spun
down for the collection of bacterial cells. This process was repeated three times by changing the
volume of 10% glycerol into 15, 3 and 2 ml, respectively. Cells were finally suspended in 2 ml of
10% glycerol and divided into 400 pl aliquot. Each aliquot was used for each electroporation

reaction.
3.5.3 Sequencing of PCR products

PCR products with 200-300-bp, 700-bp and 1-kb in length which supposed to be
the PCR product of nrps genes from A2f/A3r, A3F/A7R and MTF2/MTR, respectively, were
ligated into pGEM®-T Easy vector according to the manufacturer’s instruction and transformed
into competent cells (E. coli DH5a). Transformation was performed by electroporation using
MicroPulser according to the user instruction. Circular pGEM®—T Easy vector (extracted from
blue colonies from prior experiments) was used as positive control for electroporation.
Transformants were plated on LB agar containing ampicillin (100 pg/ml), X-Gal (40 pg/ml) and
IPTG (40 pg/ml) for blue-white selection. After the overnight incubation at 37°C, white colonies
were selected and screened for nrps gene by PCR amplification using A2{/A3r, A3F/A7R or
MTF2/MTR primers as the condition described above. Recombinant plasmid of the PCR-positive
clone was extracted using High-Speed Plasmid Minikit and directly subjected to sequencing by
using T7 (TAATACGACTCACTATAGGG) and SP6 (TATTTAGGTGACACTATAG) primers

at 1st BASE (Singapore).
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3.5.4 Phylogenetic analysis of PCR products from mangrove soil

Nucleotide sequences of DNA insert in plasmid were trimmed off vector
sequence and degenerate primer binding sites were identified and removed. Nucleotide sequences
were translated into amino acid sequences using BioEdit Sequence Alignment Editor 7.0.5.3.
(Hall, 1999). All of deduced amino acid sequences from mangrove soil were aligned by
ClustalW2 (Larkin et al., 2007) serviced online by EBI
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) in order to generate the alignment score for

sequence identity analysis.

With CLC Mainworkbench 5.6 (CLC bio A/S, Aarhus, Denmark), the obtained
DNA sequence of partial nrps gene was used as the query sequence to search for similar
sequences in non-redundant protein sequences database, reference proteins database and
swissprot protein sequences database of NCBI using blastx program (Stephen ef al., 1997). The
redundant sequences from the same species were sorted out. Only the sequences with the highest
score were selected and used for generating multiple sequences alignments by Muscle sequence
alignment (Edgar, 2004). Aligned sequences were further adjusted manually for good alignment
of core sequences. The unrooted phylogenetic tree was inferred using neighbor-joining algorithm

and a bootstrap analysis of 1,000 replications.

3.5.,5 Prediction of amino acid activated by A domain of nrps gene from

mangrove soil

Amino acid substrate which is recognized by A domain of NRPS from mangrove
soil was predicted by PKS/NRPS Analysis Web-site at http://nrps.igs.umaryland.edu/nrps/.

(Bachmann and Ravel, 2009). The NRPS prediction BLAST server first extracted eight amino
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acids from input A-domain sequences derived from mangrove soil. After that, Blast program
searched the eight critical residues of the enquiry against a database of eight amino acids lining

the active pocket of adenylation domains of assigned function.
3.6 Metagenomic library construction

Prepared soil DNA from section 3.4 was used for metagenomic library construction.
CopyControlTM Fosmid Library Production Kit with pCC2FOS " vector (Epicenter) was used for
construction of the library according to user manual with some modifications. Briefly, purified
DNAs from section 3.5 were end-repaired and then ligated into pCCZFOSTM vector. The process
of “shearing of DNA” and “size selection of the End-repair DNA” were skipped because purified
DNAs were already sheared and size-selected from the purification process. Recombinant
fosmids were packed with MaxPlax Lambda Packaging Extracts. Packed fosmids were diluted
with Phage Dilution Buffer in serial 10 fold dilution before adding to EPI300-T1® host cells in
order to determine the titre of the packaged phage particles. Phages at the selected titer were
mixed with EPI300-T1® cells for transfection. Transfected bacteria were plated on LB agar
containing chloramphenicol (12.5 pg/ml). After overnight incubation at 37°C, each plate of
transformants were washed by 20% glycerol and stored in 1.5-pl microtube. Pooled transformants
were labeled and kept in 20% glycerol. Metagenomic library was stored at -80°C for further

analysis.
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3.7 Metagenomic library screening

3.7.1 Functional-based screening

For functional-based approaches, antifungal (C. albicans ATCC 90028) and

antibacterial (chloramphenicol-resistant B. subtilis) activities were tested.

3.7.1.1 Construction of chloramphenicol-resistant B. subtilis

Bacillus  subtilis with chloramphenicol-resistant phenotype was
constructed by introduction of pSuperBAC which contains chloramphenicol resistance gene
(Williamson et al., 2005) into B. subtilis ATCC 6633 by electroporation technique. Preparation of
B. subtilis electrocompetent cells was modified from the method described by Matsuno, Y., et al.
(1992). Briefly, B. subtilis ATCC 6633 was inoculated in LB broth and cultured at 37°C with
shaking at 200 rpm for overnight. Fresh overnight culture in a volume of 0.5 ml was inoculated
into 10 ml of LB broth and incubated at 37°C with shaking at 200 rpm for 3 hours. Cells were
harvested by centrifugation at 4°C. Cell pellet was washed twice in 1 mM HEPES and twice in
10% glycerol. Cells were finally suspended in 2 ml of 10% glycerol and divided into 400 pl
aliquot. Each aliquot was used for each electroporation reaction. Transformation was performed
by electroporation using MicroPulser according to the user instruction. LB broth in a volume of
1 ml was added into the electroporated bacterial suspension. The bacterial cells were incubated at
37°C for 1 h before spreaded on LB agar containing 12.5 pg/ml of choramphenicol. After
incubation at 37°C for 24 h, the transformant was subcultured and maintained on LB agar
containing chloramphenicol 12.5 pig/ml. This strain was designated as B. subtilis Cm' and stored

at 4°C.
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3.7.1.2 Preparation of test microorganisms

B. subtilis Cm" was cultured on LB agar containing 12.5 pg/ml of
choramphenicol at 37°C overnight. Then, one colony was inoculated into tryptic soy broth and
incubated at 37°C for 2-3 h.

C. albicans was grown on SDA at 37°C for 24 h and suspended in
0.85% sodium chloride solution.

The turbidity of microbial suspension was adjusted to 50% T at 580 nm.
Bacterial inoculum was added in a final concentration of 1% to molten Mueller Hinton agar
(0.5% agar). Yeast inoculum was added into two flasks of molten SDA (0.5% agar) containing
subinhibitory concentration of ketoconazole (0.125 pg/ml) and equivalent amount of
dimethylsulphoxide used to dissolve ketoconazole. These seed media were used for antimicrobial
activity screening. Seed medium containing ketoconazole was used to screen for compound

which had synergistic activity with ketoconazole against C. albicans.

3.7.1.3 Screening for antibacterial and antifungal activities

Each pool of metagenomic library was serially diluted in 0.85% sodium
chloride solution to 10° dilution. A 100-pl diluted sample was spread on LB agar containing
chloramphenicol (12.5 pg/ml) and arabinose (10 mg/ml) using sterile glass beads. This was done
in 15 replicas. After incubation for 5 days at 25°C, a total of 5 and 10 plates were tested for
antibacterial and antifungal activities, respectively. Five milliliters of prepared seed media (as
described in section 3.7.1.2) were gently spread on each library plate. The overlaid plates were
incubated at 37°C for overnight. Inhibition zone was observed under magnifying glass and lamp.

Clones with inhibition zone were observed again under stereomicroscope. The selected clones
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were streak for isolation on LB agar containing chloramphenicol (12.5 pg/ml) and then tested

with all of tested organisms for the confirmation of antimicrobial activities.
3.7.2 Sequence-based screening

PCR using MTF2/MTR primers were used for screening the nrps genes in
metagenomic library. Each pool of metagenomic library was extracted for recombinant fosmid
DNA using FosmidMax® according to the manufacturer’s instruction. Extracted fosmid was then
used as DNA template for PCR amplification using MTF2/MTR primers as described in section
3.5.1. Pool that gave a 1-kb PCR product which supposed to contain nrps gene cluster was
selected for further analysis. PCR-positive pool was diluted into 10° dilution and spread on LB
agar containing chloramphenicol (12.5 pg/ml) which, from now on, was called as a starter plates.
The starter plates were incubated at 37°C overnight. Each of them was replicated once into one
plate using replica plating tool on the next day. Replicated plates were incubated at 37°C
overnight and then collected by washing with sterile distilled water. Wash water was boiled for 5
minutes. Then, boiled supernatant was collected and used as DNA template for colony PCR using
MTF2/MTR primer pair with the condition as mentioned in section 3.5.1. Replicated plates that
gave the PCR-positive result referred to the nrps gene-containing starter plates. Clones in starter
plate that had the PCR-positive replicated plate were collected. Each colony in each starter plate
was picked and streaked onto a single grid of fifty-grid LB plate containing chloramphenicol
(12.5 pg/ml) and then incubated at 37°C overnight. Fifty-grid plates were replicated once into one
plate using replica plating tool. The fifty-grid replicated plates were incubated in the condition as
above. After the incubation, replicated plates were washed and boiled. Washed water of the
replicated plates was used for colony PCR using MTF2/MTR primer. 50-grid LB plates that gave
1-kb PCR product may contain clones with nrps gene. Those plates were then replicated tree

times onto one LB plate containing chloramphenicol (12.5 pg/ml) (used as a stock culture) and
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two LB plates containing chloramphenicol (12.5 pg/ml) and arabinose (10 mg/ml) (plate A and
B). Clones from each row of plate A and column of plate B were swept, resuspended in sterile
water and pooled into microtube. Cell suspension from each row and column was boiled
separately for 5 minutes. Cell supernate was then collected and used as DNA template for PCR
using MTF2/MTR primers. Data of rows and columns with PCR-positive result were analyzed
and used for identification of clones containing nrps gene. PCR was repeated to confirm the
selected PCR-positive clones. PCR products from the positive clone were ligated into pGEM®—T
Easy vector as mentioned in section 3.5.3. PCR-positive clones were extracted for plasmid DNAs
which were directly subjected to sequencing by using MTF2/MTR primers at 1 st BASE
(Singapore). Sequencing results were analyzed as mentioned in section 3.5.4 and 3.5.5. Clones
that contained nrps gene were also functionally screened for biological activities as described in

functional-based screening section.



CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Sample collection and soil DNA preparation

Mangrove soil sample used in the present research was collected from Klongkone
mangrove, Samutsongkhram province. This mangrove forest is a suitable place for collecting the
sample due to its abundance. In addition, there is no industrial plant or open aquaculture pond
nearby (Paphavasit et al., 2002). Soil sample was collected from the surface to 10 centimeter
depth. The sample was stored at 4°C during sample collection and transportation as described in
the methodology, although it has been reported that phylogenetic diversity of soil bacterial
community was not affected by temperature or length of storage (Lauber et al., 2010).

Direct extraction of mangrove soil was performed shortly after the collection since it has
been reported that the enzymatic activities of soil greatly changed during the storage especially at
the initial period (12 weeks) (Dadenko ef al., 2009). It was noticeable that, in this research, soil
with long term storage yielded low amount of DNA. Direct extraction of 125 grams of mangrove
soil yielded enough crude soil DNA for the purification process (Figure 4A). Purification of
extracted DNAs by agarose gel electrophoresis and dialysis with the use of PVP could yield good
quality DNA with an OD

/OD ,, ratio of 1.83 and an OD ,,/OD ,,, ratio of 2 which were

260 260

higher than the acceptable ratio of 1.8 and 1.4, respectively (Wilfinger et al., 1997). This
indicated that the purified DNAs were pure enough for downstream processes. Agarose gel
electrophoresis of the purified DNAs demonstrated that they were approximately 23-kb and
higher in length, as shown in Figure 4B, which were large enough to contain nrps gene cluster

since several bacterial operons for the biosynthesis of the peptide antibiotics were only 18-45 kb
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(Marahiel ez al., 1997). This range of DNA length was compatible with CopyContlrolTM Fosmid
Library Production Kit with pCCZFOSTM vector (Epicenter) without the need of further DNA

shearing process as indicated in section 3.6 in methodology.

Figure 4.  Agarose gel (0.6 %) electrophoresis of (A) crude DNA and (B) purified soil DNA.
(A) Lanes: 1, Crude soil DNA.; 2, Lambda DNA HindIII digest marker in Kb length.; (B) Lanes:

1, Purified soil DNA; 2, Lambda DNA HindIII digest marker.
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4.2 Screening on mangrove soil metagenome for nrps gene

4.2.1 PCR-amplified nrps gene from mangrove soil

Soil DNAs were screened for nrps gene by PCR amplification with three A-
domain specific PCR primer pairs. A3F/A7R is the primer pair that is specific for nrps of soil
actinomycetes (Sacido and Genilloud, 2004). A2f/A3r primer pair is specific for nrps of
Roseobacter clade in proteobacteria (Martens et al., 2007). MTF2/MTR is a specific primer pair
of mrps of aquatic cyanobacteria (Neilan et al., 1999). Although A3F/A7R primer pair was
successfully used in many literatures (Gonzalez et al., 2005; Gao and Huang, 2009; Qin et al.,
2009; Chronakova et al., 2010), in this study, it could not amplify both soil DNA and DNA
extracted from M. chalcea ATCC 12452 (as positive control) by the condition of PCR cycles and
reagents indicated by Sacido and Genilloud, 2004. Problems with the use of A3F/A7R primer pair
might arise from humic substances contaminated in DNA template. Humic substances inhibit
DNA polymerase by chelating with Mg2+ in PCR. Inhibition concentration of humic substances
could as low as 8 ng/ul. This inhibition problem could be overcome by increasing the Mg2+
concentration or further diluted the crude DNA template to 100-fold (Roose-Amsaleg et al.,
2001). Although DMSO can enhance the PCR by interfering the secondary structure of the DNA
(Chakrabarti and Schutt, 2001), it can also inhibit half of Taq polymerase activity (Hung et al.,
1999). Therefore, final concentrations of MgCl, (1.5, 2.5, 3 and 4 mM), DNA template (1, 2 and
20 ng/ul) and DMSO (0 and 10% final concentration) were varied in order to optimize the PCR
condition. However, these optimizations could not yield any PCR product. The use of GoTaq
Colorless Master Mix instead of indicated reagents still could not amplify either DNA samples or
positive control. Gradient PCR was also performed in order to determine the optimum annealing
temperature for the use of A3F/A7R with GoTaq® Colorless Master Mix. This attempt still could

not yield any amplicons from this primer pair. Therefore, this primer pair was neglected.
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A21/A3r was the next primer pair that was used in this research. This primer pair
could amplify PCR products with 200-300-bp in length from mangrove soil and genomic DNA of
M. chalcea ATCC 12452 (Figure 5). To confirm nrps sequence in PCR products, they were
ligated into pGEM® T Easy vector and transformed into E. coli DH5a. as described in section
3.5.1 of the methodology section. This cloning process was unsuccessful. Only few white
colonies grew on the selection media. Most of them gave 500-bp PCR product when performed
colony PCR. One PCR-positive clone with approximately 300-bp PCR product was collected and
designated as MA2 12. This clone was selected for further analysis of nucleotide sequence of
DNA insert as described in section 3.5.3. Nucleotide sequence of DNA insert in plasmid of clone
MA2 12 (Figure 6) was used as the query sequence to search for similar sequences in non-

redundant protein sequences database of NCBI using blastx program. It was found that the

300
200

Figure 5.  Agarose gel (1 %) electrophoresis of PCR products amplified with A2f/A3r primer
pair, PCR products in range of 200-300 bp in length are shown. Lanes 1, VC100bp Plus DNA
Ladder in bp length ; 2, PCR product from mangrove soil DNA; 3, PCR product from MA2 12;
4, PCR product of Micromonospora chalcea ATCC 12452 (as positive control); 5, water (as

negative control).
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DNA insert was not related to nrps gene. The highest sequence identity (95%) hits were protein
of unknown function DUF255 of Micromonospora sp. L5 (ZP_06399683) and N-
acylglucosamine 2-epimerase of M. aurantiaca ATCC 27029 (YP_003834076). With the
conditions used in this study, A2f/A3r primers pair could not yield nrps related PCR product.

Therefore, it was also neglected.

3 FERE EEERE) FERR] EFPRR FEPR) BEPPR) PEPR) BERPPY PERRY BEEERY BRES
10 20 30 40 50 60

GCGGGCGGTG CTTACGTTCC GGTGCTGATC TCGGTCGGTT ACGCGGCCTG CCACTGGTGT
CATGTCATGG CTCACGAGTC GTTCGAGAAC GAGGCAGTGG CCCGGCTGAT GAACGACGAC
TTCGTCTGCG TGAAGGTCGA CCGCGAGGAG CGCCCCGACG TTGACGCGGT CTACATGACC
GCCGCCCAGG CGATGACCGG GCAGGGCGGC TGGCCGATGA CCGTCTTCGC GACGCCGGAC
GGCACCCCGT TCTTCTGCGG CACATAAGCA CCACCTGCA

Figure 6. Nucleotide sequence of DNA insert from clone MA2 12

The last primers pair, MTF2/MTR, was used in many research for amplification
of adenylation domain of cyanobacterial nrps, e.g. Ehrenreich et al., 2005; Vizcaino et al., 2005;
Tooming-Klunderud et al., 2007; Barrios-Llerena, et al., 2007; Pearson and Neilan, 2008; Zhao et
al., 2008; Castle and Rodgers, 2009; Sipari et al., 2010. It was also used successfully for PCR in
this study. MTF2/MTR primer pair was used for mangrove soil DNA amplification as described
in section 3.5.1. MTF2/MTR primer pair could amplify PCR products with one-kb in length
(Figure 7A) corresponding to the size of nrps gene encoding A domain (Neilan et al., 1999). To
confirm that the PCR products were really amplified from nrps gene, they were subsequently
ligated into pGEM®-T Easy vector and were transformed into competent cells. White colony
transformants were collected and screened by PCR amplification which aimed for clones

containing one-kb insert. Eight PCR-positive clones were found, as shown in Figure 7B. They
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were designated as SM2 2, SM3, SM20, SM23, SM27, SM48, SM50 and SM51. Plasmids in
these positive clones were extracted and nucleotide sequences of DNA inserts were analyzed as
described in section 3.5.3. Six from eight clones were found to contain DNA insert which were
related to nrps gene. The nucleotide sequences of DNA inserts in clone 27 and clone 50 were
found to have 100% identity. The nucleotide and deduced amino acid sequences of the partial
peptide synthetase gene of these clones, as shown in Figures 8-12, were submitted to Genbank.

Their accession numbers were

123 4 1 2 3 4 5 6 7 8 9 10 11 12

A B

Figure 7. Agarose gel (1%) electrophoresis of PCR product from mangrove soil amplified with
MTF2/MTR primer pair, PCR products with 1-kb in length are shown. (A) Lanes 1, GeneRuler
DNA marker mix in Kb length; 2, PCR product from mangrove soil DNA; 3, PCR product of
Micromonospora chalcea ATCC 12452 (as positive control); 4, water (as negative control). (B)
Lanes 1 and 12, GeneRuler DNA marker mix in Kb length; 2, PCR product from SM2 2; 3, PCR
product from SM3; 4, PCR product from SM20; 5, PCR product from SM23; 6, PCR product
from SM27; 7, PCR product from SM48; 8, PCR product from SM50; 9, PCR product from
SM51; 10, PCR product of Micromonospora chalcea ATCC 12452 (as positive control); 11,

water (as negative control)
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shown in Table 2. They consisted of partial A2 (P(L)D), complete A3-A7 (A3,

LAYxxYTSG(ST)TGxPKG; A4, FDxS; A5, NxYGPTE; A6, GELxIxGxG(VL)ARGYL; A7,

Y(RK)TGDL) and partial A8 (GRxDx) conserved core sequences of adenylation domain of

NRPS as described by Marahiel et al, (1997).

