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ABSTRACT

Streptomyces clavuligerus is a filamentous bacterium renowned for its production
of medicinally relevant natural products such as cephamycin C and clavulanic acid.
Genome sequencing of this organism has revealed a treasure trove of cryptic/silent
pathways, including a large linear plasmid with numerous secondary metabolite (SM)
gene clusters. This research sought to transfer the S. clavuligerus megaplasmid (pSCL4)
to a SM overproducing “super” strain, Streptomyces coelicolor (M1154), for the purpose
of activating putative cryptic gene clusters encoded by it. Furthermore, synthetic
constructs were designed for the overexpression and purification of mega-enzymes
involved in producing important antibiotics in Streptomyces spp. The nonribosomal
peptide synthetase, 6-(L-a-aminoadipyl)-L-cysteinyl-D-valine Synthetase (ACVS), is a
core enzyme in the biosynthesis of bacterial cephalosporins and penicillins. ACVS was
fused to a 8x His-tag and expressed using the constitutive ermEp* promoter and was
purified using nickel affinity chromatography. Reported here is the first targeted isolation
of ACVS and the tools developed in this study can be applied to a variety of enzymes and

SM gene clusters.
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Chapter 1

1.01 Introduction

1.01.01 Secondary metabolites and natural products

Many bioactive chemicals (natural products) with medicinal uses, such as
antibiotics (e.g. penicillin and vancomycin), are produced via secondary metabolism
by microorganisms. However, their medicinal attributes are not limited to antibiotics:
natural products (NP) have been found to act as immune-suppressants, anti-tumor
agents, and as tools for developing other drugs (Newman and Cragg 2007). In general,
secondary metabolites (SMs) are named so because they are often produced in
stationary phase, and are thought to be non-essential for life. Secondary metabolite
biosynthesis relies on a number of enzymatic reactions, which evolved from primary
metabolism; for example, the biochemical pathway resulting in tetracycline has a
large scaffold relying on 72 enzymatic steps (McCormick and Jensen 1965).

Many of the organisms that produce bioactive SMs are soil-dwelling and live
in complex ecosystems (Brakhage and Schroeckh 2011). It is hypothesized that they
rely on these compounds to act as communication tools and potentially as defensive
mechanisms (Yim et al. 2007). Within these ecosystems, competition and
communication has resulted in the co-evolution of microbial communities over
millions of years. Subsequent investigations using genome sequencing has resulted in

the identification of silent or cryptic gene clusters that are not readily expressed under



laboratory conditions and could be potentially involved in secondary metabolism (Yin
et al. 2007).

The genes involved in the production of SMs have survived millions of years
in their respective hosts, even as they seem to be silent or cryptic at first glance.
Therefore, there is great interest in identifying the SMs produced by these clusters and

to decipher their biological and ecological functions.

1.01.02 Hidden in the deep: cryptic pathways and antibiotic production potential

As technology has evolved, we have gained the ability to identify the genetic
potential of microorganisms to produce SMs. The explosion of genetic information has
led to the discovery of many SM gene clusters with no obvious function for the host
organisms (Gust et al. 2003). By mining the genomes of such microorganisms,
researchers have gained insight into previously untold biosynthetic potentials. Genomic
studies on Aspergilli, a group of filamentous fungi known for the production of both
therapeutic and toxic SMs, have demonstrated immense diversity in terms of the SM gene
clusters that they harbor (Nierman et al. 2005). This diversity and complexity has also
raised questions as to why and how both fungi and bacteria have arranged the genes
involved in the production of a SM together to form clusters (Chiou et al. 2002). In
addition, fungal SM clusters have been shown to reside close to the telomeres, suggesting
chromatin-based regulation (Bok and Keller 2004). This led researchers to explore the
possibility of using histone modifiers to regulate and activate the production of some of

these cryptic SM in fungi (Jenuwein and Allis 2001).



The Streptomyces are Gram-positive soil bacteria renowned for their NP
production capabilities and for harboring numerous cryptic SM gene clusters. On average,
each Streptomyces species contains gene clusters for at least 20 predicted secondary
metabolic pathways, and this appears to be a ubiquitous phenomenon within the
Actinobacteria (Tanaka et al. 2013). Interestingly, it appears that sub-inhibitory
concentrations of antibiotics can also induce expression of cryptic SM pathways in certain
Actinobacteria (Seyedsayamdost 2014) and there are excellent reviews on the subject
(Craney et al. 2013; Moore et al. 2012; Yoon and Nodwell 2014).

Induction of cryptic SM pathways has not been limited to the application of
chemicals. Studies have also shown that production can be increased via targeted genetic
mutations in ribosome- and RNA polymerase-related genes. Through selection for
mutations in the RNA polymerase -subunit gene (rpoB) leading to rifampin resistance,
researchers were able to activate pathways involved in SM production in Streptomyces
lividans, a close relative of the well-studied species Streptomyces coelicolor (Hu et al.
2002). This phenomenon was originally discovered when S. coelicolor spontaneously
developed rifampin resistance leading to the overproduction of actinorhodin, a known
blue pigmented antibiotic (Hu and Ochi 2001). It is believed that this mutation mimicked
the stringent response, which is involved in the production of the highly phosphorylated
nucleotide ppGpp under conditions of amino acid starvation (Hu and Ochi 2001). ppGpp
is known to bind to RNA polymerase, and this alters the affinity of the enzyme for certain
promoters and changes the corresponding gene expression patterns. The rpoB mutation
leading to rifampin resistance was thought to alter RNA polymerase in the same way as

ppGpp binding (Hu et al. 2002). In addition, previous studies showed that mutations in



the rpsL gene encoding the ribosome protein S12 led to activation of cryptic SM
biosynthetic genes in S. lividans and their overexpression in S. coelicolor (Shima et al.
1996). As a consequence, a new technique for the over-expression of both cryptic and
non-cryptic gene clusters was developed and called “ribosome engineering”, which
involves the introduction of mutations that confer drug resistance to certain antibiotics
that target the ribosome (Ochi 2007).

These tools have made possible the engineering of host S. coelicolor strains for
the heterologous expression of SM biosynthetic gene clusters. Due to the complexity of
the Streptomyces genetic makeup and the large size of many antibiotic biosynthetic gene
clusters, previous attempts to utilize bacterial expression strains failed. However, by
engineering a strain of S. coelicolor through targeted mutations in the rpoB and rpsL
genes, a somewhat relaxed host was created (Gomez-Escribano and Bibb 2011). Under
laboratory conditions, S. coelicolor is known to produce four SMs (actinorhodin,
undecylprodigiosin, CPK, and a calcium-dependent antibiotic), which could affect the
levels of available precursors for the biosynthesis of other SMs (Gomez-Escribano and
Bibb 2011). By deleting the four known antibiotic biosynthetic pathways, and by
introducing the targeted mutations in rpoB and rpsL, a S. coelicolor strain was prepared
that could heterologously express the antibiotic gene cluster for congocidine from
Streptomyces ambofaciens (Gomez-Escribano and Bibb 2011). While the use of different
media, chemicals, and genetic manipulation may seem unrelated, they all seem to invoke
a stress response, which results in the production of SMs. By combining the three
processes/approaches together, it is possible to obtain a viable heterologous host for

expressing cryptic SM gene clusters.



1.01.03 The Streptomyces

Streptomyces stands as the largest genus in the order Actinomycetales and the
family Streptomycetaceae (Goodfellow and Fiedler 2010). The ability of members of
this genus to produce economically valuable SMs has led to the identification of many
different species (Goodfellow and Fiedler 2010). Streptomyces are ubiquitous in
terrestrial environments and have the ability to colonize deep soils and into the
reaches of the rhizosphere. This is accomplished via the growth/spread of vegetative
hyphae and the ability of the Streptomyces to differentiate into spores for dispersal
(Rueda et al. 2001). The life cycle of the Streptomyces allows them to survive long
periods of unfavorable conditions (Ensign 1978), with spores being recovered and
revived from 70 year old soil samples (Morita 1985).

Streptomyces produce a wide variety of bioactive compounds including
upwards of 80% of all clinically used antibiotics of microbial origin (Goodfellow and
Fiedler 2010). Antibiotic production is generally growth phase dependent and is also
influenced by media and culture conditions. For example, antibiotics and other SMs
are produced at the onset of stationary phase in liquid cultures and during
morphological differentiation on solid media (Manteca et al. 2008). There are complex
global regulatory pathways that control cellular development and secondary
metabolism in the Streptomyces (Liu et al. 2013). This highlights the complexity of
gene regulation within this genus, and stresses the importance of these SM gene
clusters in the life cycle of Streptomyces.

Many SM biosynthetic capabilities are encoded by large gene clusters, which

also contain pathway-specific regulatory genes that are switched on due to a number



of environmental and physiological factors (Liu et al. 2013; Paradkar 2013). Production
of SMs is not only stimulated by environmental stresses, but can also be activated in
response to metabolic imbalances, physiological stresses and signaling molecules
(Eckwall and Schottel 1997; Hood et al. 1992). The exact mechanism for the
activation of SM production (including antibiotics) is not well understood; however, it
does appear that growth rate and nutritional factors are common denominators in most
instances (Frisvad 2012; Kieser et al. 2000).

An immediate concern in antibiotic-producing bacteria is the inherent
detrimental impact of the end product on the producing organism. To overcome this,
such bacteria have developed a series of solutions to become resistant to the
antibiotics they produce (Malla et al. 2010). One such example is the presence of
genes within antibiotic biosynthetic gene clusters that encode transmembrane efflux
pumps, which pump out the antibiotic from the cell once it is produced (Xu et al.
2012). These resistance genes may also be responsible for cross-resistance to
clinically used antibiotics. Therefore, due to their ubiquitous nature and their possible
role in passing resistance genes via horizontal gene transfer, Streptomyces may play a
significant part in the spread of antibiotic resistance (Wiener et al. 1998).

Streptomyces spp. have G+C rich DNA ranging between 61% - 81% (Wright
and Bibb 1992). Furthermore, most Streptomyces have large genomes and some
contain additional linear megaplasmids (Zhou et al. 2012). S. clavuligerus ATCC
27064, which is the focus of most of the described work in this thesis, has a 6.76 Mbp
chromosome and a 1.796 Mbp megaplasmid (pSCL4), making it one of the largest

plasmids to be sequenced to date (Medema et al. 2010). Another distinguishing



feature of many Streptomyces is the presence of a linear chromosome (Hopwood
2006), which may be somehow related to the casual amplifications and deletions that
their chromosomes undergo at frequencies ranging between 0.1%-1.0% within the
population (Cullum et al. 1988; Leblond et al. 1990). Plasmids are found in many
species and can be linear or circular with their size covering a broad range (Kinashi
2011). Out of all the medicinally important Streptomyces, one described species in

particular is hiding many secrets deep within.

1.01.04 Streptomyces clavuligerus

Streptomyces clavuligerus is an important producer of commercially important
NPs, with the renowned ability to produce the B-lactam antibiotic cephamycin C
(Alexander and Jensen 1998) and the B-lactamase inhibitor clavulanic acid (Brown et
al. 1976). By itself, clavulanic acid is a weak antibiotic, but it can be used along with
certain semisynthetic B-lactams (e.g. amoxicillin) to treat infections that are resistant
to PB-lactams due to P-lactamase production (Brogden et al. 1981). Although the
biosynthetic pathways for producing cephamycin C and clavulanic acid are distinct,
the biosynthetic genes for these SMs are clustered together to form a B-lactam super-
cluster in S. clavuligerus (Liras et al. 2008). Furthermore, several other antibiotics
have been discovered that are produced by S. clavuligerus, including holomycin (L1
and Walsh 2010) and the 55 clavams, the latter of which are related to clavulanic acid
but differ in their 5§ stereochemistry as compared to the SR configuration of
clavulanic acid (Kwong et al. 2012). In addition, S. clavuligerus also produces some

SMs with other bioactivities (Li and Walsh 2010).



The genome of S. clavuligerus ATCC 27064 was sequenced and analyzed for
possible NP biosynthetic gene clusters (Medema et al. 2010). The study showed that
S. clavuligerus ATCC 27064 only has one plasmid, a 1.8 Mbp linear megaplasmid
densely packed with 25 possible NP biosynthetic gene clusters and a 6.8 Mbp core
chromosome, which contains 23 putative NP gene clusters (Medema et al. 2010).
Interestingly, earlier work exploring the S. clavuligerus genome from the strain
NRRL3585 found the genomic make up in that organism to include a chromosome
along with three linear plasmids: pSCL1 (11.7kbp), pSCL2 (120kbp), and pSCL3
(430kbp) (Wu et al. 2006; Wu and Roy 1993). The discrepancy in the reported
presence/numbers of plasmids in S. clavuligerus raises intriguing questions about the
actual genetic composition of this industrially important bacterium, which warrant

further investigation.

1.01.05 The machinery: NRPS and PKS

Secondary metabolite biosynthetic gene clusters encode many different types
of proteins, none more important than massive enzymes called nonribosomal peptide
synthetases (NRPS) and polyketide synthases (PKS) (Frueh et al. 2008). Certain
PKSes (type I only) have similarities to fatty acid synthases (FAS), these complexes
are made up of modular units, which act as an assembly line where each conserved
domain incorporates a single piece of the growing product (Frueh et al. 2008). PKSes
differ from NRPSes in that they condense activated primary metabolites such as
acetyl-CoA and malonyl-CoA to form larger polymers. In turn, PKSes differ from

FASes as they do not necessarily reduce the final product, resulting in a highly diverse



spectrum of possible polyketide chains (Fujii et al. 2001). Interestingly, many NRPSes
and PKSes seem to localize to the inner surface of the cytoplasmic membrane of the
organism they are expressed in (Straight et al. 2007).

NRPSes work by condensing both proteinogenic and non-proteinogenic amino
acids into peptides. These massive enzymes, or mega-synthetases, are involved in the
synthesis of some of the most important bioactive metabolites, ranging from
antibiotics like penicillins to immune-suppressants like cyclosporine (Figure 1.01).
The diversity of NRPS products is of striking consequence when considering the
highly conserved mechanism used for NRP backbone biosynthesis.

In multimodular NRPSes, each module incorporates a new amino acid, where
the number of modules matches the number of amino acids contained in the end
product (Marahiel 2009). Each of the modules can be broken down into three catalytic
domains that act to covalently link substrates to the carrier 4’-phosphopantetheine arm
(PPan) (Marahiel 2009). The first domain, which is the adenylation domain (A), acts
as a discriminatory gate keeper: it selects the specific amino and generates a
aminoacyl AMP-mixed anhydride via ATP hydrolysis (Figure 1.02) (Mootz and
Marahiel 1997). Following the initial binding, the intermediate is attached to a thiol
moiety on the PPan prosthetic “arm”, which is connected to the peptidyl carrier
protein (PCP or P) downstream of the A-domain (Stachelhaus et al. 1998). The PCP
then acts like a swinging arm: transferring the high-energy thioester substrate,
inclusive of all previous elongation intermediates, between catalytic sites (Marahiel
2009). The condensation domain (C) activates the condensation between the two

intermediates forming the peptide backbone. A nucleophilic attack is then carried out



by the C-domain and the growing peptide is translocated down the assembly line
(Stachelhaus et al. 1998). This allows the upstream PPan-PCP to load the next
reaction (Marahiel 2009). The thioesterase domain proceeds to catalyze the release of
the end product via hydrolysis from the PPan prosthetic arm. This culminates in four
essential domains: C, A, PCP, and TE. The final product of an NRPS can undergo
modification during assembly by several tailoring units (Marahiel 2009).

PKSes can be divided into three different types, each producing a different
style of compound. Type I comprises one or more large multifunctional proteins,
divided into modules, with each module carrying out a single non-iterative cycle of
elongation (Cheng et al. 2003). Type II PKSes are multiprotein complexes that can act
iteratively (Cheng et al. 2003). Type III enzymes resemble type I PKSes, in that they \
comprise a single polypeptide/protein; however they operate iteratively like the type 11
complexes (Shen 2003). PKSes are responsible for producing many common
antibiotics (erythromycin, epothilone, and rapamycin) (Figure 1.03) (Cheng et al.
2003). Type I synthases (not types II and III) are modular and have multidomain
catalytic units that are responsible for a single step of elongation (Thattai et al. 2007).
A different module adds each extender unit; therefore, the order of each module in the
PKS determines the chemical structure of the product (Figure 1.04). These catalytic
domains can tolerate a broad range of substrates, thereby increasing the breadth and
diversity of the end product. PKSes have the distinct advantage of still being
catalytically active when the modules are rearranged (Thattai et al. 2007). This allows
for a potentially limitless diversity of polyketide products; while at the same time also

indicating that modules are frequently shuffled during evolution (Thattai et al. 2007).
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PKSes generally comprise three core domains per module (type I) or proteins
(type II): the acyltransferase (AT), the acyl carrier protein (ACP) and the ketosynthase
(KS). In a single step, the AT primes a phosphopanheinyl arm of the ACP domain
with a malonyl residue. Following this, the KS domain catalyzes decarboxylative
acylation, thereby extending the product (Donadio et al. 2007). The process adds two
carbon units per cycle, meaning that a ring containing 14 carbons, such as
erythromycin, requires at least 7 cycles to be produced. Several modification domains
may also be involved, including ketoreductase, dehyradatase, and enoyl reductase
(Donadio et al. 2007). Finally, the thioesterase or cyclase domain catalyzes the release
and cyclization of the product (Donadio et al. 2007). The polyketide is cyclized in
either an end-to-end manner to give a large ring or internally to form a fused ring
product.