Table 2  Summary data of clones containing 1-kb PCR products amplified from mangrove soil

Clone Length of nucleotide sequence (bp) Accession Figure
number
SM2 2 964 HM592295 8
SM3 961 HQ290323 9
SM23 961 HQ290324 10
SM27 958 HQ286565 11
SM48 1000 HQ286566 12
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- conserved core motifs of A domain of NRPS are highlighted in gray.
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Nucleotide and deduced amino acid sequences of partial A domain of SM2 2 NRPS
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Figure 9 Nucleotide and deduced amino acid sequences of partial A domain of SM3 NRPS -

conserved core motifs of A domain of NRPS are highlighted in gray.
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Figure 10 Nucleotide and deduced amino acid sequences of partial A domain of SM23 NRPS -
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conserved core motifs of A domain of NRPS are highlighted in gray.
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Figure 11 Nucleotide and deduced amino acid sequences of partial A domain of SM27 NRPS -
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conserved core motifs of A domain of NRPS are highlighted in gray.
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Figure 12 Nucleotide and deduced amino acid sequences of partial A domain of SM48 NRPS -

conserved core motifs of A domain of NRPS are highlighted in gray.
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All of the nucleotide sequences amplified directly from mangrove soil were
translated into deduced amino acid sequences using BioEdit Sequence Alignment Editor 7.0.5.3.
The amino acid sequences were aligned with ClustalW2. The alignment score of deduced amino
acid sequence of partial A domain of SM2 2, SM3, SM23, SM27 and SM48 NRPS showed that
they have low identity in ranged from 31% - 44% (Table 3). This suggested that five deduced
amino acid sequences from mangrove soil were different from one another. The highly conserved
core motifs in these sequences are in the catalytic A domain of peptide synthetase surrounding the
active site where the amino acid substrates bind (Marahiel et al, 1997). It implied that the

obtained A domains might not share cognate substrates.

Table3  Percent identity of deduced amino acid sequences of partial A domain of NRPSs from
Klongkone mangrove soil processed by ClustalW2. Total number of amino acid in each sequence

(318-320) was shown in Figure 1B in Appendix B.

SM2 2 100
SM3 34 100
SM23 31 39 100
SM27 34 32 42 100
SM48 34 44 39 36 100
Clone | SM2 2 SM3 SM23 SM27 SM48

Nucleotide sequences of DNA insert in these clones was used as the query sequences to
search for similar sequences in non-redundant protein sequences database, reference proteins
database and swissprot protein sequences database of NCBI using blastx program. The maximum
% identity and % positive of amino acid sequences were in the ranges of 52 — 62 and 69 — 78, as

shown in Table 4. These results suggested the novelty of nrps gene obtained from mangrove soil
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metagenome. Deduced amino acid sequence of each clone and A domains of known species hit
(which showed the similar conserved core sequences with each of A domain) were used for
phylogenetic analysis. Phylogenetic trees were constructed using Neighbor joining method. The

reliability of an inferred tree was tested by bootstrapping with 1000 replication.

Table4 Summary data of species hit with maximum score retrieved from NCBI by blast

search with nrps sequences from Klongkone mangrove soil as the query sequences

Clone Known species with % identity % positive Protein

maximum score

SM2 2 Proteobacteria 52 (171/236) 69 (226/236) EpoB*

(Sorangium cellulosum)

SM3 Cyanobacteria (Microcystis sp.) 52 (168/321) 66 (213/321) McnA*

SM23 Proteobacteria 55(174/319) 65 (206/319) NRPS

(Myxococcus xanthus)

SM27 Proteobacteria 57 (185/320) 72 (232/320) NRPS

(Pseudomonas entomophila)

SM48 Cyanobacteria 62 (207/333) 78 (263/333) NRPS

(Microcoleus chthonoplastes)

EpoB: epothilone synthetase B; McnA: Microcystis cyanopeptolin synthesis enzyme
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Phylogenetic analysis of deduced amino acid sequence of SM2 2 with known species hit
placed it in the clade of Cyanobacteria, as shown in Figure 13. This suggested that the novel nrps
gene encoding A domain in clone SM2 2 was evolutionary related to NRPS from Nostoc

punctiforme PCC 73102 (YP_001869919) with boostrap value of 62.7%.

Figure 13 Neighbour-joining phylogenetic tree generated from the deduced amino acid
sequences of partial A domain of NRPS of SM2 2 and 18 known taxa having similar conserved
core motifs. The numbers at internal node indicate the bootstrap values from 1,000 bootstrap
replications. The number in brackets is the GenBank accession numbers of the reference amino
acid sequences. The scale bar represents 0.30 amino acid substitution per position. Abbreviations,
HctE: hectochlorin synthetase E; Ybt: yersiniabactin synthetase ; PchF: pyochelin synthetase

subunit F.
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Phylogenetic analysis of SM3 A domain placed it as sister clade of bacteria in
Phylum Cyanobacteria with boostrap value of 57.5%, as shown in Figure 14. This suggested that

the novel nrps gene encoding A domain in clone SM3 might come from Cyanobacteria.

Figure 14 Neighbour-joining phylogenetic tree generated from the deduced amino acid
sequences of partial A domain of NRPS of SM3 and 16 known taxa having similar conserved
core motifs. The numbers at internal node indicate the bootstrap values from 1,000 bootstrap
replications. The number in brackets is the GenBank accession numbers of the reference amino
acid sequences. The scale bar represents 0.35 amino acid substitution per position. Abbreviations,
SrfAA: surfactin synthase subunit 1; NcpA: nostocyclopeptide synthetase; McnA: Microcystis
cyanopeptolin synthesis enzyme; OciA: Planktothrix cyanopeptolin synthesis enzyme subunit A;

Mcy: microcystin synthetase
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Phylogenetic analysis of A domain of SM23 placed it in the clade of
Actinobacteria, as shown in Figure 15. This suggested that novel nrps gene encoding A domain in
clone SM23 was evolutionary related to NRPS of Streptomyces clavuligerus ATCC 27064 with

boostrap support of 85.6%.

Figure 15 Neighbour-joining phylogenetic tree generated from the deduced amino acid
sequences of partial A domain of NRPS of SM23 and 13 known taxa having similar conserved
core motifs. The numbers at internal node indicate the bootstrap values from 1,000 bootstrap
replications. The number in brackets is the GenBank accession numbers of the reference amino
acid sequences. The scale bar represents 0.35 amino acid substitution per position. Abbreviations,
MY CC: mycosubtilin synthase subunit C; PPSD: plipastatin synthase subunit D; YP_ 003712280

and YP_003467867: Phenylalanine racemase; YP_003467869: Ornithine racemase
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Phylogenetic analysis of A domain of SM27 placed it in the clade of
Gammaproteobacteria, as shown in Figure 16. , This suggested that novel nrps gene encoding A
domain in clone SM27 was evolutionary related to massetolide B synthetic enzyme of
Pseudomonas fluorescence (ABH06368) and NRPS of P. fluorescence SBW25 (YP_002872142)

with boostrap support of 83.2%.

Figure 16 Neighbour-joining phylogenetic tree generated from the deduced amino acid
sequences of partial A domain of NRPS of SM27 and 9 known taxa having similar conserved
core motifs. The numbers at internal node indicate the bootstrap values from 1,000 bootstrap
replications. The number in brackets is the GenBank accession numbers of the reference amino
acid sequences. The scale bar represents 0.35 amino acid substitution per position. Abbreviations,
MassB: massetolide B synthethase; SypC: syringopeptin synthetase subunit C; MYCC:

Mycosubtilin synthase subunit C; PPSA: plipastatin synthase subunit A
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Phylogenetic analysis of A domain of SM48 placed it in the clade of
Cyanobacteria, as shown in Figure 17. This suggested that novel nrps gene encoding A domain in

clone SM48 was evolutionary related to Nostoc azollae 0708 with boostrap support of 43.4%.

Figure 17  Neighbour-joining phylogenetic tree generated from the deduced amino acid
sequences of partial A domain of NRPS of SM48 and 16 known taxa having similar conserved
core motifs. The numbers at internal node indicate the bootstrap values from 1,000 bootstrap
replications. The number in brackets is the GenBank accession numbers of the reference amino
acid sequences. The scale bar represents 0.40 amino acid substitution per position. Abbreviations,
GrsC: gramicidin synthetase subunit C; SypC: syringopeptin synthetase subunit C; SypB:
syringopeptin synthetase unit B; ArfB: arthrofactin synthetase subunit B; PvdJ(2): pyoverdine

synthase; GrsB: gramicidin S synthase subunit B; TycC: tyrocidine synthase subunit C
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Table 5 summarizes phyla of bacteria having NRPSs evolutionary related to
sequences from Klongkone mangrove soil metagenome. It was noticeable that NRPSs having
evolutionary related to those of clones SM2 2 and SM23 and NRPSs having maximum %
identity were from bacteria in different phyla. Although the primer pair MTF2/MTR is specific
for A domain of mrps from aquatic cyanobacteria, data from phylogenetic analysis of five
deduced amino acid sequences revealed that this primer pair could amplify the partial adenylation
domain from actinobacteria and proteobacteria. This correlated with the results from phylogenetic
analysis of 16s rRNA gene in the Sundarban mangrove sediment which revealed the major
divisions of detected bacterial phyla including Proteobacteria and Actinobacteria (Ghosh et al.,

2010).

Based on the identity of deduced amino acid sequences of A domains of NRPSs
obtained from Klongkone mangrove soil (Table 3), the identity to known protein hits (Table 4),
and phylogenetic analysis (Figures 13-17), it might indicate the diversity of nrps gene from

mangrove soil metagenome.

Table 5 Summary data of phylogenetic analysis of A domain of NRPS amplified from

mangrove soil.

Maximum % identity to known species Figure of
Related phylum
Clone | Nonredundant | Reference Swissprot phylogenetic
(% Boostrap value)
proteins proteins proteins tree

SM2 2 52 52 47 Cyanobacteria (62.7) Figure 13
SM3 52 50 45 Cyanobacteria (57.5) Figure 14
SM23 57 57 54 Actinobacteria (85.6) Figure 15
SM27 57 58 42 Proteobacteria (83.2) Figure 16
SM438 62 62 55 Cyanobacteria (43.4) Figure 17
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4.2.2 Predicted amino acid which is activated by A domain of NRPS from mangrove

soil

Analysis of the crystal structure of adenylation domain of gramicidine synthetase
NRPS (GrsA) that activates phenylalanine revealed eight (Challis et al., 2000) or ten (Rausch et
al., 2005) residue positions which correlated with substrate specificity. These eight or ten decisive
residues of GrsA could be extracted from the multiple sequence alignment of A domains. This
example became the basis for prediction of specificity of A domain with unknown function, e.g.
from PCR amplification or genome sequencing. Prediction of amino acid activated by A domain
of nrps gene could facilitate site directed mutagenesis for the alteration of A domain specificity
(Challis et al., 2000). In order to perform the prediction of amino acid activated by partial A
domain of NRPS which was PCR amplified from Klongkone soil mangrove, five deduced amino
acid sequences were used as inputs for the analysis by PKS/NRPS Analysis Web-site (Bachmann
and Ravel, 2009). The processes of prediction were followed as indicated in the tutorial. The
results from analysis were summarized in Table 6. Five A domains of NRPSs from mangrove soil
recognized and activated different amino acid substrates. This finding correlated with the data
from the analysis of the seven core motifs of these NRPS (Figure 8-12). Since core motifs were
substrate binding sites, different in core motifs resulting in different binding sites. NRPS of clones
SM2 2, SM3 and SM27 had residues in the binding pocket different from the sequences in
database and could not be predicted for the activated amino acids. The differences of residues in

the binding pocket of these three NRPS might represent the clones’ novelty.
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Table 6 Summary data of the prediction of amino acid activated by A domain of NRPS which

was PCR amplified from Klongkone mangrove soil metagenome.

NRPS Residues in the Binding pocket Predicted amino acid*
SM2 2 DLWNRALT No amino acid HIT
SM3 DMAFIALV No amino acid HIT
SM23 DAFWLGXX TycC-M4-Val
SM27 DAMFLGCT No amino acid HIT
SM48 DFWNIGMV CchH-M2-Thr

*TycC: Tyrocidine synthase subunit C; CchH: coelichelin synthase; Val: Valine; Thr: Threonine

Metagenomes extracted from soil mangrove were screened by PCR in order to
search for novel nrps. The data from sequence alignment and prediction of activated amino acids
of five sequences derived from the PCR products supported the novelty of five partial A domains
of nrps from mangrove soil. Moreover, phylogenetic analysis data could reveal the diversity of
nrps amplified from soil. Three of five tentative novel nrps genes were evolutionary related to
those from Cyanobacteria. The rest of them were related to those from Proteobacteria and
Actinobacteria. These findings agree with previous research (Zhao et al., 2008) in that sequence
alignment of A domain amplified from soil could be used in the novel nrps detection. Data from
phylogenetic analysis demonstrated that the majority of amplified genes belonged to
Cyanobacteria phyla (Zhao et al., 2008). This is because the MTF2/MTR used in the study was
designed by sequence alignment of A domain in known gene cluster of bacteria in the clade of
Cyanobacteria, Actinobacteria, and Firmicutes (Neilan ef al., 1999). The novelty and diversity of
five deduced amino acid sequences suggested that Klongkone mangrove soil metagenomes might

have a potential to be a source of novel biosynthetic genes which is valuable for the discovery of
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new peptide antibiotics. Therefore, the metagenomic DNA from mangrove soil sample was used

for metagenomic library construction in order to access the novel nrps genes.

4.3 Construction of metagenomic library

Sequencing results from section 4.2 confirmed that Klongkone mangrove soil contained
novel nrps genes. Therefore, this soil sample was a suitable source of novel peptides. Purified soil
DNA was used for metagenomic library construction with CopyControlTM Fosmid Library
Production Kit with pCC2FOSTM vector. Transfection of EPI300-T1" cells with recombinant
fosmids were cultured on petri dish. This resulted in approximately 14,000 clones of
metagenomic library (approximately 150 clones per plate). Transformants from each plate were
washed with 20% glycerol and stored in 1.5-ml microtubes at -80°C. This process resulted in a
total number of 95 pools of metagenomic library. There was a hypothesis that clones with strange
morphology or pigment producing ability may produce uncommon secondary metabolites with
antibiotic activities. These phenotypes were screened from library. Nevertheless, no clone with

strange morphology or pigment-producing ability was found.

4.4 Screening of metagenomic library

4.4.1 Functional-based screening

Metagenomic library was screened for antibacterial and antifungal activities in
order to search for nrps which may encode for the active peptides. Candida albicans ATCC
90028 and chloramphenicol resistance Bacillus subtilis constructed from B. subtilis ATCC 6633
were used as tested microorganisms. These microorganisms were selected for metagenomic

library screening because they have an ability to grow on culture media containing
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chloramphenicol. From 95 pools of the library, 29 pools (approximately 4,300 clones) were
screened (1-20, 41-44, 91-95). A total of 417 clones were collected as they might have a small
inhibition zone noticeable under magnifying glass (Table 7). Confirmation test against all test
organisms resulted in no active clone. The result is contrast to a previous research in functional
screening of mangrove soil metagenomic that could discover novel functional enzymes, e.g.
lipase (from 2,400 library clones with approximately 25-kb insert (Couto et al., 2010)) and novel
multicopper oxidase with laccase activity (from 8,000 library clones with approximately 5-kb
insert (Ye et al., 2010)). It was not surprised because genes studied in those previous researches
had a smaller size than nrps (lipase, 1-2 kb; multicopper oxidase with laccase activity, 1.5 kb;
nprs, 5.9-48.5 kb). Small genes could be easily contained in large insert fragment, so those genes
should have full length and could express. Moreover, exotic nrps gene could not express for a
functional NRPS in E. coli for various reasons as discussed in Chapter II. DNA shearing,
differences in codon usage, protein folding mechanisms, chaperone used in E. coli host cell and
the lack of extracellular transportation mechanism could disrupt the nrps expression, resulting in
no or inactive NRPS (Streit and Schmitz, 2004). Functional-based screening of the rest of library
was recommended because this may lead to the discovery of active clones. Other screening which

compatible with the use of chloramphenicol should be tried.
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Table 7  Number of clone with suspicious inhibition zone against specific test organisms

Pool C. albicans C. albicans + ketoconazole B. subtilis Total
1 0 4 10 14
2 0 3 16 19
3 0 0 20 20
4 0 3 11 14
5 0 1 72 73
9 0 0 19 19
10 0 0 12 12
42 22 8 75 105
43 0 18 69 87
44 0 2 52 54

Total 22 39 356 417

4.4.2 Sequence-based library screening

4.4.2.1 nrps gene from metagenomic library

Metagenomic library was screened for nrps gene. At least 1,500 clones
from ten pools (30-39) were screened by PCR using MTF2/MTR primer pair. Three pools (33, 36
and 37) were PCR positive and may contain 1-kb insert (Figurel8, Lane 2-4). Pool 36 and 37
were selected for further study. Selected pool was 10° fold diluted with normal saline solution
(0.9%) and spread on 10 plates of LB agar with chloramphenicol. After an overnight incubation,
each plate was replicated into LB agar with chloramphenicol and arabinose. Replicated plates
were collected for bacterial cells and extracted plasmid DNA by boiling and collecting for

supernatant which was used as a DNA template for PCR screening. Replicated plates that



70

demonstrated positive PCR reaction referred to the starter plates that contain PCR-positive
colonies. Theoretically, each colony in those plates should be collected as a single colony. From
pool 36, two colonies were positive for PCR screening and were designated as 3671310 and
3671314. Because of susceptibility to contamination, those two clones were streak for isolation.
Isolated clones were confirmed for nrps by PCR. Four clones from pool 36 were selected and
designated as 3671310-03, 3671310-08, 3671310-11 and 3671314-25 (Figurel8, Lane 5-8). For
pool 37, two clones named as 3710 and 3746 was collected from metagenomic library (Figurel8,
Lane 9-10). It was noticeable that MTF2/MTR primer amplified the nonspecific 900-bp PCR
products from clone of pool 36 and nonspecific 1,100-bp PCR products from clone of pool 37.
The nonspecific PCR products cannot be eliminated by agarose gel electrophoresis and would
interfere further DNA sequencing process. Therefore, PCR products from these six PCR-positive
clones must be cloned into pGEM®—T Easy vector. White colonies containing 1-kb PCR product
were screened by PCR using MTF2/MTR primers pair as mentioned in section 3.5.1 in
methodology. Name and sequencing details of those PCR-positive transformants were shown in
Table 8. The nucleotide sequences of the partial A domain of nrps amplified from from pool 36
and 37 clones from metagenomic library were submitted to GenBank. Their accession numbers
were listed in Table 8. All of the nucleotide sequences from library were translated into deduced

amino acid sequences using BioEdit Sequence Alignment Editor 7.0.5.3.
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Figure 18 Agarose gel (1%) electrophoresis of PCR product from metagenomic library
amplified with MTF2/MTR primer pair. PCR products with 1-kb in length are shown. Lanes 1
and 13, GeneRuler DNA marker mix in Kb length; 2, PCR product from metagenomic library
pool 33; 3, PCR product from pool 36; 4, PCR product from pool 37; 5, PCR product from clone
3671310-03; 6, PCR product from clone 3671310-08; 7, PCR product from clone 3671310-11; &,
PCR product from 3671314-25; 9, PCR product from clone 3710; 10, PCR product from clone
3746; 11, Micromonospora chalcea ATCC 12452 (as positive control); 12, water (as negative

control).
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Table 8 Summary data of transformants derived from pool 36 and 37 of soil metagenomic
library.
NRPS containing Length of Accession Figure of
Transformant clone from nucleotide number of nucleotide and
metagenomic sequence (bp) nucleotide deduced amino
library sequences acid sequences
360305 3671310-03 970 HQ286558 Figure 19
360310 3671310-03 970 HQ286559 Figure 20
360312 3671310-03 970 HQ286560 Figure 21
360802 3671310-08 970 HQ286561 Figure 22
360804 3671310-08 970 HQ286562 Figure 23
361101 3671310-11 970 HQ286563 Figure 24
361102 3671310-11 970 HQ286564 Figure 25
371001 3710 988 HQ286567 Figure 26
371002 3710 987 HQ286568 Figure 27
374601 3746 997 HQ286569 Figure 28
374605 3746 988 HQ286570 Figure 29
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Figure 19 Nucleotide and deduced amino acid sequences of partial A domain of NRPS of clone