NRPSes and PKSes are lynchpins in the production of many medically relevant
bioactive compounds. In some cases, hybrids between the two exist where a
polyketide is fused to an NRP, leading to even more diversity and complexity in the

derived NP (Boettger and Hertweck 2013).

1.01.06 The 6-(L-a-aminoadipyl)-L-cysteinyl-D-valine (ACYV) synthetase (ACVS)
and cephamycin C production in S. clavuligerus as a model system for studying
NRPS proteins

The genetic organization of antibiotic gene clusters is complicated. Often times

they are organized as large “super-clusters”, sometimes encoding two biosynthetically
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different, yet functionally related compounds; such is the case with cephamycin C and
clavulanic acid (Ward and Hodgson 1993).

The o-(L-o-aminoadipyl)-L-cysteinyl-D-valine (ACV) Synthetase (ACVS) is a
known NRPS with a well-characterized function in the biosynthesis of the
conventional B-lactams, and will act as a model for typical NRPS-based studies.
ACVS 1is one of the initial enzymes involved not only in the cephamycin C
biosynthesis pathway, but also in the production of all natural penicillins and
cephalosporins and is the link between primary and secondary metabolism (Zhang and
Demain 1992). It is classified as a megaenzyme since it is predicted to be 404-426
kDa in size (Hamed et al. 2012). Functionally, ACVS utilizes ATP to condense L-a-
aminoadipic acid, L-alanine, and L-cysteine into a tripeptide, d-(L-a-aminoadipyl)-L-
cysteinyl-D-valine (Figure 1.05a/b) (Jensen et al. 1990). The NRP product is then
cyclized by ACV cyclase to form isopenicillin N (Liras 1999). Isopenicillin N can
then either be passed to ACYL transferase eventually leading to the penicillin G in
fungi (Liras 1999), or to the IPN epimerase during cephalosporin biosynthesis (Liras
1999). The IPN epimerase then converts the L-a-aminoadipic acid side chain into the
D-configuration (Laiz et al. 1990), resulting in penicillin N that is acted on by
penicillin N expandase for expansion of the 5-carbon thiazolidine ring into a 6-carbon
dihydrothiazine ring, a characteristic of all cephalosporin antibiotics (Liras 1999).
Following this, the DAOC hydroxylase adds a hydroxyl group to the dihydrothiazine
ring, and the final steps in cephamycin C production include the carbamoylation of the

C-3’ and the introduction of a methoxyl group at C-7 positions (Liras 1999).
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Given its important role in NP pathways, it is no surprise that ACVS is one of
most highly characterized NRPS proteins. However, due to the extremely large size of
NRPS proteins, there is very little information available on their native structures.

Therefore, novel methods are required for purifying these proteins for future studies.

1.01.07 Megaplasmids from Streptomyces have natural product biosynthesis
potential

Mini- and giant linear plasmids exists within many Streptomyces spp. and are
treasure troves of biosynthetic potential (Kinashi 2011). At least two Streptomyces
spp. have large megaplasmids, S. clavuligerus ATCC 27064 (1.8 Mbp megaplasmid,
pSCL4) and Streptomyces cattleva NRRL 8057 (which harbors a 1.8 Mbp
megaplasmid and a 6.3Mbp central chromosome) (Barbe et al. 2011). Both of these
megaplasmids are packed with multiple predicted SM biosynthetic gene clusters.

Another pertinent Streptomyces harboring plasmids is S. coelicolor, which
contains SCP1, a 350 kbp plasmid (Kinashi et al. 1987). SCP1 contains the genes for
methylenomycin production, the first antibiotic discovered for which the gene cluster
was located on a plasmid (Kirby and Hopwood 1977). Streptomyces rimosus R6
contains a 387 kbp linear plasmid (pPZG101). A crossover event between the plasmid
pPZG101 and the chromosome in S. rimosus led to an increase in copy number of the
genes involved in oxytetracycline biosynthesis, leading to its overproduction (Pandza
et al. 1998). As more genomes are published, it will become apparent how prevalent
large plasmids and megaplasmids are throughout the genus. It is becoming clear that

Streptomyces plasmids act as reservoirs of SM gene clusters.
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1.01.08 Focus of described work

Here, we explored two facets of natural product biosynthesis. In Chapter 2, we
attempted to introduce the pSCL4 megaplasmid from S. clavuligerus into a S.
coelicolor heterologous host in order to activate the SM biosynthetic gene clusters
present on the plasmid. In Chapter 3, we developed a novel tool for the structural
study of NRPSes. By using ACVS as a model, we targeted the overexpression and
purification of ACVS from S. clavuligerus for further structural studies using cryo-

electron microscopy and x-ray crystallography.
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Penicillin N

Salinospormide A

Figure 1.01: Examples of clinically useful nonribosomal peptides. Salinosporimide A
was isolated from marine samples and has potent antitumor activity (Feling et al.
2003); Zwittermicin A is an example of a NRPS-PKS hybrid that is used
agriculturally to treat plant disease (Stabb et al. 1994); Penicillin N is a precursor to
the B-lactam Cephamycin C (Liras 1999).
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Figure 1.02: Simplified mechanism of the NRPS machinery. A, adenylation domain; P, PCP; C, condensation domain; TE,
transesterification domain.
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Figure 1.03: Examples of clinically useful polyketides. Erythromycin A is an
example of a macrolide antibiotic and was originally isolated from the soil dwelling
bacterium Saccharopolyspora erythreus (McGuire et al. 1952); tetracycline is
characterized by the classic four-ring core structure, which is the hallmark of a
subsequent subclass of polyketides (Duggar 1948); Lovastatin is used to treat
dyslipidemia and was isolated from the fungus Aspergillus tereus (Alberts et al.
1980).
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Figure 1.04: Simplified diagram of a type I PKS modular structure. The major components are: AT, acyltransferase; ACP,
acyl carrier protein; KS, ketosynthase; DH, dehydratase; ER, enoyl reductase; KR, ketoreductase; TE, thioesterase.
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step in the pathway is the conversion of L-lysine into a-aminoadipic acid by LAT (/at)
and PCD-DH (pcd) (not shown). ACVS (indicated by *) represents an ideal NRPS
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on the left; enzymes/genes are listed on the right. Potential products are underlined.
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clavuligerus

Co-authorship statement

The project was designed and developed by Dr. Kapil Tahlan (Department of
Biology, Memorial University of Newfoundland). Experiments were performed by
Marcus Moore (Department of Biology, Memorial University of Newfoundland).
Reagents/materials/analysis tools were contributed by Drs. Kapil Tahlan and Francisco
Barona-Gomez (Langebio Cinvestav-IPN, Irapuato, Mexico). Data analysis was
performed by Marcus Moore and by Drs. Kapil Tahlan, Francisco Barona-Gomez and
Pablo Cruz-Morales (Langebio Cinvestav-IPN, Irapuato, Mexico). The manuscript was

written by Marcus Moore and Dr. Kapil Tahlan.

29



2.01 - Introduction

The evolution and prevalence of large plasmids within the Streptomyces and
the analysis of their biological functions is an important area of research (Alvarez-
Alvarez et al. 2014; Barbe et al. 2011; Kinashi 2011; Medema et al. 2010; Netolitzky
et al. 1995). Megaplasmids (>1Mbp) in Streptomyces are untapped sources of SMs as
they contain numerous clusters for producing such compounds (Barbe et al. 2011;
Medema et al. 2010). Several theories on the origins of these megaplasmids have been
suggested and include: (i) a plasmid that has undergone a double crossover with the
core chromosome; (ii) a chromosome arm that has fragmented off with an integrated
and independent origin of replication; or (iii) multiple consecutive recombination
events that have resulted in one linear megaplasmid and one linear core chromosome
<7TMbp (Medema et al. 2010). The stochastic nature of Streptomyces genomes has
made it difficult to study how plasmids arise, are maintained, and how common they
are in the genus as a whole. The current crisis of antibiotic resistance has resulted in a
tremendous pressure to better understand and exploit the Streptomyces for useful
natural products (Overbye and Barrett 2005; Wright 2007, 2012).

S. clavuligerus NRRL 3585 harbors four plasmids, two of which are greater
than 400kbp (Song et al. 2010). A 1.8Mbp extra-chromosomal element (pSCL4)
encodes upwards of 20 potential SM gene clusters (Figure 2.01-A) out of the 48 total
clusters identified in this organism (Medema et al. 2010). Many of these so-called
“cryptic” clusters (producing no obvious product in the lab) are of interest as they

could be involved in the production of novel antibiotic candidates. Targeting each

30



gene cluster for individual activation, without functional knowledge, is time
consuming and may not be successful. Furthermore, functional prediction of gene
clusters can only provide insight into the predicted structure of the product and not the
bioactive function. Therefore, it is necessary to develop a simple method for large-
scale expression and activation of these cryptic genes.

Recently, several S. coelicolor “super-strains” (M1146, M1152, and M1154)
were developed, which can act as a heterologous hosts for SM gene clusters (Gomez-
Escribano and Bibb 2011). These stains have targeted mutations in genes associated
with the ribosome (rpoB and rpsL) that physiologically mimic the stringent response,
which is known to increase the production of certain SMs (Gomez-Escribano and Bibb
2011). Furthermore, M1154 has had four known SM pathways knocked-out, resulting in
an over-abundance of precursors that can be used by alternate pathways. The
introduction of heterologous gene clusters involved in the production of known
antibiotics into these strains demonstrated that the super-strains could produce these
metabolites at higher levels than the native producer (Gomez-Escribano and Bibb
2011; Jones et al. 2013). Here, we present our attempts to mobilize the S. clavuligerus
pSCL4 through protoplast fusion into S. coelicolor M 1154 for the induction of cryptic
pathways on the plasmid. It is unknown if pSCL4 can be mobilized between different
species or if it can be readily maintained within a heterologous host. Furthermore, if
pSCL4 cannot be transferred to S. coelicolor, we hope to achieve either the
mobilization of one of the smaller plasmids or the production of a genomic chimera
between S. clavuligerus and S. coelicolor M1154, in an attempt to get the production of

previously un-described metabolites from either organism.
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2.02 Materials and Methods

2.02.01 Culture conditions and general procedures

2.02.01.01 General equipment and procedures

All microbiological manipulations were conducted using aseptic techniques with
sterile reagents and glassware. Reagents, antibiotics, and media, unless otherwise stated,
were purchased from Sigma Aldrich Canada, Fisher Scientific Canada, or VWR
International. Media and solutions were prepared with high performance liquid
chromatography (HPLC) grade H,O and were sterilized by autoclaving or by filter
sterilization using 0.2 um filters (28145-481, VWR International, Edmonton, Alberta)
when applicable. Standard equipment used throughout the study include the following:
Eppendorf 5424 micro-centrifuge (022620401, Hamburg, Germany); a Thermo Scientific
Sorvall ST 16 R centrifuge (75004380, Waltham, Massachusetts, USA) with a TX-400
Swinging Bucket Rotor (75003629, Waltham, Massachusetts, USA); and an Implen P300
NanoPhotometer (Implen GmbH, Miinchen, Germany). Streptomyces mycelia and
Escherichia coli cultures were harvested by centrifugation at 3500 rpm for 5 minutes at
4°C, and protoplasts at 1000 rpm for 10 minutes at 4°C, unless otherwise stated. All
Streptomyces spp. (spore, protoplasts, or mycelial stocks) and E. coli strains were stored
in 20% v/v glycerol at -80°C, and DNA was stored at -20°C. Additional
reagents/chemicals/kits were stored and used as per the manufacturer’s directions, unless
otherwise specified. All polymerase chain reactions (PCR) were conducted using an

Eppendorf VapoProtect Mastercycler Pro (950040015, Hamburg, Germany), and all
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images and gels were photographed using a UVP GelDoc-It® TS2 imager (71004-578,

Upland, California, USA).

2.02.01.02 Strains, media and growth conditions

Cultures of S. clavuligerus and S. coelicolor were grown at 28°C, and liquid
cultures were grown with agitation at 220 rpm in baffled flasks or flasks with springs,
unless stated otherwise. S. clavuligerus strains were cultured on ISP-4 (M359, HiMedia,
Mumbai, India) plates or in Trypticase Soy Broth (TSB) (236950, BD Biosciences,
Franklin Lakes, New Jersey, USA) supplemented with 1% w/v starch (TSBS) (S9765,
Sigma-Aldrich, St. Louis, Missouri, USA). S. coelicolor strains were cultured on Soy
Flour Mannitol (SFM) (Kieser et al. 2000) plates or in broth consisting of a 1:1 ratio of
Yeast Extract Malt Extract (YEME) (Kieser et al. 2000) and TSB media. When required,
the appropriate antibiotics were included as listed in Table 2.01, unless otherwise
specified.

E. coli was grown at 37°C and liquid cultures were agitated at 200 rpm. Strains
were maintained on LB (Lennox) (BP1426500, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) agar plates or in LB broth, supplemented with appropriate
antibiotics as listed in Table 2.01, or as otherwise specified. A list of all the strains and

plasmids used throughout this study can be found in Table 2.02.

2.02.01.03 Standard DNA manipulation procedures
Standard procedures (agarose gel electrophoresis, etc.) were performed as
described previously (Sambrook and Russell 2001). For the isolation of DNA fragments,

agarose gels were visualized under ultraviolet (UV) light using a UVP benchtop UV
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transluminator (95-0452-01, Upland, California, USA). DNA was extracted from agarose
gel slices using either the EZ-10 Spin column DNA gel extraction kit (BS353, Bio Basics
Inc, Markham, Ontario) or the Wizard® SV Gel and PCR Clean-Up System (A9281,
Promega, Fitchburg, Wisconsin, USA) according to the manufacturer’s instructions, with
the exception that 33 ul of sterile water warmed to 55°C was used for elution. For plasmid
DNA isolation from E. coli cultures, 3-5 ml of LB supplemented with appropriate
antibiotics was inoculated with either a single colony of E. coli or with 5 pul of a glycerol
stock, and the broth was incubated with shaking for 16-24 hours. Plasmid DNA was
isolated from overnight cultures using the EZ-10 Spin Column Plasmid DNA kit (BS423,
Bio Basics Inc, Markham, Ontario), with the exception that DNA was re-suspended in 33
pl of diH,O. Alternatively, plasmid DNA was extracted using a modified Birnboim and

Doly (1979) method as described before (Sambrook and Russell 2001).

2.02.01.04 Preparation and transformation of chemically competent E. coli cells
Smlof 2x YT (1.6% w/v tryptone, 1% w/v yeast extract and 0.5% NaCl w/v) was
inoculated with a single E. coli colony and grown overnight at 37°C, after which 200 ml
of pre-warmed 2x YT was inoculated with 2 ml of the overnight growth. This was
agitated at 200 rpm with 5:1 headspace volume at 37°C until the ODggo of the culture
reached 0.2, following which MgCl, was added (final concentration 20 mM) and culture
was returned to the incubator until the ODgyo was between 0.45-0.55. The cultures were
transferred to 50 ml round bottom centrifuge tubes and were incubated on ice for 2 hours.
The cells were harvested by centrifugation at 4°C and were re-suspended in 100 ml of

fresh, filter sterilized 1x Ca**Mn”" solution (0.394 g anhydrous NaOAc, 1.76 g
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CaCl,*2H,0, and 1.66 g MnCl,*4H,0, pH5.5 in 60 ml diH,0) pre-chilled at 4°C and
were incubated on ice for an additional 45 minutes. The cells were harvested by
centrifugation at 4°C and re-suspended in 10 ml of 1x Ca*"Mn?" solution containing 15%
v/v glycerol, and aliquots (200 pl each) were dispensed into pre-chilled 1.5 ml Eppendorf
tubes (-20°C for at least 1 hour), and were flash-frozen in liquid nitrogen for storage at -
80°C.

To transform the competent cells, aliquots of the chemically competent E. coli
cells were thawed on ice. Meanwhile, 5 ul of plasmid DNA was combined with diH,O to
bring up the volume to 25 ul in a separate tube, which was then added to 50 pl of the
chemically competent E. coli and incubated on ice for 30 minutes. Cells were heat
shocked for 5 minutes at 37°C, and quickly transferred to 975 ul of ice-cold LB broth in a
1.5 ml Eppendorf tube and incubated for 1 hour at 37°C. The tubes were centrifuged for 2
minutes at 12000 rpm and 900 pl of supernatant was removed and the remaining 100 pl
of suspension was plated onto a single LB agar plate containing the appropriate

antibiotics.
2.02.02 Genomic manipulation of Streptomyces spp.

2.02.02.01 Conjugation with S. coelicolor

This procedure was carried out as previously described (Kieser et al. 2000), except
that the S. coelicolor recipient strain was cultured in 25 ml of 1:1 YEME:TSB for 36
hours, and the E. coli donor strain was cultured in 50 ml of LB. The entire conjugation
mix was spread onto SFM agar plates and incubated at 28°C, and after 24 hrs the plates

were inspected for recovery (sparse growth) and were flooded with the appropriate
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antibiotics in water as described previously (Kieser et al. 2000). When isolated colonies
were observed after incubation, they were patched onto fresh SFM plates. Following
sporulation, spores stocks were prepared for storage by suspending spores in 20%

glycerol.

2.02.02.02 Generating S. clavuligerus protoplasts

S. clavuligerus spore stocks (10 ul) were used to inoculate 125 ml spring flasks
containing 15 ml YEME with 10 ml of TSBS supplemented with 0.5% w/v glycine and
appropriate antibiotics. The cultures were incubated at 28°C for 48 hours at 200 rpm, after
which the mycelia were harvested by centrifugation and were washed twice with 10 ml of
sterile solution of 10.3% w/v sucrose. The mycelia were either frozen at -80°C or were
used for protoplast preparation immediately. If frozen mycelia were used for preparing
protoplasts, the samples were washed once in 10.3% w/v sucrose prior to use. Washed
mycelia were re-suspended in 4 ml of P-Buffer [10.3% w/v sucrose, 0.057 mM K,SO4, 10
mM MgCl,, 0.005% w/v KH,PO4, 0.368% w/v CaCl,, 0.573% w/v TES (pH 7.2), 0.59
uM ZnCl,, 1.48 uM FeCl,, 0.12 uM CuCl,, 0.10 pM MnCl,, 0.052 uM Na,;B407 and
0.016 uM (NH4)sMo070,4] (Kieser et al. 2000) + 2 mg/ml lysozyme and incubated at 28°C
for 1 hour, with gentle manual rotation every 10-15 minutes. An additional 5 ml of P
buffer was then added to the sample and the protoplasts were filtered through a sterile
non-absorbent cotton wool plug placed in a sterile 5 ml syringe. The protoplasts were
then harvested by centrifugation and washed twice with 10 ml of 10.3% w/v sucrose, and
were re-suspended in 5 ml of P buffer. Aliquots (1 ml) were dispensed into 1.5 ml

Eppendorf tubes and were either used immediately, or were slowly frozen for long-term
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storage by placing the tubes on ice, followed by storage at -80°C.

2.02.02.03 Generating S. coelicolor protoplasts
S. coelicolor protoplasts were prepared using the same procedure as used for S.

clavuligerus except that 25 ml of 1:1 YEME: TSB was used as the growth medium.

2.02.02.04 Protoplast fusion

Both parental (S. clavuligerus Acvm6p::neo and Ablsl::tsr) and recipient (S.
coelicolor M1146/plJ8660, M1154/plJ8660, M1154/plJ8660) protoplast suspensions
were adjusted to have approximately the same turbidity, as judged visually, and 500 pl of
each were mixed. Protoplasts were harvested by centrifugation and the supernatant was
discarded. The protoplast pellet was then re-suspended by gentle tapping in the remaining
drop of liquid and was washed with 5 ml of P buffer followed by centrifugation. The
supernatant was discarded and the protoplasts were immediately re-suspended in 0.8 ml
of 50% w/v PEG 1000 in P buffer by gentle pipetting. The tubes were incubated for 2
minutes at room temperature, after which the protoplasts were plated onto fresh R2ZYE
(Kieser et al. 2000) [(35% sucrose, 0.025% K,SO4, 0.1012% MgCl, 6H,0O, 0.10%
glucose, 0.010% casaminoacids, in diH2,0 + 2.2% biological agar) + (per 100 ml: 5 ml
10% yeast extract, 1 ml 0.5% KH,POy4, 8.0 ml 3.86% CaCl, 2H,0, 1.5 ml 20% L-proline,
10 ml 5.73 TES (pH7.2), 0.59 puM ZnCl,, 1.48 uM FeCl,, 0.12 pM CuCl,, 0.10 uM
MnCl,, 0.052 uM Na;B407, 0.016 pM (NH4)sM07074, and 0.5 ml 1 N NaOH)] without
sucrose (R2S) using a Pasteur pipette with a bent tip in order to ensure that only light
pressure was applied to the protoplasts. The plates were incubated at 28°C for 16-20

hours before being flooded with 1ml of sterile diH,O containing 1250 pg apramycin and
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1800 pg thiostrepton or 1250 pg kanamycin. Following 72 hours of incubation, colonies
were picked and patched into quadrants on R2S containing 100 pg/ml thiostrepton and
were incubated at 28°C for 72 hours. After double selection, the patches were streaked for
lawns of growth onto R2YE and were incubated for 7 days at 28°C, following which
portions were streaked again onto R2S with 100 pg/ml thiostrepton to confirm resistance.
The plates were harvested to make glycerol spore stocks in the case of the M 1146 strains,
and glycerol mycelial stocks in the case of the M1152 and M1154 strains. The
thiostrepton resistant S. coelicolor strains potentially harboring the S. clavuligerus

plasmid were referred to as Sx 1146/1152/1154, henceforth.

2.02.03 Chromosomal DNA preparation and confirmation of strain identity

2.02.03.01 Preparation of chromosomal DNA from Streptomyces spp.

Chromosomal DNA was prepared from each strain using a modified phenol-
chloroform extraction method (Kieser et al. 2000). Mycelia from 10 ml cultures (grown
using TSBS and 1:1 TSB:YEME media for S. clavuligerus and S. coelicolor,
respectively) were harvested and washed twice in 10.3% w/v sucrose. The mycelial
pellets were either frozen at -80°C for future use or were immediately processed. Mycelia
(1ml) were transferred to 15 ml Falcon tubes containing 2 ml of lysozyme buffer (25 mM
Tris-HC1 pH 8.0, 0.3 M sucrose, 25 mM EDTA, 4 mg/ml lysozyme, and 50 pl/ml
RNaseA) and the tubes were incubated at 37°C for 30-45 minutes with gentle manual
inversion every 5 to 10 minutes. Next, 500 pl of a sterile 2% w/v SDS solution was added
and the tubes were shaken vigorously until the viscosity of the contents decreased. A

phenol-chloroform-isoamyl alcohol (25:24:1) solution (500ul) was carefully added to the
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tubes, which were then sealed with Parafilm M® and were shaken until the liquid inside
developed a “milky” appearance. The tubes were centrifuged at 10000 rpm for 5 minutes,
after which the top aqueous phase was transferred to a fresh tube. The DNA was
precipitated by the addition of 300 pl of a 3M sodium acetate solution and 1 volume of
100% isopropanol. The tubes were inverted gently and incubated on ice for 10 minutes
before vortexing until clumps of DNA became visible. The DNA was carefully spooled
and transferred using a pipet tip to Eppendorf tubes containing 700ul of ice-cold 70%
ethanol, and the tubes were immediately placed at -20°C for 24 hours. Later, the DNA
was harvested by centrifugation and was transferred to new tubes containing 700ul of
70% v/v ethanol, and after incubation for 24 hours the tubes were centrifuged at 10000
rpm for 5 minutes and the supernatant was discarded. The tubes were spun again to
compact the pellet further and any residual supernatant was removed using a pipette. The
pellets were air-dried for 10 minutes in a biosafety cabinet and an appropriate amount of
water was added followed by incubation overnight at 37°C to re-dissolve the
DNA. Samples were then frozen at -20°C until further use.

Chromosomal DNA from 10 ml cultures of S. clavuligerus and S. coelicolor was
also isolated using a modified protocol and the DNeasy kit (69506, Qiagen, Venlo,
Netherlands). Buffers AL and ATL (200ul) were added to mycelia in a 3 ml screw cap
tube that also contained acid-washed beads (BAWZ 400-250-35, OPS Diagnostics,
Lebanon, NJ, USA). The samples were homogenized using the SpeedMill PLUS Bead
Homogenizer (845-00008-2, Analytik Jena AG, Jena, Germany) with the pre-

programmed “Bacteria” protocol (two three-minute on and off cycles). After
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centrifugation for 1 minute at 10000 rpm, the supernatants were transferred to fresh 1.5
ml Eppendorf tubes containing 200 pl of 95% v/v ethanol and were vortexed briefly,
followed by centrifugation. Next, the supernatants were transferred to spin columns, and
the columns were centrifuged at 8000 rpm for 1 minute and the flow-through liquids were
discarded. Then, the AW2 buffer (500ul) was added to each spin column, and the
columns were centrifuged at 14000 rpm for 3 minutes. Again, the flow-through liquids
were discarded, and any residual buffer was removed from each column by an additional
centrifugation for 1 minute at 14000 rpm. The spin columns were each placed into a fresh
1.5 ml Eppendorf tube and the DNA was eluted by adding 100 pl of diH,O to each
column and then incubating the column at room temperature for 2-3 minutes followed by
centrifugation at 8000 rpm for 1 minute. This was repeated using an additional 100ul of

diH»O in order to maximize the amount of DNA recovered.

2.02.03.02 Confirming the Sx strain identity

Confirmation of host strain identity was carried out using PCR amplification and
subsequent Sanger sequencing of the products to identify mutations in the rpoB and rpsL
genes (Gomez-Escribano and Bibb 2011; Hu et al. 2002; Shima et al. 1996). Suspected
strains isolated by protoplast fusion were subject to a series of PCR amplifications to
identify the potential presence of S. clavuligerus DNA. To eliminate ambiguity between
S. clavuligerus and S. coelicolor, the dagA (not present in S. clavuligerus) was amplified
to confirm that the isolates were S. coelicolor. In order to check for the transfer of the S.
clavuligerus plasmid, ten regions (~180kbp apart) were selected from the plasmid using

the Artemis software (Rutherford et al. 2000). The targeted regions were amplified using
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the primers described in Table 2.03 and were Sanger Sequenced at The Centre for
Applied Genomics in Toronto, Ontario or at Laboratorio Nacional de Genomica Para la
Biodiversidad in Irapuato, México. The PCR products were generated using KAPA Taq
(BK1000, KAPABiosystems, Wilington, Massachusetts, USA) as per the following
thermocycling conditions: initial denaturation at 95 C for 3 minutes followed by 35 cycles
of denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds, extension at

72°C for 45 seconds, and final extension at 72°C for 5 minutes.
2.02.04 Bioinformatics

2.02.04.01 Phylogenetic analysis of Actinomycetes

RpoB Actinomycete protein sequences (146 in total) were obtained from the
National Center for Biotechnology Information (NCBI). Thirty-seven 16S rDNA
sequences (E-Value 0.0, Identity >97%) were obtained from NCBI based on S.
clavuligerus sequence homology. The RpoB and 16S rDNA sequences from
Catenulispora acidiphila were included as out-groups, and the S. cattleya sequences were
also included since this species is also known to have a megaplasmid (Barbe et al. 2011).
Sequences were aligned using the MEGAG6.0 software (Tamura et al. 2013) with the
Multiple Sequence Comparison by Log-Expectation (MUSCLE) algorithm (Edgar 2004).
Phylogenetic trees were generated using the MrBayes3.2 software with set parameters
(model=4by4 or protein, NST=mixed, covarion=No, # States=4, Rates=Invgamma,
Generations=1000000) (Ronquist et al. 2012), and the trees were graphically viewed
using FIGTreel.4 (Rambaut 2013). Plasmids were identified by mining NCBI for

published sequences indicating the presence of extra chromosomal elements.
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Comparative synteny plots were generated using the R2CAT software (Husemann and

Stoye 2010).

2.02.04.02 Large plasmid annotation

SM biosynthetic gene clusters on the S. clavuligerus (GI: 294810834 and GI:
294816545) (Medema et al. 2010) and S. cattleya (GI: 357397620 and GI: 357407371)
(Barbe et al. 2011) megaplasmids were annotated using antiSMASH2.0 (Medema et al.
2011), with further annotation being carried out manually using Artemis (Rutherford et al.
2000). Hypothetical or putative proteins and pathways were further annotated using Pfam
(Punta et al. 2012) and SBSPKS (Anand et al. 2010). Gene cluster homology was

analyzed using MultiGeneBlast (Medema et al. 2013).
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2.03 Results and Discussion

2.03.01 Identification and comparison of sequenced megaplasmids in Streptomyces

In order to determine the uniqueness of pSCL4, the NCBI genome database was
mined for Streptomyces that harbor megaplasmids. Only one other species (Streptomyces
cattleya) was identified with a sequenced megaplasmid (Barbe et al. 2011). Using 16S
rDNA and RpoB as a marker, a species tree was generated and analyzed in the context of
the evolutionary history of large plasmids (Supplementary Figures 1 and 2). Even though
both S. clavuligerus and S. cattleya harbor megaplasmids, they themselves are not closely
related based on the analysis. The S. cattleya plasmid (pSCAT) is 1.8 Mbp and is
predicted to encode 1713 proteins (Barbe et al. 2011) as compared to pSCL4, which
encodes 1581 predicted proteins (Medema et al. 2010). Using AntiSMASH2.0, it was
predicted that pSCAT carries 25 SM biosynthetic gene clusters, including NRPSes, [-
lactams, siderophores, PKSes, and other putative pathways (Table 2.04). To explore the
similarities between the two megaplasmids further, a comparative synteny plot was
generated (Supplementary Figure 3). The plot identified 87 similar genes, with no
extensive similarities otherwise. This indicates that both plasmids are unique and arose
independently, perhaps through a chromosomal arm breaking off or the chromosome
undergoing recombination with a plasmid. Both megaplasmids are loaded with SM
biosynthetic gene clusters; however, their similarities appear to end there (Supplementary

Figures 4 and 5).
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2.03.02 Attempted mobilization of pSCL4 based on antibiotic resistance selection
marker transfer

The transfer of pSCL4 was attempted by fusing protoplasts of the S. clavuligerus
donor strain and the S. coelicolor host strains. Selection of plasmid transfer from donor to
host was based on resistance phenotypes and colony morphology. The pSCL4 donor
strain was S. clavuligerus Ablsl::tsr, which harbors the thiostrepton resistance gene
cassette within the pSCL4 - borne clavulanic acid paralogue gene cluster (Jensen et al.
2000). To select for the S. coelicolor host strains, the plJ8660 integrative plasmid (Sun et
al. 1999) was first introduced into each strain to give S. coelicolor M1146/plJ8660,
M1152/plJ8660 and M1154/pli8660. The plJ8660 plasmid integrates into the ¢C31
phage integration site on the S. coelicolor chromosome and harbors the apramycin
resistance cassette, allowing for selection of the S. coelicolor strains in the presence of
apramycin. The S. coelicolor host strains containing plJ8660 were tested for apramycin
resistance and were shown to be able to grow on R2S with 25 pg/ml apramycin (Figure
2.02-1). As expected, none of the host strains could grow on R2S containing 25 pg/ml
apramycin and 60 pg/ml thiostrepton (Figure 2.02-II). The products of protoplast fusion
using S. clavuligerus Ablsl::tsr and S. coelicolor M1154/plJ8660 showed resistance to
both apramycin and thiostrepton (Figure 2.02-III), suggesting that they contain both the
M1154/plJ8660 chromosome harboring the apramycin resistance cassette and the pSCL4
plasmid carrying the thiostrepton resistance gene. Protoplast fusions using M1146 and
M1152 did not result in the recovery of any colonies and were therefore not pursued

further. Interestingly, each of the three apramycin and thiostrepton resistant colonies
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selected for downstream analysis (and designated Sx 1, Sx 3 and Sx 5) showed different
phenotypes when grown on R2S. For example, Sx 1 (III-E) had distinctly small colonies
and grew sparsely. It also grew substantially slower than the other two strains and
exhibited delayed aerial mycelium formation and weak sporulation (7 days after Sx 3 and
Sx 5). Sx 3 (III-F) was found to grow better than Sx 1; however, it lagged behind Sx 5 (III-
G). Based on these morphological traits, Sx 1 was selected as an ideal candidate for

downstream genotyping.

2.03.03 Analysis of the Sx 1 strain arising from protoplast fusion using PCR
“fishing”

Ten screening primer sets were designed based on the DNA sequence of pSCLA4,
with each set targeting a ~600bp region, ~180kbp apart. Oligonucleotide primer sets
specific to S. clavuligerus and S. coelicolor chromosomal DNA were used to differentiate
between the two species using PCR, based on the pch4AB and dagA genes, respectively.
The tsr resistance cassette was also targeted for amplification to confirm the transfer of
the resistance gene. Positive control reactions were first set up in order to test the primer
sets using genomic DNA from the donor strain, S. clavuligerus Ablsl::tsr. As shown in
Figure 2.03-I, PCR products of the expected size were seen for all 10 of the targeted
regions from pSCL4. Bands of the expected size were also seen for pchAB, tsr and rpsL,
and some non-specific amplification was observed for dagd (smearing), which is
consistent with the absence of this gene from S. clavuligerus. Amplification reactions
using genomic DNA from S. coelicolor M1154/plJ8660 confirmed that the fishing

primers do not amplify any native chromosomal regions (S. coelicolor M1154 is pSCP1"
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and pSCP2") (Gomez-Escribano and Bibb 2011), and no products were observed using
the pcbAB-specific primers. As expected, PCR products of the correct size were seen in
the case of the dagA and rpsL gene-specific primers (Figure 2.03-I11).