360305 - conserved core motifs of A domain of NRPS are highlighted in gray.
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360310 - conserved core motifs of A domain of NRPS are highlighted in gray.
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Nucleotide and deduced amino acid sequences of partial A domain of NRPS of clone
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360312 - conserved core motifs of A domain of NRPS are highlighted in gray.
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Nucleotide and deduced amino acid sequences of partial A domain of NRPS of clone
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Figure 22 Nucleotide and deduced amino acid sequences of partial A domain of NRPS of clone

360802 - conserved core motifs of A domain of NRPS are highlighted in gray.
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360804 - conserved core motifs of A domain of NRPS are highlighted in gray.
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Nucleotide and deduced amino acid sequences of partial A domain of NRPS of clone
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T A N

GACCGAAGTA
T E V

GATCAACAGT
I N S

AGAGGAGATT
E E 1

TGGTGGCGAA
G G E
CCAAATTTGG
Q 1w

TGTTCCTGGG
v P G

AGACGCCAAA
D A K
TGGGTTAGCA
G L A
CCCGTTTAGC
P F S

TCCCGATGGC
P D G

G S T G

TACTGGGTAA
Y W V K

P S P
GACAGCCGAA
Q P K

AAAGGAGTCT
R S L

A4
CTGAGCTTCG ATGCGTCCTT

L S F D

TGGATTCTCT
w I L S

CGAACCAATG
R T N V

AGCTGCTGTC
S C C R

ACACTGAGTA
T L S M

A5
AATCTCTATG
N LY G

GGCAATATCA
G N I T

CTACAACCTG
L Q P V
CGGGGCTACA
R G Y 1
GATAACCACG
D N H G

AACATCGAAT
N I E C

A S L

CGGAGGAACT
E E L

TTGGTCTGAA
G L N

GCGCTAGACA
A R Q

TGGAATTAAC
E L T

GTCCGACGGA
P T E

CAATTGGGCG
I G R

TACCTATTGG
P I G

TTAATCGACC
N R P

GTGACCGTCT
D R L
A8

GCTTTGGGCG
F 6 R

clone 361101 - conserved core motifs of A domain of NRPS are highlighted in gray.
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Nucleic acid and deduced amino acid sequences of partial A domain of NRPS of



A2
CCTGAACACG
L N T

GGTTTTGCTG
V L L

TTGCCTAGAT
C L D
TGTGACGGTT
v T V
GGGTGTTGGG
G V G
ATTCAGTGAG
F S E

GAAACAAATT
K Q 1
CACCAATCAG
T N Q

TTGCGTGCCA
c v P

GTCTGCTGCG
S A A
CGATAGAACT
D R T

GACAACTGTC
T T V

GCCTGTTGCC
P V A
CGTCCCGGGC
v P G

TGAGTTGACT
E L T

A7

TTTCAAAACG
F K T
A8
AATAGATCAT
Il D H

GATTACCCGA
D Y P K

ACCCAAGAGC
T Q E R

TCAAACCAGG
S N Q E

GACAATCTGG
D N L A
GTTCAACACA
V Q H R
GCCGTACATA
AV H S

TTCGCCCCAT
F A P L

CCCGTTGCGC
P V A L

TCCCTATGGA
S L w T

ACACTCACAT
T L T C
AGAACGGCGC
R T A L

AATGCTAGTG
N A S A

AACACGCAAA
N T Q I
GAGATTTGTA
E 1 C I
GCAGAAAGGT
A E R F

GGAGATCTAG
G D L A

AGGATCGGCT
D R L

GGTTGGTAGC
L V A

AGGCCATTAT
Al 1

CTTATGTGAT
Y V 1

GAAGCCTATG
S L C

GTATTCCTGT
1 PV

TGCTGCAAGG
L Q G

TGCTACGAGC
L R A

CGGTAATACT
vV 1 L

GTCTTCTTGC
L L A

TGCCCCATCT
P H L

CCACCAAGAT
T K 1

TATATCTGCT
Y L L
A6

TCGGTGGCGA
G G D

TCATCCCTAA
I P N

CACGCTATCT
R Y L

GTCTTTCATA
S F 1

TGCGCTGCCT
A L P

TCAGGAAAGC
Q E S

A3
TTACACATCG
Y T S

CAACCACCTT
N H L
GACCGCCAAC
T A N

GACCGAAGTA
T E V

GATCAACAGT
I N S

AGAGGAGATT
E E 1

TGGTGGCGAA
G G E
CCAAATTTGG
Q 1w

TGTTCCTGGG
v P G

AGACGCCAAA
D A K
TGGGTTAGCA
G L A
CCCGTTTAGC
P F S

TCCCGATGGC
P D G

ATGGAAGATA
M E D T

GAAAATAACG
E N N V

GGACAAGACG
G Q D A

GGATCGACGG
G S T G

TACTGGGTAA
Y W V K

A4
CTGAGCTTCG
L S F D

TGGATTCTCT
w I L S

CGAACCAATG
R T N V

AGCTGCTGTC
S C C R

ACACTGAGTA
T L S M

AS
AATCTCTATG
N L Y G

GGCAATATCA
G N I T

CTACAACCTG
L Q P V
CGGGGCTACA
R G Y 1
GATAACCACG
D N H G

AACATCGAAT
N I E C

CGCGGATGTT
R M L

TTGAGATAAT
E 1 1

CCCCCAGTCC
P S P

GACAGCCGAA
Q P K

AAAGGAGTCT
R S L

ATGCGTCCTT
A S L

CGGAGGAACT
E E L

TTGGTCTGAA
G L N

GCGCTAGACA
A R Q

TGGAATTAAC
E L T

GTCCGACGGA
P T E

CAATTGGGCG
I G R

TACCTATTGG
P I G

TTAATCGACC
N R P

GTGACCGTCT
D R L
A8

GCTTTGGGCG
F G R
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Figure 25 Nucleotide and deduced amino acid sequences of partial A domain of NRPS of clone

361102 - conserved core motifs of A domain of NRPS are highlighted in gray.



A2
ACTGGATGTG AATTACCCGG
L DV NY P A

TCTCCTCTTA AGCGATGCCA
L L L S D A'S

CTTAGTAGAC AATGTGGCCA
L v D N V. A T

CTACCACAAT CCGGTTGTGG
Y HN PV V A
A3
CGGATCCACC GGTAAACCAA
G ST G K P K

AAAAAACCAG AACTACATTG
K N Q N Y I E
A4
CTCCTTTGAC GCGGCGACGT
S ED AATF

GTTGTATCCA CAACAATACA
LY P Q Q Y M

CGTCAATGTA
V. N V

CGGTGCTGTG
G AV
GGTTAAACAA
V K Q

TGAAAACACG
E N T

GTTACCACTG
L P L

TTGTGGATTA
L w 1 7T

CCATTGCTAA
P L L K

GTGTATCAAC
vV Y Q Q

GTATTCACCA
vV F T T

GGGCGGGTGA
G R V 1

CGGATCGTAT
D R 1

GTGCACCGGC
A P A

CCGCGTTAAC
A L T

CGATGCAGCC
M Q P

AAGGGGTGTT
G V L
AGCTAGATGA
L D E
TTGAGATGTA
E M Y

TGGATCTCAC
D L T

CCTGCGCGCT
C A L

AAACCGTGAT
T V 1
AGTGCGACAA
C D N

CCACTTACCC
T Y P

TTAATAACAC
N N T

CGAGTACATG
E Y M

ACTGCCTGTG
L PV

GGACTACGCT
D Y A

AACGCACTTG
T H L

AGTCAATCAC
V. N H
AAACTCCGTA
N S V
TGCGGCTTGG
A AW

CACTTTAACG
T L T

CTTTGATAAG
F D K

TACCGGTGGT
T G G
CGTCACGGTG
vV T V

CATACCGCGA
I P R

GCAACTGTAT
Q L Y

CTACAAGACT
L Q D S

GAATCAAAGC
E S K L

AACGATGCCC
N D A H
A3
TCGTATGTGG
S Y V V

CTCGGCGTGA
L G V N
GTATTGCAAG
V L QD
CTCAACGGCG
L N G G

GACGTGATTG
D V 1 E

CCGGATCCAT
G S 1

TACCGCATCT
P H L

ATAATCCTAT
N P 1

TGTACACCTC
Y T S

ATCGTTTGGT
R L V
ACGCGTCCAT
A S 1
GAACATTAGT
T L V

AACAACACCG
Q H R

TGGGCAGCCA CTTTGCAAGC
W A A T L Q A

GATGTCATCA GTCCGCGTTC
D V1S PR S
A5
GTGGCAGCCT ACGGACCGAC
VAAY G P T

GACTTTAACG CCGAGCAACC
D FNA E QP

ATCTTGGATG CCGACGGCCA
1 L DA DG Q
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A6

GCTATTGTCG
L L S

TTACCTCAAT
Y L N

ATCCAACGGT
S N G

AGTGGAATTC
vV E F

TTTGGTGTCG
F G V A

CGCGAAGACT
R E D L

GAAAAGCTGT
E K L Y
A8

CAGGCGAGAT
G E 1

TAACCGCCAG
T A S
A7
ATAAAACCGG
K T G

TTAGGTCGTA TCGATAAC

L G R 1

D N

ACACGTGGGC GGTGCCGGTG TAGCACGGGG

H V G

G A G V

A R G

CCAGTTTATC GATAATCCAC TAGCCGTGGG

Q F 1

D N P L

AV G

CGATTTGGGT CGCATTCGCG AAGACGGCAT

D L G

R I R E

D G 1

Figure 26 Nucleotide Nucleic acid and deduced amino acid sequences of partial A domain of

NRPS of clone 371001 - conserved core motifs of A domain of NRPS are highlighted in gray.



A2
ACTGGATGTG
T G C

TTCCTCTTAA
F L L

TTAGTAGACA
L v D

TACCACAATC
Y H N

GGATCCACCG
G S T

AAAAACCAGA
K N Q
A4

TCCTTTGACG
S F D

TTGTATCCAC
L Y P

GTCAATGTAT
V. N V

GGTGCTGTGC
G AV
GTTAAACAAG
V K Q

GAAAACACGG
E N T

TTACCACTGG
L P L
CTATTGCCGT
L L P
TACCTCAATC
Y L N

TCCAACGGTG
S N G

GTGGAATTCT
vV E F

AATTACCCGG
E L P G

GCGATGCCAG
S D A S

ATGTGGCCAC
N V. A T

CGGTTGTGGC
PV V A
A3

GTAAACCAAA
G K P K

ACTACATTGA
N Y I E

CGGCGACGTT
A AT F

AACAATACAT
Q QY M

TGTGGATTAC
L w 1 7T

CATTGCTAAA
P L L K

TGTATCAACA
vV Y Q Q

TATTCACCAC
vV F T T

GGCGGGTGAT
G R V 1

TTGGTGTCGC
F G V A

GCGAAGACTT
R E D L

AAAAGCTGTA
E K L Y
A7
TAGGTCGTAT
L G R 1

CGGATCGTAT
G S Y

TGCACCGGCA
A P A

CGCGTTAACG
A L T

GATGCAGCCA
M Q P

AGGGGTGTTA
G V L

GCTAGATGAA
L D E

TGAGATGTAT
E M Y

GGATCTCACC
D L T

CTGCGCGCTC
C A L

AACCGTGATT
T V 1

GTGCGACAAC
C D N

CACTTACCCC
T Y P

TAATAACACG
N N T

AGGCGAGATA
G E 1

AACCGCCAGC
T A S
A7
TAAAACCGGC
K T G

CGATAAC
D N

CGAGTACATG
R V H

CTGCCTGTGG
L PV

GACTACGCTA
D Y A

ACGCACTTGT
T H L

GTCAATCACC
V. N H
AACTCCGTAG
N S V
GCGGCTTGGC
A AW

ACTTTAACGG
T L T

TTTGATAAGT
F D K

ACCGGTGGTG
T G G
GTCACGGTGG
vV T V

ATACCGCGAG
I P R

CAACTGTATA
Q L Y

CTACAAGACT
A T R L

AATCAAAGCT
E S K L

ACGATCCCCA
N D P H
A3
CGTATGTGGT
S Y V V

TCGGCGTGAA
L G V N
TATTGCAAGA
V L QD
TCAACGGCGG
L N G G

ACGTGATTGA
D V 1 E

GGGCAGCCAC
W A AT

ATGTCATCAG
D V I S

CCGGATCCAT
R I H

ACCGCATCTC
P H L

TAATCCTATC
N P 1

GTACACCTCC
Y T S

TCGTTTGGTA
R L V
CGCGTCCATC
A S 1
AACATTAGTG
T L V

ACAACACCGC
Q H R

TTTGCAAGCC
L Q A

TCCGCGTTCG
P R S

AS

TGGCAGCCTA
v A A Y

ACTTTAACGC
D F N A

TCTTGGATGC
I L D A

A6
CACGTGGGCG GTGCCGGTGT AGCACGGGGT

H V G

G A G V

CGGACCGACT
G P T

CGAGCAACCG
E Q P

CGACGGCCAG
D G Q

A R G

CAGTTTATCG ATAATCCACT AGCCGTGGGA

Q F 1

D N P L

AV G

GATTTGGGTC GCATTCGCGA AGACGGCATA

D L G

R I R E

D G 1
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Figure 27 Nucleotide and deduced amino acid sequences of partial A domain of NRPS of clone

371002 - conserved core motifs of A domain of NRPS are highlighted in gray.



A2
ATTAGAGCCG
L E P

TTTCCTATTG
F L L

GTTCATCGAT
F 1 D

TAATCCGGAT
N P D

A3

CACCGGTATG
T G M

TCAAAACTAT
Q N Y
A4
TGATGCGGCG
D A A

CCCCCATCAA
P H Q

CACCTTGTGG
T L W

GAAGGTAGTG
K V V

TACTGTGGTC
T V. V

ACCAACGGAG
P T E

TTTCTCCGTG
F S V

CAGCAACTTG
S N L
ACGCGGTTAT
R G Y

TACGACTACG
T T T

CAACGACCTT
N D L

Figure 28

ACGCTACCGG
T L P A

ACGACCAGTC
T T § Q

GGTATCGATT
G I D S

GTGGCGGTTA
Vv A V K

CCTAAAGGTG
P K G V

GTGCCGCTAT
vV P L S

ACGTTTGAAA
T F E M

CAGCTGGACT
Q L DL

TTAACCGCAG
L T A A

GCGCTCGGTT
A L G S

AAACACGTCT
K H V. Y

AACACCACCT
N T T F

CCCATTGGTC
P I G R

GTGCCCAAGG
vV P K G
CTTAACCGTG
L N R D

AGCGACGAAA
S D E N

CTTGAGTACG
L E Y V

CAGAGCGGAT
E R 1

AATACAGTCG
Y S R

CCTTTAAAGA
F K E

AGCCCCATCA
P H H

TCATGGTGCC
M VvV P

CGGAGCGGAC
E R T

TGTATGCACC
Y A P

TGGATGAATT
D E L

CGTTATTTGA
L F E

CGTTGCGTTA
L RY

ATGAAAAACT
E K L

TCTCGGTATG
S v C

GTGCGATTAC
Al T

GCGTGGTCGG
vV V G
ACGACTTAAC
D L T

ACCGCTTGTA
R L Y

A8
TTGGCCGACT
G R L

CGCTTATATC
A Y |1

CACCTTCCCG
T F P

GACCTTCCCG
T F P

CTTGGCGTAC
L A Y

CCATCGTGGT
H R G

CGTTACCTTA
vV T L

ACTGCTTAAC
L L N

AAATCGCGTT
N R V

AAAGTGGGCG
K W A

CCTGTTAGCC
L L A

CGACAATGTA
D N V

TTATCCGATC
Y P 1

CAACACCTCT
N T S

TGAGCTTTGT
E L C
ACAGGAGAAG
Q E K

A7
TCGAACCGGT
R T G

GGATGAT
D D

CTGAAAGATG
L K D A

ATCCCCAATA
I P N K

GCTTGGACTA
AW T K
A3
ATCAATTACA
I N Y T

GTGCTGCGTT
V L R L

CAAAGTGCCT
Q S A S

GGCGGCACCT
G G T L

ATCCAAACCT
1 Q T VY

CATCATTTGG
H H L A

GGCGGTGATG
G G DV

CAACTGATCA
Q L 1 N

CCGCGTGAGC
P R E H

GTTTATATCG
VY 1V
A6
GTCGGTGGTC
V.6 6 L
TTTGTCGAAA
F V E N

GACTTAGTTC
D L V R

CTAATCCGCG
N P R

AAAAGCTGTT
K L L

AGGGGATTAG
G I S

CCTCCGGCTC
S G S

TGGTGACCGA
v T D

CCCTGTTATT
L L F

TGGTGCTTTA
vV L Y

ACCAAGTTAA
Q V N

CATCTAAAGA
S K E

TGGTGAGCCC
Vs P
A5

ACGGTTATGG
G Y G

ATAGCGATCG
S D R

TTGATCAACA
D Q H

TAGGATTGGC
G L A
ATCAGTTTGA
Q F D

GTCTTATCGA
L 1 D

374601 - conserved core motifs of A domain of NRPS are highlighted in gray.
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Nucleotide and deduced amino acid sequences of partial A domain of NRPS of clone



A2
ACTGGATGTG
L DV

TCTCCTCTTA
L L L

CTTAGTAGAC
L v D

CTACCACAAT
Y H N

CGGATCCACC
G S T

AAAAAACCAG
K N Q

AATTACCCGG
N Y P A

AGCGATGCCA
S D A S

AATGTGGCCA
N V. A T

CCGGTTGTGG
P V. V A
A3

GGTAAACCAA
G K P K

AACTACATTG
N Y I E

A4

CTCCTTTGAC
S F D

GCTGTATCCA
L Y P

CGTCAATGTA
V. N V

CGGTGCTGTG
G AV
GGTTAAACAA
V K Q

TGAAAACACG
E N T

GTTACCACTG
L P L
GCTATTGCCG
L L P
TTACCTCAAT
Y L N

ATCCAACGGT
S N G

AGTGGAATTC
vV E F

Figure 29 Nucleic acid and deduced amino acid sequences of partial A domain of NRPS of

GCGGCGACGT
A AT F

CAACAATACA
Q QY M

TTGTGGATTA
L w 1 7T

CCATTGCTAA
P L L K

GTGTATCAAC
vV Y Q Q

GTATTCACCA
vV F T T

GGGCGGGTGA
G R V 1

TTTGGTGTCG
F G V A

CGCGAAGACT
R E D L

GAAAAGCTGT
E K L Y
A8
TTAGGTCGTA
L G R 1

CGGATCGTAT
D R 1

GTGCACCGGC
A P A

CCGCGTTAAC
A L T

CGATGCAGCC
M Q P

AAGGGGTGTT
G V L

AGCTAGATGA
L D E

TTGAGATGTA
E M Y

TGGATCTCAC
D L T

CCTGCGCGCT
C A L

AAACCGTGAT
T V 1

AGTGCGACAA
C D N

CCACTTACCC
T Y P

TTAATAACAC
N N T

CAGGCGAGAT
G E 1

TAACCGCCAG
T A S
A7
ATAAAACCGG
K T G

TCGATAAC
D N

CGAGTACATG
E Y M

ACTGCCTGTG
L PV

GGACTACGCT
D Y A

AACGCACTTG
T H L

AGTCAATCAC
V. N H
AAACTCCGTA
N S V
TGCGGCTTGG
A AW

CACTTTAACG
T L T

CTTTGATAAG
F D K

TACCGGTGGT
T G G
CGTCACGGTG
vV T V

CATACCGCGA
I P R

GCAACTGTAT
Q L Y

A6

CTACAAGACT
L Q D S

GAATCAAAGC
E S K L

AACGATGCCC
N D A H
A3
TCGTATGTGG
S Y V V

CTCGGCGTGA
L G V N
GTATTGCAAG
V L QD
CTCAACGGCG
L N G G

GACGTGATTG
D V 1 E

TGGGCAGCCA
W A AT

GATGTCATCA
D V I S

CCGGATCCAT
G S 1

TACCGCATCT
P H L

ATAATCCTAT
N P 1

TGTACACCTC
Y T S

ATCGTTTGGT
R L V
ACGCGTCCAT
A S 1
GAACATTAGT
T L V

AACAACACCG
Q H R

CTTTGCAAGC
L Q0 A

GTCCGCGTTC
P R S

AS

GTGGCAGCCT
vV A A Y

GACTTTAACG
D F N A

ATCTTGGATG
I L D A

ACGGACCGAC
G P T

CCGAGCAACC
E Q P

CCGACGGCCA
D G Q

ACACGTGGGC GGTGCCGGTG TAGCACGGGG

H V G

G A G V

A R G

CCAGTTTATC GATAATCCAC TAGCCGTGGG

Q F 1

D N P L

AV G

CGATTTGGGT CGCATTCGCG AAGACGGCAT

D L G

R I R E

D G 1

clone 374605 - conserved core motifs of A domain of NRPS are highlighted in gray.
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The alignment scores of deduced amino acid sequences of partial A
domains from metagenomic library were shown in Table 9. Theses sequences could be divided
into three groups [clone form pool 36; clone 37a (371001, 371002 and 374605) and clone
374601], according to their identity. Among the sequences from pool 36, most of them had 99%
similarity to one another. Amino acid sequences of clone 360305 and 361102 had 100% identity.
Although their amino acid sequences were identical, alignment of their nucleotide sequence
showed one base difference. These high similarities among clones from pool 36 indicated that

these sequences derived from the same A domain. Streak for isolation for a single colony was

Table 9  Percent identity of deduced amino acid sequences of partial A domain of NRPSs from
clone 36 and 37 of metagenomic library. Total number of amino acid in each sequence (323-332)

was shown in Figure 2B in Appendix B.