The pSCLA4 fishing primer sets, the zsr-specific primer set and the chromosome-
specific primer sets were used in PCR reactions along with genomic DNA from Sx 1, Sx 3
and Sx 5 in order to detect the presence of pSCL4 and the chromosomal loci specific to S.
coelicolor or S. clavuligerus. As expected, Sx 1 genomic DNA resulted in PCR products
with the correct size for both the dagA and rpsL regions, confirming that the chromosome
of Sx 1 was from S. coelicolor M1154/p1J8660 (Figure 2.03-1I). However, no obvious
PCR products for the #sr resistance gene could be detected, nor were products observed
using any of the pSCLA4 fishing primer sets (Figure 2.03-II). Similar results were obtained
using genomic DNA from Sx 3 and Sx 5 (results not shown). This indicates that pSCL4
was not transferred from S. clavuligerus to S. coelicolor in the protoplast fusion
experiment.

Thiostrepton is a macrocyclic thiopeptide that inhibits translation by interacting
with prokaryotic ribosomes (Walter et al. 2012). It does this by binding the ribosome
within the GTPase-associated centre between the N-terminal domain and the L11/23S
rRNA loops (Walter et al. 2012). However, the exact nature of thiostrepton’s mechanism
of action (MOA) is still debated (Walter et al. 2012). Spontaneous thiostrepton resistance
can be traced back to the loss of ribosomal protein L11 (encoded by rp/K) in Bacillus spp.
or a 6 bp deletion in the rp/K gene in S. coelicolor A3(2) (Bascaran et al. 1991;
Kawamoto et al. 1997; Ochi et al. 1997). The mutants in these previous studies were

generated using low concentrations of thiostrepton (<5pg/ml); furthermore, spontaneous
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mutations are unstable and sensitivity can usually be re-attained through re-selection on
replicate media laced with higher concentrations of thiostrepton (Kieser et al. 2000). A
drawback of protoplast regeneration is that it can result in a number of genetic changes,
resulting in phenotype alterations (Ochi 1990). This includes increased antibiotic
resistance, in some cases spontaneous kanamycin resistance as high as 1000 pg/ml (Hotta
et al. 1988). This could explain the high level of thiostrepton resistance found in S.
coelicolor M1154/plJ8660 after protoplast fusions, without the transfer of pSCL4
carrying the tsr resistance gene. The possibility of confirming the mechanisms of
resistance observed in these protoplast fusions is discussed in the summary.

Protoplast regeneration is a sensitive process, protoplasts lack a cell well and will
lyse with ease. Sucrose has been used with success as an osmotic stabilizer, helping
prevent protoplast lysis and increase protoplast regeneration efficiency (Illing et al. 1989).
During preliminary experiments, recovering S. coelicolor M1154 protoplasts on R2YE
(including sucrose) resulted in spontaneous resistance to thiostrepton. Therefore, sucrose
was omitted from the recovery media as described by Jones et al. (2013), where
thiostrepton was used as a selective marker in S. coelicolor M1154. The exclusion of
sucrose and increased risk of spontaneous resistance brings into question the use of

thiostrepton as a marker during protoplast fusion studies.

2.03.04 Confirmation of the rpoB and rpsL mutation status in Sx 1
PCR analysis was conducted in order to confirm that the rpoB and rpsL genes in
strain Sx 1 retained the advantageous point mutations that provide increased SM

production in S. coelicolor M1154 (Gomez-Escribano and Bibb 2011). Sequencing of the

47



rpoB and rpsL PCR products from the parent S. coelicolor M1154/plJ8660 strain revealed
the presence of the expected rpoB/C1298T] and rpsL[A262G] mutations (Supplementary
Figure 6), confirming the identity of the strain as S. coelicolor M1154. Subsequent
sequencing of the rpoB and rpsL genes from strain Sx 1 on the other hand, revealed a
different story. In all three strains, both the »poB/C1298T] and rpsL[A262G] mutations
were absent (Supplementary Figure 6). The loss of these mutations could be due to
reversions during protoplast preparation/regeneration or due to homologous
recombination with S. clavuligerus DNA during protoplast fusion. This indicates that
low-level selection using rifampin and streptomycin may always be required when
working with S. coelicolor M1154 to maintain the mutations during protoplast fusion and

regeneration.

2.03.05 Repeat of protoplast fusion experiment using kanamycin as the resistance
marker on pSCL4

Due to problems with spontaneous thiostrepton resistance in S. coelicolor
M1154/plJ8660 as described above, two more attempts at protoplast fusion were done
using the S. clavuligerus donor strain Acvmo6p::neo, which harbors the neomycin
(kanamycin) resistance gene cassette on pSCL4 (Tahlan et al. 2007). This was done to
test the hypothesis that spontaneous resistance to kanamycin may be less likely to arise in
S. coelicolor M1154/plJ8660 as there are no reports of point mutations leading to
kanamycin resistance at significant frequencies. The protoplast fusions were repeated
twice using S. clavuligerus Acvm6p.:neo and S. coelicolor M1154/p1J8660 and recovered

on R2S; however, viable protoplast fusions or spontaneous kanamycin resistance in S.
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coelicolor M1154/plJ8660 were not observed (Figure 2.04). Repeating the fusions with
R2YE may increase efficiency. The other S. coelicolor super-strains (M1146 and M1152)
were not tested because they previously did not produce viable fusions; furthermore,
M1154 produces greater amounts of heterologous SMs compared to M1152 and M1146

(Gomez-Escribano and Bibb 2011).

2.03.06 S. coelicolor M1154 is not the ideal host for protoplast fusion - mediated
transfer of pSCL4

The primary goal of this work was to mobilize pSCL4 from S. clavuligerus into S.
coelicolor. Admittedly, this was a lofty goal; however, the benefit of introducing > 25 SM
biosynthetic gene clusters into a host that was specifically engineered for SM
overproduction far outweighed the difficulties associated with transferring a 1.8Mbp
plasmid. Bioinformatics analyses have predicted a wealth of interesting potential pSCL4 -
encoded SMs including a meonomycin-like compound, NRPSes with keto-transferase
independent biosynthesis, and NRPS/PKS hybrids (Medema et al. 2010; Song et al.
2010).

One of the primary assumptions of this work was that pSCL4 is a plasmid and can
transfer between strains and replicate independently. Protoplast fusion is a common
method for transferring DNA segments between Streptomyces (Baltz and Matsushima
1981). It is efficient and does not depend on external genetic influences. Multiple PCR
amplifications on three different protoplast fusions failed to produce any signal for
pSCL4 from S. coelicolor M1154/plJ8660. This suggests the possibility there is a

mechanism preventing S. clavuligerus DNA from entering S. coelicolor.
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Toxin-antitoxin (TA) systems have been described in Streptomyces spp.
(Sevillano et al. 2013). These are plasmid stabilization systems where TA proteins are
encoded by the chromosome or plasmid (Hayes 2003). Normally the toxin has a
longer half-life than the antitoxin and the binding of the two neutralizes the activity of
the toxin. In case the replicon encoding the genes is lost, the antitoxin is degraded at a
faster rate leaving unbound toxin protein, which is deleterious to the cell (Hayes
2003). These functionally paired proteins are usually only 75 to 100 amino acids long
and are highly divergent. TAs are specialized to their particular organism making
them difficult to detect using bioinformatics (Hayes 2003). Based on DNA sequence
data, pSCL4 encodes at least 4 putative TA - related proteins, which could somehow
influence or prevent its entry and establishment in S. coelicolor. However, further
experimental evidence is required in order to test this hypothesis.

A more plausible explanation as to why pSCL4 was not transferred to S.
coelicolor could involve the complex restriction endonuclease system found in this
organism. Most of the described work with the S. coelicolor super hosts involves
introducing gene clusters through a non-methylating intermediate host such as E. coli
ET12567 (Gomez-Escribano and Bibb 2011; Jones et al. 2013). It is well established that
S. coelicolor does not readily take up DNA from other Streptomyces spp. directly
(Garcia-Dominguez et al. 1987; Kieser et al. 2000; MacNeil 1988), and historically,
alternate methods were used when transforming DNA into S. coelicolor. Streptomyces
spp. are home to over 600 restriction endonucleases and some 100 methylases (MacNeil
1988). These systems usually involve a methylase that methylates host-specific DNA

sequences and a corresponding endonuclease, which cleaves foreign DNA that does
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contain the specific DNA sequences and that does not match the host methylation pattern
(MacNeil 1988). In E. coli, DNA is methylated in vivo by Dam, Dcm, and Hsd is
restricted by S. coelicolor (Gonzalez-Ceron et al. 2009). Furthermore, S. coelicolor also
restricts methylated DNA under in vitro conditions (Gonzalez-Ceron et al. 2009). Null-
mutants of Dem and Dam endonucleases in S. coelicolor do not alleviate restriction, and
novel restriction genes have been detected (Gonzalez-Ceron et al. 2009). These studies
noted that the S. coelicolor genome has evolved to maintain a strict restriction system and
strongly suggests that a non-methylating donor host is required (such as E. coli
ET12567). A possible solution for introducing pSCL4 into S. coelicolor may be the use
of an intermediate donor such as Streptomyces lividans, which is more closely related to
S. coelicolor A3(2) than S. clavuligerus (Supplementary Figures 1 and 2). S. lividans has
a unique in vitro restriction system that makes it an ideal host for the uptake of DNA from
other Streptomyces spp. (Zhou et al. 1994). It is known that S. /ividans 66 is readily
transformed by S. clavuligerus DNA (Garcia-Dominguez et al. 1987) and it has been
shown to act as a non-methylating intermediate for the transfer of DNA into S. coelicolor
(Zotchev et al. 1995).

The S. coelicolor super-strains have been effective at over-expressing
heterologous antibiotic gene clusters cloned into cosmid vectors, which are introduced
through an intermediate non-methylating E. coli host. The transfer of megaplasmids
directly into S. coelicolor M1154 is probably not a viable method for introducing
biosynthetic pathways and activating cryptic gene clusters. The advantageous mutations
within S. coelicolor M1154 also need to be maintained with basal levels of rifampicin and

streptomycin, during protoplast regeneration. However, using the lessons learned during
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the current study, we hope to circumnavigate the S. coelicolor restriction system by
repeating the above-described experiment with S. lividans 66 as a host for pSCL4. In
addition, S. /ividans 66 can then be bioengineered to perhaps act as a SMs producing
super strain (through mutations of rpoB and rpsL genes). However, S. lividans 66 does
not produce SMs at the same level compared to its close relative, S. coelicolor A3(2)
(Shima et al. 1996). Alternatively, S. lividans 66 could act as an intermediate host for
pSCLA4 between S. clavuligerus and S. coelicolor M1154. If this were successful, it would
be interesting to begin transferring other megaplasmids through S. lividans 66 into S.
coelicolor M1154, such as the S. cattleya megaplasmid to investigate and activate the

production of biologically relevant SMs for future applications.
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Figure 2.01: (A) pSCL4 from S. clavuligerus harbors upwards of 20 secondary
metabolite gene clusters with incredible diversity. Product prediction and loci
identification was performed using AntiSMASH2.0 (Blin et al. 2013). (B) During
protoplast fusion there are three possible outcomes. (i) pSCL4 is mobile and can move
between different species; (ii) pSCL4 is not mobile, one or more of the other
previously described plasmids from S. clavuligerus are mobile; (iii) The plasmids are
not mobile and recombination occurs between the S. clavuligerus and the S. coelicolor
M1154 chromosomes leading to chimeras.
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Table 2.01: Antibiotics used throughout this study with stock and experimental
concentrations.

Stock . Experimental concentration
Antibiotic Concentration
(mg/ml) (ng/ml)
S. clavuligerus S. coelicolor E. coli

Apramycin 50 50 50 50
Chloramphenicol 34 25 25 25
Kanamycin 50 50 200 50
Nalidixic Acid 50 25 25 25
Thiostrepton 50 10 (liquid) and 60 (solid media) NA!
Rifampin 50 NA 10 NA
Streptomycin 100 NA 50 NA
Ampicillin 100 NA NA 100

"NA = Not applicable, antibiotic was not used with this organism
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Table 2.02: Plasmids and strains used during this study.

Name Relative genotype and comments Reference
plJ8660 Integrative plasmid containing egfp, and aac(3)IV (Sun et al. 1999)
pUZ8002 Helper plasmid for conjugation, neo (Paget et al. 1999)

E. coli
ET12567 Non-methylating E. coli strain for conjugation, cam’, tet’ (MacNeil et al. 1992)
DH5a General lab strain for the introduction of plasmid DNA (Bethesda Research

S. clavuligerus
NRRL3585

cvm6p

bisl

S. coelicolor
M1146

M1146/pIJ8660
M1152

M1152/plJ8660
M1154

M1154/plI8660

Wild Type (WT), also referred to as ATCC27064

Acvm6p::neo
Ablsi::tsr

Aact, Ared, Acpk, Acda

Aact, Ared, Acpk, Acda, plI8660
Aact, Ared, Acpk, Acda, rpoB[CI1298T]

Aact, Ared, Acpk, Acda, rpoB[CI1298T], plJ8660
Aact, Ared, Acpk, Acda, rpoB[C1298T], rpsL[A262G]

Aact, Ared, Acpk, Acda, rpoB[C1298T], rpsL[A262G], plI8660

Laboratories 1986)

Northern Regional
Research Laboratory,
Peoria, I11.

(Tahlan et al. 2007)

(Jensen et al. 2000)

(Gomez-Escribano and
Bibb 2011)

This study

(Gomez-Escribano and
Bibb 2011)

This study

(Gomez-Escribano and
Bibb 2011)

This study
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Table 2.03: Oligonucleotides used during this study.

Primer Name Sequence (5°-3°) Purpose Tm(°C)
L-TSRF ATGACTGAGTTGGACACCAT PCR amplify #sr resistance gene 59
L-TSRR TTATCGGTTGGCCGCGAGAT PCR amplify #sr resistance gene 59
L-SCPIF TGGGGCAACTGTCTCTTGTA Confirmation of S. clavuligerus pSCL4 59
L-SCP1R AAGACCCAGACTTCACAGCG Confirmation of S. clavuligerus pSCL4 59
L-SCP2F GAATACACATCCCGGGTCCT Confirmation of S. clavuligerus pSCL4 59
L-SCP2R TATACGGCGAGCATCACGAT Confirmation of S. clavuligerus pSCL4 59
L-SCP3F GTAGACGACGACTGAGCAGA Confirmation of S. clavuligerus pSCL4 59
L-SCP3R AAGTACGAGTATCCCGACCC Confirmation of S. clavuligerus pSCL4 59
L-SCP4F TGCGCCTGTAAAATCAAGGG Confirmation of S. clavuligerus pSCL4 59
L-SCP4R TTGTTGGTGTAGTCGACGGA Confirmation of S. clavuligerus pSCL4 59
L-SCPS5F GGAGCGGAGAAGAAGGAAGA Confirmation of S. clavuligerus pSCL4 59
L-SCP5R AACAGGAGTGGGACTTCGAC Confirmation of S. clavuligerus pSCL4 59
L-SCP6F CCGAGGGATGAAGTGTGACT Confirmation of S. clavuligerus pSCL4 59
L-SCP6R GGTCTTTCCGATCATGCTGG Confirmation of S. clavuligerus pSCL4 59
L-SCP7F GTGTCCTTCTCCTCCTCGAC Confirmation of S. clavuligerus pSCL4 59
L-SCP7R CACTGTGACCGGGGAGTATG Confirmation of S. clavuligerus pSCL4 59
L-SCPSF CTGGGACTCGTGATGATCCA Confirmation of S. clavuligerus pSCL4 59
L-SCP8R CTTGAGGATGCTGGAGTGGT Confirmation of S. clavuligerus pSCL4 59
L-SCP9F GAGTTCATTCCGCCATGTCC Confirmation of S. clavuligerus pSCL4 59
L-SCP9R CCCACGTATATCCCGGTGTT Confirmation of S. clavuligerus pSCL4 59
L-SCP10F CTGGATCACGGGCTTCTTG Confirmation of S. clavuligerus pSCL4 59
L-SCP10R TCTCCGGTGTTCTCGTACTG Confirmation of S. clavuligerus pSCL4 59
P1 rpoB S. coelicolor F CCGAGTTCACCAACAACGAGACC PCR amplify mutations of the rpoB gene from S. 59

coelicolor
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P2 rpoB S. coelicolor R

P3 rpoB S. coelicolor F

(SEQ)
rpsL S. coelicolor F

rpsL S. coelicolor R
L-SCOAGF
L-SCOAGR
L-SCACVF
L-SCACVR

CGATGACGAAGCGGTCCTCC

GGCCGCTACAAGGTGAACAAGAAG

ATTCGGCACACAGAAAC
AGAGGAGAACCGTAGAC
CAGGCGGGAATCGAAGA
CGTTCCGTGAGGTGCTG
GACGTGACCATGCGATGTAC
TACGGGTCGATGAGGAACAG

PCR amplify mutations of the rpoB gene from S.

coelicolor

PCR amplify mutations of the rpoB gene from S.

coelicolor for sequencing

PCR amplify mutations of the rpsL gene from S. coelicolor

PCR amplify mutations of the 7psL gene from S. coelicolor

S. coelicolor dagA gene
S. coelicolor dagA gene
S. clavuligerus pcbAB gene
S. clavuligerus pcbAB gene
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Table 2.04: The SM gene clusters located on pSCAT are as diverse as those found on
pSCLA.