360305 | 100

360310 | 99 100

360312 99 99 100

360802 | 99 99 99 100

360804 | 99 99 99 99 100

361101 99 99 99 99 99 100

361102 | 100 99 99 99 99 99 100

371001 30 30 30 30 30 31 30 100

371002 29 30 29 29 29 30 29 93 100

374601 32 32 31 32 32 32 32 47 44 100

374605 31 31 30 31 31 31 31 99 93 48 100
@ Te) (=] (o] (o] < v o - (o] v wn
= (= v v =3 (= [—] = [ > S S
) en e e =) ® - o (=] = o o
— S S S S S A Ao A= - - <t
© < - < < < < < - - - -
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necessary because of contamination of PCR-positive clone during the isolation of transformants.
This resulted in collection of redundant clone. The minor difference in nucleotide sequences
might arise from PCR or cloning process. According to their identity scores, sequences from pool
37 were separated into two groups: 37a (371001, 371002 and 374605 which showed 93-99%
identity) and 374601 which showed <50% identity to 37a.

All of the NRPSs from clone from pool 36 and 37 were found to consist
of partial A2, complete A3-A7 and partial A8 conserved core sequences based on highly
conserved core motifs (A1-A10) of adenylation domain of NRPS described by Marahiel et al,
(1997) (Figure 19-29). Severn core motifs were rather conserved in the NRPS A domain. Core
motifs data of the sequences in the same group (as divided by sequences alignment data) were
identical. Amino acids sequences in each group were searched for the similar sequences by blastx
(Table 10).

Phylogenetic analysis of A domains of clones from pool 36 placed them
as sister clade of Bacillus in Phylum Firmicutes, as shown in Figure 30. This suggested that novel
nrps gene encoding A domains in clone from pool 36 was evolutionary related to NRPS of
Bacillus with boostrap value of 64.4%. Phylogenetic analysis of A domain of clone 37a placed
them as sister clade of Cyanobacteria, Chloroflexi and Proteobacteria with boostrap support of
47.9%, as shown in Figure 31. This suggested that their NRPSs were more evolutionary related
than those from Firmicutes. Phylogenetic analysis of A domain of clone 374601 placed it in the
clade of Proteobacteria with boostrap value of 44.1%, as shown in Figure 32. These data
suggested that novel nrps gene encoding A domain in clones from pool 36 and 37 were diverse.
Summary data of phylogenetic analysis were summarized in Table 11. It was noticeable that
NRPSs having evolutionary related to these clones and NRPSs having maximum % identity

(Cyanobacteria, Table 10) were from bacteria in different phylum.
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Table 10  Summary data of species with maximum score retrieved from similarity search of

NRPS sequences from Klongkone mangrove soil

Clone | Known species with maximum score | % identity | % positive Name

360305 Cyanobacteria 47 61 NRPS
(Nostoc sp. MV6) (155/329) (202/329)

360310 Cyanobacteria 47 61 NRPS
(Nostoc sp. MV6) (155/329) (202/329)

360312 Cyanobacteria 46 61 NRPS
(Nostoc sp. MV6) (150/326) (206/326)

360802 Cyanobacteria 46 61 NRPS
(Nostoc sp. MV6) (150/326) (206/326)

360804 Cyanobacteria 47 61 NRPS
(Nostoc sp. MV6) (155/329) (202/329)

361101 Cyanobacteria 47 61 NRPS
(Nostoc sp. MV6) (155/329) (202/329)

361102 Cyanobacteria 47 61 NRPS
(Nostoc sp. MV6) (155/329) (202/329)

371001 Cyanobacteria 43 59 NRPS
(Cyanothece sp.) (145/333) (199/333)

371002 Cyanobacteria 43 59 NRPS
(Cyanothece sp.) (145/333) (199/333)

374601 Cyanobacteria 48 63 NRPS
(Nostoc punctiform) (161/333) (213/333)

374605 Cyanobacteria 43 59 NRPS
(Cyanothece sp.) (145/333) (199/333)
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Figure 30  Neighbour-joining phylogenetic tree generated from the deduced amino acid
sequences of partial A domain of NRPSs of clones from pool 36 and 28 known taxa having
similar conserved core motifs. The numbers at internal node indicate the bootstrap values from
1,000 bootstrap replications. The number in brackets is the GenBank accession numbers of the
reference amino acid sequences. The scale bar represents 0.30 amino acid substitution per
position. Abbreviations; BA1: bacitracin synthetase 1; SrfAA: surfactin synthase subunit 1; CrpC:
cryptophycins synthetase; McyA: microcystin synthetase subunit A; NosA: nostopeptolides
synthesis enzyme subunit A; PpsD: plipastatin synthase subunit D; NcpA: nostocyclopeptide
synthetase A; McnA: Microcystis cyanopeptolin synthesis enzyme; OciA: Planktothrix
cyanopeptolin  synthesis enzyme subunit A; McyC: microcystin synthetase subunit C;

ZP_07113409: D-alanine-poly(phosphoribitol) ligase
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Figure 31 Neighbour-joining phylogenetic tree generated from the deduced amino acid
sequences of partial A domain of NRPS of clone 37a (371001, 371002 and 374605) from pool 37
and 36 known taxa having similar conserved core motifs. The numbers at internal node indicate
the bootstrap values from 1,000 bootstrap replications. The number in brackets is the GenBank
accession numbers of the reference amino acid sequences. The scale bar represents 0.25 amino
acid substitution per position. Abbreviations; PpsD: plipastatin synthase subunit D; SypC:
syringopeptin synthetase subunit C; SrfAB: surfactin synthase subunit 2; SrfA: surfactin
synthetase; LchA: lichenysin A synthetase; LchAB: lichenysin A synthetase in Bacillus; LchB:
lichenysin B synthetase; Fus: fusaricidin synthetase; PpsC: plipastatin synthase subunit C; Pps:
plipastatin synthase; GrsD: gramicidin synthetase subunit D; MicC: microginin synthetase;

YP 003712280, YP_003467867: phenylalanine racemase; YP_003467869: ornithine racemase
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Figure 32  Neighbour-joining phylogenetic tree generated from the deduced amino acid
sequences of partial A domain of NRPS of clone 374601 from pool 37 and 34 known taxa having
similar conserved core motifs. The numbers at internal node indicate the bootstrap values from
1,000 bootstrap replications. The number in brackets is the GenBank accession numbers of the
reference amino acid sequences. The scale bar represents 0.50 amino acid substitution per
position. Abbreviations, LchA: lichenysin A synthetase; LchAB: lichenysin A synthetase in
Bacillus; LchB: lichenysin B synthetase; SrfAB: surfactin synthase subunit 2; Srf: surfactin
synthase; PpsC: plipastatin synthase subunit C; Fus: fusaricidin synthetase; PpsD: plipastatin
synthase subunit D; Syp: syringopeptin synthetase; MicC: microginin synthetase;

YP_003467869: ornithine racemase; YP_003467867, YP_003712280: phenylalanine racemase
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Table 11 Summary data of phylogenetic analysis of A domain of NRPS amplified from soil

metagenomic library.

Maximum % identity to known species | Related Phylum Figure of
Transformant | Nonredundant | Reference | Swissprot (% Boostrap Neighbour-
proteins proteins | proteins value) joining tree
360305 47 46 44 Firmicutes (64.4) Figure 30
360310 47 46 44 Figure 30
360312 47 46 43 Figure 30
360802 47 46 43 Figure 30
360804 43 43 43 Figure 30
361101 47 46 44 Figure 30
361102 47 46 44 Figure 30
371001 44 44 43 Cyanobacteria, Figure 31
371002 38 38 38 Proteobacteria Figure 31
374605 44 44 44 and Firmicutes Figure 31
(47.9)
374601 49 49 47 Proteobacteria Figure 32

(44.1)
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All sequences used in phylogenetic analysis in this study were used for
constructing a new phylogenetic tree in order to view the overall image of sequence grouping.
Based on the rectangular cladogram shown in Figures 33A and 33B, NRPSs from Klongkone
mangrove soil metagenome were divided into two large groups: A, SM23, SM27 and clones 37;
B, SM2 2, SM3, SM48 and clones 36. Summary of Phyla of bacteria having NRPS evolutionary
related to NRPSs obtained from Klongkone mangrove soils analyzed separately and totally as
shown in Table 12. Most of them were correlated with one another.

Most of them were correlated. The abbreviation of protein products used
in Figure 32 was listed in the following. PpsD: plipastatin synthase subunit D; Srf: surfactin
synthetase; SrfAB, SrfA2: surfactin synthetase subunit 2; LchAB: lichenysin A synthetase in
Bacillus; LchA: lichenysin A synthetase; LchB: lichenysin B synthetase; Fus: fusaridin
synthetase; MassB: massetolide A synthetase; Syp: syringopeptin synthetase; SypC:
syringopeptin  synthetase subunit C; YP_003467869, YP_003467869: putative Ornithine
racemase; YP 003467867, YP_003712280: Phenylalanine racemase; ZP_07113409: D-alanine--
poly(phosphoribitol) ligase; MicC: microginin synthetase; OciC: Planktothrix cyanopeptolin
synthesis enzyme subunit C; McnE: Microcystis cyanopeptolin synthesis enzyme subunit E;
CrpC: cryptophycins synthetase; NosA: nostopeptolides synthetase subunit A; McyA:
microcystin synthetase subunit A; McyC: microcystin synthetase subunit C; McyB: microcystin
synthetase subunit B; NcpA: nostocyclopeptide synthetase; McnA: Microcystis cyanopeptolin
synthesis enzyme; OciA: Planktothrix cyanopeptolin synthesis enzyme subunit A; GrsB:
gramicidin S synthase subunit B; SrfA: surfactin synthetase subunit 1; PpsA: plipastatin synthase
subunit A; PchD: pyochelin synthetase subunit D; PchF: pyochelin synthetase subunit F, HctE:
hectochlorin synthetase; Ybt; yersiniabactin synthetase; GrsC: linear gramicidin synthetase
subunit C; PvdJ(2): pyoverdine synthase; SypB: syringopeptin synthetase subunit B; ArfB:

arthrofactin synthetase subunit B; BA1: bacitracin synthetase 1
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Figure 33A Rectangular cladogram from neighbour-joining algorithm generated from the
deduced amino acid sequences of all NRPS sequences in this study (Partl) and 114 known taxa
having similar conserved core motifs. The numbers at internal node indicate the bootstrap values
from 1,000 bootstrap replications. The number in brackets is the GenBank accession numbers of
the reference amino acid sequences. The scale bar represents 0.30 amino acid substitution per

position.
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Figure 33B Rectangular cladogram from neighbour-joining algorithm generated from the

deduced amino acid sequences of all NRPS sequences in this study (Part2).



94

Table 12 Phyla of bacteria having NRPS evolutionary related to NRPSs obtained from

Klongkone mangrove soil metagenome.

Clone BLAST Separate phylogenetic Phylogenetic analysis of all
(% Identity) analysis (Bootstrap value) | sequences (Bootstrap value)
SM2 2 | Proteobacteria (52) Cyanobacteria (62.7) Proteobacteria, Cyanobacteria

and Actinobacteria (100)

SM3 Cyanobacteria (52) Cyanobacteria (57.5) Cyanobacteria (59.0)
SM23 | Proteobacteria (57) Actinobacteria (85.6) Actinobacteria (48.8)
SM27 | Proteobacteria (57) Proteobacteria (83.2) Proteobacteria (99.3)
SM48 | Cyanobacteria (62) Cyanobacteria (43.4) Cyanobacteria, Firmicutes and

Proteobacteria (100)

36* Cyanobacteria (47) Firmicutes (64.4) Cyanobacteria (41.7)

37a** | Cyanobacteria (43) Cyanobacteria Firmicutes (65.6)

Proteobacteria and

Firmicutes (79.1)

374601 | Cyanobacteria (48) Proteobacteria (44.1) Firmicutes (65.6)

*Clone 36 refers to 360305, 360310, 360312, 360802, 360804, 361101 and 361102.;

**Clone 37a refers to 371001, 371002 and 374605. % identity (for BLAST analysis) and

Bootstrap value (for phylogenetic analysis) were showed in parenthesis.
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4.4.2.2 Predicted amino acid which is activated by A domain of NRPS from

metagenomic library

The prediction of amino acid activated by the aminoacyl domain of
NRPS was processed as indicated in section 3.5.3 in methodology. Summary data of the
prediction of amino acid activated by partial A domain of NRPS from metagenomic library were
shown in Table 13. Data of predicted amino acids divided NRPS sequences into three groups
correlated with data from phylogenetic analysis. A domain in each group recognized and
activated different amino acid substrates. As shown in Table 13, A domains in clones 371001,
371002 and 374605 were predicted to activate the same amino acid, tryptophan. In addition,
amino acid sequence identities of clones 371001 and 371002, clones 371001 and 374605, and

clones 371002 and 374605, were 93%, 99%, and 93%, respectively, as shown in Table 9.

Table 13 Summary data of the prediction of amino acid activated by A domain of NRPS from

clone 36 and 37 of metagenomic library.

NRPS Residues in the Binding Predicted amino acid
pocket
360305, 360310, 360312, DAKCLGLV SrfAA-MI-Glu/Asp

360802, 360804, 361101,

361102
371001, 371002, 374605 DAFXIGAV Cdal-M3-Trp
374601 DAFXLGGT TycC-M4-Val

SrfAA: Surfactin synthetase; Cdal: CDA peptide synthetase; TycC: Tyrocidine synthase subunit

C; Glu: Glutamic acid; Asp: Aspartic acid; Thr: Threonine; Val: Valine
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To verify (a) The possibility that A domains of clones 371001, 371002
and 374605, would be in the same peptide synthetase and (b) The possibility that A domains of
clones 371001 and 374605 would be the same A domain, analyses of five known peptide
synthetases in NCBI database were attempted to determine variation in the identities of A domain
activating the same and different amino acids. As shown in Table 14, the amino acid sequence
identities of two A domains activating tryptophan and three A domains activating asparagine of
CDA peptide synthetase from Streptomyces coelicolor A3(2) were 66% and 88-92%,
respectively. Sequence identities of A domains activating different amino acids were found to be
33-52%. For cyclosporine synthetase from Tolypocladium inflatum ATCC 34921, the sequence
identities of two A domains activating alanine, three A domains activating leucine and two A
domains activating valine were 54%, 61-62%, and 71%, respectively, as shown in Table 15.
Sequence identities of A domains activating different amino acids were found to be 49-64%. For
gramicidin S synthetase from Paenibacillus polymyxa E681, the sequence identities of three A
domains activating glutamic acid and two A domains activating valine were 38-61% and 41%,
respectively, as shown in Table 16. Sequence identities of A domains activating different amino
acids were found to be 35-76%. It was found that in plipastatin synthase from Bacillus subtilis
three A domains activating glutamic acid and two A domains activating tyrosine showed
identities of 56-95% and 53%, respectively, as shown in Table 17. Sequence identities of A
domains activating different amino acids were found to be 30-49%. Two A domains activating
leucine in surfactin synthetase from Bacillus subtilis subsp. subtilis str. 168 showed identity of
98%, as shown in Table 18. Sequence identities of A domains activating different amino acids
were found to be 33-41%. Moreover, sequence identities of A domains activating valine from
different peptide synthetases were analyzed. It was found that they were 30-67%, as shown in

Table 19.



97

Table 14  Percent identity of A domains of CDA peptide synthetase from Streptomyces
coelicolor A3(2)

1. Cdal-A1-Ser 100

2. Cdal-A2-Thr 44 100

3. Cdal-A3-Trp 48 42 100

4. Cdal-A4-Asp 45 41 42 100

5. Cdal-A5-Asp 45 42 43 92 100

6. Cdal-A6-HPG 42 41 39 34 34 100

7. Cda2-Al-Asp 44 41 44 88 90 34 100

8. Cda2-A2-Gly 50 41 44 41 41 37 41 100

9. Cda2-A2-No Hit 38 36 43 48 49 36 48 38 100

10. Cda3-A1-3-Me-Glu 41 38 42 52 51 33 50 37 42 100

11. Cda3-A2-Trp 45 46 66 38 39 40 40 42 43 38 100

1 2 3 4 5 6 7 8 9 10 11

Table 15

inflatum ATCC 34921 (Bmt: (4R)-4-[(E)-2-butenyl]-4-methyl-L-threonine)

Percent identity of A domains of cyclosporine synthetase from Tolypocladium

1. CssA-Al-Ala 100

2. CssA-A2-No Hit 59 100

3. CssA-A3-Leu 56 64 100

4. CssA-A4-Val 54 56 54 100

5 CssA-AS5-Bmt 59 59 58 57 100

6. CssA-A6-No Hit 54 54 51 50 52 100

7. CssA-A7-No Hit 57 56 59 57 54 51 100

8. CssA-A8-Leu 57 64 61 56 57 53 56 100

9. CssA-A9-Val 58 57 57 71 57 50 57 55 100

10. CssA-Al10-Leu 55 61 62 55 57 50 54 61 56 100

11. CssA-All-Ala 54 54 55 59 55 49 57 57 58 53 100
1 2 3 4 5 6 7 8 9 10 11
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Table 16  Percent identity of A domains of gramicidin S synthetase I and II from Paenibacillus
polymyxa E681

1. GrsA-A1-Glu 100

2. GrsA-A2-Val 41 100

3. GrsA-A3-Val 76 41 100

4. GrsA-A4-Tyr 74 40 73 100

5. GrsA-A5-Glu 39 38 37 38 100

6. GrsB-A1-Glu 61 42 61 62 38 100

7. GrsB-A2-Thr 46 41 45 45 39 48 100

8. GrsB-A3-No Hit 39 42 40 39 35 43 39 100

9. GrsB-A4-No Hit 39 42 40 40 35 43 40 96 100

1 2 3 4 5 6 7 8 9

Table 17  Percent identity of A domains of plipastatin synthase from Bacillus subtilis

1. PpsA-A1-Glu 100

2. PpsA-A2-No Hit 32 100

3. PpsB-A1-Tyr 38 33 100

4. PpsB-A2-Thr 38 36 36 100

5. PpsC-A1-Glu 95 32 37 39 100

6. PpsC-A2-Val 37 33 36 39 37 100

7. PpsD-A1-Pro 31 30 32 34 31 35 100

8. PpsD-A2-Glu 56 32 37 34 56 39 30 100

9. PpsD-A3-Tyr 38 34 53 40 38 36 33 38 100

10. PpsE-Al-Ile 35 34 35 42 35 49 33 35 34 100

1 2 3 4 5 6 7 8 9 10
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subtilis str. 168
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Percent identity of A domains of surfactin synthetase from Bacillus subtilis subsp.

1. SrfAA-A1-Glu/Asp 100
2. SrfAA-A2-Leu/lle/Val 36 100
3. SrfAA-A3-Leu 41 36 100
4. SrfAB-A1-Val 38 40 36 100
5. SrfAB-A2-Asp 34 34 36 33 100
6. SrfAB-A3-Leu 40 36 98 36 35 100
1 2 3 4 5 6
Table 19  Percent identity of A domains which activate Valine
1. LchB-A1-Val 100
(B. licheniformis)
2. PpsC-A2-Val 51 100
(B. subtilis)
3. SrfA-Al1-Val 67 50 100
(B. subtilis)
4. TycC-A4-Val 60 52 58 100
(Br. brevis)
5. GrsB-A2-Val 36 32 36 34 100
(P. asymbiotica)
6. SypC-Al-Val 44 39 45 43 35 100
(P. asymbiotica)
7. CssA-A4-Val 34 33 33 33 30 35 100
(T. inflatum)
1 2 3 4 5 6 7

B. licheniformis: Bacillus licheniformis, Br. brevis: Brevibacillus brevis, P. asymbiotica: Photorhabdus

asymbiotica, T. inflatum: Tolypocladium inflatum
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In summary, (a) A domains activating the same amino acid in each
peptide synthetase could have sequence identity as low as 38% or as high as 98%, (b) A domains
activating the different amino acid in each peptide synthetase could have sequence identity in the
range of 30-76%, (¢) A domains activating the same amino acid from different peptide
synthetases were only 30-67%. These results suggested that A domains activating tryptophan in
clones 371001, 371002, 374605 were tentatively different from A domains in the same peptide
synthetase. A domain activating valine in clone 374601 and three A domains activating
tryptophan (44-48% identity) might be in the same peptide synthetase. A domain activating
Glu/Asp in clone 36 and four A domains in clones 37 (29-31% identity) might or might not be in
the same peptide synthetase.

Sequence-based screening of mangrove soil metagenomic for novel nrps genes
by MTF2/MTR PCR primer pair revealed the PCR-positive clones from pool 36 and 37. PCR
products amplified from those clones were cloned into pGEM®—T Easy vector, giving several
clones concluded in Table 8. Sequencing results from pool 36 and 37 clones were used for further
analysis. Data from sequence alignment of amino acids divided these sequences into three
different groups, clone from pool 36, clone 37a and clone 374601. The similarity search by
BLAST and phylogenetic analysis data suggested the novelty of A domains of nrps in mangrove
soil metagenomic library. These data could be used for further research of these nrps containing
clones. Primer walking or other DNA sequencing method of clone 367310, 3710 and 3746 should
be performed in order to investigate the rest sequences of inserted DNA. Data of entire nrps
fragment can be used for prediction of NRPS protein architecture, function or structure of peptide
product. Sequence-based screening of the rest of library was recommended because this may

discover more bioactive compound producing genes.



CHAPTER V

CONCLUSION

Due to several problems from antimicrobial resistance microorganisms, many strategies
are developed and applied for novel antibiotics discovery. Metagenomics is among the potential
tools for screening new genes that could produce bioactive compounds from unculturable
microorganisms from natural samples including soil. Mangrove soil is one of the extreme
habitats. It harbors several medically important microorganisms including cyanobacteria and
actinobacteria. In this research, mangrove soil was collected from Klongkone mangrove,
Samutsongkhram province in September 2008. Mangrove soil metagenomic DNA was extracted
by direct extraction method and purified by agarose gel electrophoresis and dialysis yielding
DNA with a suitable size for fosmid cloning. Soil metagenomic DNA was then screened for nrps
gene by PCR using MTF2/MTR primer pair which is specific for adenylation domain (A domain)
of nrps gene. Cloning of PCR products from soil DNA amplification resulted in five partial A
domains designated as SM2 2, SM3, SM23, SM27 and SM48. The sequence alignment of these
deduced amino acid sequences demonstrated that they were different from one another. Each
sequence was blasted against non-redundant protein sequences, reference proteins and swissprot
protein sequences databases of NCBI using blastx program. Blasting results suggested the novelty
of those five NRPSs (Table 4, Chapter 3). Hit species from blasting which showed the similar
conserved core sequences with each of A domain were used for phylogenetic analysis. According
to phylogenetic analysis, partial A domains derived from PCR products of mangrove soil were
evolutionary related to NRPSs of cyanobacteria, actinobacteria and proteobacteria. The prediction
of amino acid which is activated by A domain of SM2 2, SM3 and SM27 NRPSs showed no hit

amino acid (Table 6, Chapter 3). A domain of SM23 NRPS was predicted to activate valine
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similar to tyrocidine synthetase 3 of Brevibacillus brevis. A domain of SM48 NRPS was
predicted to activate threonine similar to coelichelin synthetase of Streptomyces coelicolor. These

results suggested that Klongkone mangrove soil had novel and diverse nrps.

The DNA from this soil sample was used to construct the metagenomic library using
CopyControlTM Fosmid Library Production Kit with pCCZFOSTM vector and E. coli strain
DH5a host cell. The construction of library resulted in approximately 14,000 clones of
metagenomic library divided into 95 pools. Approximately 4,300 clones from 29 pools (1-20, 41-
44, 91-95) were screened for the activity against Candida albicans ATCC 90028 and
chloramphenicol resistance Bacillus subtilis. No clone with activity was retrieved from the
functional screening. Therefore, the library was screened by sequence-based approach. At least
1,500 clones from ten pools (30-39) were screened by PCR using MTF2/MTR primer pair.
Clones 3671310-03, 3671310-08, 3671310-11, 3671314-25, 3710 and 3746 were discovered from
the screening. PCR products of these six clones were cloned into pGEM®-T Easy vector, resulted
in eleven clones designated as 360305, 360310, 360312, 360802, 360804, 361101, 361102,
371001, 371002, 374601 and 374605. DNAs from these clones were sequenced for further
analysis. The results from blast searching against protein sequences databases in NBCI suggested
the novelty of these NRPSs. These eleven sequences were separated into three groups based on
sequence similarity from sequence alignment data. The data from activated amino acid prediction
also divided these eleven NRPSs into three groups which activate glutamine/aspartic acid,
tryptophan and valine (like SM23). The data revealed that clone 3671310, 3710 and 3746
contained different novel nrps. All sequences of NRPSs obtained in this study were used for
constructing new phylogenetic tree. Summary of Phyla of bacteria having NRPS evolutionary
related to NRPSs obtained from Klongkone mangrove soil analyzed separately and totally

exhibited that most of them were correlated.

In conclusion, Klongkone mangrove soil metagenome is a potential source of novel and

diverse nrps genes. Further study of clone 3671310, 3710 and 3746 should be conducted to get
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complete nrps gene that tentatively encodes NRPS for synthesis of novel bioactive peptide. It is
necessary to explore the rest of metagenomic library to discover the hidden nrps genes which may

lead to the discovery of novel nrps genes for novel bioactive compounds.
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Table A1 Natural products from marine actinomycetes and marine cyanobacteria. Data shown in

this table were collected from Edwards et al., 2004; Lam, 2006; Dunlap et al., 2007; Tan, 2007;

Olano et al., 2009.

Sources Species Chemical or Fraction Activity
Actinomycetes | Actinomadura sp. Chandrananimycins Antialagl, antibacterial,
anticancer and
antifungal
Actinomycetes | Actinomadura sp. 1B-00208 Anticancer
Actinomycetes | Janibacter limosus Helquinoline Antibacterial
Actinomycetes | Marinispora sp. Marinomycins Antibacterial and
anticancer
Actinomycetes | Micromonosproa sp. Diazepinomicin (ECO- Antibacterial, anticancer
4601) and anti-inflammatory
Actinomycetes | Nocardiopsis Lucentamycins Antitumor
lucentensis CNR-712
Actinomycetes | Salinispora arenicola | Saliniketals Antitumor
CNR-005
Actinomycetes | Salinispora arenicola | Arenamides Antitumor
CNT-088
Actinomycetes | Salinispora pacifica Salinipyrones Antitumor
CNS-237
Actinomycetes | Salinispora tropica Salinosporamide A (NPI- | Anticancer
0052)
Actinomycetes | Salinispora tropica Salinosporamides, Antitumor

sporolides




128

Sources Species Chemical or Fraction Activity
Actinomycetes | Streptomyces Echinosporins Antitumor
albogriseolus A2002
Actinomycetes | Streptomyces Aureoverticillactam Anticancer
aureoverticillatus
Actinomycetes | Streptomyces 1-hydroxy-1- Antitumor
chinaensis AUBN1/7 | norresistomycin
Actinomycetes | Streptomyces Resitoflavine Antitumor
chinaensis AUBN1/7
Actinomycetes | Streptomyces griseus | Frigocyclinone Antibacterial
Actinomycetes | Streptomyces nodosus | Lajollamycin Antibacterial
Actinomycetes | Streptomyces nodosus | Lajollamycin Antitumor
NPS007994
Actinomycetes | Streptomyces Altemicidin Antitumor
sioyaensis SA-1758
Actinomycetes | Streptomyces sp. Bonactin Antibacterial and
antifungal
Actinomycetes | Streptomyces sp. Caprolactones Anticancer
Actinomycetes | Streptomyces sp. Chinikomycins Anticancer
Actinomycetes | Streptomyces sp. 3,6-disubstituted indoles | Anticancer
Actinomycetes | Streptomyces sp. Glaciapyrroles Antibacterial
Actinomycetes | Streptomyces sp. Gutingimycin Antibacterial
Actinomycetes | Streptomyces sp. Himalomycins Antibacterial
Actinomycetes | Streptomyces sp. Komodoquinone A Neuritogenic activity
Actinomycetes | Streptomyces sp. Trioxacarcins Antibacterial, anticancer
and antimalarial
Actinomycetes | Streptoverticillium Butenolides Antitumor
luteoverticillatum

11014
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Sources Species Chemical or Fraction Activity

Actinomycetes | Thermoactinomyces Mechercharmycins Anticancer

sp.
Verrucosispora maris | Proximicins Antitumor
AB-18-032

Actinomycetes | Verrucosispora sp. Abyssomicins Antibacterial

Cyanobacteria | Bursatella leachii Malyngamide Antiinflammatory

Cyanobacteria | Bursatella leachii Hectochlorin and Cytotoxicity (KB and

deacetylhectochlorin NCI-H187 cells)

Cyanobacteria | Cyanobacterial diets Dolastatins Anti-cancer mitotic

of sea hare Dolabella inhibitors
auricularia
Cyanobacteria | Lyngbya confervoides | Obyanamide Cytotoxicity (KB cells)
Lyngbya confervoides | Lobocyclamides Antifungal (Candida sp)
Cyanobacteria | Lyngbya majuscula Apratoxin A, aurilides B | Cytotoxicity
and C, dolabellin,
homodolastatin 16,
jamaicamides A-C,
lyngbyabellins E,
pitipeptolides A and B,

Cyanobacteria | Lyngbya majuscula Antillatoxins Sodium channel-
activating and
ichthyotoxic

Cyanobacteria | Lyngbya majuscule Curacin A Cytotoxicity (Colon,
renal, and breast cancer
derived cell lines)

Cyanobacteria | Lyngbya semiplena Wewakpeptins A and B Cytotoxicity (H420

Human lung tumor)
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Sources

Species

Chemical or Fraction

Activity

Cyanobacteria

Nostoc ellipsosporum

Cyanovirin

Anti HIV-1, HIV-2,
influenza A and B
viruses. (Human

immunodeficiency virus;

HIV)

Cyanobacteria

Nostoc linkia and N.

spongaeforme

Borophycin

Cytotoxicity (Human
epidermoid carcinoma
and colorectal
adenocarcinoma cell

lines)

Cyanobacteria

Nostoc sp.

Cryptophycin 1

Cytotoxicity

Cyanobacteria

Philinopsis speciosa

Kulokekahilides

Cytotoxicity (P388, SK-
OV-3, MDA-MB-435,

and A-10 cells)

Cyanobacteria

Symploca hydnoides

Malevamide D

Cytotoxicity (P-388, A-
549, HT-29, and MEL-

28 cells)

Cyanobacteria

Symploca sp.

Belamide, guamamide,
micromide, symplostatin,

tasiamide and tasipeptins

Cytotoxicity
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Sources Species Chemical or Fraction Activity Reference
Plant Aegiceras 5-O-ethylembelin, 5- | Cytotoxic activitly | Xu et al., 2004
corniculatum O-methylembelin (HL-60,
Bel(7402), U937,
and Hela cell
lines)
Plant Avicennia 3- Cytotoxic activitiy | Jones ef al.,
germinans chlorodeoxylapachol | (KB human cancer | 2005
cells)
Plant Avicennia Avicequinone A, Cytotoxic activitiy | Han et al., 2007
marina stenocarpoquinone
B, avicequinone C
Plant Avicennia Polysaccharides Anticomplementar | Fang ef al.,
marina y activity 2006
Plant Avicennia Methanolic extract Acetyl and butyryl | Suganthy et al.,
officinalis from leaf cholinesterase 2008
inhibitor
Plant Bruguiera Bruguierols C Antimycobacteria | Han, Huang,
gymnorrhiza activity Sattler,

Moellmann et

al., 2005
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Sources Species Chemical or Fraction Activity Reference
Plant Bruguiera Pimaren diterpenoids | Cytotoxic activitiy | Han, L., Huang,
gymnorrhiza (L-929 and K562 | X., Sattler, L.,
cells) Dahse, HM., et
al. 2005.
Plant Bruguiera Polyphenols Antiatherogenic Owen et al.,
gymnorrhiza 2007
Plant Ceriops tagal Ethanolic extract Glucose uptake Tamrakar et al.,
stimulant 2008
Plant Heritiera fomes | Ethanolic extract Antibacterial Rojas and Coto,
from bark activities (Bacillus | 1987; Han et
subtilis, Kocuria al., 2005;
rhizophilia, Wangensteen et
Pseudomonas al., 2009
aeruginosa,
Staphylococcus
aureus and
mycobacteria) and
antifungal activity
Plant Mangroves Pyrethrin-like Mosquitoes Kathiresan and
species e.g. compound repellant Bingham, 2001
Rhizophora
apiculata
Plant Rhizophora Methanolic extract Antioxidant Vijayavel et al.,
apiculata from bark 2006
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Sources Species Chemical or Fraction Activity Reference
Plant Rhizophora Methanolic extract Acetyl and butyryl | Suganthy et al.,
lamarckii from leaf cholinesterase 2008
inhibitor
Plant Rhizophora Aqueous extract Gastroprotective Perera et al.,
mangle from bark effect via 2001,
antioxidant and Berenguer et
prostaglandin al., 2006
dependent
pathway
Plant Rhizophora Aqueous extract Anti-inflammation | Marrero et al.,
mangle from bark 2006
Plant Rhizophora Methanolic extract Antioxidant Suganthy et al.,
mucronata from bark 2009
Plant Rhizophoraceae | No information Anti-HIV Nakashima et
e.g. Rhizophora al., 1996 ;
apiculata Premanathan et
al., 1999; Li et
al., 2006
Plant Sesuvium Methanolic extract Acetyl and butyryl | Suganthy et al.,
portulacastrum | from leaf cholinesterase 2008
inhibitor
Plant Suaeda monica | Methanolic extract Acetyl and butyryl | Suganthy et al.,
from leaf cholinesterase 2008

inhibitor
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Sources Species Chemical or Fraction Activity Reference
Plant Xylocarpus Xylomexicanins A Cytotoxic activitiy | Shen ef al.,
granatum and B (KT breast 2009
carcinoma)
Endophytic | Alternaria sp. Altenusin, xanalteric | Antibacterial and Kjer et al., 2009
fungi from acids antifungal activitiy
Sonneratia
alba
Endophytic | Endophytic Cyclic depsipeptides | Cytotoxic activitiy | Huang et al.,
fungi from | fungus No. 1962 | 1962A (MCF-7 breast 2007
Kandelia carcinoma)
candel
Endophytic | Penicillium sp. Polyketides Cytotoxic activitiy | Lin et al., 2008b
fungi from | JP-1 (Leptosphaerone C | (A-549 and P388
Aegiceras and penicillenone) cells)
corniculatu
m
Endophytic | Pestalotiopsis Pestalotiopsones Cytotoxic activitly | Xu et al., 2009
fungi from | sp. (Murine L5178Y
Rhizophora cells)
mucronata
Endophytic | Aspergillus sp. Terpeptin A and B Cytotoxic activitly | Lin et al., 2008a
fungi from | w-6 (A-549 cells)
Acanthus

ilicifolius
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Sources Species Chemical or Fraction Activity Reference

Soil Aspergillus Oxidized sterols Cytotoxic activitiy | Gao et al., 2009
awamori (A-549 cells)
(fungus)

Soil Xylaria spp. no. | Xyloketal B Endothelial Chen et al.,
2508 oxidative injury 2009

protection

Animals Cryptelytrops Purpurase Arginine ester Tan, 2009

purpureomacula | (Thrombin-like hydrolase and

tus (pit viper)

enzyme)

amidase inhibitor,

Anticoagulant
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Nucleotide symbol Full Name Nucleotide symbol Full Name
A Adenine S G/C
C Cytosine w A/T
G Guanine B G/T/C
T Thymine D G/A/T
U Uracil H A/C/T
R G/A (purine) vV G/C/A
Y C/T (pyrimidine) N A/G/C/T
K G/T 1 Inosine
M A/C
Table A4. Table of standard amino acid abbreviations
Amino acid Three letters | One letter Amino acid Three letters | One letter
Alanine Ala A Lysine Lys K
Arginine Arg R Methionine Met M
Asparagine Asn N Phenylalanine Phe F
Aspartic acid Asp D Proline Pro P
Cysteine Cys C Serine Ser S
Glutamic acid Glu E Threonine Thr T
Glutamine Gln Q Tryptophan Trp W
Glycine Gly G Tyrosine Tyr Y
Histidine His H Valine Val v
Isoleucine Ile I
Leucine Leu L
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Figure 1B Alignment of amino acid sequence of partial A domain of NRPSs amplified from
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LEPEYPIERLALMLEDARPLVVLT--SESLQKTLPLHGG--ITLCLDSDWRSLSKESRDN
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LDADYPPRRLDFMLRDTDAAVLLATRDT--AEAVADFDGT--LVLLDSPWEE IADQAVDN
LDEVMPGERQSLLAKDAGAKWIVSNRGQGLAPELSDLG————RVDVDS——EEVLTQSTDN
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DNPLAVGSNGE-KLYKTGDLGRIREDGIVEFLGRIDN 329
ENQFDTTTSDENRLYRTGDLVRLIDNDLLEYVGRLDD 332
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Figure 2B. Sequence alignment of partial A domain of NRPSs of clone 36 and 37 of

metagenomic library
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Figure 3B. Sequence alignment of SM2 2 NRPS with protein sequences with similar conserved

core sequences from database
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Figure 4B. Sequence alignment of SM3 NRPS with protein sequences with similar conserved
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Figure 6B. Sequence alignment of SM27 NRPS with protein sequences with similar conserved

core sequences from database
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Figure 7B. Sequence alignment of SM48 NRPS with protein sequences with similar conserved

core sequences from database
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10

LNTDYPKDRL
LNTDYPKDRL
LNTDYPKDRL
LNTDYPKDRL
LNTDYPKDRL
LNTDYPKDRL
LNTDYPKDRL
IDPGFPAERI
LDPSYPESHL
LDPSYPESRL
LDPSYPESRL
LDPNYPVERL
LDPTYPKERL
IDPDYPEERI
LDPRYPSERL
LDPNYPQERL
LDPAYPQERL
LDPNYPSDRL
LDPTYPKERL
LDPTYPKERL
IDPTYPEERI
LDPGYPSERL
LDPSYPQDRL
LDPEYPLERL
LDPDYPIERI
LDPEYPTERL
LDPEYPQERL
LAPDYPTERL
LDPNYPPERL
LDPNYPPERL
I1DPEYPQERI
LDPDYPQERL
LDPSYPKERL
LDPNYPQERL
LDPNYPQERL
- - %