S. cattleya S. clavuligerus
Predicted Product Locus' Predicted Product Locus'

NRPS scat_p0038 Terpene sclav_p0067
Terpene scat_p0077 NRPS-Terpene sclav_p0290
NRPS scat_p0179 Terpene sclav_p0497
Terpene scat_p0222 Terpene sclav_p0564
t1PKS’ scat_p0312 Putative sclav_p0610
Putative scat_p0420 Terpene-lantipeptide  sclav_p0640
Terpene-NRPS scat_p0615 Putative sclav_p0676
Putative scat_p0755 Terpene sclav_p0766
B-lactam scat_p0820 Butyrolactone sclav_p0808
Terpene scat_p0891 Putative sclav_p0935
Putative scat_p0927 NRPS sclav_pl005
Butyrolactone scat_p0948 B-lactam sclav_pl075
Putative scat_p0976 Bacteriocin sclav_ pll16
Putative scat_pl107 Terpene sclav _pll77
NRPS scat pll81 PKS sclav_p1233
Siderophore scat_pl214 t1PKS sclav_pl272
Putative scat_pl1258 t1PKS-NRPS sclav_pl1369
Putative scat_pl1307 NRPS sclav_pl427
Putative scat_pl367 Putative sclav pl474
Putative scat_pl428 Putative sclav_pl586
t1PKS scat pl475

Putative scat_pl523

Putative scat_pl589

Putative scat_pl629

t1PKS scat pl670

! Approximate locus number, relative to complete gene cluster
*t1PKS = type 1 polyketide synthase

64



Host strains Host strains and donor strain
A apra* B apra” tsr*

Protoplast fusions
C apra’ tsr*

Legend
1=M1146/plI8660

il =M1152/plI8660
111 = M1154/p1J8660
v =Ablsl::tsr

v=35x1
vi=Sx3
vii=58x 5

apra* = includes apramycin
tsr” = includes thiostrepton

Figure 2.02: Thiostrepton and apramycin resistance profiles of host and donor
protoplast regenerations and protoplast fusions. (A) Host strains are resistant to
apramycin. Protoplasts of S. coelicolor M1146/plJ8660 (i), M1152/plJ8660 (ii), and
M1154/plJ8660 (iii), grown on R2S with apramycin 25 pg/ml for 7 days at 28°C. (B)
Host and donor strains are not resistant to apramycin and thiostrepton. Protoplasts of
S. coelicolor recovered on R2S with 60 pg/ml thiostrepton and 25 pg/ml apramycin
for 7 days at 28°C. (i) M1146/plJ8660; (ii), M1152/plJ8660; (iii), M1154/p1J8660;
(iv), and S. clavuligerus Ablsli::tsr. (C) Sx strains obtained following protoplast fusion
are resistant to apramycin 25 pg/ml and thiostrepton 60 pg/ml when grown on R2S for
7 days at 28°C. Ten colonies were recovered after protoplast fusion, however, only
three were able to survive reselection: (v) Sx 1; (vi) Sx 3; (vii) Sx 5.
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M1154/p1J18660

Figure 2.03: PCR screening for pSCL4 from S. clavuligerus NRRL 3585 indicated
that the megaplasmid did not mobilize into S. coelicolor M1154/plJ8660. L,
GeneRuler 1kb ladder; NC, negative control; Regions 1-10 represent targeted regions
based off S. clavuligerus NRRL 3585 pSCL4; dagA, agarase gene; pcbAB, ACVS
gene; tsr, thiostrepton resistance cassette; rpsL, 30S ribosomal protein S12 gene. 1kbp
marker band identified by *. Chromosomal DNA isolated from (A) S. clavuligerus
Abls1::tsr, (B) Sx 1 and (C) S. coelicolor M1154/plJ8660 was used as template DNA
for PCR analysis, respectively.
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Host strain Host strain
apra” kan* apra”

Protoplast fusion
apra*kan”

Legend
A =S. coelicolor M1154/

plJ8660
B =S. coelicolor M1154/
plJ8660
C = Protoplast fusion
kan™ = includes kanamycin
apra® = includes apramycin

Figure 2.04: Kanamycin and apramycin resistance profiles of host and donor
protoplast regenerations and protoplast fusions. (A) Host strain (S. coelicolor
M1154/p1J8660) is not resistant to apramycin and kanamycin. (B) Host strain (S.
coelicolor M1154/plJ8660) is resistant to apramycin. (C) Protoplast fusions are not
resistant to apramycin and kanamycin. All protoplasts were recovered on R2S for 7
days at 28°C.
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Chapter 3

The large-scale purification of the o-(L-o-aminoadipyl)-L-cysteinyl-D-

valine synthetase from Streptomyces clavuligerus
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3.01 Introduction

Mega-enzymes, such as nonribosomal peptide synthetases (Strieker et al. 2010)
(NRPS) and the modular polyketide synthases (Shen 2003) (PKS) or fusions of the
two (NRPS/PKS) (Weissman and Muller 2008), are mega-enzyme assembly lines
responsible for numerous and diverse bioactive natural products, many of which have
applications in medicine and agriculture (Whicher et al. 2014). These enzymes are
often scaffolds that offer numerous opportunities for synthetic biology and
bioengineering (Kittendorf and Sherman 2006; Ongley et al. 2013; Walsh 2002).
However, the size and complexity of NRPSes and PKSes make it difficult to express
and purify functional enzymes from their native or from heterologous hosts in large
quantities for detailed studies (Ongley et al. 2013).

The d-(L-a-aminoadipyl)-L-cysteinyl-D-valine (ACV) synthetase (ACVS) is an
important NRPS involved in the formation of the tripeptide backbone of all penicillin and
cephalosporin family antibiotics (Jensen et al. 1988). The enzyme is found in all fungi
and bacteria that produce the respective metabolites including S. clavuligerus, which
produces cephamycin C. ACVS condenses L-aminoadipic acid, L-cysteine, and L-valine
using ATP hydrolysis, and the tripeptide is then processed by other enzymes from the
pathways leading to the respective antibiotics (Hollander et al. 1984; Jensen et al. 1990;
Schwecke et al. 1992). Like other NRPSes, isolation of large quantities of ACVS from a
native host has proved difficult.

Described here is a novel tool for the expression of ACVS, and potentially

other NRPSes and PKSes, in the natural host and from the native genomic locus

69



(Figure 3.01). The functional basis for this system is the directional knockin of an
inducible promoter (tipAp) (Murakami et al. 1989) or a constitutive promoter (ermEp*)
(Bibb et al. 1994; Schmitt-John and Engels 1992) upstream of the ACVS gene
(sclav 4200 or pcbAB) and a NRPS/PKS hybrid (sclav 4466) in S. clavuligerus.
SCLAV 4466 is a cryptic megasynthetase with a predicted molecular weight of ~523
kDa. Similar to ACVS, SCLAV 4466 is encoded within the chromosome in a large
gene cluster. However, while little is known about the terminal product,
SCLAV_4466 is predicted to combine a malonyl with the amino acids, serine and
proline.

Expression from tipAp is induced by the exogenous addition of thiostrepton (an
antibiotic), whereas ermEp* has been shown to be a strong, constitutive promoter that
works well to drive the expression of genes in Streptomyces spp. Furthermore, this
system has been optimized to include sequences for purification and isolation of intact
enzyme using nickel affinity purification employing a cleavable 8x histidine tag (His-
tag). The long-term goal of this work is to develop tools for large-scale purification of
ACVS and other mega-proteins for collaborative structural studies using cryo-electron
microscopy and x-ray crystallography. In addition, the tagged protein can also be used

for protein localization and interaction studies.
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3.02 Materials and Methods

3.02.01 Culture conditions and general procedures

All E. coli and Streptomyces culturing, manipulations and procedures were
performed as previously described in chapter 2. In the current chapter, conjugations were
carried out using S. clavuligerus spores instead of mycelia as described in chapter 2. A
list of all the plasmids and strains used throughout this study can be found in table 3.01.
All oligonucleotide primers used in the current study are listed in Table 3.02. All
restriction endonucleases were purchased from New England BioLabs or Thermo Fisher
Scientific. All mycelia were harvested for growth determination and fluorescence studies

by centrifugation at 12000 rpm for 2 minutes using a microcentrifuge.

3.02.02 Design of synthetic promoter constructs

Two plasmids were constructed based on the thiostrepton inducible promoter
tipAp (Murakami et al. 1989) and the strong, constitutive promoter ermEp* (Bibb et al.
1994; Schmitt-John and Engels 1992) (Figure 3.02). Geneious software (Biomatters Ltd.,
Auckland, New Zealand) was used to design the nucleotide sequence with the
incorporation of the required properties and enzyme restriction sites. Synthetic promoter
constructs were synthesized by Integrated DNA Technologies (Coralville, lowa, USA) to
our specifications in proprietary plasmids (pIDTSmart-KAN-tipAp and pIDTSmart-KAN-

ermEp*).
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3.02.03 Cloning the synthetic promoter constructs

The synthetic promoters were cloned into plJ8668 and plJ8660 (Sun et al. 1999)
using EcoRV and Ndel restriction sites engineered in the constructs. plJ8668, plJ8660,
pIDTSmart-KAN-tipAp and pIDTSmart-KAN-ermEp* were digested for 18 hours with
EcoRV-HF® (R3195S), followed by heat inactivation (65°C for 20 minutes). Buffers
were exchanged using the EZ-10 Spin Column PCR DNA kit (BS363, Bio Basics Inc,
Markham, Ontario) and plasmids were digested with Ndel. Phosphate groups were
removed from plJ8660 and plJ8668 using FastAP thermosensitive alkaline phosphatase
(EF0651, Thermo Fisher Scientific, Waltham, MA, USA). Digested pIDTSmart-KAN-
tipAp, and pIDTSmart-KAN-ermEp* were separated on 1.5% agarose gels and the DNA
fragments containing the promoter constructs were extracted using the Wizard® SV and
PCR clean-up system (A9281, Promega, Madison, WI, USA). The synthetic promoters
were ligated into plJ8660 and plJ8668 using the Fermentas Rapid DNA Ligation Kit
(K1422, Thermo Scientific, Waltham, MA, USA) resulting in, plJ8660-tipAp, plJ8660-
ermEp* and pll8668-ermEp*. tipAp was cloned between EcoRV and Notl in plJ8668
resulting in, plJ8668-tipAp. Plasmids were chemically transformed into DHSa and
confirmed by restriction digest with EcoRV/Notl.

A 1.5kbp DNA fragment from the start of each gene of interest (pcbABor
sclav 4200 G1:294327632 and sclav 4466 G1:294327894) was ligated downstream of the
synthetic promoter constructs using Ndel and Notl restriction sites engineered into the
PCR primers. Fragments were PCR amplified using oligonucleotide primers and S.
clavuligerus chromosomal DNA as template (Alexander et al. 2007) with Phusion High-

Fidelity DNA Polymerase (F-5302, Fisher Scientific-Canada, Ottawa, Ontario) using the
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following thermocycling conditions: initial denaturation 98°C for 30 seconds, 10x
(denaturation 98°C 10 seconds, annealing 55°C 30 seconds, extension 72°C 1 minute),
30x (denaturation 98°C 10 seconds, annealing 63°C 30 seconds, extension 72°C 1
minute), final extension 72°C 5 minutes. PCR amplicons were gel-purified from 0.8%
agarose gels. “A” overhangs were added to the end of the PCR products with Taq DNA
polymerase (EP0401, Thermo Fisher Scientific, Waltham, MA, USA) using the following
thermocycling conditions: 72.0°C for 10 minutes. Fragments were ligated into pGEM-T®
easy vector (A1360, Promega, Fitchburg, WI, USA) resulting in two new plasmids
(pGEM-4200 and pGEM-4466), and transformed into DH5a. Successful transformations
were selected based on blue/white selection on LB agar plates containing ampicillin
overlaid with 100 pl of 100 mM IPTG and 20 pl of 50 mg/ml X-Gal. The pGEM-4200
and pGEM-4466 insert ligations were confirmed by Sanger sequencing at The Centre for
Applied Genomics (Toronto, Ontario) using M13 primers. The respective DNA fragments
were then cloned into plJ8668-tipAp and plJ8668-ermEp* using the engineered Ndel and
Notl restriction sites, resulting in plJ8668-tipAp-4466, plI8668-tipAp-4200, plI8668-
ermEp*-4200, plI8668-ermEp*-4466, plJ8660-ermEp*, and plJ8660-tipAp (Figure 3.03).
Each plasmid was purified and transformed into chemically competent ET12567
(MacNeil et al. 1992) containing pUZ8002 (Paget et al. 1999) and conjugated into S.
clavuligerus AccaR::tsr, S. clavuligerus NRRL3585, S. clavuligerus Ablsl::tsr, and S.
clavuligerus AcmcT::neo, as previously described. The integration of the plasmids was

confirmed by genomic DNA PCR and the products were sequenced.
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3.02.04 Determination of protein concentrations using the Bradford assay

To  verify  that the synthetic ~ promoters  were  active, S.
clavuligerus AccaR::tsr/plJ8660-ermEp* and S. clavuligerus AccaR::tsr/plJ8660 were
grown in 100 ml TSBS for 144 hours and 1 ml samples were drawn at 24-hour intervals
after the first sample, which was taken at 12 hours. Cells were pelleted by centrifugation
and frozen at -80°C for future analysis.

Bradford assays were carried out to quantify protein concentrations using a kit
according to the manufacturer’s recommendations (EMD Milliore, Merck KGaA,
Darmstadt, Germany). For measuring relative growth, mycelial pellets from above were
suspended in 100 pl of TE and heated to 100°C for 10 minutes. Twenty microliters of
each sample were mixed with 80 ul 0.15M NaCl to which 900 pl of Bradford reagent was
added and incubated at room temperature for 5 minutes. The absorbance of each sample
was measured at 595 nm and the concentration of protein was determined using a bovine

serum albumin (BSA) standard curve (Table 3.03).

3.02.05 eGFP fluorescence assay

S. clavuligerus AccaR::tsr/plJ8660 and S. clavuligerus AccaR::tsr/plJ8660-
ermEp* (or tipAp based constructs) were inoculated into 10 ml of TSBS and were grown
for 48 hours. Growth of the strains was quantified as described previously (Brana et al.
1985) by mixing 0.5 ml of culture with 0.5 ml of 2.5N HCI and diluting with 3.0 ml of
diH,O. The suspension was homogenized with ultrasonic treatment for 30 seconds and
the absorbance was measured at 600nm. Samples were diluted until the ODgp was lower

than 0.6; under these conditions, an ODgpp of 2.15 is equivalent to 1.0 mg/ml dry cell
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weight (DCW). TSBS seed culture equivalent to 0.59 mg of DCW was then transferred
into 25 ml of fresh TSBS, and 1.5 ml samples were drawn at 12, 24, 48, 72 and 96 hours.
Mycelia were washed twice with 200 ul phosphate buffered saline (PBS) (20 mM sodium
phosphate and 300 mM sodium chloride, pH 7.4) and re-suspended in 200 ul PBS, which
was pipetted into black flat bottom polystyrene 96 well plates (137101, Nalgene NUNC,
Rochester, NY, USA). Fluorescence due to the expression of eGFP was measured using a
Synergy HIMG plate reader (BTHIMG, Biotek, Winooski, VT, USA) with excitation at
488 nm, emission at 510 nm, gain (manual) at 50 and probe height at 7.5 mm. For high-
resolution fluorescent microscopic images, 10 pl of mycelia were placed onto a
microscope slide followed by a cover slip that was sealed around the edges with clear nail
polish. Fluorescence was viewed using a Zeiss Axio Imager Al and images were taken

with an AxioCam HRc camera.

3.02.06 Protein extraction by sonication

Mycelia were washed in 10.3% w/v sucrose and suspended immediately in 72
pellet volume of equilibration buffer (0.1M MOPS pH7.5, 0.05M KCI, I mM DTT, 20%
v/v glycerol, and 10 mM Imidazole). Mycelia were sonicated using a Sonicator Q125
(Sonicator Q125, Qsonica, Newtown, CT, USA) with a 3 mm probe (part number 4422)
at 50% power for 3 minutes, 15 seconds on and 15 seconds off cycles. Crude soluble
extract was clarified by centrifugation for 10 minutes at 4500 rpm at 4°C and the protein
concentration in the supernatant was determined using the Bradford protein assay as

described above.
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3.02.07 Dot-blot detection of ACVS protein

Soluble protein (6ul) was dotted onto a methanol - soaked Millipore Immobilon®-
P PVDF Membrane (IPFL00010, Millipore, Darmstadt, Germany). The membrane was
allowed to dry, after which it was blocked in TBS-T (20 mM Tris-HCI, 150 mM NaCl,
pH7.5 and 0.05% v/v Tween20) containing 5% w/v nonfat milk (Instant Skim Milk,
Carnation) overnight at 4°C. ACVS antibodies (Tahlan, K. unpublished) were diluted
1:5000 in TBS-T containing 5% w/v nonfat milk and were incubated with the membrane
for one hour with gentle rocking, after which the membrane was washed three times in
TBS-T for 10 minutes with gentle rocking. Secondary antibody (SA1-200, Thermo Fisher
Scientific, Waltham, MA, USA) was diluted 1:1000 in TBS-T and was incubated for one
hour with gentle rocking, after which the membrane was washed three times in TBS-T for
5 minutes each. The membrane was developed with ECL Western Blot Substrate
(W1001, Promega, Fitchburg, WI, USA) and imaged on a GE ImageQuant LAS 4000

Digital Imaging System (28-9558-10, GE Healthcare, Baie d’Urfe, Quebec).

3.02.08 Protein purification using nickel affinity resin

Proteins of interest were purified using Ni-NTA resin (88221, Thermo Fisher
Scientific, Waltham, MA, USA) and a batch centrifugation protocol according to the
manufacturer’s recommendations with some changes. Mycelia (23.6 mg DCW) from a 25
ml starter culture were inoculated into 1L of TSBS, and the culture was grown for 48
hours. The mycelia were harvested in 50 ml falcon tubes and were resuspended in one
pellet volume of MDKG equilibration buffer (0.1M MOPS pH7.5, 0.05M KCIl, I mM

DTT, 20% v/v glycerol, and 10 mM Imidazole). Ni-NTA resin (500ul) was prepared by
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pelleting the resin by centrifugation at 700 x g for 2 minutes, and then washing the resin
in two resin-bed volumes of equilibration buffer. The soluble protein fraction obtained
after sonication and centrifugation was then added to the resin and incubated at 4°C for 30
minutes with manual inversion every 5 to 10 minutes. The resin was washed twice in 2
resin volumes of wash buffer (0.1M MOPS pH7.5, 0.05M KCI, 1 mM DTT, 20% v/v
glycerol, and 35 mM Imidazole) and the supernatant was collected after each wash. His-
tag proteins were eluted twice with 1 resin volume of MDKG elution buffer (0.1M MOPS
pH7.5, 0.05M KCI, 1 mM DTT, 20% v/v glycerol, and 250 mM Imidazole). For figure
3.08, protein was isolated in PBS with 10 mM imidazole (pH 7.4), washed in PBS with
25 mM imidazole, and eluted in PBS with 250 mM imidazole. Later on, MDKG was used
in other protein preparations to stabilize ACVS, as previously described (Jensen et al.

1990). The protein preparation was concentrated using Microcon®

centrifugal filters
(MRCPRTO10, EMD Millipore, Etoicoke, Ontario) and buffer exchanged into MDKG

buffer for storage.

3.02.09 Protein analysis by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

Protein extracts were visualized using SDS-PAGE with 10% or 5% w/v
polyacrylamide gels as described previously (Sambrook and Russell 2001). Proteins from
insoluble pellets were extracted by vigorously vortexing with one volume 6M urea.
Samples were mixed with 6x protein loading dye (375 mM Tris-HCI1 pH6.8, 9% v/v SDS,
50% v/v glycerol, and 0.03% v/v bromophenol blue) and 2.5% w/v dithiothreitol (DTT)

and boiled at 100°C for 5 minutes prior to analysis along with PageRuler Plus protein
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ladder (Thermo Scientific, Rockford, IL, USA). Gels were run at 57V at 4°C and were
stained in Coomassie brilliant blue or silver stained (PI24612, Thermo Scientific,

Rockford, IL, USA) for imaging as previously described (Sambrook and Russell 2001).
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3.03 Results and Discussion

3.03.01 Establishing an eGFP reporter system for tipAp and ermEp*

The purpose of the described work was to design a tool for the expression and
purification of ACVS and other mega proteins from S. clavuligerus. This system was
designed using two expression promoters, tipAp and ermEp*, which were cloned into the
plasmid plJ8668. A reporter system was also constructed to determine if the synthetic
ermEp* and tipAp promoters used in the current study were active in S. clavuligerus. This
was done by introducing the respective promoter constructs upstream of a promoterless
egfp gene in the plasmid plJ8660, which is a well - established integrative reporter system
for use in Streptomyces (Sun et al. 1999).

tipAp is a thiostrepton inducible promoter (Schmitt-John and Engels 1992) and
thiostrepton being an antibiotic is known to inhibit the growth of S. clavuligerus.
Therefore, a S. clavuligerus AccaR::tsr mutant strain (Alexander and Jensen 1998), in
which the ccaR gene has been inactivated by the insertion of a thiostrepton resistance
gene (tsr), was selected as a host for this system. Furthermore, S. clavuligerus A ccaR::tsr
is an ideal host for downstream expression studies of ACVS as CcaR regulates the
expression of the gene encoding ACVS and the AccaR::tsr knockout does not produce
ACVS (Alexander and Jensen 1998). CcaR is a SARP (Streptomyces antibiotic regulatory
protein), which regulates the expression of the tricistronic operon that contains pcbAB
(ACVS) (Alexander and Jensen 1998). Therefore, strains with insertions or deletions in
ccaR are unable to transcribe the genes for all three proteins, and subsequently cannot

produce cephamycin C. The use of this strain would avoid any potential complications
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that could arise from the expression of the operon encoding ACVS, during the regulated
expression of the tagged version of the protein in the knockin strain.

Previous studies showed that induction of tipAp in S. coelicolor and S. lividans
involved thiostrepton concentrations upwards of 30 pg/ml (Ali et al. 2002; McKenzie and
Nodwell 2009). Before proceeding with tipAp induction in S. clavuligerus, the maximum
survivable concentration (MSC) of thiostrepton for the S. clavuligerus AccaR::tsr strain
was determined. plJ8660-tipAp and plJ8660 were introduced into S. clavuligerus
AccaR::tsr, and the resulting strains tested for resistance to thiostrepton and apramycin, as
the #sr gene is located in ccaR and the apra gene on the plJ8660 backbone. Results of the
testing suggested that much higher quantities of apramycin and thiostrepton can be used
as compared to previously published concentrations for S. clavuligerus (Table 3.04). As a
result, 30 pg/ml was used for induction of tipAp in S. clavuligerus containing the tsr gene.

Next, to determine the optimal induction time point, thiostrepton was added at 0
hours (inoculation of the culture) or after 30 hours of growth in TSBS, as previously
described in S. lividans using a different growth medium (Ali et al. 2002). Adding
thiostrepton at 0 hours represents induction during early stages when the organism is
retooling its physiology to begin growth under the given conditions, whereas induction at
30 hours is during exponential growth phase, when the organism is growing and
reproducing rapidly. plJ8660 was used as a negative control to subtract non eGFP related
auto-fluorescence in S. clavuligerus, which can result in false positive results. Relative
fluorescence levels were measured for both the S. clavuligerus AccaR::tsr/plJ8660 and
AccaR::tsr/pl]8660-tipAp strains over the course of 96 hours to determine optimal activity

of tipAp (Figure 3.04). Strong induction of eGFP was observed when induction was
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carried out using thiostrepton at 0 hours. However, expression from tipAp quickly
dropped by 96 hours of growth. ACVS is a large protein and may require consistent
strong expression to get large amounts of protein for purification; as a consequence,
ermEp* was next tested for consistent expression.

ermEp* 1s a strong and constitutive promoter, resulting in the continuous
expression of the genes under its control. The ermEp* promoter fragment was cloned into
plJ8660 and was introduced into S. clavuligerus AccaR::tsr as described for tipAp above.
Relative fluorescence was measured for S. clavuligerus AccaR::tsr/plJ8660 and
AccaR::tsr/plJ8660-ermEp*, as described above for tipAp (Figure 3.05-A). plJ8660-
ermEp* produced strong and consistent signal from eGFP up to 96 hours. A growth curve
was constructed based on protein concentration to determine that both the S. clavuligerus
AccaR::tsr/plJ8660 and AccaR::tsr/plI8660-ermEp* cultures were at similar stages of
growth (Figure 3.05-B). To further confirm promoter activity, high-resolution
fluorescence microscopy images showed increased plJ8660-ermEp* activity when
compared to the plJ8660 control (Figure 3.05-C and D).

Unpredictable expression from tipAp over 96 hours resulted in the use of ermEp*
instead to avoid any downstream problems. It is known that ermEp* results in stronger
protein expression as compared to tipAp (Schmitt-John and Engels 1992; Temuujin et al.
2011), and due to the sizes of the mega proteins that were to be expressed (~414 kDa for
ACVS and ~526 kDa for SCLAV _4466), tipAp may not be suitable for their expression

and purification from S. clavuligerus.
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3.03.02 Confirming construct crossover at pchAB and sclav 4466

The plasmid plJ8668 can freely replicate in E. coli, but cannot do so in
Streptomyces due to the lack of an appropriate origin of replication. In addition, plJ8668
is non-integrative (does not contain phage integration sites or other mechanism) and has
to undergo homologous recombination for insertion into the chromosome using sequences
cloned into it. Along with the ermEp* promoter, 1.5kbp of the 5’ regions of each
respective gene (pchAB and sclav 4466) was also cloned into plJ8668, yielding an
integrative plasmid that would then recombine into the host genome at the specified gene
locus. This would result in a tagged copy of each gene regulated by ermEp* and a second
disrupted copy. In order to confirm the correct arrangement of the integrated plasmids,
oligonucleotide primers were designed to amplify a ~1.8kbp region starting from the
ermEp* promoter to ~100bp downstream of the 1.5kbp cloned fragments from the S.
clavuligerus chromosome. As shown in Figure 3.06, the expected ~1.8kbp PCR products
were obtained following amplification of genomic DNA from both the pchAB and
sclav_4466 knockin strains. In addition, the DNA sequences of the PCR products were

determined to confirm the insertions.

3.03.03 Preliminary purification of ACVS

Large proteins can sometimes be difficult to resolve by SDS-PAGE for staining
and detection. In order to quickly detect increased ACVS expression in the S.
clavuligerus knockin strain, a simple dot-blot assay was used. Dot-blots are similar to
western blots, with the exception that the protein sample is directly applied to a

polyvinylidene fluoride membrane. Dot-blots fail to differentiate between individual

82



proteins in a crude extract; however, they can indicate the presence of a protein based on
antibody binding. Soluble proteins from S. clavuligerus AccaR::tsr/plI8668-ermEp*-
4200 and S. clavuligerus WT were blotted and then probed with ACVS antibodies. As
shown in Figure 3.07, a stronger ACVS signal was detected in the ermEp* knockin strain
relative to WT S. clavuligerus after 24 to 72 hours of growth, confirming that ACVS
production is higher in the ermEp* knockin strain than in the WT strain.

Alexander et al. (2000) were able to resolve low levels of ACVS from a crude S.
clavuligerus protein extract using SDS-PAGE with a 10% w/v polyacrylamide gel, and
this was used as a starting point for preliminary analysis of ACVS expression under
control of ermEp* in the S. clavuligerus knockin strain. In order to determine the
presence of ACVS in S. clavuligerus AccaR::tsr/plJ8668-ermEp*-4200, nickel resin-
based protein purification using extracts from the strain was performed to bind the His-
tag that should be present on the N-terminus of ACVS. Samples were compared to
extracts from the ACVS-deficient S. clavuligerus AccaR::tsr strain as described by
Alexander et al. (2000). As expected, soluble and insoluble protein extracts from S.
clavuligerus AccaR::tsr did not indicate the presence of ACVS (Figure 3.08). Protein
extracts from S. clavuligerus AccaR::tsr/plJ8668-ermEp*-4200 and eluted fractions after
nickel resin binding showed the presence of a potential protein band that was >175 kDa in
size, which could potentially be ACVS (Figure 3.08). Two other smaller proteins (~62
kDa and ~29 kDa) appear to co-elute with the large protein, the latter of which has also
been reported by Jensen et al. (1990). These are most likely proteins with some affinity to
Ni-NTA or proteins that interact with ACVS or stable degradation products of ACVS

itself.
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A large amount of ACVS was not purified during the preliminary experiments
described above, which could be due to the instability ACVS under the conditions used.
Numerous reports indicate that both fungal and Streptomyces ACVS will degrade quickly
once purified and that the preparations require glycerol and dithiothretol (DTT) to
stabilize the protein (Jensen et al. 1990; Theilgaard et al. 1997; van der Lende et al.
2002). The initial purification was done using buffers and conditions recommended by

the supplier of the Ni-NTA resin, which does not contain glycerol or DTT.

3.03.04 Step up and purification of ACVS from large cultures and modified protocol

In order to purify larger amounts of ACVS, crude extracts were harvested from a
1 L S. clavuligerus AccaR::tsr/plJ8668-ermEp*-4200 culture using a MDKG buffer-
based system along with Ni-NTA. The imidazole present in the eluted ACVS protein was
removed immediately by concentrating the protein into fresh MDKG buffer. The eluted
fractions were then resolved by SDS-PAGE using a 5% w/v polyacrylamide gel and
under similar conditions described by Jensen et al. (1990), leading to the detection of a
protein >250 kDa in size as determined by silver staining (Figure 3.09). The predicted
molecular weight of ACVS is ~414 kDa (based on the predicted amino acid sequence),
which is in agreement with experimental studies using both Streptomyces and certain
fungal ACVS (van der Lende et al. 2002; Zhang and Demain 1992b).

However, similar attempts at purifying and resolving SCLAV 4466 were not
successful. SCLAV 4466 (predicted to be ~523 kDa) is substantially larger than ACVS,
and may not have even migrated into the resolving gel during SDS-PAGE. Furthermore,

SCLAV 4466 is a NRPS/PKS, and in Streptomyces PKSes have been shown to be
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produced during a relatively short window (approximately after 24 hours of growth) and
the 48 hour culturing time used in the current study may not favor SCLAV 4466
overexpression (Pfeifer and Khosla 2001). Cephamycin C is known to be produced in
TSBS (Alexander and Jensen 1998); however, the media requirements for the
SCLAV 4466 dependent pathway have not been determined, and different media may be
required for the expression of other proteins/factors required for the translation and
stabilization of the protein. The production of the mega protein in the producer organism
probably requires changes to the ribosomes and other cellular machinery to translate and
fold such large structures. Therefore, it is possible that more optimization will need to be
performed before exact conditions for expressing SCLAV_4466 are identified.

A number of studies have purified both fungal and bacterial ACVS (Jensen et al.
1990; Kallow et al. 1998; Theilgaard et al. 1997; van der Lende et al. 2002; Zhang and
Demain 1992a; Zhang and Demain 1992b). Purification in these studies was based on
native promoters and painstaking protein purification procedures, resulting in low yields
that did not allow for further study or manipulation. Presented here is a tool that can be
used for the purification of ACVS for detailed downstream studies. This system may also
be optimized for the expression of other NRPSes and PKSes. Recent NRPS/PKS
structural studies have focused on PKS subunits (Whicher et al. 2014), and to date, no
structural studies have been conducted on an intact NRPS, NRPS/PKS hybrid, or PKS
purified from a native host. This work provides an important tool required to successfully
elucidate the structure of ACVS, while also lending itself to numerous other applications,

which are discussed in the summary.
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Synthetic construct
ermEp* 8x His-tag  tev 5° 1.5kbp “knockin” fragment

. =3

aac(3)IV aac(3)1V
plJ8668 plJ8668-ermEp*-4200
—_—
5’ 1.5kbp Knockin
\- y | N ——
5 3
pcbAB

I,

3" Disrupted Copy 5' Tagged Copy

Figure 3.01 ACVS expression and purification tool is based on the recombination of a
cleavable His-tagged promoter directly upstream of a gene of interest (pcbAB).
Construct containing heterologous promoter and purification tools will be cloned into
integration vector. The vector will then be conjugated into Streptomyces strain of
interests where it will integrate upstream of gene of interest. This will result in the
over-production of a tagged protein that can be easily purified.
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Table 3.01: Plasmids and strains used during this study.