20

SFIMEDTRML
SFIMEDTRML
SFIMEDTRML
SFIMEDTRML
SFIMEDTRML
SFIMEDTRML
SFIMEDTRML
QY ILEDCGAD
RYILEDTGIQ
RYILEDTGIQ
RYILEDTGIQ
SYMLADSQLP
AFMLEDASVP
SFLLEDSGTN
AFMLEDAQVS
SYMLADSGVE
NFILQDAQLP
AFMLNDAQLP
SFMLSDSQVQ
SFMLSDSQVQ
RYILEDSDTK
GYALSDAQIS
TYMLEDSAPV
SFMLEDAAVN
I FMLEDAAVK
TFMLADAQVS
TFMLADAQVS
GDILSDSGVS
DYMISDSAIS
DYMISDSAIS
AYMLEDSQVK
SFMLEDAQLR
SYMLEDTGVK
SYLLEDTGVK
SYLLEDTGVK

- %

S -

30
VLLTQERLVA
VLLTQERLVA
VLLTQERLVA
VLLTQERLVA
VLLTQERLVA
VLLTQERLVA
VLLTQERLVA
FILTESKV-A
ILVTNEVSQG
VLVTNESLQD
VLVTNESLED
ILLTQKHLLK
VLLTQTRLVE
ILLLQSAGLH
1ILTRQDIVK
VLLAQKSLLE
LILTQQHFIT
VLLTQQQLVE
VVLTQEKFVD
VLLTQQKFVE
LLLVQHHLRE
VLLTQQHLVE
AVLTQGLVRE
VLLTQQKLIN
VLLTQQKLIN
VLLTQQHLVE
VLLTQQHLVE
LVLTQESLGD
LLLTQQSLVQ
LLLTQQSLVQ
VLLTQEKLLN
VLLTQHQLKE
VLLTQRSLTE
VIITGESLRG
VIITAESLRG

40

ALPENNVEI I
ALPENSVEI I
ALPENNVEI I
ALPENNVEI I
ALPENNVEI I
ALPENNVEI I
ALPENNVEI I
A-PEADAELI
WMPE-EVETV
WIPK-EIKIV
WIPK-EIKIV
QLPNNQTQT
SLP-HQARWV
~VPEFTGEIV
KLPSHNAHFV
SLPSHTAQWV
KLLPTSAKI I
KLPEHQAIAI
DLAASGAKLV
SFADSGAKTV
KVP-FTGKVL
KLPEHQAQVV
QLGMLSVPVL
KLPEHQAQLI
KLPEHQAQLI
KLPENQEPVV
KLPRHQARVV
FLPQTEAELL
FLPENQAEIL
FLPENQAEIL
QIPHHQAQT
KLPQHQGQVV
LLPENQAIVV
LLDEYRGIVV
LLGEYRGIVV
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CLDSNQEAI -
CLDSNQEAI -
CLDSNQEAI -
CLDSNQEAI -
CLDSNQEAI -
CLDSNQEAI -
CLDSNQEAI -
DLD---QAI -
CLDRDQAMI -
CLDRDQAMI -
CLDRDQIMI -
CLDEDWQKL-
CLDADWEVI -
YLNQTNSGL-
RMDEDWKTL~-
CLDSDWGVI -
CTDID---1-
CLDADWNEI -
CLD-DKKSF-
CLDQDWELI -
DMEDPQT---
YLDQNWDAIL
DLDGPQE---
CLDADWELI-
CLDADWELI -
CLDTDWLVI-
HLDKDWVAI -
CLDRDWEKI -
CLDTDWLKI -
CLDTDWSRI -
CVDREWEKI -
CLDTDWQFI -
SLDGDWQVI -
ALDTDWSAI -
ALDTDWPAI -
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70

GQDAPSPVTV
GQDAPSPVTV
GQDAPSPVTV
GQDAPSPVTV
GQDAPSPVTV
GQDAPSPVTV
GQDAPSPVTV
EESLNADVNA
TLSPICKVTG
ILSPKCEVTG
ILSPKCEVTG
DENPCSQVKS
EENPSPQVIH
LSNPNVDVLP
GNNPRSETIA
QENLDVGVCS
SDNPSSSVKS
SENPTSTVTT
NENPSSGVAP
QENPTSDVTA
GSNLESISGP
KDNVHSQVQP
HDPQVEALKP
RDNL ITDIQA
QDNPITDVQA
QESPITEVQP
QENPI1AQVQA
PENPFNLTTP
QENLTSPVKP
QENLTSPVKP
NTNPKSNIKT
QENLITTVQA
QNNLNSGVKG
QNNCDSGVTG
QNNCDSGVTG

ceeelaad
80

DNLAYVIYTS
DNLAYVIYTS
DNLAYVIYTS
DNLAYVIYTS
DNLAYVIYTS
DNLAYVIYTS
DNLAYVIYTS
RNLAYLTIYTS
ENLAYVIYTS
ENLAYVIYTS
EDLAYVIYTS
DNLAYTIYTS
DNLAYVMYTS
QSLAYVIYTS
HNLAYTIYTS
DNLAYVIYTS
DNLAYVIYTS
ANLAYVIYTS
ENLAYVIYTS
ENLAYVIYTS
NQLAYVIYTS
TNLAYVLYTS
HHLAYVIYTS
TNLAYVIYTS
TNLAYVIYTS
GNLAYVIYTS
SNVAYVIYTS
ENLAYVIYTS
ENLAYVIYTS
ENLAYVIYTS
DNLAYVIYTS
SNLAYVIYTS
ENLAYVIYTS
ENLAYVIYTS
ENLAYVIYTS

=k%k - -kkk

ceeelead
90

GSTGQPKGVG
GSTGQPKGVG
GSTGQPKGVG
GSTGQPKGVG
GSTGQPKGVG
GSTGQPKGVG
GSTGQPKGVG
GTTGRPKGVM
GSTGNPKGVM
GSTGNPKGVL
GSTGNPKGVS
GSTGKPKGTM
GSTGIPKGVS
GSTGMPKGVE
GSTGTPKGVL
GSTGVPKGVG
GSTGKPKGVM
GSTGKPKGVM
GSTGTPKGVL
GSTGTPKGVM
GSTGKPKGVM
GSTGKPKGVA
GSTGRPKGVM
GSTGQPKGVM
GSTGQPKGVM
GSTGTPKGVM
GSTGQPKGVI
GSTGKPKGVM
GSTGKPKGVM
GSTGKPKGVM
GSTGKPKGAM
GSTGKPKGAM
GSTGKPKGAM
GSTGKPKGVM
GSTGKPKGVM

*=-kk *kk
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VQHRSLCNHL
VQHRSLCNHL
VQHRSLCNHL
VQHRSLCNHL
VQHRSLCNHL
VQHRSLCNHL
VQHRSLCNHL
1 EHRQVHHLV
VQHHSVLNLS
IQHHSVLNLS
1QHHSVLNLS
1VHRGVVNYL
VIHQGVVRLY
IEHRSAVNFL
VSHQSLCNLA
IEHFSLCNLI
VAHRGLCNLA
VEHTGLCNLA
1QHQGVCNLA
1QHRGVCNLA
VEHRSV INRL
IEHHSPVALV
NEHRGVVNRL
LSHSNLSNHM
LSHSNLSNHM
LSHSNLCNHM
LSHSNLCNHM
NIHRG ICNTL
NIHRG ICNTL
NTHQG ICNTL
NTHKG I CNRL
NTHLG I CNRL
NTHKG I SNRL
NNHKG IRNRL
NNHKG I RNRL
*
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YWVKRSLFSE
YWVKRSLFSE
YWVKRSLFSE
YWVKRSLFSE
YWVKRSLFSE
YWVKRSLFSE
YWVKRSLFSE
ESLQQTIYQS
YGLQKEVFSH
HGLQKEVFEH
YGLQKEVFEH
SWCTKAYDVA
K-DTNYVNLS
NSLQSRYQLK
TAQIQVFHVS
QAQKNLFYLE
TAQIKLFEVR
KAQIQTFDVQ
QAQVKLFNVQ
QAQVKLFGVN
VWMQENYPLD
AWAKEVFTPE
WWAQQTYRLD
FWMQETFPLT
FWMQETFPLT
SWMQATFPLT
FWMQATFPLT
KYTIGHYNIT
KYNIDNYNLN
KYNIDNYNLN
LWMQEAYQID
LWMQQAYQLT
VWMQNTYQLT
LWMQDTYQLT
LWMQDTYQLT

120
AVH---SIPV
AVH---SIPV
AVH---SIPV
AVH---SIPV
AVH---SIPV
AVH---SIPV
AVH---SIPV
GSQ-TLRMAL
RAHDNMRVGL
E1PSNMHVGL
EIPSNMHVGL
AGV---GSTV
AEE---VFLQ
HSD---MIMH
PQS---RVLQ
PNS---RVLQ
PDS---SVLQ
TSS---RILQ
QNS---RVLQ
QNS---RVLQ
ERD---AILQ
QLA---GVLA
ASD---RVLQ
RAD---RVLQ
KTD---RVLQ
EKD---KVLQ
KED---KVLQ
SED---RILQ
SED---RILQ
SEE---RILQ
STD---SILQ
ALD---CILQ
SSD---RILQ
KSD---CILQ
KSD---GILQ

130

TANLS--FDA
TANLS--FDA
TANLS--FDA
TANLS--FDA
TANLS--FDA
TANLS--FDA
TANLS--FDA
LAPFH--FDA
--NASIAFDS
--NASITAFDA
--NASITAFDA
--NSSLSFDA
LAP1S--FDA
KTSYS--FDA
FASLN--FDV
FAS1S--FDA
FAS1S--FDA
FASFS--FDA
FASFS--FDA
FASFS--FDA
KTAIT--FDV
CTSIC--FDL
KTPFG--FDV
KTSFS--FDA
KTPFS--FDA
KTPFG--FDA
KTPFG--FDA
1 1SLS--FDG
ITPFS--FDV
ITPFS--FDV
KTPFS--FDV
KTPFS--FDV
KTPFS--FDV
KTPFS--FDV
KTPFS--FDV

*x

140

SLKQIFAPLL
SLKQIFAPLL
SLKQIFAPLL
SLKQIFAPLL
SLKQIFAPLL
SLKQIFAPLL
SLKQIFAPLL
SVKQIFASLL
SVKQLQM-LL
SIQQLQM-LL
SIQQLQM-LL
TITSLFSPLL
STLEIWGSLL
SIWELFWWPY
SISEILMALL
SVSEIFIALT
SISEIVMAIC
SIFEVVMALG
SVWEIFMALC
SVSEIVMALC
SVWELFWWSI
SVFELFVPLS
SVWELFWPLL
SVWEFYAPLL
SVWEFYAPLL
SVWEFYAPLL
SVWEFYAPLL
SVWEIFSSLI
SVWEVFSSLT
SVWEIFLSLT
SVWEFFWTLL
SVWEFFWPLI
SVWEFFWPLL
SVWEFFWPLL
SVWEFFWPLL
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SRR B
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QGTEVWILSE
QGTEVWILSE
QGTEVWILSE
QGTEVWILSE
QGTEVWILSE
QGTEVWILSE
QGTEVWILSE
LGQTLY 1VPK
YGSSLYIIST
YGSSLY 11PN
YGSSLYIIPS
VGAKVLLLPE
NGGRLV IMPP
AGASVYLLPQ
AGATLYLGSQ
SGAMLILAIA
AGAKLCLATR
TGARLYLGTK
SGASLYIGTQ
SGASLYLGNQ
VGSKVVLLPN
WGRKV I LAEN
AGARLVMARP
VGGQLL 1AQP
VGGQLL 1AQP
AGGQLL I1AKP
AGGQLL IAEP
SGASLVVAKP
SGATLVVAKP
SGATLVVAKP
TGARLVIAKP
TGARLVVAKP
AGATLVVVKP
AGATLVVAEP
AGATLVVAKP
*
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ELTNQP---V
ELTNQP---V
ELTNQP---V
ELTNQP---V
ELTNQP---V
ELTNQP---V
ELTNQP---V
KTVTNGAALT
EVRSDPQQFI
EVRSDPEQFV
EVRSDPEQFV
EEEIEALK-T
H-TPSLQELG
GGEKEPEVIA
EAILPGTVLL
SELIPGSDLK
DSLQPGQPLQ
ESLLPGSSLI
DSLRPGIDLM
DSLRPGIDLI
GGEKNPELIL
ALHLPTLP--
EGHKAPAYLA
GGHTDSDYLL
GGHTDSDYLL
GGHTDSAYLL
RGHTDSAYLL
DGYKDIDYLI
DGYKDIDYLI
DGYKDIDYLI
GGHKDSAYLI
GGHKDSAYLV
QGHKDNTYLI
EGHKDSTYLI
EGHKDSTYLI

170

ALLRAINSRT
ALLRAINSRT
ALLRAINSRT
ALLRAINSRT
ALLRAINSRT
ALLRAINSRT
ALLRAINSRT
AYYRK-NSIE
SYIRE-NKLE
AY IRE-NKLE
AY IRE-NKLE
ALCSGTKFSL
EAIWGYQITT
KATEEQKITA
HFLQONAITI
QILQERCVTH
KLLQIQNISH
QLLQKYGITH
RLLQEQSITH
RFLRQQSITH
DTIEQKGVST
———AAEQVTL
ATIEQAGITT
KT1AQQQVTT
KT1AQQQVTT
RLIAQQQVTI
RLIAQQQVTT
DLIVQEQVTY
DLIVQEQVTY
DLIVQEQVTC
DLITQEQITT
NL ILEQQVTH
KL1QQQQITT
QLIQKQQITT
QLIQKQQITT

180

NVGLNCVPSL
NVGLNCVPSL
NVGLNCVPSL
NVGLNCVPSL
NVGLNCVPSL
NVGLNCVPSP
NVGLNCVPSL
ATDGTPAHLQ
MFDITPSLLQ
IFDITPSLLQ
IFDITPSLLQ
VKITPAHLEI
LWLTAGLFHI
MHFVPSMLHA
ATEPPAVLKA
VTLPPSALAV
VTLVPSALAA
I TLPPSALAV
VTLPPTALAA
ATLPPTALAA
LHFVPAMLHA
INTVPSVITE
LHFVPSMLQL
VQLVPSLLQM
VQLVPSLLQM
VQLVPSLLQM
1QLVPSLLQM
FTCVPSILRV
FTCVPSILRV
FTCVPSILRV
LHFVPSMLQV
VHFVPSMLQV
IHFVPSMLRV
LHFVPSMLRV
LHFVPSMLRV

190
WTVILEEISC
WTVILEEISC
WTVILEEISC
WTVILEEISC
WTVILEEISC
WTVILEEISC
WTVILEEISC
~—MLAAAGDF
—-LLIDEGLL
——LLIDAGLL
——LLIDVGLL
LS---HLFTS
MV---DE-HL
FL---EHIKY
LP---DA---
LA---TD---
LS---PQ---
LP---AD---
LP---KE---
LP---KE---
FL---ESMEQ
] [E——— RI
FL-———— DQ
LL-———— EQ
LL-———— EQ
[ IE— EQ
[ I— EQ
FL-———— QH
FL--——— QH
FL--——— QH
FL-———— ON
FL-———— EE
FL-———— QE
FL-———— QE
FL-—-—— QE

159

ceeel-d
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CRARQSAATL
CRARQSAATL
CRARQSAATL
CRARQSAATL
CRARQSAATL
CRARQSAATL
CRARQSAATL

ETND-SVHVP
ETCD-GVHAP
ETCD-GVHVP
EAVN---1QA
EDLK----QV
RSVPIKTNRL
~LLP----SL
~-EFP----AL
—DLP----NL
~ELP----AL
~ELP----NL
~ELP----NL
TPSGKLKRKL
NGLPG---GV
VEAGRCQ-GL
GGIENCQ-LL
GGIENCQ-LL
GGIETCH-SL
GGIETCH-SL
PKSKYCH-YL
PKSKDCH-CL
SKSKDCH-CL
RHVSKCS-SL
QNLENCR-SL
PSLENCS-CL
PELKGCS-SL
PELKECS-SL
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TCLLAGGETL
TCLLAGGETL
TCLLAGGETL
TCLLAGGETL
TCLLAGGETL
TCLLAGGETL
TCLLAGGETL
KHML 1GGEGL
SKVLVGGEAI
SKVLVGGEAI
SKVLVGGEAI
QAFI IGGEAL
RQLLAGGDIL
KRVFSGGEQL
QT 1SAGEAC
GQI IVAGEAC
KNL I1VAGEPC
QT 1VAGEAC
QTLIVAGEAC
QTLIVAGEAC
ASLRYVFASG
STVNLAGEPL
RRMLCSGEAL
KRVFCGGEIL
KRVFCGGEIL
KHVFCGGEVL
KHVFCGGEVL
KRV 1VGGEAL
KRV 1VGGEAL
KRV 1VGGEAL
KRV ICSGEAL
KRV 1CSGEAL
KRV 1CSGEAL
KRVFCSGEAL
KRVFCSGEAL

220
SMELTD---R
SMELTD---R
SMELTD---R
SMELTD---R
SMELTD---R
SMELTD---R
SMELTD---R
SSVVAD---K
MPSLWE---Q
MPSLWE---Q
MPSLWE---Q
SEKIAS---F
SVPHVQ---K
GTHLVS---R
SPDIVA---R
NLELAN---Q
PGDLAA---S
PPDLVE---R
NPKL IA---E
NPKLIA---Q
EALTPKHVDG
QNQLVQ---Q
PHALQQ---R
PVALQE---K
PVALQE---K
PVALLE---G
PVTLQE---S
SYELNQ---R
SYELNQ---R
SYELNQ---R
SIDLQN---R
PVELQE---R
PYELTQ---R
SLELTQ---R
SLDLTQ---R

230 240
TRTALPHL-- --QIWNLYGP
TRTALPHL-- --QIWNLYGP
TRTALPHL-- --RIWNLYGP
TRTALPHL-- --QIWNLYGP
TRTALPHL-- --QIWNLYGP
TRTALPHL-- --QIWNLYGP
TRTALPHL-- --QIWNLYGP
LLKLFKEAGT APRLTNVYGP
LVEND-HI-- —-HFYNVYGP
LVETD-KI-- —-QFYNVYGP
LVETD-KI-- ——QFYNVYGP
WKKRAPET-- --KLINEYGP
VIQELKGC-- --QLINGYGP
FYELLPNV-- --SITNSYGP
WGH---NR-- —-QFFNAYGP
WSV---GR-- --RLFNGYGP
WAV---GR-- --QFFNAYGP
WSR---GR-- --RFFNAYGP
WSK---GR-- —--RFFNAYGP
WSK---ER-- --RFFNAYGP
FQRIITPVSH A-QIINLYGP
1YQQQIVK-- --YIFNLYGP
SLARFPHS-- --ELHNLYGP
LFSQL-NV-- —-NLCNLYGP
LLSQL-NV-- —-NLCNLYGP
LLSKL-DV-- —-NLHNLYGP
LLSKL-DV-- —-NLHNLYGP
FFQQL-NC-- —--ELYNAYGP
FFQQL-NY-- --QLYNAYGP
FFQQL-NC-- --ELYNAYGP
FFQHL-QC-- --ELHNLYGP
FFARL-EC-- —-ELHNLYGP
FFERL-NC-- —--ELHNLYGP
FFEHF-DC-- --ELHNLYGP
FFEHF-DC-- --ELHNLYGP