Name Relative genotype and comments Reference
pIDTSmart-KAN-tipAp Proprietary plasmid in which tipAp (his, tev) was delivered, neo This study
pIDTSmart-KAN-ermEp* Proprietary plasmid in which ermEp* (his, tev) was delivered, neo This study
plJ8668 Non-integrative plasmid containing egfp, and aac(3)IV (Sun et al. 1999)
plJ8660 Integrative plasmid containing egfp, and aac(3)IV (Sun et al. 1999)
pGEM-T" Easy Proprietary plasmid used for cloning, lacZ, amp' Promega
plJ8660-tipAp plJ8660 with tipAp (his, tev) This study
plJ8660-ermEp* plJ8660 with ermEp* (his, tev) This study
pGEM-4200 pGEM-T® Easy with 5> 1.5Kb of sclav_4200 This study
pGEM-4466 pGEM-T® Easy with 5° 1.5Kb of sclav_4466 This study
plJ8668-ermEp* plJ8668 with ermEp* (his, tev) This study
plJ8668-tipAp plJ8668 with tipAp (his, tev) This study
plJ8668-ermEp*-4200 plJ8668-ermEp* with 5° 1.5kbp of sclav_4200 This study
plI8668-ermEp*-4466 plI8668-ermEp* with 5° 1.5kbp of sclav_4466 This study
plJ8668-tipAp-4200 plI8668-tipAp with 5° 1.5kbp of sclav_4200 This study

plI8668-tipAp-4466 plI8668-tipAp with 5° 1.5kbp of sclav_4466 This study
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pUZ8002
E. coli
ET12567

DH5a

S. clavuligerus

NRRL3585

Alat
WT/plI8668-ermEp*-4200
WT/plI8668-ermEp*-4466
WT/plI8660

WT/plJ8668

AccaR::tsr

AccaR: :tsr/plI8668-ermEp*-
4200

AccaR: :tsr/plI8668-ermEp*-

4466

Helping plasmid for conjugation, neo

Non-methylating E. coli strain for conjugation, cam’, tet’

General lab strain for the introduction of plasmid DNA

Wild Type (WT)

Genomic DNA template for 5° knockin PCR, Alat::acc(3)IV,
acc(3)1V, ermEp* (his, tev) integrated upstream of sclav_4200
acc(3)1V, ermEp* (his, tev) integrated upstream of sclav_4466
acc(3)1V, ermEp* (his, tev), egfp

acc(3)IV

AccaR::tsr"

AccaR::tsr, acc(3)IV, ermEp* (his, tev) integrated upstream of sclav_4200

AccaR::tsr, acc(3)IV, ermEp* (his, tev) integrated upstream of sclav_4466

(Paget et al. 1999)

(MacNeil et al. 1992)
(Bethesda Research

Laboratories 1986)

Northern Regional Research
Laboratory, Peoria, I11.
(Alexander et al. 2000)

This study

This study

This study

This study

(Alexander and Jensen 1998)

This study

This study
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AccaR:

AccaR:

AccaR:

Ablsl::

Ablsl::

4200

Ablsi::

Ablsi::

Ablsi::

:tsr/plI8660-ermEp*
:tsr/plI8660-tipAp
:tsr/plI8660

tsr

tsr/plJ8668-ermEp*-

tsr/plI8668-ermEp*
tsr/plJ8660-ermEp*

tsr/plJ8660

AccaR::tsr, acc(3)IV, ermEp* (his, tev), egfp
AccaR::tsr, acc(3)IV, tipAp (his, tev), egfp
AccaR::tsr, acc(3)IV, egfp

Ablsi::tsr

Ablsi::tsr, acc(3)IV, ermEp* (his, tev) integrated upstream of sclav_4200

Ablsi::tsr, acc(3)IV, ermEp* (his, tev) integrated upstream of sclav_4466
Ablsi::tsr, acc(3)IV, ermEp* (his, tev), egfp

Ablsi::tsr, acc(3)IV, egfp

This study
This study
This study
(Jensen et al. 2000)

This study

This study
This study

This study
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Table 3.02: Oligonucleotides used during this study.

Primer Name Sequence (5’ - 3%) Purpose Tm(°C)
MI13-R GGTCATAGCTGTTTCC Sequencing using MI3 loci 45
MI13-F TTTTCCCAGTCACGAC Sequencing using MI3 loci 45
4200 - F CGATACATATGATGTCAGCACGGT Inserts Ndel restriction site and amplifies 1.5kb 5’ sequence 65

ACCCGA from sclav_4200
4200 -R GCGGCCGCCCGTCGCGTTGAGGTA Inserts Notl restriction site and amplifies 1.5kb 5° sequence 65

from sclav_4200

4466 - F GTACATATGATGTCGACACGTCGT Inserts Ndel restriction site and amplifies 1.5kb 5’ sequence 60
TCGT from sclav_4466
4466 - R GCGGCCGCCCCCATCAGCCCCAG Inserts Notl restriction site and 1.5kb 5’ sequence from 60
sclav_4466
4200 Kn TACCACTTCACATTCCGCAC Reverse primer for knockin mutants of sclav_4200 52
4466 Kn AGACACGGACAGCACACCA Revers primer for knockin mutants of sclav_4466 52
4200 - KnSeq AGCAACAGCCGTTTC Sequencing the PCR product of Knockin with sclav_4200 52
4466 - KnSeq ATCAGAAACGACCGG Sequencing the PCR product of Knockin with sclav_4466 52

ermEp* Seq GATATCGGTACCAGCCC Sequencing the PCR product of ermEp* Knockin 52




GATATCGGTACCAGCCCGACCCGAGCACGCGCCGGCACGCCTGGTCGATGTCGGACCCGAGTTCGAGGTACGCGE

AN ermep*
EcoRV
CTTGCAGGTCCAGGAAGGGGACGTCCATCCGAGTCTCCCTTCCAGTCCCCGCTTGCCCCCCATGCTAGTCGCGGT
ermep*

TGATCGGCGATCGCAGGTGCACGCGGTCGATCTTGACGGCTGGCGAGAGGTGCGEGGAGGATCTGACCGACGLGE
ermEp*

TCCACACGTGGCACCGCGATGCTGTTGTGGGCACAATCGTGCCGGTTGGTAGGATCCTCTAGAGTCGACCGGCAT
ermep*

GCAAGCTTGGCTGCAGATCCTCTAGAATGCATGGTACCAGATCTGACTGAGTGACCAAAGGAGGCGGACTAATGE

8x His-Tag-1
ACCACCACCACCACCACCACCACCCGGACCTGGGCACCGGCTCCGAGAACCTGTACTTCCAGGGCCATATG

8x His-Tag Linker-1

GAATTCATAGCGATATCCCCGGGCTGAGGGAGCCGACGGCACGCGGCGGCTCACGGE
tpAp

GTGGCACGCGGAACGTCCGGGCTTGCACCTCACGTCACGTGAGGAGGCAGCGTGGAC
tipAp

GGCGTCAGAGAAGGGAGCGGCTCCAGATGCACCACCACCACCACCACCACCACCCGE

tipAp

Linker-1

ACCTGGGCACCGGCTCCGAGAACCTGTACTTCCAGGGCCATATGATTAGTAGTTCAC
Linker-1 TEV-1 Nde1

TCGAGAAGCTTGAGAACCTGTACTTCCAGGGCCCGGACCTGGGCACCGGCTCCCACC
TEV-2 Linker-2 |
8x His-tag-2
ACCACCACCACCACCACCACTGAGGCATTAATATACGCGGCCGCATAGCGAATTC
8x His-{ag-2

Figure 3.02: Restriction maps of the synthetic promoter constructs. (A) ermEp*,
constitutive Streptomyces promoter; 8x His-Tag, polyhistidine tag; Linker-1/Linker-2,
linker sequence between His-tag and TEV site; TEV, tobacco etch virus protease
recognition site. (B) tipAp, thiostrepton inducible promoter; 8x His-tag, polyhistidine
tag; Linker-1/Linker-2, linker sequence between His-tag and TEV site; TEV, tobacco
etch virus protease recognition site.
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Figure 3.03: Plasmid maps of plJ8660-ermEp*, plJ8668-ermEp*-4200 and plJ8668-
ermEp*-4466. tfd, major transcription terminator of phage fd; fo, transcription
terminator of phage A; oriT RK2, origin of transfer from RK2; aac(3)IV, apramycin
resistance cassette; ori pUCI8 is located between fo and aac(3)IV in plJ8668.
plI8668-ermEp*-4466 is identical to plJ8668-ermEp*-4200, with the exception of the

knockin fragment.
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Table 3.03: The BSA standards used to construct a standard curve based on final BSA
concentration and absorbance at ODsgs to extrapolate protein concentrations from
unknown samples

Final BSA concentration  pl of BSA mixed to a final Absorbance at ODsos

ng/pl volume of 100pul 0.15 M
NaCl

0.025 5 0.148
0.050 10 0.209
0.075 15 0.285
0.100 20 0.407
0.200 40 0.674
0.400 80 0.938
0.500 100 0.990

97



Table 3.04: Maximum survivable concentration of thiostrepton and apramycin in tipAp -
based S. clavuligerus expression strains

MSC (ng/ml)

Strain Apramycin Thiostrepton
Wild Type 0 0
AccaR 0 160
AccaR/plI8668-tipAp-4200 400 160
AccaR/plJ8668-tipAp-4466 400 160
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Figure 3.04: S. clavuligerus AccaR::tsr/plJ8660-tipAp produces signal from eGFP for
72 hours. S. clavuligerus AccaR::tsr/pl]18660-tipAp and plJ8660 relative fluorescence
units (RFU) were measured in triplicate over the course of 96 hours. Control strain
(plJ8660) was subtracted from tipAp constructs (plJ8660-tipAp). Bars represent
standard deviation.
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— plJ8660-ermEp*  +++ plI8660
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p1J8660 plI8660-ermEp*

Figure 3.05: S. clavuligerus AccaR::tsr/pl]8660-ermEp* produces strong signal from
eGFP. (A) S. clavuligerus AccaR::tsr/pl]8660-ermEp* and plI8660 RFU was
measured in triplicate over the course of 96 hours, plJ8660 RFU was subtracted from
plJ8660-ermEp*. Bars represent standard deviation. (B) Measurement of growth of
each culture was estimated through protein concentrations (ng/ul) over 120 hours.
Measurements done in triplicate and bars represent standard deviation.
(C) Fluorescence microscopy of S. clavuligerus AccaR::tsr/plJ8660 after 72 hours.
(D) Fluorescence microscopy of S. clavuligerus AccaR::tsr/plJ8660-ermEp* after 72
hours.
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Figure 3.06: PCR amplifications confirming crossover at pcbAB and sclav_ 4466 to give
the corresponding S. clavuligerus expression strains. (A) Schematic representation of the
process leading to the homologous recombination and promoter knockin for pchAB.
Primers run from promoter to just beyond knockin fragment (orange arrows). (B)
Results from PCR assays confirming the correct knockin arrangement of the promoters in
the respective S. clavuligerus strains. Expected fragment size of ~1.8kb is indicated just
below the 2kbp marker (red arrows). (i), negative control; (ii), 1kb ladder; (iii), pchbAB
1.8kb confirmation fragment; (iv), sclav_4466 1.8kbp confirmation fragment; (Vv),
sclav_4466 1.8kbp confirmation fragment; (vi), sclav 4466 1.8kbp confirmation
fragment; (vii), 1kb ladder.
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Figure 3.07: Preliminary dot-blot indicates that S. clavuligerus AccaR::tsr/plJ8668-
ermEp*-4200 produces better ACVS signal than S. clavuligerus WT. Samples of
crude soluble protein from S. clavuligerus WT and S. clavuligerus
AccaR::tsr/plI8668-ermEp*-4200 were drawn off at 24, 48, and 72 hours and tested
against ACVS antibodies.
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175kDa

Figure 3.08: Preliminary analysis of purified ACVS by SDS-PAGE using a 10% w/v
gels. Extracts from the S. clavuligerus AccaR::tsr/plJ8668-ermEp*-4200 strain was
collected at various stages of the purification process as indicated above each lane.
The red box indicates the putative ACVS protein recovered using Ni-NTA resin.
Smaller bands observed below ACVS may be co-expressed or related proteins and
were previously observed by Jensen et al. (1990). S. clavuligerus AccaR::tsr produces
no ACVS (Alexander et al. 2000). The gel was run at 57V at 4°C until bromophenol
blue ran off gel. Proteins were then visualized using Coomassie brilliant blue staining.
Pellet, crude non-soluble fraction obtained after centrifugation of the lysate; Soluble,
crude soluble proteins present in the supernatant after centrifugation of the lysate
(prior to Ni-NTA resin); Unbound, crude soluble proteins present in supernatant after
Ni-NTA resin treatment; Wash 1, first wash of Ni-NTA resin with wash buffer; Wash
2, second wash of Ni-NTA resin with wash buffer; Elution, eluted products from Ni-
NTA resin; AccaR::tsr Pellet, crude non-soluble proteins from AccaR::tsr,
AccaR::tsr Soluble, crude soluble proteins from AccaR::tsr; PINK Plus Ladder,
protein standards ladder.
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250kDa

Figure 3.09: Large-scale purification of ACVS and SDS-PAGE analysis. Potential
ACYVS is indicated by *. 15 ug of S. clavuligerus AccaR::tsr protein was loaded into
each well of a 5% w/v polyacrylamide gel, which was run for 8 hours at 4°C and 57V.
Visualization of the proteins in the gel was performed using silver staining. Soluble
plJ8668-ermEp*-4466, 15 pg of crude soluble extract; soluble plJ8668-ermEp*-4200,
15 pg of crude soluble extract; elution plJ8668-ermEp*-4466, 15 pg of 4466 protein
eluted from nickel resin; elution plJ8668-ermEp*-4200, 15 pg of ACVS protein eluted
from nickel resin.
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Chapter 4

4.01 Summary

4.01 Summary of completed work and future directions

Two systems were developed for the study of natural product biosynthesis: one,
an approach for the activation and expression of silent/cryptic SM pathways; and two, a
tool for studying the precise biochemical machinery involved in antibiotic production.

Protoplast fusion between S. clavuligerus and S. coelicolor M1154 did not
produce favorable results. However, given the lessons learned from this study, it is
possible that protoplast fusions can be produced using S. /ividans and S. clavuligerus. In
addition, it would be interesting to map the thiostrepton resistance observed after
protoplast fusions in the current study to determine if it is a result of a previously
described mutation or due to a novel mechanism. Heterologous expression of cryptic
clusters from pSCL4 will most likely be possible by using S. /ividans as an intermediate
for passing pSCL4 from S. clavuligerus to S. coelicolor M1154.

The comparison between the S. cattleya and S. clavuligerus megaplasmids
revealed limited similarity between the two elements, suggesting they are not closely
related. The analysis of the 16S species trees (Supplementary Figures 1 and 2) showed a
close relationship between S. clavuligerus and two clavulanic acid producers, S.
katsurahamenas and S. jumonjinensis. It will be interesting to see if these other closely
related species contain any megaplasmids. As a result, sequencing and annotation of these

two strains was completed and analysis is ongoing. These data will help determine the
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minimum genome for clavulanic acid and if megaplasmids are essential to its production.
If megaplasmids are detected, then what sorts of secondary metabolite gene clusters are
present on them and how do they compare to pSCL4 from S. clavuligerus?

Two synthetic promoter constructs were designed based on ermEp* and tipAp and
were used to prepare multiple plasmids and strains. Although the overexpression and Ni-
affinity purification of His-tagged ACVS was achieved using ermEp* tipAp may be
useful for the regulated expression of smaller proteins. The number of strains developed
should allow for numerous downstream applications of this technology for the expression
of proteins in their native Streptomyces hosts. The technology could be used for
comparative studies on the production of cephamycin C in an ACVS overexpression
strain since ACVS is the rate limiting enzyme in the pathway (Zhang and Demain 1992).
Such strategies could also be used to overexpress other mega proteins to see if product
formation is enhanced or activated in the case of cryptic gene clusters.

This system further lends itself to localization studies using the constitutive or
regulated expression of epitope-tagged mega proteins. ACVS in fungal [B-lactam
producers is a cytosolic enzyme (van der Lende et al. 2002), whereas some other proteins
involved in the pathway are found in membrane-bound compartments (van der Lende et
al. 2002). It has long been postulated that ACVS in S. clavuligerus might somehow
interact with the cephamycin C membrane transport protein, CmcT (K. Tahlan, personal
communication). In order to study the localization of ACVS, and other proteins in S.
clavuligerus, the knockin constructs could also be introduced into S. clavuligerus. The
cellular localization of ACVS and any other protein of interest could be detected via

immunostaining for the fused His-tag, followed by transmission electron microscopy.
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The most promising aspect of this work is the future collaborative application of
these constructs for structural studies of ACVS. X-ray studies have been done on C
domains (Bloudoff and Schmeing 2013; Keating et al. 2002; Samel et al. 2007) and A
domains (Conti et al. 1997; May et al. 2002) of NRPS proteins, but not on a fully intact
protein. In NRPSes, substrate specificity is dictated by the A domain; however, the C
domain does have some role in substrate selection, the nature and mechanism of which is
unclear. The C domain also has a highly conserved histidine motif involved in NRP
catalysis (Marahiel et al. 1997), though there is no agreement on what role this plays in
condensation (Bloudoff and Schmeing 2013). Solving a complete and intact NRPS
structure will help clarify the mechanism and substrate specificity of C domains, as well
as provide broader insight into the workings of an NRPS as a whole. This has numerous

future potential applications for bioengineering or developing designer peptides.
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Supplementary Figure 1: Phylogenetic reconstruction based on RpoB protein
sequences of Streptomyces. Large extra-chromosomal elements appear to be
evolutionarily diverse throughout the genus Streptomyces. NCBI was canvased for
complete genomic sequences of Streptomyces. Of particular interest was the presence
of large plasmids. The gene identifiers (GI) of each sequence are identified before its
name. Species labeled with colour highlight the varying sizes of these elements within
Streptomyces: red, >400kb; blue, 100kb to 400kb; green, 50kb to 100kb. Multiple
sequencing projects of S. clavuligerus and S. cattleya result in duplications within the
tree.
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Supplementary Figure 2: 16S rDNA phylogenetic reconstruction of closely related
Streptomyces closely related to S. clavuligerus and clavulanic acid producers (S.
clavuligerus, S. katsurahamenas, and S. jumonjinensis). The genetic identifiers (GI) of
each sequence are identified before its name. Colours correspond with Supplementary
Figure 1.
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S. clavuligerus pSCL4

S. cattleya pSCAT

Supplementary Figure 3: Synteny plot between pSCL4 and pSCAT shows little
structural relationship between the two megaplasmids. pSCL4 and pSCAT were
aligned using R2CAT to determine any structural relationship between the two
megaplasmids. R2CAT found limited synteny between the two megaplasmids,
indicating limited structural relationship.
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Supplementary Figure 4: Visual comparison of the secondary metabolite gene
clusters encoded by the linear pSCAT and pSCL4 showing that both megaplasmids
are packed with a variety of potential biosynthetic pathways. Clusters were identified
using the AntiSMASH2.0 software and are shown in a linear manner, starting from 5’

to 3°.
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Supplementary Figure 5: Plasmid alignment and comparison shows little similarity
between pSCL4 and pSCAT. The alignment was generated using the Artemis
Comparison Tool (ACT) with the correlation score set to 700.
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S. coelicolor M1154/plJ8660 Sx1

rpoB[CI1298T] rpsL[A262G] rpoB[C1298T] rpsL[A262G]

GCTGTTGGGGCTGAC GTGTGGAGGACCTGE GCTGTGGGGGCTGACGC GTGTGAAGGACCTGC
370 * 3 280 270 370 E? 380 * 260

RV MMAUJ&% L

Supplementary Figure 6: Advantageous mutations in 7poB and rpsL gene sequences
are present in S. coelicolor M1154/plJ8660 but not present in isolates obtained after
protoplast fusions. * Represents mutated nucleotide.
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Supplementary Table 1: Complete prediction of interesting secondary metabolite gene
clusters located on pSCL4, including predicted terminal product, protein description, and
organisms harboring similar pathways. Homologous gene clusters contain >40% of genes

with sequence identity >45%.