- X X%k
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SRR B
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TETTVNASAT
TETTVNASAT
TETTVNASAT
TETTVNASAT
TEKTVNASAT
TETTVNASAT
TETTVNASAT
TETCVDASVH
TECTVDATCY
TECTVDATCY
TECTVDATCY
TETVVGCCIY
TENTTFTCCY
TEATVEAAFF
TETTVYATID
TESTIGAAVA
TEATVCATVL
TEATVWSTVA
TESTICATVA
TESTVCATVA
TEATIDVSYF
SEDTTYSTFA
TEAAIDVTAW
TECCIDVTFW
TECCIDVTFW
TETCIDATFC
TEACIDATFW
TEVAVETTIW
TEAAVDATIW
TEVAVETTIW
TEAAIDVTFW
TEAAIDVTYW
TEAAIDVTFW
TEAAIDVTYW
TEAAIDVTYW

-x
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KIVP--GGN-
KI1VP--GGN-
K1VP--GGN-
K1VP--GGN-
K1VP--GGN-
KIVP--GGN-
K1VP--GGN-
PVIPENAVQS
RIKK----DS
HIKK----DS
HIKK--GSK-
EVEK-LGYPG
RITE-VNLIE
DCPP--HEKL
ECTS--RQE-
QISH--GSEK
LYQP--GMK-
ECSS--NSTN
EYTG--DTQ-
ECTF--GETQ
ECEA--DKRY
LIEK--GTTF
RCNA--EIHP
NCQR--EMYG
NCQR--EMYG
NCQR--EIYA
NCQR--EIYP
CCQP--NSQ-
CCQP--NSQL
CCQP--NSQ-
QCRK--DSNL
QCFP--NGHL
HCLP--Q1QQ
PCLP--ESQK
PCLP--ENQK

270

--ITIGRPVA
--I1TIGRPVA
--ITIGRPVA
--ITIGRPVA
--ITIGRPVA
-—ITIGRPVA
--I1TIGRPVA
AYVPIGKALG
KRVTIGRPLP
KRVTIGRPLP
-RVTIGRPLP
SNIPIGRPIA
NSIPIGRSIS
ERIPIGKPVH
K-ISIGRPIA
--VTIGRPIA
-—-I1SIGQAIA
K-PPIGRPIT
--LTIGRAIA
--PTIGRAIA
NSVPIGKPIS
A-PPIGRPIA
GVVPIGRPIA
QRIPIGRPIF
QRIPIGRPIS
QIVPIGRPIS
QLIPIGRPID
--ISIGTPIA
-—IPIGRPIA
——ISIGTPIA
KSVPIGRPIA
RTVPIGRAIA
QIVPIGRPIA
AIVSIGRPIA
ALVSIGQPIA

*x -
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NTQIYLLDA-
NTQIYLLDA-
NTQIYLLDA-
NTQIYLLDA-
NTQIYLLDA-
NTQIYLLDA-
NTQIYLLDA-
NNRLY ILDQ-
NVQAYVLDE-
NVQTYVLDS-
NIQTYVLDR-
NTQLY ILDS-
NTQVYLLDT-
HVRLYLLNQ-
NTQVY ILDQ-
NTQIY ILDK-
HTQIY ILDH-
NTQIYLLDQ-
NTQIY ILAQ-
NIQIY ILDH-
NIQLY ILQAG
NTQIY ILDE-
NTQIYVLDA-
NTQIYILDS-
NTQIYILDS-
NTQIYILDQ-
NTQIYILDQ-
NAQVY ILDS-
NAQVY ILDS-
NAQVY ILDS-
NTQIY ILDA-
NTQIY ILDE-
NTQIY ILDQ-
NTQIY ILNP-
NTQIY ILNP-

B

290

KLQPVPIGVP
KLQPVPIGVP
KLQPVPISVP
KLQPVPIGVP
KLQPVPIGVP
KLQPVPIGVP
KLQPVPIGVP
KGRLQPEGVA
KLLPVPVGVT
NRLLVPVGWM
NRLPVPVGVM
HLQPVPIGVP
HLQLVPIGVP
NQRMLPVGCI
EMQIVPVGIL
HLEPVPISVS
YLQPVPIGVP
DLQPVPVGVP
DRQPVPIGTP
NLQPVPIGVP
YMQPV--GVA
YLQPVPVGVA
YRQPVPLGVT
NLQPVPVGIP
NLQSLPVGIP
NLQALPVGVP
NLQPVPVGVP
YLQPVPIGVA
YLQPVPIGVA
YLQPVPIGVA
DLQPVNIGVT
HLQPVPVGVA
YLQPVPVGIA
HLQPVPIGIV
HLQPVPIGIV

161
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GE1CIGGDGL
GEICIGGDGL
GEICIGGDGL
GE1CIGGDGL
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Figure 8B. Sequence alignment of NRPS from clone from pool 36 with protein sequences with

similar conserved core sequences from database.

10 20 30 40 50
371001 LDVNYPADRI EYMLQDSGSI LLLS--DASA PA--LP---V ESKLPHLLVD
371002 TGCELPGGSY RVHATRLRIH FLLS--DASA PA--LP---V ESKLPHLLVD
374605 LDVNYPADRI EYMLQDSGSI LLLS--DASA PA--LP---V ESKLPHLLVD
AAO072425 LDINAPAERQ AFMLQDCGAR QVLTLSRHDL PD-------= ———- GIQRID
AAWS55330 LDPGYPRERL AFMLLDTQVS ILLT-QKDLV AK--LP---T HTA-FVICLD
ACA09733 IDPDYPEDRV RYMLEDSNAK LLLVQK--GE LIN--V---- DYGL-PI1VDL
ACF24472 IDPDYPEERI SFMIQDTQVK BILT-CESLQ TS--LP---N HQA-I1VVCLD
ADK89159 IDPGYPEERI RFLLEDSGSK IVLT-KD-ST QIS--L---E GYE---VLAV
BAA02523 LDPALPGDRL RFMAEDSSVR MVLI-GN-SY TGQ-AH---Q LQV-PVLTLD
CAA06324 IDPGYPEERI RFLLEDSGSK IVLT-KD-GT QIS--L---E GYE---VLAV
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TAALFNRI ID
TSPLFNQLAQ
TSPLFNQLAA
TSPLFNQIAQ
TSPLFNQLAA
TTALFNAI ID
TSPLFNQLAA
TSSLFNHLTE
TSSLFNHLTE
VPSMLHAFLE
TSPLFNQLAA
VPAMLHAFLE
TSPLFNQLAQ
TAGLFHQMVD
TAGLFHLMVE
PTP1CQQFME
TPTMLREGAG
TPAMFHD--G
TAGLFNEYLS
TAGLFNEYLG
TAGLFNEYLD
TAGLFNEYLD
TAGLFHEYLD
TSPLFNQLAQ
TAGLFHQYAS
TAGLFHLMVD
TAALFNLVID
TKTLFDSLY I
TSSLFNHLTE
TSALFNGIVA
TSPLFNQLAA
TAGLFHIMVD
TAGLFHQYAD
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ceeelaad
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—-AVPLLKTV
--AVPLLKTV
-—AVPLLKTV
--ALARLRYL
--ALKSLRQL
—-LFRGLKAL
--ALSGIKQL
—-MFATLNDL
--MFGTLRHL
—-MFATLNDL
—-MFGTLRHL
--ALSGIKQL
--MFGTLRHL
--TFSQLKHL
--TFSQLKHL
PIKTNRLKRV
--MFGTLRHL
KRKLASLRYV
—~MFNTLRHL
--RLGSLRQL
—-SFKNVRYL

—-VMTIKPTL
—-AITIRPTI
--LLGRLRYL
--LFGQLRYL
--VFRQLRYL
--LLGQLRYL
--LYGQLRYL
--MFATLNDL
--ALARLRYL
--ALKPLRQL
—-AFIRVKEL
--LFSGLKTL
--TFSQLKHL
--ALSGVPQL
--MFGTLRHV
--DLKQVRQL
--AFARLRYL

SRR B
220

ITGGDVISPR
ITGGDVISPR
ITGGDVISPR
1VGGDVLDPA
LAGGDVLSVL
LVGGDVLSIS
L 1GGEALSVA
1 IGGDALVPG
1 1GGDALVPH
1 1GGDALVPG
1 1GGDALVPH
LIGGEALSIA
1 1GGDALVPH
1 IGGEALSPS
1 1IGGEALSPS
FSGGEQLGTH
1 1GGDALVPH
FASGEALTPK
1 1GGDALVPH
LAGGDRLSPV
LAGGDVLFPD
LTGGDKLNNY
ILGGEAPSAA
IFAGEAPGLT
L 1GGDVLDPR
LVGGDVLDPR
L 1GGDVLDPN
L 1GGDVLDPN
LVGGDILDPG
1 1IGGDALVPG
1VGGDVLDPA
LAGGDVLSVS
LTGGEALSVH
LVGGEALNID
1 IGGEALSPS
LTGGEALSVN
1 1GGDALVPH
LAGGDILSVP
1VGGDVLDPA
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ceeela-d
230

SVKQV-Y--Q
SVKQV-Y--Q
SVKQV-Y--Q
VIARV-L--A
HVQKF-L--Q
HINRV-1--E
HVHKA-L--A
IVNRV-K--R
1VSKV-K--Q
IVNRV-K--R
1VSKV-K--Q
HVQKA-L--F
1VSKV-K--Q
HVNRI-R--N
HVNRI-R--N
LVSRF-Y--E
1VSKV-K--Q
HVDGFQRIIT
1VSKV-R--K
HVHKV-L--E
HVKTV-L--R
KEKQI-S---
LLGAL-S--G
LFQAL-C--N
KIQRAQL--A
KIRRTQL--A
K1QQVQL--A
K1QQVQS--A
KIQQVKL--A
IVNRV-K--R
VIARV-L--A
HVQKF-L--K
HVKKA-L--Q
LINQL-1--S
HVNRI-R--N
PVKKA-L--A
1VSKV-K--Q
HVQKV-1--Q
VIGRV-L--K

ceeelaad
240

QCD-NVTVVA
QCD-NVTVVA
QCD-NVTVVA
EGA-PQHLLN
TVE-NCRLIN
ANP-DLVPIN
ALP-LTQITN
ESP-ELSLWN
ASP-SLSLWN
ESP-ELSLWN
ASP-SLSLWN
TLP-FTQIIN
ASP-SLSLWN
VCP-EVSIWN
VCP-EVSIWN
LLP-NVSITN
ASP-SLSLWN
PVS-HAQIIN
ASP-ELSLWN
RWP-QCRLIN
TYP-HCCVIN
------- 1IN
RVN----LFN
QAD----LFN
ESQ-PAHLIN
ECQ-PAHLIN
ESK-PTYLIN
VLK-PTYLLN
ESQ-PAHLIN
ESP-ELSLWN
EGA-PQHLLN
TVE-NCQLIN
ALP-STQLIN
QNQRPCRVLN
VCP-EVSIWN
ALP-STQI IN
ASP-SLSLWN
ELK-GCQLIN
EGA-PRHLLN
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SRR B
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AYGPTENTVF
AYGPTENTVF
AYGPTENTVF
GYGPTEATTF
GYGPTENTTF
GYGPTENTTF
GYGPTESTTF
GYGPTENTTF
GYGPTENTTF
GYGPTENTTF
GYGPTENTTF
GYGPTESTTF
GYGPTENTTF
GYGPTENTTF
GYGPTENTTF
SYGPTEATVE
GYGPTENTTF
LYGPTEATID
GYGPTENTTF
GYGPTENTTF
GYGPTENTTF
NYGPTEATVL
AYGPTEITVC
AYGPTETTVC
GYGPTETTTF
GYGPTETTTF
GYGPTETTTF
GYGPTETTTF
GYGPTETTTF
GYGPTENTTF
GYGPTEATTF
GYGPTENTTF
GYGPTENTTF
GYGPTEGTTF
GYGPTENTTF
GYGPTENTTF
GYGPTENTTF
GYGPTENTTF
GYGPTEATTF

EoE = o S
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ceeele-d
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TTTYPI-PRD
TTTYP1-PRD
TTTYP1-PRD
STTHEI--TS
TCCHLI-TAP
STTYKI---P
TCCYPIPKQL
STCFLI---D
STSFLI---D
STCFLI---D
STSFLI---D
TCCYPIPKQL
STSFLI---D
STCLHI---Q
STCLHI---Q
AAFFDC--PP
STSFLI---D
VSYFEC--EA
STSFLI---D
SCCQQL-SAT
TCCAVL-TDV
TTSYNV———-
ATVWYC---P
ATTWDC---P
ATTYRI-ASP
AATYRI-SSP
AATYTI-PSS
AATYTI-PLS
ATTYDI-ASP
STCFFI---D
STTHEI---T
TCCYHI-KDP
TCCYSIPSFL
TTIYEC-QKN
STCLHI---Q
TCCYSLPKQL
STSFLI---D
TCCYRI-TEV
STTHEI---T

ceeel-d
270

FNAEQPL-PL
FNAEQPL-PL
FNAEQPL-PL
VG-SGGI-P1
VQPGVSI-P1
GRVEGGV-PI
EATIKSI-PI
QAYERTI-PI
REYGGSI-PI
QAYERTI-PI
REYGGSI-PI
ETKIKSI-PL
REYGGSI-PI
KTYELSI-PI
KTYELSI-PI
HEKLERI-PI
REYGGSI-PI
DKRYNSV-PI
QDYDGSV-PI
TDLAQGV-PI
EQIGHSV-PI
KSKVNNI-PI1
PDYTDELISI
PDYMGRLTPI
VDVAHSI-P1
VDVNRPI1-P1
VDVARSI-P1
IDVTRSI-PI
VDVTRSI-P1
QAYERTI-PI
SVGSGGI-PI
VRPDSSI-P1
ESKVSSI-LI
IE-GNSV-PI
KTYELSI-PI
PGTELSI-SI
REYSGSI-PI
NLIENSI-PI
SVGNGGI-PV

SR By
280

GRVINNTQLY
GRVINNTQLY
GRVINNTQLY
GRPIGNSQVY
GRPIANTQVY
GRPISNSTAY
GRPISNTQVY
GKPIGNSTAY
GKPIGNSTAY
GKPIGNSTAY
GKPIGNSTAY
GKPIANTQVY
GKPIGNSTAY
GRPVGNSTAF
GRPVGNSTAF
GKPVHHVRLY
GKPIGNSTAY
GKPISNIQLY
GKPIGNSTAY
GQPIANSTAY
GRPISQTQVY
GKPMYNQRVY
GRPTANTRIY
GRPTANKRLY
GRPIANTRIY
GCPIANTQIY
GRPIANTQIY
GRPISNTQIY
GRPIGNTRIY
GKPIGNSTAY
GRPIGNSQVY
GRPIAHTQVY
GRPINNTQIY
GRPISQRKVF
GRPVGNSTAF
GRPISNTQVY
GKPIGNSTAY
GRSISNTQVY
GRPIGNSQVY

* -

SRR B
290

ILDADGQLLS
I1LDADGQLLP
ILDADGQLLP
VLDTLRQPVA
ILDNNFQTVA
VVNESLQLQP
ILDNYLQPVP
1VDEYGSLQP
IMDEQQCLQP
1VDEHGSLQP
IMDEQQCLQP
ILDKYLQPVP
IMDEQQCLQP
ILNQWGVLQP
ILNQWGVLQP
LLNQNQRMLP
IMDEQQCLQP
ILQA-GYMQP
IMDENRNLQP
ILDRLLQLVP
ILDPYLHPVP
ILNNK-KVAP
LLDTYGQPVP
LLDKHGQPVP
ILDCHNQPVP
LLDPYGQPVP
1LDSQGRPVP
ILDSYGQPVP
ILDSRGQPVP
1VDEHGALQP
VLDTLRQPVA
ILDENLQPVA
ILDPNLQPVP
ILDANLNPVP
ILNQWGVLQP
LLDAYWQPVP
IMDEQQRLQP
LLDTHLQLVP
VLDTLRQPVA
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ceeele-d
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FGVAGEIHVG
FGVAGEIHVG
FGVAGEIHVG
VGVAGELYIG
IGEIGELHIA
1GAWGELIVG
IGVVGELHIS
IGVPGELCVG
IGAPGELCVG
IGVPGELCVG
1GAPGELCVG
VGVSGELHIG
IGAPGELCVG
VGAVGELCVG
VGAVGELCVG
VGCIGELYIA
IGAPGELCVG
VGVAGELCIA
IGAPGELCVG
IGVVGELYLG
FGVPGELYIG
IGVSGELCIS
LGAVGELY1G
LGAVGELYI1G
LGVAGEIYIA
LGVAGEIHIA
VGVAGEIYIA
LGVTGEIYIA
LGIVGEIHIA
I1GVPGELCVG
VGVAGELYIG
MGATGELYI1G
VGVPGELHIG
VGVTGELYIG
VGAVGELCVG
IGVIGELYIG
IGAPGELCVG
IGVPGELYIG
VGVVGELYIG
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SRR PR
310

GAGVARGYLN
GAGVARGYLN
GAGVARGYLN
GQGVAKGYLN
GDGLARGYLN
GEGVARGYLN
GVGVARGYLN
GDGVARGYLN
GIGVARGYVN
GDGVARGYLN
GIGVARGYVN
GAGLARGYLN
GIGVARGYVN
GDGVARGYLG
GDGVARGYLG
GAGVARGYLN
GIGVARGYVN
GDGLARGYLN
GSGVARGYVN
GAGLARGYLA
GGGLARGYLN
GDGLARGYLN
GIGVARGYLN
GAGVARGYLN
GAGVARGYLN
GAGVARGYLN
GNGVARGYLN
GFGVARGYLN
GAGVARGYLN
GDGVARGYLN
GQGVAKGYLN
GDGLARGYLH
GDGLARGYLN
GAGVARGYLN
GDGVARGYLG
GDGLARGYLN
GIGVARGYVN
GDGLARGYLN
GQGVAKGYLN

* Komko-kk-

320

REDLTASQFI
REDLTASQFI
REDLTASQFI
RPELNATQFV
RPELTAEKFI
RPDLTAEKFV
RLELTQEKFI
QPELTDEKFV
LPELTEKQFL
QPELTDEKFV
LPELTEKQFL
RLELTAEKFI
LPELTEKQFL
RPDLTKEKFV
RPDLTKEKFV
RPALTEERFL
LPELTEKQFL
RPELTAEKFV
LPELTEKQFV
RPDQTAAAFI
RPELTAERFI
NPELTSEKFV
HPELTVEHFL
RPELTAERFL
RPELTAERFV
RPELTAERFL
RPELTAERFL
HAELTAERFL
RPELTTERFL
QPELTDEKFV
RPELNATQFV
RPELTKERFI
RPDLTAEKFI
RPELTKEHFI
RPDLTKEKFV
RPELTGEKFI
LPELTEKQFL
RPELTAERFI
RPELNATQFV

* -

330 340
DNPLA-—--- VGSNGEKLYK
DNPLA-—--- VGSNGEKLYK
DNPLA-—--- VGSNGEKLYK
ANPFS--——- -DDAGALLYR
SHSFD----- -SNLATRLYK
PSPVK——--- ——- EGERCYR
ANPFS-———- -TDSQSRLYK
GDPFA--——— ——- EGKRMYR
EDPFR-——-- ——- PGERIYR
GDPFA---—— ——- EGKRMYR
EDPFR----- ——- PGERIYR
PNPFEPLSKV SNQ-QSKLYK
EDPFR-——-- ——- PGERIYR
PHPFA-———— ——- PGDRLYR
PHPFA-———- ——- PGDRLYR
EDPFY-—-—— ——- PGERMYK
EDPFR----- ——- PGERIYR
KNPFS-——-- ——- AGERMYR
RDPFR----- ——- PDEMIYR
PNPMS—-———— -QTAGERLYR
PIPPTPITKG GGKQGERLYK
DNPFE----- ——- PGERMYR
TDPFS——--- -DDPNARIYR
TDPFS-———- -NKTGAQMYR
PDTFS----- -ADPDERMYK
TDPFS--——- -SDPDARMYK
ADPFS————— -QDTDAHMYK
TDPFAS-PF- VSNLNARMYK
LDPFS————— -QGTHARMYK
GDPFA-———— ——- EGKRMYR
ANPFS-———- -DDAGALLYR
ELNNS-——-- -NFQSLTLYK
PNPFG-——-- ——- TG-KLYK
PNPFA--KEL DLPSSDRIYK
PHPFA-———— ——- PGDRLYR
ANPFS-——-- -NQPNARLYK
EDPFR-——-- ——- PGERIYR
LNPFS-———- -DKPSDRLYK
ANPFS-———- -DDAGALLYR

* -
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SRR PR
350

TGDLGRIRED
TGDLGRIRED
TGDLGRIRED
TGDLGRWNAD
TGDLARYLPD
TGDLVRWLPD
TGDLARYLPD
TGDLAKWLPD
TGDLARWLPD
TGDLAKWLPD
TGDLARWLPD
TGDLARYLPD
TGDLARWLPD
TGDLARWLSD
TGDLARWLSD
TGDVARWLPD
TGDLARWLPD
TGDLARWLPD
TGDLAKWLPD
SGDLARYRDD
TGDLGRYDRK
TGDLARWLPD
TGDLARYLPD
TGDLARYLPD
TGDLGRWLFD
TGDLGRWLPD
TGDLGRWLAD
TGDLGRWLPD
TGDLGRWLPE
TGDLAKWLPD
TGDLGRWNAD
TGDLARYLPD
TGDLCRYRRD
TGDLASWLPD
TGDLARWLSD
TGDLARYRAD
TGDLARWLPD
TGDLARYLPD
TGDLGRWNGD

- kK -
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Figure 9B. Sequence alignment of NRPS from clone 37a (371001, 371002 and 374605) with

protein sequences with similar conserved core sequences from database.

ceeelead
360

GIVEFLGRID
GIVEFLGRID
GIVEFLGRID
GIVEYLGRND
GNIEFLGRID
GNLEFKGRID
GNIEYLGRID
GNIEFLGRID
GNIEFLGRID
GNIEFLGRID
GNIEFLGRID
GKIEYLGRID
GNIEFLGRID
GTIEYVGRID
GTIEYVGRID
GNVEFLGRTD
GNIEFLGRID
GNIEYLGRID
GTIEFLGRID
GTIEFIGRRD
GNI1EFLGRKD
GNIEFLGRID
GNLMFVGRND
GNLVFVGRND
GNIDYLGRND
GNLEYLGRND
GNIEYLGRND
GNIEFRGRND
GNIEYLGRYD
GNIEFLGRID
GIVEYLGRND
GNIEFLGRID
GNIEYIGRID
GNLEYLGRMD
GTIEYVGRID
GTIEFVGRVD
GNIEFLGRID
GNIEFLGRID
GVIEYLGRND
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Ol B
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10 20 30 40
LEPTLPAERI AYILKDANPR FLLTTSQYSR TFPIP--NKK LLFIDGIDSF
IDPTYPEERI RYILEDSDTK LLLVQHH--L REKVP----- -FTGKVLDME
IDPDYPEERI SFLLEDSGTN ILLLQSAGLH VPEFT----- -GEIVYLNQT
LDPAYPAERL AYMLDDAAPV VLLTQTA--W VDTLVSPVTT SVPII1VLDAQ
LDPTYPAERL AYMLDDAAPV ALLTQAA--W VDTLDSP--- -VPTVVLDAQ
LDPNYPAERL TYILDDSAPV ALLTQEA--H LNKLSAT--- -LPTVLLDND
LDPAYPTERL AYMLKDAAPV VLLTETA--Q FDRLSGTLPA MMSVVMLDEQ
LDPDYPTERL AYMLEDAAPV VLLTQTS--Q LDKLSGT--- -MPVVILDTQ
LDINAPVERQ AFMIEDSQAH VLLTHIHVSL TTT----—-- -AQRVDLDVL
LDVNAPVERQ SFMIEDSRAR VLLTHSQ--V SLT-----—-- -TGAQRVDLD
LDVNAPVERQ TFMIEDSQAH VLLTLSR--M SLT-----—-- -ASTQRIDLD
VDPVYPKDRI DFVARDARPA VWWITMSR--H AELFVGLHPS -VPVISIDAD
IDPNYPQERI EYMLEDSGIR ILVTQES--F RPLYS--EFS -TQLISLDTD
IDPTYPTERI TYMLEDAQVQ VLLTQES--L TQELP--VNH -TQLICLDSQ
IDPDYPEERI SFMIQDTQVK IBILTCES--L QTSLP--NHQ -AIVVCLDND
IDSDYPQERI SFMFQDTQVK ILLTQES--L LASLP--NHE -AlVVCLDKD
LDPNIPPERL TILLEDTQIN LLLTQND--1 NLPWP---—-- -NTLTVIDLQ
IDPNAPSERI DFLLEDTQIN LLLTQRN--1 DHQWP----- -NTVTVIDLD
LDPTYPKERL AFMLEDASVP VLLTQTR--L VESLP---HQ -ARVVCLDAD
LDAGYPQERL AFMLVDTQIP VLLTQKE--L VKKLP--NHE -ARVICLDTD
LDPGYPRERL AFMLLDTQVS ILLTQKD--L VAKLP--THT -AFVICLDAD
VDPSYPVERL AWMLSDLQPT VVIAQHG--V LDRLPSVA-- -CSVVVLETI
IDSNLPVERI AYMLSDSRAA LLLQSEK--T EKRL------ -LGIECEQI1
IDSNLPVERI AYMLSDSRAA LLL-QSE--K TEKRL----- -LGIECEQI1
IDSNLPVERI AYMLSDSRAA LLLQSEK--T EKRL------ -LGIECEQI1
IDPNLPKKRI DFILNDCKVN IVLGKGL--K EID----—-- -SNIRLLDIE
IDPDYPEDRV RYMLEDSNAK LLLVQKGELI NVD-----—-- -YGLPIVDLS
IDPGYPEERI RFLLEDSGAK IVLTKDS--P QIS-——--——- -LEGYEVLAA
IDPGYPEERI RFLLEDSGSK IVLTKDG--T QISLEG---- -YEVLAVNAM
IDPGYPEERI RFLLEDSGSK IVLTKDS--T QISLEG---- -YEVLAVNA-
LDPVLPEDRL RFMAEDSSIQ MVLAGKS--Y TEQAHQLQ-- -VPVITLDSG
LDPALPGDRL RFMAEDSSVR MVLIGNS--Y TGQAHQLQ-- -VPVLTLDIG
LDPALPGDRL RFMAEDSSVR MVLIGNS--Y TGQAHQLQ-- -VPVLTLDIG
LDPALPGDRL RFMAEDSSVR MVLIGNS--Y TGQAHQLQ-- -VPVLTLDIG
LDPALPGDRL RFMAEDSSVR MVLIGNS--Y TGQAHQLQ-- -VPVLTLDIG
- - * * - * - -
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Clustal Co
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KE--——- TFP
DP-———- QTF
NS-——————
EP--——- AVA
ES-———- ANA
ET-———- LLA
NTPPATQLLA
NA-——-- LLE
DL--——- DGL
GL-—————- TL
GL———— TLD
] — EWS
QQ---—- KWE
o — 11A
WQ-———- QIK
] S— QIN
QQ---—- EIY
EK-———- AIA
] — VIE
[ — 1IN
[T — TIA
AA-———- HLA
IE-———- DIQ
IE-———- DIQ
IE-———- DIQ
ER--——- IEY
SA——-—- EAY
. N—— VD
DA-———- EKE
-------- MD
FE-——————
FE-——————
FE-——————
FE-——————
FE-——————

70

AWTKGISN-P
SEDG--SN-L
GLAHRLSN-P
AQPTHNPEPQ
AQPTHNPDAQ
TQPIDNPDIQ
TQSDHNPTAQ
SQSIHNPETQ

ERLKGTDL-A
GLKD--TD-L
TMSG--AP-P
RENQ--TN-P
QQSP--DN-P
QASQ--EN-L
QASQ--EN-L
QESQ--NT-L
QESP--TL-P
RQSE--EN-P
QHTP--EN-Q
QNKK--EN-L
AYPT--TA-P
KQGE-AKN-V
KQGE-AKN-V
KQGE-AKN-V
EECT--AN-P
ASEP--VQ-A
AEKEDAAN-L

AEKEDAAN-L
-ESGAADN-L
-ESEAADN-L
-ESEAADN-L
-ESEAADN-L
-ESEAADN-L

80

DVAVKPHHLA
ESISGPNQLA
NVDVLPQSLA
TLGLTSRHLA
ALGLTSRHLA
ALGLTSHHLA
ASGLTSRHLA
MQGLTSRHLA
ALPQSSESVA
LPPQSSESVA
TLPQSSESVA
EMGGNDSRLA
IHQTHSHHLA
LTDVTSDNLA
NNAVSADNLA
NSAVSAENLA
PTDTTAEHLA
VTDTTSEHLA
SPQV IHDNLA
NISITPDNLA
STNVTAENLA
TVDISPENLA
ESSAGPHSLA
ESSAGPHSLA
ESSAGPHSLA
DIFKKTNLLA
EVVQGPEGLA
VHANKPGDLA
EHVNKPEDLA
EHVNKPEDLA
NLPSAPSDLA
NLPSAPSDLA
NLPSAPSDLA
NLPSAPSDLA
NLPSAPSDLA

-%

90

YINYTSGSTG
YVIYTSGSTG
YVIYTSGSTG
YVIYTSGSTG
YVIYTSGSTG
YVLYTSGSTG
YVIYTSGSTG
YVIYTSGSTG
YIMYTSGSTG
YIMYTSGSTG
YIMYTSGSTG
YICYTSGSTG
YINYTSGSTG
YINYTSGSTG
YIIYTSGSTG
YVIYTSGSTG
YVMYTSGSTG
YVMYTSGSTG
YVMYTSGSTG
YVMYTSGSTG
YVMYTSGSTG
YVMYTSGSTG
YIIYTSGSTG
YIIYTSGSTG
YHIYTSGSTG
YIMYTSGSTG
YVIYTSGTTG
YYIYTSGSTG
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YIMYTSGSTG
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KPKGVMVEHR
MPKGVEIEHR
LSKGVMVEHR
LPKGVMVEHR
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IPKGVLVPHR
TPKGVLVPHR
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NVL-RLIINN
AIS-RLVINN
AIS-RLAINN
AIS-RLVINN
AVV-RTVMAT
GVI-RLLINS
GVI-RLLFGI
SVN-RLLFGV
SVN-RLLFGI
GVT-RLVKNS
GVI-RLVKNS
GVV-RLVKDT
GVV-RLVKQT
GVV-RLVKET
N1V-RLVRNT
SVI-RLVKNS
SVI-RLVKNS
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NYVPLSERTV
ENYPLDERDA
SRYQLKHSDM
GFADIGSDDC
PYAD1SSDDC
GFADIGPDDC
GYADITAEDC
GFADIGPDDC
GYADFNAQDR
GYADFNAQDR
GYADFNAQDR
DYANFGVRET
DYVELDEAKT
DYVHLDGKQR
NYVHLDATQR
NYVDLDANET
NYVALGEDDI
NYVD IREDDV
NYVNLSAEEV
NYANFTNTEI
NYAHLTAEEI
TYAAFGPDQV
NYITFTPEDR
NYITFTPEDR
NYITFTPEDR
NYMDF-KNIR
NYVELNESTR
GY IPLKSDVK
GCIPLKSGVK
GCIPLKSGVK
GYVPIHEEDR
GYVPVTEEDA
GYVPVTEEDR
GYVPVTEEDR
GYVPVTEEDR
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TLQSASLLFD
ILQKTAITFD
IMHKTSYSFD
1AHCANIAFD
VAHCANIAFD
1 AHCANMAFD
VAHCANITAFD
1AHCANMAFD
VAFASNPAFD
VAFASNPAFD
VAFASNPAFD
FLQFAPLAFD
FLHLSPIAFD
LLQMAPISFD
LLQMAPIAFD
FLQMAPIAFD
FLQAAPYTFD
FLQAAPYTFD
FLQLAPISFD
FLQFAPISFD
1LQLAPISFD
GLLLATVAFD
LLMTSSI1GFD
LLMTSSIGFD
LLMTSSIGFD
ILQTGSIAFD
I1LQTGAVAFD
MAQTGAVSFD
MAQTGAVSFD
MAQTGAVSFD
MAQTGAVSFD
MAQTGAVSFD
MAQTGAVSFD
MAQTGAVSFD
MAQTGAVSFD
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AATFEMYAPL
VSVWELFWWS
AS IWELFWWP
ASTWEIWSAL
ASTWEIWSAL
ASTWEIWSAL
ASTWE IWSAL
ASTWEIWSAL
ASTLDVWAPL
ASTLDVWAPL
ASTLDVWAPL
ASTFEIWGAL
ASTFEIWGAL
AATFEIWGAL
ASTFEIWGAL
ASTFEIWGAL
ASTFEIWGAL
ASTFEIWGAL
ASTLEIWGSL
ASTFEIWGCL
ASTFEIWGCL
ASTFELWGCL
VGSFEIFGPL
VGSFEIFGPL
VGSFEIFGPL
ASTFEIWGSL
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ASTFEVFGAL
ASTFEVFGAL
ASTFEVFGAL
AGTFEVFGAL
AGTFEVFGAL
AGTFEVFGAL
AGTFEVFGAL
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1VGSKVVLLP
YAGASVYLLP
LNGGRLYVVP
LNGGRLHVVS
LNGARLHVVS
LNGGRLHIVS
LNGGCLHVVS
LNGGCVVVIG
LNGGCVVVIG
LNGGCVVVIG
LNGGRLVFAP
LYGGKCIIFP
LHGARCVLFP
LHGGRCVIFA
LHGARCVLFP
LNGGRLVILP
LNGGRLVILP
LNGGRLVIMP
LNGGKLVLYP
LNGGQLVICP
LNGGRLVIAP
LNGAALHLSD
LNGAALHLSD
LNGAALHLSD
LNGGMLCLVN
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LNGGTLYPVP
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HQQ-LDLDEL
NGGEKNPELI
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QSDLLSPMNF
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PGK-VGLDEV
EKI1-PTALTL
ETV-PTAQTL
EDI-PTATSL
GNI-PTAKSL
SQT-PSLEEI
SPT-PSLEEL
PHT-PSLQEL
SNT-PSIDEL
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QQTFLDSHQL
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NRVIQTYQVN
LDTIEQKGVS
AKAIEEQKIT
CDSLIKGQVT
RDSLVKGQVT
CDSLMQGQVT
RDSL IKGKVT
CDSLIRGKVT
QHLLLEQAVT
QRLLLEQSVS
QRLLLEQSVS
CDLVQKFNVT
KEAINQYQVT
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CVGGIGVARG
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310 320 330 340 350
374601 YLNRDDLTQE KFVENQFD-- --TTTSDENR LYRTGDLVRL IDNDLLEYVG
Q9R919 YLNRPELTAE KFVKNPFS-- —-———-- AGER MYRTGDLARW LPDGNIEYLG
P94459 YLNRPALTEE RFLEDPFY-- -——--- PGER MYKTGDVARW LPDGNVEFLG
YP_0034678  YLNRPELTAE RFVPDTFS-- ---- ADPDER MYKTGDLGRW LFDGNIDYLG
YP_0034678  YLNRPELTAE RFLTDPFS-- ---—- SDPDAR MYKTGDLGRW LPDGNLEYLG
YP_0037122  YLNRPELTTE RFLLDPFS-- --——- QGTHAR MYKTGDLGRW LPEGNIEYLG
YP_0037122  YLNHAELTAE RFLTDPFA-- SPFVSNLNAR MYKTGDLGRW LPDGNIEFRG
YP_0037122  YLNRPELTAE RFLADPFS-- ---- QDTDAH MYKTGDLGRW LADGNIEYLG
ZP_0726514  YLNRDELTLE KFVADPFD-- ---- SDPEAR LYRTGDLVRW RADGNLDYLG
YP_235691 YLHRDELTLE KFVADPFD-- ---- SDPQAR LYRTGDLVRW RADGNLEYLG
AAF99707 YLHRDELTLE KFLADPFD-- —-—-- SDPQAR LYRTGDLVRW RADGNLEYLG
YP_0025514  YLNHPSLTCE KFISSPFG-- ----- DSGDR LYRTGDLVRW GRDGLLRFLG
ZP_0173260  YLNRPDLTAE KFIPNPFG-- ——---- TGK- LYKTGDLCRY RRDGNIEYIG
ZP_0503089  YLNRPELTGE KFIANPFS-- --—-—- NQPNAR LYKTGDLARY RADGTIEFVG
ACF24472 YLNRLELTQE KFIANPFS-- —-——- TDSQSR LYKTGDLARY LPDGNIEYLG
CAQ48260 YLNRLELTAE KFIPNPFE-P LSKVSNQQSK LYKTGDLARY LPDGKIEYLG
ZP_0051751  YLNRPQLTAE RFIASPFA-- -———-—- TGER LYKTGDLVRY DRQRNIEFLG
YP_0018044  YLNRPELTAE RFIPIPPTPI TKGGGKQGER LYKTGDLGRY DRKGNIEFLG
ZP_0711340  YLNRPELTAE RFILNPFS-- ---- DKPSDR LYKTGDLARY LPDGNIEFLG
YP_325325 YLHRPELTKE RFIELNNS-- --——- NFQSLT LYKTGDLARY LPDGNIEFLG
AAWS5330 YLNRPELTAE KFISHSFD-- —---- SNLATR LYKTGDLARY LPDGNIEFLG
YP_0015446  YLARPDQTAA AFIPNPMS-- —-—-- QTAGER LYRSGDLARY RDDGTIEFIG
ZP_0359585  YLGRPDLTKE KFVPHPFA-- ————-- PGDR LYRTGDLARW LSDGTIEYVG
NP_389714 YLGRPDLTKE KFVPHPFA-- ————-- PGDR LYRTGDLARW LSDGTIEYVG
P39847 YLGRPDLTKE KFVPHPFA-- ————-- PGDR LYRTGDLARW LSDGTIEYVG
YP_0028026  YLNREDLTAE KFIENPFE-- -——--- PGKR MYRTGDLARW LPDGNIEFLG
ACA09733 YLNRPDLTAE KFVPSPVK-- ———--- EGER CYRTGDLVRW LPDGNLEFKG
YP_077641 YLNQPELTDE KFVGDPFA-- -——-—- EGKR MYRTGDLAKW LPDGNIEFLG
CAA06324 YLNQPELTDE KFVGDPFA-- ————-- EGKR MYRTGDLAKW LPDGNIEFLG
ADK89159 YLNQPELTDE KFVGDPFA-- ————-- EGKR MYRTGDLAKW LPDGNIEFLG
ZP_0687517  YVNLPELTEK QFLEDPFR-- -—-—--- PGER 1YRTGDLARW LPDGNIEFLG
CAA49817 YVNLPELTEK QFLEDPFR-- -——--- PGER 1YRTGDLARW LPDGNIEFLG
NP_388231 YVNLPELTEK QFLEDPFR-- -—-—-—- PGER 1YRTGDLARW LPDGNIEFLG
BAA02523 YVNLPELTEK QFLEDPFR-- ————-- PGER 1YRTGDLARW LPDGNIEFLG
Q04747 YVNLPELTEK QFLEDPFR-- ————-- PGER 1YRTGDLARW LPDGNIEFLG
* - *

Clustal Co
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Figure 10B. Sequence alignment of NRPS from clone 374601 with protein sequences with

similar conserved core sequences from database.

RLD
RID
RTD
RND
RND
RYD
RND
RND
RND
RND
RND
RAD
RID
RVD
RID
RID
RKD
RKD
RID
RID
RID
RRD
RID
RID
RID
RID
RID
RID
RID
RID
RID
RID
RID
RID
RID
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APPENDIX C

Buffer

1. Lysis buffer
Tris-HCl
EDTA-Na
NaCl
CTAB
SDS

AdjustpH to 8

2. TBE buffer (5X)
Tris base
Boric acid
EDTA 0.5 M (pH 8)

Water to. 1000 ml

3. PCR reaction for A3f/A7r primer
DNA template
Forward primer
Reverse primer
dNTPs (each)
Taq polymerase

DMSO

180

100 mM
100 mM
1.5 mM
1% w/v

2% w/iv

54 g
275¢
20 ml

0.4 uM
0.4 uM
0.2 mM

1 U
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