Organisms with homologous

Product Locus Tag Description
Gene clusters
1 Phosphoribosylglycinamide Saccharopolyspora erythraea
NRP sclav_p0286 synthetase NRRL 2338
sclav_p0287 Aspartate decarboxylase Pseudomonﬁigntomop hila
Ornithine Streptomyces flavogriseus
sclav_p0288 carbamoyltransferase ATCC 33331
sclav_p0289 Methyltransferase Amycolatopsis mediterranei
sclav p0290 NRPS Saccharomolzg;pora glauca
sclav_p0291 AMP-dependent synthetase Mlcromon(;sg 104:3 sp- ATCC
sclav_p0292 Cysteine synthase
sclav_p0293 Ornithine cyclodeaminase
FAD dependent
sclav_p0294 oxidoreductase family
sclav_p0295 AMP-dependent synthetase
sclav_p0296 Putative acyl carrier protein
sclav_p0297 Acyl-CoA dehydrogenase
sclav_p0298 Aminotransferase
sclav_p0299 Ornithine cyclodeaminase
sclav_p0300 Cysteine synthase
sclav p0301 Condeqsgtlon domaln
containing protein
sclav_p0302 Argininosuccinate lyase
sclav_p0303 NRPS
sclav_p0304 NRPS
AMP-dependent synthetase
sclav_p0305  and ligase — Adenylation and
PCP domains
sclav_p0306/ ABC transporter related
sclav_p0307 protein
sclav_p0308 AMP—depend@nt synthetase
and ligase
PK® sclav_p0327 Cytochrome 450 No Hit
sclav_p0328 Terpene Synthase
sclav_p0329 Methyltransferase
sclav_p0330 Flavin-containing amine
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oxidoreductase

sclav_p0331/

sclav p0332 Beta-ketoacyl synthase

sclav_p0331 Beta-ketoacyl synthase

. s . Streptomyces bingchenggensis
NRP -like  sclav_p0563 Histidine Kinase BCW-1
Adenylation domain, -

sclav_p0564 thioesterase Streptomyces scabiei 87.22
. . Streptomyces hygroscopicus

sclav_p0565 Acyl Carrier protein ATCC 53653

sclav_p0570 Acyltransferase Streptomyces sp. SirexAA-E

sclav _p0571 Terpene Synthase Streptomyces cf. griseus

sclav_pt001 tRNA-Ala

sclav_p0573 Cytochrome P450

sclav_p0573 Pentalenene synthase

Nocardia brasiliensis ATCC

Metallo-beta-lactamase family

NRP - sclav_pl007 protein 700358
. . . Streptomyces roseosporus
sclav_p1005  NRPS with PKS like domains NRRL 15998
sclav_pl004 Sulfotransferase Streptomyces lividans TK24
sclav_pl1003 Decarboxylases Burkholder]i:c;g‘z‘azlandenszs
sclav_pl1002 Short-chain dehydrogenases Rhodococcus opacus B4
Burkholderia multivorans
CGD2M
. Streptomyces antibioticus
B-Lactam sclav_pl1069 Cysteine synthase strain Tu 1718
. Streptomyces flavogriseus
sclav_pl1070 Aminotransferase ATCC 33331
. Streptomyces clavuligerus
sclav_pl1072 Aminotransferase ATCC 27064 - chromosome
. Saccharomonospora viridis
sclav _pl074 Pyruvate oxidase DSM 43017
sclav pl075 Asparagine Synthase Anoxy baczl\l;;i(fllavzthermus
. Nocardia brasiliensis ATCC
sclav_pl076 Arginase 700358
sclav_pl1077 ArgJ protein family
sclav pl078 Aminotransferase
sclav_pl1079 SARP
sclav_pl1080 Histidine Kinase
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PK sclav_pl225 Histidine decarboxylase Streptomyces sp. W007
Streptomyces ghanaensis
sclav_pl227 Haloalkane dehalogenase ATCC 14672
Streptosporangium roseum
sclav pl1233 PKS DSM 43021
sclav_pl234 Thioesterase Streptomyces carzinostaticus

subsp. neocarzinostaticus

Verrucosispora maris AB-18-
032

Salinispora tropica CNB-440

AMP-dependent synthetase

NRP/PK’®  sclav pl1272 and ligase No Hit
sclav_pl273 Thioesterase
sclav _pl1269 Acyltransferase
sclav_p1268 Acyl carrier protein
sclav_pl267 Transposase
sclav_pl266 Acyl-ACP Thioesterase
sclav_pl265 Methyltransferase
sclav _pl264 AMP-dependent synthetase
sclav_pl1263 Dehydrogenase
sclav_pl278 NAD-dependent epimerase
sclav pl279 Asparagine synthase
sclav p1280 Glycosyltr;:rlrsl’ifle;ase, MGT

sclav pl281 Asparagine synthase

AMP-dependent synthetase

NRP sclav pl301 and ligase - Adenylation
domain

s pisez Condaton don
sclav pl303 NRPS
sclav_pl1304 NRPS
sclav_pl305 Isomerase
sclav 1307 i tiase - Adenyiation PCP
sclav_pl1308 Cytochrome P450
sclav_pl309 Thioesterase
sclav_pl311 B-Lactamase

NRP/PK sclav_p1325 ACP No Hit
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Acyl-CoA Synthetase - AMP-
sclav_pl327 dependent synthetase and
ligase
sclav pl328 O-Methyltransferase
Acyl-CoA Synthetase - AMP-
sclav_pl335 dependent synthetase and
ligase
Peptide synthetase - AMP-
sclav_pl339 dependent synthetase and

ligase
sclav_pl340 NRPS
sclav_pl341 NRPS
sclav _pl350 PKS
sclav pl351 Thioesterase
sclav_pl352 Reductase
sclav pl353 Cytochrome P450
sclav_pl368 SARP
. Stackebrandtia nassauensis
NRP sclav _pl420 Short-chain dehydrogenase DSM 44728
. Streptomyces bingchenggensis
sclav_pl422 Serine protease BCW-1
N-acetylgalactosamine 6- Streptomyces hygroscopicus
sclav_p1423 sulfatase ATCC 53653
sclav_pl426 Methyltransferase Streptomyces sp. Tu6071
Actinomadura sp. ATCC
sclav pl427 NRPS 39727
sclav pl428 Prenyltransferases Streptomyces albus J1074

sclav pl1429 Terpene synthase family Amycolatopsis mediterrane;

S699
sclav_pl1439 Histidine Kinase
Streptomyces roseosporus
NRP sclav pl474 NRPS NRRL 15998
Streptomyces bingchenggensis

sclav_pl475 Transporter BCW-1

sclav pl476 Chloramphenicol Agrobacterium radiobacter

P acetyltransferase K84 plasmid pAtK84c

sclav pl477 Cysteine synthase Amycolatop §z6sgr9nedzterranez
sclav_p1484 Oxidoreductase Actinosy nnz?gzziyzrum DSM

Streptomyces griseus subsp.
griseus NBRC 13350

"NRP = nonribosomal peptide > NRP/PK = hybrid ? PK = polyketide
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Supplementary Table 2: Complete prediction of interesting secondary metabolite gene
clusters located on pSCAT, including predicted terminal product, protein description, and
organisms harboring similar pathways. Homologous gene clusters contain >40% of genes

with sequence identity >45%.

Organisms with homologous

Product Locus Tag Description
gene clusters
1 N . Streptomyces bingchenggensis
NRP scat_p0034 Histidine kinase BCW-1
. Streptomyces hygroscopicus
scat_p0037 Oxidoreductase subsp. jinggangensis 5008
scat_p0038 ngif;iiﬁgr;iigim Streptomyces albus 11074
Nocardia cyriacigeorgica
scat_p0039 NRPS GUH-2
. Nocardia brasiliensis ATCC
scat_p0040 Thioesterase 700358
scat p004] Condensation domain Stackebrandltia nassauensis
P containing protein DSM 44728
Streptomyces bingchenggensis
scat_p0042 NRPS BCW-1
scat_p0072 Methyltransferase Verrucosisp 06c312m aris AB-18-
scat_p0074 PKS Enoyl reductase
scat_p0092 Condensation domain

containing protein

Stackebrandtia nassauensis

NRP scat_p0157 Methyltransferase DSM 44728
scat_p0168 PK - Crotonyl-CoA Reductase  Salinispora tropica CNB-440
scat p0172 Keto reductase Streptomyces bingchenggensis

BCW-1
scat_p0176 Thioesterase Streptomyces albus J1074
scc/zlz; b];(;é 79 NRPS Actinosynnz?glzrgirum DSM
scat_p0192 PKS fragment, Enoyl Streptomyces griseus subsp.

reductase

griseus NBRC 13350

121



Ralstonia solanacearum
GMI1000 plasmid
pGMI1000MP

Nocardiopsis dassonvillei
subsp. dassonvillei DSM 4311

Streptomyces rochei 7434AN4

2
PK scat_p0291 Keto Reductase plasmid pSLA2-L
Streptomyces tsukubaensis
scat_p0297 PKS NRRL 18488
Amycolatopsis mediterranei
scat_p0298 Acetyl-CoA Carboxylase U3
scat_p0303 Drug Resistance ABC Nocardia brasiliensis ATCC
/p0304 transporter 700358
scat_p0305  Transmembrane efflux pump Catenulisp O’Z‘gglglp hila DSM
. Streptomyces sp. KCTC
scat_p0306 Thioesterase 11604BP FK506
scat_p0308 Acyl-CoA dehydrogenase Streptomyces bingchenggensis
BCW-1

scat_p0309  Putative Acyl Carrier protein
scat_p0311 Beta-Ketoacyl synthase
scat p0312 PKS
scat_p0313 PKS
scat_p0314 PKS
scat_p0315 PKS
scat_p0317 Acetyltransferase
scat_p0327 Polyketide cyclase

NRP scat_p0609

AMP-dependant synthetase

Stackebrandtia nassauensis
DSM 44728
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scat p0615 NRPS Streptomyces sp. W007
scat_p0616 NRPS Amycolatopsis mediterranei
S699
scat_p0617 NRPS Amycolatopsis mediterranei
u32
scat_p0618 AMP-dependant synthetase Salinispora czlgesnzcola CNS-
scat 20620 Thioesterase Streptomyces clavuligerus
- ATCC 27064 plasmid
scat_p0624 Antibiotic transporter Ralstonia eutropha H16
scat 00629 NRPS Streptomyces venezuelae
P ATCC 10712
scat_p0634 Thioesterase Salinispora tropica CNB-440
scat p0635 NRPS
scat_p0649 AMP-dependant synthetase

Streptomyces flavogriseus

B-lactam scat_p0835 Methyltransferase ATCC 33331
scat 0834 Oxidoreductase Saccharomonospora viridis
P DSM 43017
Streptomyces flavogriseus
scat_p0833 AMP-dependant synthetase ATCC 33331
Streptomyces clavuligerus
scat_p0832 B-Lactam synthetase ATCC 27064
Streptomyces griseus subsp.
scat_p0831 Methyltransferase griseus NBRC 13350
scat_p0830 Methyltransferase Streptomyces sp. SA3 actG
. Streptomyces griseus subsp.
scat_p0829 Drug resistance transporter griseus NBRC 13350
scat_p0828 LysR Family regulator Kitasatospora setae KM-6054
scat_p0827 Hydrolase Streptomyces cf. griseus

XylebKG-1
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scat p0824

Enoyl-CoA hydratase

scat p0823

Crotonyl-CoA reductase

Streptomyces hygroscopicus

3 .
NRP/PK scat_pll61 SARP Family regulator ATCC 53653
Catenulispora acidiphila DSM
scat_pl180 NRPS 44978
Streptomyces bingchenggensis
scat_pll81 AMP-dependant synthetase
BCW-1
scat_pl184 Taur'lne catabolism Micromonospora lupini str.
dioxygenase Lupac
. Streptomyces
scat_pl186 Phosphoesterase family ariseoaurantiacus MO45
scat_ pl187  Glycoside-hydrolase family Thermobifida fusca YX
scat_pl189 Alcohol dehydrogenase Streptomyces violaceusniger
Tu 4113
scat_pl190 Carbohydrate kinase Streptomyces griseus subsp.

griseus NBRC 13350

Streptomyces bingchenggensis
BCW-1

Streptomyces hygroscopicus

Siderophore  scat p1210 Short-chain dehydrogenase ATCC 53653
scat_pl211 AMP-dependant synthetase Catenulispora acidiphila DSM
44928
Streptomyces bingchenggensis
scat pl212 3-oxoacyl-ACP synthase
BCW-1
Malonyl CoA-acyl carrier Streptomyces violaceusniger
scat_p1213 protein Tu 4113
scat pl214 Acyl-CoA oxidase Micromonospora lupini str.
Lupac
. Streptomyces pristinaespiralis
scat pl215 Oxidoreductase ATCC 25486
scat_pl216 L.D-transpeptidase catalytic Frateuria aurantia DSM 6220

domain
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scat pl218
- Iron related transport proteins  Yersinia aldovae ATCC 35236
scat pl1221]

Siderophore-interacting and Streptomyces chartreusis
scat_p1222 FAD-binding domain NRRL 12338

Decarboxylase, pyridoxal- Streptomyces avermitilis MA-
scat_pl223 dependent 4680

scat_pl224 L-lysine 6-monooxygenase

Putative siderophore

scat_pl225 biosynthesis protein

scat_pl226 TucA/TucC family domains

Drug resistance transporter,

scat_pl227 EmrB/QacA - efflux pump

scat_pl1234 Fe’" Transporter

Putative scat_pl428 Molybdopterin oxidoreductase  Kribbella flavida DSM 17836

scat_pl429 Iron-sulfur binding protein Burkholderia pseudomallei

668
scat_pl430 Nitrate reductase delta subunit Burkholderéc;él;azlandenszs
Nitrate reductase gamma Halomonas elongata DSM
scat_pl431 subunit 2581
Enoyl-(Acyl carrier protein)  Streptoalloteichus hindustanus
scat_pl433 reductase ATCC 31158
scat_pl434 Epsilon-poly-L-lysine synthase Gordonia bronchialis DSM
43247
scat_ pl435 Glycoside hydrolase Gordonia al}f‘ézl;; rans NBRC

Streptomyces longisporoflavus

PK scat pl466 NAD-dependent epimerase NCIMB 11426

Streptomyces hygroscopicus

scat_ pl465  Phytanoyl-CoA dioxygenase ATCC 53653

scat_pl467 GDP-Mannose Dehydrogenase Frankia sp. EANIpec
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Streptomyces bingchenggensis

scat pl468 Drug resistance transporter BCW-1
Alcohol dehydrogenase Saccharomonospora
scat_pl472 GroES-like domain xinjiangensis XJ-54 \
scat pl475 3-ketoacyl-ACP synthase Verrucosisp ogc; Zm aris AB-18-
3-Oxoacyl-[acyl-carrier- Streptomyces pristinaespiralis
scat_pI476 1 otein (ACP)] synthase TI ATCC 25486
scat_pl478 Transketolase
1-deoxy-D-xylulose-5-
scat_p1479 phosphate synthase
scat_pl480 2-oxoacid dehydrogenases
acyltransferase
scat_pl481 Aldehyde dehydrogenase
family
scat_pl482 Methyltransferase
scat_pl483 Beta-ketoacyl synthase
scat_pl484 Beta-ketoacyl synthase

Streptomyces hygroscopicus

PK scat pl656 Drug resistance transporter ATCC 53653
scat_pl657  Alpha/beta hydrolase family Sacchar(;{;lo{g%? gg‘; Se rythraea
scat_pl669 Methyltransferase griseofzt;iz ;O;;)C} i;SMO 45
scat_pl670 PKS Streptomyc%s Cljx(_glc‘henggensis
scat pl671 Ph;)tstil}(l)&agtets}ilte;ne Streptomy%is Zi’oll;zceusniger
scat_pl672 Thioesterase domain Streptomyces cinnamonensis
scat_ pl676  Phosphoenolpyruvate mutase
scat_pl677 PrpF protein
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scat_pl678 MmgE/PrpD family

scat pl679
/scat_pl68 Aconitate hydratase
0

" NRP = nonribosomal peptide
? PK = polyketide
> NRP/PK = hybrid NRP and PK

127



